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1. INTRODUCTION

This chapter deds with the question concerning the nature of the excited states
produced when a mnjugated pdymer absorbs a photon. Isit a neutral excited state, or a
pair of charge crrierswith little or no coulomb interaction?

Before aldressing this problem in greater detail, it seems useful to recdl certain
aspects of moleaular spedroscopy pertaining to either free molecules or molecules
forming a aysta. The dsorption spectrum of a moleaule in the gas phase mwnssts of a
S, - S,0- 0 trandtion, determined by the energy gap DE., between lowest

unoccupied (LUMO) and highest occupied (HOMO) molecular orbitals, followed by a
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vibronic progression. To form a pair of radical ions in the gasphase, one has to ionize
one molealle, which costs the ionization energy g, and add the electron to a second
molecule thereby gaining the gas phase dectron affinity Ag- To generate a pair of ions, if
one of the parent molecules is in an excited state, requires the energy |, - A, - DE.

For  anthracene, which is a prototypica  p-conjugated  molecule,
|, =7.4eV A, =0.5eV,DE,, =3.4eV; hence |, - A, - DE,, @3.5eV. If the

same process is considered in a mndensed phase, say in a aysta, one has to take into
account that both the neutra excited state and the darged species polarize their
environment. The van der Waals energy of the excited state, the gas to crystd shift, is

typically 0.2...0.3 eV while that of anionisPt @1.3...1.5 eV . Thusthe ewergy to create
apair of free charge cariers sioudbe |, - A, - 2P* 2, This energy should be identical

with the adiabatic bandgap Eg. For anthracene Ey @4.1 €V is predicted. lonization of a
snget exciton of energy DEg=3.1 €V should, therefore, require an energy

l, - A, - 2P - DE, @leV.

Because in molecular crystals the coupling between (localized) molecular
excitations and valence ad conduction band continuum states is vanishingly small there
is no dired photoionization, i.e. no band to band transition. Instead, photoionization is a
two step process™. Initialy an dectron hole pair is formed that can dissociate
subsequently in the curse of a thermaly activated dffusive process. This predudes
dire¢ determination of Ej. Nevertheless there is abundant evidence from various
experimental sources that the above estimates are, by and large, correct®. Coulombically
bound e...h pairs can, however, be generated by dired transitions. Since the oscillator
strength of charge transfer trangitions is much weaker than that of an intra-molecular
HOMO ® LUMO transition, they are buried underneath the strong excitonic transition,
though, and require the goplication of electro - modulation techniques to be distingushed
from the exciton transtion®. The binding energy of an e..h pair is controlled by
Coulomb’s law’, which holds down to intra-pair distances of order of the lattice spacing
(6...8 A). This implies that the onset of the formation of charge transfer states occurs
typically 0.4...0.5 eV above the S, = S,0 - O absorption edge, the latter being due to

Frenke excitons.

In inorganic semiconductors, lattice bonding is grong implying strong intersite
coupling and, concomitantly, broad transport bands while the coulombic interaction
between dectrons and holes is we&k. The latter results in weak exciton binding. The
dominant optical transition is a band to band transition subject to momentum
conservation. Since the dfective masses are usudly much lower than the free eectron
mass and because of the dielectric constant being of the order 10 as compared to 3 in
molecular crystals, the energy of excitons, which are of the Wannier type , is comparable
to KT a room temperature. Hence, exciton effects are unimportant except at low
temperatures. There has been a long-lasting and stimulating debate as to whether
conjugated polymers are doser to inorganic or organic solids as far as their elementary
excitations are @ncerned. The famous Su-Schrieffer-Heeger Hamiltonian®, first used to
describe the dectronic states of polyacetylene, is based on the idea that coulomb as well
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as electron-dectron correlation effects are negligible compared to electron-lattice
(phonon) interaction. Within this formalism, the existence of a gap in the absorption
spectrum of (CH)y is lely attributed to a Peierls distortion leading to bond alternation.
Otherwise (CH)y should behave like aone-dimensiona metal, contrary to experimental
evidence The neglect of Coulomb effects implies the asence of exciton effeds and is
equivalent to congdering the system as a 1D-semiconduwctor tradable within the
framework of one-electron theory.

The intent of this chapter is to examine aiticdly the problems encountered when
applying the one-electron semiconductor formalism to conjugated polymers. Phenomena
covered will be asorption and cw-photoluminescence spectroscopy as well as processes
involved in the generation of charge arriers. On the material side the emphasis will be
placed on polydiacetylenes and polyphenylenevinylenes together with oligomeric
counterpart structures. Before discussing experimental results, a brief introduction into
the pertinent spectroscopic principles will be given.

2. SPECTROSCOPIC BACKGROUND

Opticd transitions in organic molecules occur between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO)
obeying the Franck Condon principle. Excitations are accompanied by a change in the
electron dsribution within the moleaule with concomitant changes in the nuclear
coordinates. If there were no readjustment of bond lengths, i.e. no displacement of the
potential energy curves along the configurational coordinate, only a single absorption line
corresponding to the S, = S,0 - O transition would be allowed because the higher
vibronic transitions would be forbidden by virtue of the orthogonality of the vibrational
wavefunctions. In the ase of coupling to a single harmonic oscillator of reduced mass M
and anguar frequency w, the strength of coupling is described by the Huang-Rhys fador

_Mw 2
S =, (), 1

DQ being the displacement of the minima of the potential energy curve dong the
configurational axis upon excitation. The asorption spectrum consists of an electronic
origin, the S, - S, 0- 0 line followed by a vibronic replica, S, - S, n- 0,
whose intensity distribution, Iy, is a Poissonian mapping of the overlap between the
vibrational wavefunctions,

l, =S"e* /n!. 2

It has a maximum at an energy S w above the dectronic origin. For large vaues
of S, Iy approaches a Gaussian with variance huS"?. S is thus a aude measure of the
number of vibrations generated when the excited moleaule relaxes from the ground state
configuration to the new equilibrium configuration in the excited state and Shw is the
relaxation energy. The fractional intensity of the 0- O trangtion is



bol/Qli.o =€ (3)

In reality, wis different in the ground and the excited states and potentials are not
exactly parabolic. For large molecules the cncomitant modifications in the above
scheme ae small, though. For spectral analysis it is important, however, that there is a
large number of molecular modes that can couple to an electronic trangtion. Eqg. 1 hes
then to be replaced by a sum over the displacements associated with the individual modes
i of angular frequency wj, each individua oscillator being charaderized by a fradional
Huang-Rhys fador Sj. The average relaxation energy of the molecule dter excitation is
then

DEreI = é hVV|S| (4)

and the fractional intengity of the S, = S,0 - O origin band is a measure of the average
Huang-Rhys fador S = é S, . A fractiona intensity of 0.13 correspondsto S= 2. If a

particular vibronic line with vibrational quantum number n = 1 carries the same intensity
as the 0-0 line, the fradional Huang-Rhys fadtor of that mode would be 1. It isimportant
to note that observing the 0-0 line in an absorption spedrum is al but a signature of the
absence of configurational relaxation. The mean relaxation energies must, in fact, be
comparable to the energy of the coupling mode itself. Within the context of theoretica
work on linea conjugated polymers, the strength of eectron-phonon coupling is often
expressed in terms of the change of the elagtic energy aDx upon generation of an
excitation on a bondP. It trandates into the Huang-Rhys fadtor via S = aDx/ w, w being
the energy of the dominant vibrational mode of that bond and Dx the dange in bond
length. For a =4 eV/A and w=0.1¢eV, S=1 correspondsto Dx = 0.025A.

In the case of adipole dlowed transition, the fluorescence spedrum of an excited
molecule in the gas phase is the mirror image of the S, = S, portion of the &sorption
gpectrum, the S, ® S,0 - O transition being resonant with absorption. For S > 1, the
vibrational components carry more intensity than the dectronic origin band. In that case
the energetic displacement between the maxima of absorption and emisson spectra is
approximately 2S w.

The stuation becomes more complicated for chromophoresin a liquid solution or
in a non-crystalline (random) solid. In the former case there is lvation of the excited
state, usualy occurring on a ps or sub-ps time scale. Absorption and emission are then
no longer resonant. Instead, there is a finite displacement between their origins equal to
twice the solvation energy. In addition, there is gectral broadening of homogeneous as
well asinhomogeneous origin.

®
The spectroscopy of crystals is determined by k - sdection rules'®. In the case of

®
excitonic trangitions in molecular crystals, the ground state isa k = 0 date except at
elevated temperatures at which molecular vibrations become ecited. The alowed



55

® ® ®
trangtions are transitions to the k = Q state in the exciton band, Q being the momentum
of the photon. Coupling to molecular vibrations leads to crystal absorption and emission
spectra that are mirror symmetric and derive from the HOMO« LUMO transition of the
molecule. At finite temperatures, line broadening by phonon scattering becomes
®

important. In dsordered (glassy) syssems k selection rules are suspended and the
absorption spectra ae inhomogeneoudy broadened.

The gdtuation is different in inorganic semiconductors in which photon absorption
raises an electron from a delocalized valence band state to an empty conduction band

®
date. In that case, al k states of the valence band can participate in absorption subject

® ®
to the k = Q selection rule. As a consegquence the asorption bands are broad obeying a
&,(w) » (hw- E,)" law in the case of a direct semiconductor'’. The exponent depends

on the dimensionality; for 3D n = 1/2 while for 1D n = -1/2. In the latter case the
absorption spedrum features a divergence a hw = E; (van Hove singuarity). Since

electrons and holes generated at higher energies in the bands rapidly relax towards the
band edges, emission spedra are no longer mirror symmetric with absorption. Direct
recombination is often forbidden and luminescence involves Wannier type excitons as
intermediates and/or defect states.

Of particular importance for the spectroscopy of non-crystalline conjugated
polymers and oligomers are disorder effects. Disorder can be of inter- or intra-molecular
origin. The former relates to the fad that chromophores embedded in a glassy, i.e.
random environment, experience agatigticdly varying environment. This trangates into
a distribution of the van der Waals-type interaction energies between the excited sate of
a molecule and the dipoles induced in the surrounding molecules, its signature being an
inhomogeneous broadening of the spedral profiles both in absorption and emission®®.
Typicd inhomogeneous linewidths (full width at half maximum, G.,,,,,) of an individual
vibronic transition are severa hundred wavenumbers trandating into a variance s of
(Gaussian shaped) profiles via G, = 25(In2)"?. If the spectral width exceeds the
energy of moleaular vibrations, the latter are no longer fully resolved in the spectra. For
this reason the fractional intensity of inhomogeneously broadened "origin® bands that
encompass a vibronic satellite can only be a cude measure of the strength of vibronic
coupling.

To rewver vibrationaly resolved spedra requires the gplication of spectral line
narrowing techniques, such as hole burning, as well as ste selective fluorescence
spectroscopy (SSP)™. It involves the use of a spectrally narrow laser, which makes it
possible to excite selected chromophores from amongst a large ensemble @ntributing to
an inhomogeneously broadened absorption. Only those whose transtion energy is
accidentally resonant with the laser are excited. Provided that excitation is into the
S, 7 S,0- 0 ling the resulting emission spectrum is a homogeneously broadened
emission as long as any inter-chromophore interaction is vanishingly small. SSF spectra



56

provide ameans of determining the frequencies of the vibrational modes that couple to a
trangtion, as well as the fractional strength of the various vibronic lines. One problem,
however, is that stray light effeds preclude measuring the S, ® S;0- O transition
which would, by definition, be resonant with the laser unless S>>1. It is, therefore, not
generdly possble to determine the exact value of the eectron plonon coupling
constant. If there is an intense and spectrally well separated vibronic transition, it may be
possible to excite into a S, = S,1- 0 band and dbserve the etire S, ® S, spectrum
without loosing ste-seledivity completely. A well resolved pattern of sharp vibronic
S, ® S,0® 1 modes in resonantly excited SSF spectra does, however, indicate that S
must be in the range 1...2 which is typicd for rigid p-electron systems.

In concentrated solutions and, notably, in buk systems sich as polymers there is
electronic coupling among the drromophores which leads to energy transfer. This erodes
ste-seledivity and leads to spectra relaxation of an excitation during its lifetime. The
underlying incoherent hopping process has been dealt with in detail in previous work™*®.
Suffice it to mention here that in general the relaxation follows non-exponentia kinetics.
If the width s of the distribution of states (DOS) is >> KT an excitation will relax
towards the tail states but will do so at a mntinuoudy decreasing speed since the number
of avallable aceptor states deaeases as relaxation proceeds. Within a Gaussian
distribution of states, dynamic equilibrium will be dtained if the mean energy of the
excitations has dropped to a value -s?kT below the eenter of the DOS. If the time
required to reach dynamic equilibrium exceeds the lifetime of an excitation energetic
relaxation becomes suppressed’.

The spectroscopic manifestation of spectral relaxation is the occurrence of a
dynamic Stokes dift. The eergetic separation between the center of the
inhomogeneously broadened S, = S,0 - 0 band, which mimics the density of states
function of the excited states, and the center of the inhomogeneously broadened
S, ® S,0- 0 band is a measure of how much energy an excitation has lost while
migrating within the manifold of locdized states. From Monte Carlo smulations, it is
known that singlet excitations with an intrinsic lifetime on the order of 1 ns can attain
dynamic equilibrium as long as s/kT £ 2, equivalent to a dynamic Stokes shift of £ 2s™®.
If s/KT increases upon cooling, the Stokes dift saturates at @2s because the excited
states decay radiatively or nonradiatively before being able to relax further.

A consegquence of this scenario is that for s/kT>>1, a demarcation energy,
henceforth the locdization energy n,,, must exist a the tail of the inhomogeneously
broadened absorption profile separating states that participate in incoherent transport
from states that no longer do. It opens the posshility to perform dte-seledive
spectroscopy even with bulk systems in which site-seledivity is, in general, eroded by
virtue of energy migration. If one scans a spedrally narrow excitation light source aross
the tail of the asorption band, one will first observe luminescence that is edraly
broad and invariant against variation of the excitation energy ng,. It is due to excitations
that relaxed towards n . As ngy is Tanned aaoss n,, excited states will be produced
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that are no longer able to participate in incoherent transport. The emission spectrum will,
therefore, begin to shift linearly with ng and be dharaderistic of alocalized emitter. Only
gpectra recorded under this premise may be used to infer information concerning
gructura relaxation of a chromophore after excitation. The locdizaion energy n,
must not be enfused with the mobility edge in amorphous inorganic szemicondu:tors.f8
that separates delocalized, i.e. continuum states from localized states. Recall that due to
the notoriously wea coupling among chromophores in organic glasses, all states can be
considered as being localized and transport occurring above n, is incoherent.

3. POLYDIACETYLENES

The first conjugated polymers studied systematically were the polydiacetylenes
(PDAYS). They are unique in the sense that they can be obtained in the form of single
crystals of macroscopic size by polymerization of the crresponding monomer single
crystal. Depending on the substituent, polymerization can be induced by heat or uv/X-ray
irradiation, the general readtion scheme being®®

nR—C=C—C=C—R —>» RC—C=C—CR_

Since the second p-bond of the acetylenic linkage does not contribute to
conjugation, the backbone of PDA can be cmnsdered as an aternation of singe ad
double bonds resembling olyacetylene except that the bond lengths of the carbon double
and triple bonds are different. There is a wedth of information on the properties of
PDAs. Within the present context, only the spedroscopic and photoconducting
properties dall be mnsidered.

Upon polymerization, the dsorption spectrum of the aysta shifts from ~ 50000
cnrl to ~ 16000 cnrl due to the extension of the p-eectron system. The large oscillator
srength of the 16000 cnrl transition precludes measuring the absorption spectra
diredly, except on samples as thin as 100 nm. To dbtain the dsorption spectrum, or
rather the e, spectrum, one hasto resort to refledion measurements in combination with
the Kramers-Kronig analysis™. This is illustrated in Fig. 1, showing reflectivity and e,
gpectra of a fluoro-substituted member of the toluenesulfonate familiy (poly[2.4-
hexadiyne-1.6-diol-bis] p-fluoro-benzene sulfonate, PFBS).

The &, spectrum is characteristicof aS, = S, transition of a molecular absorber
that couples to moleaular vibrations. On the basis of resonance Raman spectra, the latter
are identified as the arbon double and triple bond vibrations of energies 1420 cmrl and
2060 cnrl, respectively. (The feature labdled S may be atributed to coupling to the
carbon singe bond vibration. This assignment is not unambigous, though, since arelated
fedure is en a a different energy with a PDA carrying dfferent side groups). Electro-
modulation spectra confirm the assignment of the spectrum to a dipole dlowed HOMO-
LUMO trangtion of the dain. The smilarity of the modulated spectrum with the energy
derivative of the e, spectrum together with the quadratic dependence on the dedric field
unambiguously testify on the occurrence of a quadratic Stark effect.
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Fig. 1: Reflectivity and e,-spectra of a single aystal of poly[2.4-hexadiyne-1.6-diol-
bis(p-fluorobenzene sulfonate)] (FBBS) recorded at 12 K for light polarized
parald to the chain direction. SD, and T refer to the carbon single, double and
triple bond vibration (from ref. 21, with permission of American Ingitute of
Physics).

In general, PDAs are nonfluorescent. The reason is not fully understood A
possible interpretation is in terms of the existence of a parity forbidden g-state below the
1B,, state which acts as an efficient sink for chain excitations. An Ay state 1700 cmrl
below th 1B,, state has indeed been identified in a short chain dlacetylene oligomer®. For
the polyenea its existence is well-established (see below). Unfortunately, the presence of
broad one- and two-photon features in the polymer absorption spectra that are related to
defects”® precludes an unambiguous identification via two-photon absorption in the
spectra of fully polymerized samples.

Recently Schott and coworkers™?® succeeded in preparing diacetylene singe
crystals containing as little & 0.03% of polymer chains (poly-4 BCMU) in an unstrained
form. In these materials, weak fluorescence has been detected. The absorption and
emission spectra ae shown in Fig. 2. The former is dominated by an allowed transition
to a 1By, state of the dhain (at energy n,) which couples to carbon double and triple bond
vibrations.

In addition, there is a weak fegture 580 + 15 cml below n, , tentatively assigned
to either a false origin of an Ay state that couples to a by, chain vibration or to a diredt
trangtion to a Ag state undcer the premise that the aystal structure deviates from
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centrosymmetry. A joint analysis of third harmonic generation, two-photon absorption,
and nondegenerate four wave mixing spedra of PDA supports the notion that there is a
weak two photon alowed 2Ag- 1A transition to the red of the 1B~ 1Ag transition.
The important result in the present context is that, on the basis of the energy of the
vibronic emission feature, the origin feature of the fluorescence spectrum cannot be off-
set from n, by more than 20 cnrl. This indicaes that there is very little, if any, Stokes
shift between absorption and emission, i.e. the amissive state is not self-trapped. The
same message will be inferred from site-seledive fluorescence spectroscopy of
polyphenylene and polyphenylenevinylene-type systems.

Fig. 22 Low temperature @sorption and emisson spectra of a 4BCMU monomer
crystal containing ca. 5 x 104 g polymer per gram nonomer. n, marks the
center of the 1B, - 1Ay transition (from ref. 26, with permission of American
Ingtitute of Physics).

Electro modulation spectra of PDAs bear out a strong feature 0.4...0.5 eV above
the S, = S, origin with no counterpart in the linea spectra®™ (Fig. 3). Since its field
dependence is in accord with the prediction of Franz-Keldysh theory for semiconductor
band transitions, Weiser®* assigned it to a transition between continuum states of the
chain, possibly nearly degenerate with a trandtion to a two-photon alowed state. The
extreme sensitivity of the dfea on crystal quality”” supports the notion that delocalized
states of the dain must be involved which are highly susceptible to disorder effects.
PDA crystals can therefore be considered as being intermediate between conventiona
molecular crystals and semiconductors in the sense that they both support weakly lattice-
coupled excitons, intermediate between Frenkel and Wannier-type, and show a direct
valence to conduwction band trandtion, the latter undetectable in linear spectroscopy,
though.
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Fig. 3: Comparison of the dectrorefectance spectrum DR/R and the derivative of the
reflectivity dinR/dE, redshifted by 10 peV of a poly[1.6-di(n-carbazolyl)-2-4
hexadiyn] (DCHD) singe aystal taken at 2 K and F = 24 kV/cm (from ref. 21,
with permission of American Institute of Physics).

The exciton binding energy, defined as the energy gap between the continuum
feaure and the origin of the exciton bandis 0.4...0.5 €V. Photoconduction action spectra
are ongstent with this estimate. Work on single aystals of the arbazole derivative of
PDA (DCHD)®*, on Langmuir-Blodgett films of PDAs carrying n-C;gH,, and -
(CH,)gCO0H as sibstituents *°, on wethane substituted PDA (TDCU)™ and, most
recently, on amorphous films of PDA-4BCMU® (Fig. 4) has shown unambiguoudly that
the threshold for intrinsic photoconduction is 0.4...0.5 eV above the opticd gap. There
is, however, a least one system, PDA-TS, which exhibits a large photocurrent signal
below the main optica absorption®™®. It has been attributed to the dissociative
photoexcitation of defects whose energy level is upward shifted relative to the bulk
material so that their LUMO is degenerate with the conduction band of the bulk chain®.
In no case is photoconduction observed upn excitation of the bulk singlet exciton. In
view of the lack of fluorescence, which tegtifies on the eistence of an utrafast
nonradiative dhannel for excitons, this is not surprising. The exciton lifetime is too short
for either thermally adivated dissociation or migration towards an entity that could act as
sensitizer for photoconduction (seebelow).
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Fig. 4. Steady state photoconductivity excitation (circles) and absorption spectra of a
cast film of PDA-4BMMCU at 295 K (Reprinted from Synthetic Metals, Vol. 64,
K. Pakbaz C.H. Lee A.J. Heeer, T.W. Hagler, D. McBranch, Nature of the
primary photoexcitations in poly(arylene-vinylenes), page 295, 1994, with kind
permission from Elsevier ScienceS. A., Lausanne, Switzerland)

The combined knowledge of the bandgap (determined from electroabsorption),
the ionization potential (obtained from photoemisson work®), and eectron affinity
(determined, for instance, from the thermal energy barrier for electron injection from a
magnesium contact into PDA-DCH*') permits the location of the relevant energy levels
in PDAs. Depending on the substitution, the top of the valence band must be & an
energy -5.5...-5.8 eV below vacuum and the bottom of the cnduction band at -3.1...-3.4
ev.

Another property relevant in relation to other conjugated polymers is the dharge
carrier mobility in crystaline PDAs. This has been a mntroversial subjed over many
years. The recent work of Fisher® has clarified the situation. It showed that in PDA-TS
the mobility of electrons, identified as the more mobile spedes, is of order 1 cm?/Vs. This
is congstent with an earlier time of flight measurement carried out on a aystal cleaved in
such away that the dectric field was at an angle of 22° relative to the polymer chain®. It
is controlled by shalow trapping as well as interchain hopping. To determine the on-
chain charge carrier mobility requires the gplication of microwave tedniques. By
examining the time resolved conductivity induced in PDA-4BCMU by a high energy
electron pulse, Haas et al. ¥ were e to set alower linit of 5 cm?/Vs for the sum of the
on-chain eectron and hole mobilities, the upper limit being 2@ cn?/Vs. Mobility values
of that order of magnitude ae incompatible with the idea that the darge arrier(s) is



62

(are) dressed by a large deformation of the polymer chain, as invoked by theories for
polyacetylene-like mnjugated polymers.

In summary, crystaline PDAs are highly anisotropic molecular solids. The
dominant opticd trangtion is of excitonic origin. However, nonradiative decay shortens
the eciton lifetime to an extent that no or only very little fluorescence is observed.
Contrary to conventiona molecular crystals, trandtions between delocalized states
accompanied by the formation of charge arriers do accur. Polaronic dfects concerning
both exciton and charge arriers are weak, perhaps even regligible.

4. cw-SPECTROSCOPY OF CONJUGATED POLYMERS & OLIGOMERS
4.1  Absorption spectra

Polyenes are the simplest aromatic molecules and represent oligomeric model
compounds of polyacetylene. Their prototypical charader generated an intense dfort to
elucidate their spedroscopic properties, both experimentaly and theoreticaly, the key
issues being the evolution of absorption spectra with chain length and excited state
ordering. It has been long known that the asorption spectra of diphenylpolyenes retain
their character upon increasing the length of the polyene moiety, the basic change being a
bathochromic shift®. Plotting the 11B,,~ 11A transition energies as a function of the
redproca number of double bonds reveals a straight line that extrapolates to a finite
ordinate intercept DE(N® ¥ )=14000+500 cnl.

Recently, polyenes with up to 240 double bonds have been synthesized by Samuel
et a.*°. Their absorption spectrain THF are dmost featureless. Kohler and Woehl™ have
shown that they can be understood on the premise of a distribution of the effedive
conjugation length L. The latter is a length of an oligomer that would absorb at the
same aergy as a twisted digomer/polymer. The idea behind this notion is that an
oligomer/polymer can ke cnsidered as an ensemble of unperturbed segments of length
Lo, Separated by topological faults that interrupt p-conjugation. Since neither
conjugation breaking need be complete nor the structure of the dhain elements between
the dain defects be perfect, Ly is a phenomenological quantity that, nevertheless, is
useful to charaderize the structura perfection of a system at least in a semiquantitative
way. To determine the digtribution of effective conjugation lengths from an
inhomogeneously broadened absorption profile, one needs to know the absorption
gpectra of the individual chain elements as a function of chain length including their
vibronic replica the inherent spectral broadening and the variation of the transition
dipole moment with chain length. The former can be inferred from the inverse
dependence of the transition energy on the number of double bonds, while the latter
requires a model. On the basis of a simple Hicke calculation, Kohler and Woehl were
able to remver the digtribution of effective wnjugation lengths from the polymer spectra
and to judify the result in terms of a satistical treatment assuming that the energy
needed to create a onjugation break is independent of where it occurs.

It is draightforward to conjecture that the asorption spedrum of polyacetylene
can be explained on the same premise. The facts that (i) the dsorption peak of trans-
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(CH)y is close to the value of the polyene dsorption extrapolated to n® ¥ and (ii)
improved interchain ordering causes a bathochromic shift, indicate that the polymer
absorption is dominated by segments with long conjugation lengths. Intrachain ordering
obviously reduces the probability for the occurrence of intra-chain twists. The dternative
view has been that the asorption spectrum of trans-(CH)x can be rationalized in terms
of the 1D-semicondictor model predicting a van Hove type singularity at Eg, the
singuarity being somewhat smeaed out by disorder effects. A stringent test againgt this
hypothesis is provided by the results of two photon spectroscopy™. They unambiguously
demonstrate that in the polyenes there is a 21Ag~ 11A transition below the dipole
alowed 1'B = 1'Aq transition that is one-photon forbidden but two-photon allowed. To
explain this inversed level ordering, as opposed to the level ordering in conventional p-
electron systems, requires explicit consideration of electron-electron Coulomb interaction
not included in one-electron models such as the Su-Schrieffer- Heegger model. Note that
within the framework of a one-electron semiconductor model, one- and two-photon
alowed states would be energetically degenerate. The 21Ag state (S-gtate) of the
polyenes is described as a mixture of singly and doubly excited configurations. To the
extent that the S, state is doubly excited with respect to the ground state, resembling a
pair of triplet excitations with opposite spin, the S, = S, transtion is dipole forbidden.
Extrapolating the 21Ag energies to infinite dhain length yields DE(n® ¥) = 7370 cmrl
which is about 7000 cmrl below the dsorption edge of trans (CH)y. The eistence of
this low lying states provides a draightforward explanation for the absence of
fluorescence from polyenes and (CH)y and proves that the one-electron modd is
ingppropriate.

The @sorption spectra of matrix-isolated oligothiophenes™®  and  of
oligothiophenesin solution* also bea out alinear relation between transition energy and
inverse dhain length. They differ from the polyenes in that the 21Ag date is above the
11B, state, at least for oligomers with less than 6 thiophene rings as evidenced by the
occurrence of fluorescence. This indicates that electron correlation effects are less
important than in the polyene series.

Comparing the absorption spedra of distyrylbenzene™ with that of standard
polyphenylenevinylene (PPV) prepared via the precursor route™ indicates that both are
virtualy identical except for a bathochromic shift of the latter (Fig. 5). It is obvious that
the spedra can be understood in terms of a molecular singlet transgition coupling to
molecular vibrations, notably vibrations of the phenylene ring. Plotting the maxima of the
S,~ S,0- 0 absorption bands measured on films of vapor-deposited
oligophenylenevinylenes (OPVs) of variable number of phenylenevinylene urits'” versus
redproca chain length yields a linear relationship extrapolating to DE(n® ¥) = 18300
cnrl (Fig. 6). A trandtion energy of 20200 cnrl for PPV trandates into n = 8.5. Another
way of quantifying the chain length is in terms of the number of carbon atoms (n) in the
shortest path between the ends of the molecule, n, = 6n - 2, n being the number of
phenyirings in the molecule.



Fig. 5: Top: Absorption and fluorescence spedra of distyrylbenzene in liquid benzene
solution (from ref. 45); Bottom: Absorption spectra of improved PPV (curve a
80 K, curve b 295 K) and standard precurser PPV (curve Q. The spectra ae not
corrected for refledivity (from ref. 46, with permission of Institute of Physics
Publishing Ltd.).

Both the transition energy and the intensty distribution within the vibronic
progression is affected by disorder. For intra-chain ordered PPV, the origin of the
S, ~ S, is difted to 19580 cmrl (Fig. 5), equivaent to n = 16, and becomes the most
intense feature™. This can be explained by an extension of the p-electron system and a
concomitant decrease of coupling to molecular vibrations. This is generally observed
with p-electron systems, e.g. the series benzene to pentacene. The more extended a p-
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electron system is, the smaller is the dfect of promotion of a p-electron from a bonding
to an antibonding orbital on the wnformation of the molecular skeleton. This leals to a
decrease of the Huang-Rhys factor for vibronic coupling (Eg. 1) and a concomitant
transfer of oscillator strength from the vibronic replica to the 0-0 trandtion. These
spectral features can, thus, consistently be interpreted in terms of a molecular model not
invoking a 1D-band transition.

Fig. 6: Peak energies of the S, = S,0 - O absorption band in oligophenylenevinylenes
as a function of the reciproca number of carbon atoms (n.) in the shortest path
between the ends of the moleale (n. =6n-2), n being the number of phenylrings
in the moleaule. The transition energies of ordinary and improved PPV as well as
the position of the S, ® S,0 - 0 emission peak of improved PPV is indicated
for comparison.

4.2  Fluorescence Spectroscopy

Fluorescence spectra of PPV, as well as its luble phenyl-substituted analog
(PPRV), present in different morphologicd forms™ are shown in Fig. 7. Due to the bulky
subgtituent, PPPV is likely to be more distorted than PPV. The PPPV spedra ae blue-
shifted relative to those of PPV and the first vibronic fedure is the most intense one.
This is in accord with the notion that with decreasing dsorder the dfedive @mnjugation
length increases. Concomitantly, both the optical trangtion energy and the @upling of
the excited state to vibration of the skeleton are reduced. The bottom spectrumin Fig. 7,
measured with intra-chain ordered PPV under site-seledive cnditions, represents the
extreme se. The position of the S, ® S,0 - 0 transition (18930 cnrl) trandates into

an average number of @30 repeat units of the emitting species.
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Fig. 7: Top to bottom: Non-resonantly recorded fluorescence spedra of PPV blends, a
PPPV film, intra-chain ordered PPV and a resonantly excited (SSF) spectrum of
the latter sample™®.

It is consstently observed that fluorescence spectra of PPV and related
compounds are asociated with a Stokes ghift unless excited at the very absorption tail
(see below). The inhomogeneous band width is less than in absorption, manifest in the
fad that in PPPV vibronic splitting is completely blurred in absorption yet visble in
emisson and, notably, decreases with increasing intrachain ordering as reveded by
redshifted emission. The Stokes gift has previoudy been taken as evidence for the
occurrence of polaron formation. Note that in the semiconductor band modd,
photoluminescence would result from the radiative recombination of a pair of charge
carriers and the Stokes shift would be the sum of the polaron binding energies. However,
the @ove phenomenology is a necessary consequence of PPV being a disordered
materia in which energy migration within the manifold of localized energy levels takes
place. As a consegquence, outlined in section 2, it will be the lower lying states, i.e.
chromophores with longer effective conjugation length, that ad as emitters. The
temperature dependence of the amission spectra supports this notion. The spectra shown
in Fig. 8 were recorded with intra-chain ordered PPV at 295 K and 15K, respectively.
The bathochromic shift upon coodling is obvious. The temperature dependence of the
peak shift is diown in Fig. 9. It can ke interpreted in terms of the random walk model of
excitations, the essentia material parameter being the width of the distribution of states
(DOS). Fitting the top portion of the 295 K absorption spedrum of intra-chain ordered
PPV (Fig. 5) by a Gaussian (the tail is due to both scattering and uncorrected reflectivity)
yields a Gaussian width (variance) s = 320 cmrl. As long as excitations can equilibrate
dynamically within the DOS before decaying radiatively, the Stokes shift d between the
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pesks of the S, = S,0- 0 and S, ® S,0- 0 bands sould be given by d = sZ/KT.
Above 200 K, both the postion of the 0-0 emission peak as well as its temperature
dependence ae in good agreement with the modd prediction. For T < 200 K, equivalent
to s/kT < 2.3, the system falls out of equilibrium as predicted by smulation'®. As a
consequence the S, - S,0- O emission energy approaches a congant value
asymptotically and tends to settle a energy 18930 cml, i.e. 870 cmrl (or 2.76 s) below
the enter of the DOS. An exact location of this emission is, of course, sensitive to the
exact shape of the DOS function at the tail.

Fig. 8: Luminescence spectra of improved PPV (bottom curves) and standard preaurser
PPV (top curves). Full curves and broken curves were recorded at 15 K and 2%
K, respectively. All spectra ae normalized to the same peak value (excitation was
at 2.7 eV) (fromref. 46, with permission of Ingtitute of Physics Publishing Ltd.).

Additional support for the notion of the Stokes shift being determined by spedra
relaxation comes from the observation that d scales approximately linearly with the
inhomogeneous width of the asorption band. The asorption spectrum of aPPPV filmis
sructureless, indicaing that s is comparable to the energy of the dominant molecular
vibration. On the basis of the known \vibrational progresson of PPV, one can conduct a
crude band deconvolution yielding s @1300 cnrl and a center of the S, = S,0- 0
transition at 23000 cnvL. Fluorescence does $how vibronic structure, the peak of the 0-0
band being at 19550 cnrl. Hence d = 3450 cnrl and d/s = 2.65, in excellent agreement
with the value measured with PPV (see aove).

Site-sdlective low temperature fluorescence spectra ae in accord with the dove
concept. Exciting above a aitica energy njo., Which approximetely coincides with the
energy of the low temperature S, ® S,0 - 0 band, with high energy excitation, the
emission spectra are invariant against changing ng, while for ng < Ny the @mission
gpectra become sharper and shift linearly with ng This phenomenology is portrayed in
Figs. 10 and 11 showing a family of emisson spectra of a substituted PPV parametric in
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Ne and a plot of the emission versus excitation energy. The latter delineates the diange
from nonresonant to resonant behavior upon passing Ny

Fig. 9: S, = S,0 - 0 emission pe&k and its ssmnd vibronic satellite as a function of
temperature. The dashed curve is the prediction of the mode for random walks
of an excitation within a Gaussian manifold of hopping sites with Gaussian widths
0.4 eV (320 cmrl) centered at an energy 2.447 eV (19740 cnrl).

It is particularly noteworthy that SSF-spectra of PPV bear out the same vibronic
sructure & SSFspectra of phenylenevinylene oligomers in solid MTHF and, most
important, superimpose if plotted on an energy scale normalized to the laser energy. This
proves that they are built on an origin defined by the laser line. In other words, the 0-0
trangtion must be resonant with the laser to within the spectra resolution of the
experiment, which in the PPV case was @30 cmrl. The mmparison also shows that an
emission feaure in the S spectra offset from the origin by approximately 160 cnrl has
to be asigned to a low lying bend motion of the vinylene moiety™, rather than to a
Stokes-shifted origin band. It is also dbvious, though, that sharp zero-phonon features
seen in the oligomer spectra are missing both in the polymer spectra and in the spedrum
of the five membered OPV. This siggests sosme oupling to a low energy phonon to
become important in longer chains in addition to coupling to localized molecular
vibrations.

The usefulness of SSF spectroscopy to eliminate inhomogeneous broadening as
wel as <gectral relaxation effects from the emission spedra of conjugated
polymerg/oligomers is further borne out by the results on oligomeric counterpart
structures of a ladder-type poly-paraphenylene (LPPP™ in which covaent bridging
among adjacent phenylene ring enforces planarity in conjunction with rigidity. Fig. 12
present a series of SS--spectra of the trimer, matrix isolated in an MTHF glass™. Their
resonant character is borne out by their linear shift with excitation energy. The spectrum
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consists of a series of vibronic lines, each consisting of a zro-phonon feature followed
by a phonon tal as is commonly observed with aromatic chromophores in gassy
matrices"™.

Fig. 10 Low temperature (6 K) ste-seledively measured fluorescence spectra of poly(2-
tetrahydrothiophene-p-phenylenevinylene) parametric in excitation energy. The
high energy spike marks the laser energy (V. Brand, unpubished results).
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Fig. 11 High energy peak of the fluorescence spectra of Fig. 10 potted versus excitation
energy. The high energy peak of the resonantly excited spectra has to be
identified with the superpostion of the phonon tail of the S, ® S,0 - O origin
band and a 100 cmr? vibronic feaure (V. Brandl, unpublished results).

Fig. 12: Site-seledively measured fluorescence spectra of a 10° M solution of the
ladder-type LPPP trimer in a 6 K MTHF glass. The arrow marks the laser
energy (T. Pauck, unpublished results).
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Observation of zero-phonon structures does indicate, however, that phonon
coupling is weak. The dominant vibrational energies are 120 cnrl, 1180 cmrl, 1320 el
and 180 cnrl, implying that the origin is resonant with the laser line. A similar pattern
has been measured with the monomer and dimer. In the latter case, it was possible to
record a nonresonant spectrum by exciting into a vibronic absorption line that was
narrow enough for separating the vibronic feaures, but contained the 0-0 origin band
that otherwise is masked by the laser line. This is necessary for determining the Franck-
Condon factors, i.e. the Huang-Rhys factors of the individual vibrations necessary to
estimate the tota relaxation energy of the dromophore &ter excitation to the S; state.
For the dimer, E'® @3900 cmr! has been estimated on the basis of Eq. 4. Thisindicates
that there is substantial relaxation of the moleaule, evidenced by the coupling to
vibrations, but the dfect is comparable in magnitude to that in other aromeatic
chromophores and, most important, does not preclude occurrence of the resonant
S, ® S,0- 0 trangtion. It is noteworthy that comparable values for the average
Huang-Rhys factor and, concomitantly, for the relaxation energy have recently been
calculated for PPV-type systems™.

Fig. 13: Fluorescence spectra of biphenylenevinylene derivatives obtained under site-
seledive conditions. For symbols seelist of compounds™.

There ae systems in which coupling to modes of the chain is grong enough to
erode the resonant character of the spedra. Examples are polyarylenevinylenes in which
the phenyl group is replaced by a biphenyl unit. The latter adopts a twisted structure in
the ground state but relaxes to a planar structure in the excited state. This is equivalent
to a strong coupling to a torsional chain mode, its signature being omogeneoudy
broadened spectra. Proof that it is, in fact, coupling to a torsional mode that makes the
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excitonic polaron "heavier" comes from an analyss of the spectra of poly-
biphenylvinylene systems in which the moment of inertia of the biphenyl-moiety has been
varied by substitution®®. The spedra, reproduced in Fig. 13, demonstrate that the Stokes
shift is gradually diminished as the torsional motion is hindered. For PDPV, d @1700 cnr
1. For strong phonon coupling, d = 2S Wy, and the emission kend should approach a
Gaussian with variance s, = Wyy(2 S)V2. Hence dis,, = (2 S)V2. Band analysis yields
S=1land wy, =15 cmrl

In summary, the fluorescence spedra of PPV-type systems is in full accord with
what one expects for a "classic" p-conjugated chromophore. There is coupling to
vibrational modes but it is sufficiently weak in order not to suppressthe S, ® S,0- 0
trangtion. It is particularly noteworthy that resonant emission can be observed from the
longest polymer chains. Since those are the most perfect chains, their spectroscopic
behavior should come dosest to what one would expect for a 1D-semiconductor within
the spirit of the band model. This is at variance with experiment. Apart from predicting
lattice relaxation, i.e. polaron formation accompanied by spectral broadening and the
appearance of a Stokes ift, the band model can neither account for the mirror
symimetry between absorption and emission in systems with little inhomogeneous
broadening, such as intrachain ordered PPV*® or LPPR™, nor for the fluorescence decay
time being independent of excitation intensity. Within the framework of the band picture
photoluminescence would be the result of the llaps of a pair of opposite charges whose
density, and concomitantly collision rate, is determined by the number of absorbed
photons. In reality, the photoluminescence decay time is independent of excitation close
except at very high intensities at which himolecular interactions among singlet excitons
shortens their lifetime™. For PPV-like systems it ranges between 200 ps and 12 ns™®®".
The latter value refers to a sample with a particularly low density of oxygen defects™ and
agrees with the radiative decy time of bis(isopropylstyryl)benzene®™, which closely
resembles a PPV oligomer with three phenyl-rings. This is another manifestation of PPV
chains behaving similarly to digomeric model compounds, yet not as a semiconductor.

4.3  Energy Trander

A characterisitc feature of molecular systems is energy transfer, the canonica
system being crystalline anthracene doped with tetracene™. In the cae of singlet
excitations, it occaurs via multipolar coupling. In a system compaosed of weakly coupled
donors and randomly distributed acceptors, Forster’s theory is expected to hold®
predicting that the transfer rateis

Ker = tbl(Ro / R)6 (5)

t,' being the sum of the radiative and nonradiative decay constants of the excited donor
molecule in the dsence of an acceptor, and

6
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the Forster radius. Here f° is an orientational factor which is @0.6 in a solid solution with
random nolecular orientation, h, =k, / (K4 + Kk, ) is the fluorescence yield of the

donor, n, isthe refradive index, N is Avogadro’s number and

¥
Y dn
W= g8, (1) fo (1) 7 ™)
0
is the spedral overlap integral between donor and acceptor, with e, (n) being the molar
decadic extinction coeffcient of the acceptor and f, () the normalized donor emission
spectrum (Qf,(n)dn =1) . The theory is based upon the notion that both donor emission

and aaeptor absorption are dipole dlowed transitions, transfer being brought about by
coupling of the trangition dipoles of both partners.

Fig. 14: Fluorescence spedra of PFPV : PC blend doped with various amounts of the
dye DCM®'. The inset gives the ratio of DCM to PPPV content by weight at a
fixed concentration of PPPV in the blend systems (19.5% by weight).

The eergy transfer experiments discussed here were done on a
PPPV/polycarbonate blend containing @19.5 weight-% PPPV and between 0.21 and
4.74 weight-% of the laser dye 4-dicyanomethylene-2-methyl-6-(p-dimethylaminostyryl)-
4H-pyran (DCM)®"®, Fluorescence spedra, measured in the av mode and portrayed in
Fig. 14, indicate adecrease of the donor (PPPV) emission with concomitant increase of
the DCM emission as the DCM concentration increases. By deanvoluting the eamisson
gpectra and correcting for direct acoeptor excitation, the quantity k., t, (seeEg. 5) can
be evaluated as a function of the mean donor acceptor distance R caculated from the
concentration and the average density (1.2 gcmr3). Fig. 15 bears out the expeded pover
law with an exponent close to 6. The experimental value of R, is 5.0 nm.
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Fig. 15: Double logarithmic plot of the ratio of acceptor to donor emission in the PPR/ :
DCM systems of Fig. 14 versus the redprocal donor-acceptor separations’.

The spectral overlap integral for PPR/ and DCM isW = 1.02 x 1013 | cm3/mole.
Using n, = 1.585 for the refradive index of polycarbonate and h, @0.25, estimated
from aradiative lifetime of 1.2 ns and an experimental fluorescence decay time of 275
for PPPV, R, = 3.6 nmis calculated which is 1.4 nm smaller than the experimental value.
That the experimental value of R, exceeds the theoretica value is a necessary
consequence of the facts that (i) excitations in PPV-like systems are not spatially fixed
point-dipoles as invoked by Forster’s theory but are delocdized within the individual
segments of the PPV chain and (ii) some, if little, donor-donor transfer occurs prior to
donor-acceptor transfer, even in a polymer blend. Both effects allow a donor excitation
to sample a @rtain volume before transfer. This is equivalent to an increase of Forster’s
radius. Together with the results of time-resolved experiments discussed in the chapter
by Lemmer and Gobel, these results unequivocally demonstrate that the dementary
excitation of PPV chains, notably of the more perfect chains that contribute to cw-
luminescence, are neutral singlet excitations that couple to a radiation field via their
trangition dipole moment. Observing sensitized fluorescence in accord with Forster’s law
proves that the excitations are transferred as neutral entities rather than in the form of
charges that acddentally recombine & an acceptor site.

5. THE PROBLEM OF THE EXCITON BINDING ENERGY
51  Simulations

Fluorescence spectroscopy, described above, alows one to identify the
fluorescent state in conjugated polymers as a molecular singlet state. The centra
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question to be aldressed in this sction is how much it costs to dissociate it into a pair of
charge arriers. Apart from its fundamenta aspects, the answer is of vital importance for
the luminescence yield of electroluminescent diodes (LEDS) operating with conjugated
polymers as the ative media. Would it cost no energy, or as little energy as kT, the
collapse of a pair of charge arriers would not be an exothermic process. In the dsence
of coulombic effects, the cross section of charge @rrier recombination should be
comparable to a molecular cross sction only while in conventional molecular solids it is
determined by the range of the eulombic potential. It is worth recalling that in organic
solids, charge arrier recombination can be described on the basis of the Smoluchowski
theory® for bimolecular reaction predicting the bimolecular rate constant to be

g=4pR(D, +D.), (8)

R being the distance & which the particles interact. In the strong scattering limit, R has
to be identified with the coulombic radius

r, =e® / (4pee,kT) 9)

because oppositely charged carriers approaching each other to a distance r, will fal into
their mutual coulombic funnel and release the energy gained into the hea bath (Langevin
case). Inserting (9) into (8) and making use of the Einstein relation eD=pkT yields

g/ m=e/ ee, (10)

It is valid as long as the carrier mean free path is much less than rc65 asitisin
molecular crystals’, implying that recombination is diffusive rather than ballistic,
irrespective of the presence of disorder®®.

Since currently no theory is available to treat the random wak of a pair of
charges in an energeticaly roughened landscape with superimposed long ranged coulomb
interadions, a Monte Carlo smulation study has been conducted to model bimolecular
charge recombination under this premise®’. A test sample with cubic symmetry and
periodic boundary conditions containing point sites to represent the segments of a
conjugated polymer was st up by computer. A stationary positive charge was positioned
inside the sample. Negative charge crriers were started at variable position within a
boundary plane and allowed to migrate via hopping towards the exit contact under the
action of a bias field. The simulated quantity was the recombination probability of the
injected charge. Variation of the binding energy of an e...h pair was taken into account
by considering a truncated coulomb potentia

i- €/4peer r>na
vin=| 5P

t- € /4pegna rE£na (12)
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a being the interdite distance and n 2 1 an integer. The quantity V (r = na) is identified
with the exciton binding energy DE,,. . By considering the competition between diffusion
and drift, one can show that the dfective recombination cross sdion gff of the
gtationary charge is related to g/ via

g/ m=q*"F (12)

Plots of g/u and geff as a function of the dectric field F are shown in Fig. 16, while the
variation of geff with exciton binding energy DE, . is presented in Fig. 17.

Fig. 16: Dependence of the g/u ratio on electric field for s = 0.1 eV. Crosses refer to
T =350K, circlesto T = 250 K. The inset illustrates the independence of g/u of
the width s of the density of states (F = 5 x10° V/cm; T = 350 K)®.

It is obvious that g is constant for DE_ . > 0.2eV but deaeases sarply as
DE,,. decreases. This means that under the wndition DE, . £ KT, the probability for
recombination of a pair of charge cariers in a LED should be aimost two orders of
megnitude less than what it is in a conventional molecular solid. This would be
prohibitive for efficient polymeric light emitting diodes and at variance with observed
guantum yields. Note that because of spin statistics, only 25% of all recombination
events produce aS; state. If the photoluminescence dficiency of the chromophore is
30%, which is a representative value for a dean PPV-type system, the maximum LED
yield would be 7.5%. Five % have, in fact, been observed already® indicating that most
of the carriers recombined bimolecularly. This can only be acounted for in terms of
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Langevin recombination in the presence of a mulombic potential. For further discussion
of the yield of organic LEDs see ref.*’

Fig. 17: Variation of the dfective recombination cross sedion of a darge crrier in an
electric field of 108 V/cm as a function of the exciton kinding energy®’.

5.2  Photoluminescence quenching by electric fields

A step further towards a more quantitative assessment of the magnitude of the
exciton khinding energy is provided by studies of photoluminescence quenching by electric
fields. If an exciton is dissociated by an eectric field, it can no longer contribute to
luminescence. The ionization of weakly bound Wannier excitons in inorganic
semiconductors by electric fields has been studied extensively at low temperatures. It
manifests in a broadening of the asorption line and its eventua disappearance with
increasing fidd strength®™ ™. Typical values of the ecitonic binding energy are of order
10 meV (5 meV in GaAs, 20 meV in CdS) implying critical fields of order of a few
kV/cm for exciton ionization.

To dissociate an excited singlet state of a conjugated polymer requires field-
assisted transfer of one of the constituent charges to a neighboring chain or chain-
segment. To first order approximation, this would occur if the gain in electrostatic
energy, eEDz, compensated for the energy expense for the dharge transfer in zero field.
For Dz = 10 A and E = 2 x 106Vcmrl, eEDz = 0.2 eV is estimated. If exciton kinding
energies were of that order of magnitude, one would expect PL quenching to occur in
electric fieldsin excess of 1 MVemrl,

PL quenching experiments were performed with films of poly-(phenyl-p-
phenylenevinylene) (PFPV) doped into polycarbonate®™™* as well as with an oligomeric
model compound, trig(stilbene)amine (TSA) doped into polycarbonate (PC) and dfferent
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polystyrene derivatives™’?. TSA was chosen because it contains dtilbene substituents
resembling the PPV repeat unit and its absorbs in the same spedral region as PPPV does.
The samples were prepared in sandwich configuration between ITO and Al-contacts as
commonly used for eledroluminescence studies. Fluorescence quenching, or relative
reduction F, is experimentally determined as

_ 1(0)- I(E)
BRCN »

where |(0) and I (E) are the fluorescence intensties at zero bias and with afield E applied
to the sample, respectively, normdized to the intensity of the incident excitation light.

F(E)

Fig. 18 Absorption spedrum (a) and spectral dependence of the fluorescence quenching
(b) in.a 89 nm thick 80:20 PPPV:PC film sandwiched between ITO and Al-
contacts. The parameter is the gplied (reverse) voltage”™.

The spectral dependence of F is $iown in Figs. 18 and 19 for PPV and TSA,
respectively. In both cases F is independent of excitation wavelength except at the very
absorption tail where F dropsto zero in the ase of PAPV and can even become negative
in the case of TSA. "Negative" quenching efficiency means that the PL intensity
increases in the presence of an electric field. It is due to the Stark shift of the dsorption
spectrum which causes the optical density of the sample to increase & the @sorption tail.
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Fig. 19: Excitation energy dependence of photoluminescence quenching efficiency
(bottom) and room temperature absorption spedrum (top) of a TSA
(25%):PC diode structure with ITO and Al contads’.

The quenching efficiency depends on both the @ncentration of the active Stes
(Figs. 20, 21), the dectric field (Figs. 22, 23) and the current passing through the device
(Fig. 24). If the ITO contact is made positive ("forward bias"), the aurrent can be higher
by up to four orders of magnitude. It turned ou that reverse and forward bias quenching
efficiencies are identicd as long as the applied electric field does not exceed the onset
field of current flow, operationally defined as the field a which current flow "starts' ina
double linear j(V) plot. At still higher fields, quenching is more dficient in forward than
in reverse bias. The likely reason is Jbule heating of the sample with a cncomitant
increase of nonradiative decay of the excited states. All data ansidered here were taken
under reverse bias and celineate genuine fields effects on the excited states.

Experiments were dso performed in a time-resolved fashion"®, as explained in
detail in the cntribution by Lemmer and Gobel. Suffice it to mention here that the
quenching effect is not instantaneous but occurs with time wnstants of order 1(ps)1 in
the ase of PPPV and of order (10 ps)1 in the ase of TSA blends. This rules out an
interpretation of the dfed in terms of afield-induced redistribution of oscillator strength,
e.g. via opening of a darge transfer trangtion, and indicaes that PL quenching is a
consequence of the action of the eledric field on the excited state of a diromophore.
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Fig. 20: Concentration dependence of field-induced fluorescence quenching in PFPV :
PC devices measured at 77 K, parametric in dectric field’.

Fig. 21 Concentration dependence of eectric field-induced photoluminescence
guenching efficiency for TSA : PC diodes (T = 77 K) parametric in electric
field™.

The concentration dependence of F testifies on the intermolecular nature of the
guenching process. Since only charge transfer responds to an eectric field, it is therefore
sraightforward to attribute photoluminescence quenching to the dissociation of a neutra
snget exciton on a crromophore, which can be asegment of a PPPV chain or a TSA
molecule, into an electron-hole-pair residing on adjacent chromophores. From the fact
that in PPPV the quenching efficiency is independent of concentration for PRPV
concentrations > 30%, and starts deaeasng below while in TSA it decreases
continuoudly upon dilution, one @n conclude that in PPPV both interchain and intrachain
dissociation processes are operative. Apparently, charge transfer processes between two
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segments of the same dhain render even an isolated polymer coil, to a certain extent self-
sufficient, to alow for exciton dissociation into a geminately bound e...h pair.

Fig. 22: Field dependence of fluorescence quenching at 77 K in PPPV : PC LEDs a
variable PPP/ concentration”.

The quenching efficiency is virtually constant within the inhomogeneously
broadened absorption spectrum including its vibronic replica. A decrease is e only at
the very absorption tail (425 nm, i.e. 2.92 eV, for TSA/PC and 480 nm, i.e. 2.58 eV, for
PPPV/PC). This indicates that the actua quenching step does not occur until any
vibrational or electronic excess energy has been dissipated. From photoluminescence
studies with sub-ps time resolution ™, it is known that vibrational cooling in PPRV/
occurs within 100 fs. Subsequent electronic relaxation of the vibrationally cold singlet
exciton within the manifold of states is a dispersive rate process, the fastest steps
occurring on a 1 ps time scale. Any spontaneous exciton dissociation occurring during
that relaxation process would not show up in the field quenching studies snce only field-
induced processes are monitored.

The decrease of relative PL reduction at the asorption tail can be rationalized as
a natural consequence of energetic disorder. The energy of locdized excited states is
subject to a distribution that is often approximated as Gaussian. The number of sites that
lie energetically lower than an originally excited chromophore decreases with decreasing
excitation energy. Hence, the probability of finding a darge acepting neighbor that is
both spatialy and energeticdly accessible drops with decreasing excitation energy. For
this reason, exciton dissociation is less efficient for excitation into the low energy tail of
the density of states. However, this pseudo-dilution in the tail of the DOS cannot explain
the occurrence of negative quenching at very low excitation energy (Fig. 19). To
interpret this observation, a bathochromic shift of the @sorption in an dedric field has
to be invoked. Quadrétic and, due to the C;, symmetry of TSA, linear Stark effects can
be expected to influence the dsorption properties of TSA in an electric field. A red-shift
causes a relative increase of the optical density at the dsorption tail, which can explain a
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field-induced increase in PL intensity, as is observed experimentally. Thisinterpretation is
quantitatively supported by electroabsorption measurements’.

Fig. 23: Field dependence of the photoluminescence quenching efficiency for a series of
TSA : PC LEDs with variable TSA concentration plotted on a double
logarithmic scale (T = 77 K)™,

The pronounced field dependence of PL quenching (Figs. 22, 23) and the
magnitude of the dectric fields that are necessary for a significant reduction of PL
intensity indicate that the excited state must have a binding energy DE, . >>kT. Monte
Carlo (MC) smulations of the field dependence of PL quenching gve a good fit to
experimental data for values of DE, . = (0.4+0.1)eV. These simulations take into account
(i) spectral relaxation in a Gaussian DOS, (ii) cgpture by nonradiative traps, (iii) radiative
decay, and (iv) field assisted exciton dissociation.

The efficiency of field quenching of the excited state of TSA depends on the
matrix and increases in the series tert-butyl-polystyrene, polystyrene, chloro-polystyrene.
This concurs with the increase of the net dipole moments (0 D, 0.4 D and 1.7 D,
respectively), indicating that increasing pdarity facilitates e...h pair formation from a
molecular S, state. This is not straightforward since dl experiments were performed at
temperatures less than the glass transition temperature & which charge stabilization by
dipole realignment is eliminated. The key towards understanding this effect is provided
by the observation that the width of the distribution of states governing motion of a
positive charge in molecular solutions of tritolylamin in tert-butyl-PS, PS and chloro-PS
increases in the same fashion (94 meV, 99 meV and 12 meV) reflecting the increase of
the frozen-in dipolar disorder’. Broadening the density of states function is equivalent to
the formation of deeper states that can ad as charge aceptors in the @urse of exciton
dissociation. Energetic disorder thus facilitates exciton dissociation into a geminate pair.
It also facilitatesits subsequent dissociation into free Grriers as demonstrated by arecent
simulation study”’.
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Fig. 24: PPPV : PC (80:20) with film thickness 95 nm at 77 K: top: Field dependence of
fluorescence quenching under reverse and forward hias, bottom: j(V) curves
measured duing the optical experiments.

5.3  Photoconduction

Photoconduction is an important, though rot aways unambiguous, signature of
optical ionization in a solid. In a dassic semiconductor, the dominant optical trangition is
a valence to conduction band transition. Due to the joint effects of the weak binding
energy of Wannier-type excitons, and mean carrier free paths being in excess of the
coulombic capture radii, the resulting electron-hole pairs are free. The quantum
efficiency for optica charge arrier formation j o, defined as the number of carriers
generated per absorbed photon, is nea-unity within the etire absorption range and
independent of temperature and electric field.

In conventional molecular solids photocarrier generation is a two step process.
There is a fast, optical process generating geminate charge carrier pars that can
subsequently dissociate via temperature- and field-assisted diffusion within the mutual
coulombic well. The latter process is tractable within the framework of Onsager”s theory
for geminate pair dissociation in the presence of an infinite sink that accounts for e...h
collaps being an exothermic process. There is abundant evidence that, by and large, this
formalism describes charge rrier generation both in molecular crystals’ and in systems
like molecularly doped organic photoconductors’®.

The primary event that generates a geminate e..h pair can either be direct charge
transfer or autoionization of an excited molecular state with sufficient energy. Since in
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neat molecular solids the energy required to produce ageminate pair exceeds the energy
of a molecular singlet state®, intrinsic photoconduction starts above the ésorption edge,
the energy off-set being a measure of the energy it costs to transfer one dharge from a
molecule excited to its S; state to the LUMO or HOMO of a neighboring molecule.
Photoconduction action spectra mincident with absorption spectra ae only observed if
there is a senditizer present to which the excited molecule can transfer either an electron
or a hole a no expense of energy. Such processes usually occur at the surface of
molecular solids with metal electrodes, sengitizing dye layers, or oxidation products that
can act as electron acceptors. The surface nature of that process implies that only those
excitations cen contribute that diffuse towards the surface during their lifetime t,,.
Solution of the diffuson equation indicates that this fraction is
I, / (I, +a"),l, =(Dt,)" being the diffusion length and a-! the penetration depth of
the incident light. In that case, the ation spectrum is ymbatic with the dsorption and
the dficiency of the process increases with the diffusion constant D. By this token, it is
more dficient in single aystas than in random media. In the cae of no exciton diffusion,
the number of excited surface states is directly propartional to the @sorption spectrum.

Sensitized photoconduwction can also occur if the sample contains dopants,
inadvertantly present or deliberately added, that can act as an eledron or hole aceptor.
In that case, an excited state of the bulk material can dissociate into a pair of charges,
one being trapped at the sengtizer, the other one being more or less freeto contribute to
photoconductivity. To establish steady state conditions requires that the detrapping of
the trapped carrier, or its neutrali zation by injected carriers, is efficient enough to prevent
build-up of an interna space darge. Another source of extrindgc photoconductivity is
ionization of defeds. For this to occur, the LUMO/HOMO of the defect must be
above/below the cnduction/valence band of the bulk material.

Intrinsic photoconduction, on the other hand, depends on the fraction of the
incident photons that are asorbed, 1-exp(-aL), L being the sample thickness, and the
probability p of their dissociation. In addition to being a function of temperature ad
electric field, p will also depend on photon energy because the formation of a geminate
e..h par requires more energy than formation of an exciton. Hence the intrinsic
photocurrent will be

i, =1,[1- exp(- aL)]p(T,E,hv). (14)

Contrary to the polydiacetylenes (see section 3), photoconduction action spectra
of PPV-type systems are often symbatic with excitation®’#®. Care must be taken,
though, to eiminate the effed of decreaing absorption depth on bimolealar
recombination when cdculating the dficiency. This is of crucia importance in surface
type adls and has to be corrected for in order to recover the true photoconductivity
action spectrum. Using a sandwich type cdl largely suppresses bimolecular
recombination. Guidelines for recovering true photoionization spedra can be found in
the gopendix of ref.®® and in ref.®*. If one normali zes the so-corrected photocurrent to the
total number of photons absorbed, one finds that photocarrier generation sarts at the
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absorption edge. The dficiency increases with increasing photon energy and tends to
level off a energies above the S, = S,0 - O transition. Chandross et a.* reported a

further increase @0.9 eV above the dsorption edge. The photocarrier yield is typically
of order 104. It increases strongly with electric field and is temperature-activated
feauring an activation energy of 0.1...0.2 €V. Although the latter facts are incompatible
with PPV being a classic semiconductor, the incidence of absorption and
photoionization has nevertheless been taken as a strong argument in favor of the band
picture, notably if combined with the asence of a significant temperature dfect on the
peak photocurrent measured in the strip-line @nfiguration often used in time resolved
photocurrent studies.

Before discussng the implications of the spectra dependence of the
photocurrent, a cutionary note concerning the inherent problems of the srip line
technique appeas appropriate. In atypical gtrip line arangement, the dectrode gap is of
order 10 um and their length is 0.1 cm. Since aurrent flow is confined to a skin depth of
thickness comparable to the penetration depth of the eciting light, i.e. ~ 100 nm, the
cross sction for current flow is @10%cm?2 The arrent density associated with an
absolute aurrent of 104 A is, therefore j @102 A cnr2. The dharge arrier density isn =
jleuE and the aerage time for bimolewlar electron hole recombination is
t.. =(ng) ' =enk/ jg, ghbeng the rate congtant for recombination . Making use of
Langevin'srelation, g/ m=e / ee,, yields t .. = eg,E / j. For E=10°Veml, j =102
A cm2and e = 4, t,. @3 x 1010 sis obtained. Note that for jUE, t, iSindependent of
the gplied electric field. Not only does this estimate demonstrate the importance of
bimolecular recombination, it also shows that the expeded recombination times are of
the order of those observed in strip line experiments®. The short time scale of
recombination has another consequence. Current transport in polymers, and random
media in generd, carries dispersive features because carge carriers relax within the
manifold of hopping states while migrating in the same way as excitons do (see the
contribution by Lemmer and Gobel). The shorter the time scale the further away from
dynamic equilibrium the crriers are ad the smaller the effect of the temperature on
transport will be'®.
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Fig. 25: a: Absorption and uncorrected dc-photocurrent adion spedrum of a 120 nm
thick tert-butyl substituted OPV(4) : polystyrene (20:80) blend sandwiched
between ITO and Al-contacts and illuminated from the postively biased ITO
electrode by a Xenon lamp (E = 1.7 x 10° V/cm). b: The photocarrier yield
spectrum, defined as the number of collected charges versus number of
absorbed photons (S. Barth, unpublished results).

The symbatic behavior of photocurrent and absorption in PPV might be taken as
a sgnature of the aility of the lowest excited singet state to dissociate into a pair of
charge arriers, albeit with a quantum efficiency that is much less than urity and
dependent on both the electric field and temperature. One posshility is surface
photoionization, the other one is to invoke sensitization by inadvertant impurities that
may act as electron scavengers. It is well established that doping with additives having
low reduction potentials, such as Cgy®' or oxidation products®®, quenches the
photoluminescence dficiently. This is due to the excited state of PPV transferring an
electron to the dopant. It is obvious that this requires (i) the LUMO of the acceptor to be
sufficiently below that of PPV, (ii) poor spectral overlap in order to render Forster
energy transfer unimportant, (iii) afinite lifetime of the excited state of the donor and (iv)
sufficient excited state mobility. There is, in fact, good evidence for the ubiquitous
presence of traps that can act as electron scavengers/traps. Although there is no dbvious
reason why a anjugated polymer like PPV should not transport electrons as efficiently
as holes, time-of-flight studies performed on pm thick samples never reveal eectron
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signals, the most likely reason being that their range is limited by trapping®. I ndependent
evidence ®mes from luminescence decay time studies. The decay is notoriously
nonexponentia, indicative of trapping by randomly distributed acceptors that do not emit
sensitized emission. The straightforward explanation is that they catayze break-up of on-
chain excitations into a hole remaining on the chain and an eledron trapped at the
dopant. For a more detailled analysis the reader is referred to the aticles by Rothberg as
well as Lemmer and Gobdl.

The crucia guestion to be solved is whether charge arrier formation from the
S,-state in PPV is anintrinsic or an extrinsic process. The answer is intimately tied to the
magnitude of the energy of an inter-chain e...h pair (indirect exciton, or charge transfer
dtate) relative to the energy of an on-chain exciton. On average, the energy of the former
cannot be less than that of the latter. Otherwise dl optical excitons should form indirect
excitons and be lost for single dhain emission. The existence of resonant fluorescence of
on-chain excitations even in bulk systems (see section 4.2) argues against this notion. On
the other hand, the results of Gelinck et al.** on microwave conductivity studies of
solutions of a soluble PPV that undergoes a thermotropic transition from a gel to ared
solution established the eistence of intrinsic inter-chain charge transfer as a condition
for conductivity. The eperiments provide clear evidence ajyaingt the notion that the
primary excited state of a chainisapair of polarons on a single dhain and indicate that an
on-chain S; state can, in fact, form an inter-chain e...h pair with finite probability, and
testify on the intermolecular character of charge carrier formation as the studies of
Frankevich et al.”* on magnetic field effects on the photoconductivity in PPVs do.

In order to clarify whether or not photocondiction in PPV-type systems is an
intrinsic or an extrinsic process, cw photocurrent measurements were performed on
OPV(4): polystyrene blend systems of variable thickness The alvantage of using
oligomers is that they are structuraly well defined and can be prepared at a purity level
not attainable for polymers. Blending with polystyrene reduced the tendency for
crystallization, and turned out not to affect the spectra dependencies.

Fig. 25 compares optica density and cw-photoconduction spectrum for a 120 nm
thick OPV(4): PS film sandwiched between ITO and Al electrodes, the ITO being
positively biased. Normalizing to the sample absorbance yields the action spectrum
presented in the bottom part of Fig. 25. It fedures a sharp rise & the very absorption
edge and stays flat until at 3.35eV, i.e.,, 0.45 eV abovethe S, - S,0 - 0 some further
increase is noted. The strong polarity dependence rules out intrinsic photoionization,
though. Note that irrespedive of any likely imbalance of electron and hole mobilities,
volume ionization should result in a symmetric photocurrent, as long as the sample is thin
enough to guarantee homogeneous excitation throughout the entire volume. The
photocurrent must therefore be due to hole injection at the ITO electrode via oxidation
of excited OPV molecules at the interface. The rectifying behaviour indicates that the
equivalent process does not occur at the Al contact, probably because of inadvertant
interfacial reaction between OPV*® and Al and/or oxide formation® that prevent transfer
of the dectron from the LUMO of an excited OPV moleaule to the metal. The field
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dependence of the photocurrent reflects the field asssted dissociation of the interfacia
charge pair. The temperature dependence is non-Arrhenius-like (Fig. 26), the high
temperature tangent being equivalent to an activation energy aslow as @0.1 eV.

Badcally the same photoinjection phenomenon is observed upon irradiating a
thick OPV:PS film through a postively biased ITO eectrode. However, the
phenomenology of photoconduction changes sgnificantly upon reversing the polarity and
irradiating through a semitransparent, positively biased aluminum contact. To generate a
photocurrent of comparable magnitude requires an eectric field that is larger by more
than a factor 2, and the yield spedrum, defined as the number of charges collected per
absorbed photon, is flat within the main portion of the S - S, absorption band and
feaures peaks at the low/high energy side (Fig. 27).

Fig. 26: Temperature dependence of the surface-induced photocurrent in a 120 mim
OPV(4) : PSsample.
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Fig. 27: Photoconduction yield spectrum for a 7 um thick OPV(4) : PS (20:80) sample
irradiated through the positively biased Al-contact. The spectrum is obtained by
normalizing the number of collected charge criers to the number of absorbed
photons.

Fig. 28: Theoretical 3D Onsager plots for an exponentia distribution of the initial pair
distances (characterized by the parameter b) and for a d-shaped dstribution with
ro = 10 A (dashed)®™. The data points refer to bulk photoionization involving
field dependent dissociation of Sq exciton.
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In conjunction with the polarity dependence of the photocurrent noticed with the
120 nm sample, and drawing upon the fluorescence quenching studies reported above, it
is graightforward to assignit to volume photoionization of excited states in the presence
of ahigh dectric field. The e..h pairsthat are aeated by the field-induced dssociation of
a S1 state must act as precursors for intrinsic photoconduction. The photocarrier yield
must then be the product of the primary field dependent yield j 5 and the escape
probability of the pair from their mutual coulombic étraction. j egc Can be recovered
from the photocurrent by considering the E2-dependence of primary dissociation. Fig. 28
shows a plot of j g determined in that way, as a function of the gplied field. It is
compared to the prediction of 3D Onsager theory on the premise of either afixed initia
pair distance of 10A and an exponentia distribution of initial pair distances™. The
intention of this comparison is not to suggest quantitative agreement - which cannot be
expected since Onsager's treatment is based upon a sphericaly symmetric initial pair
distribution which cannot be established if the primary event is field-assisted - but to
demonstrate qualitative mnsistency.

The low energy pedk of the yield spectrum is likely to be caused by detrapping of
charge carriers in the volume of a bulk sample while the high energy ped indicaes some
increase of the photoionization yield at higher energies in agreement with what has been
observed in molealar crystals.

A more reliably way to estimate the exciton hbinding energy is to measure the
activation energy for dissociating a vibrationaly cold S; state. This requires eimination
of both surface and volume sensitized photoconduction. One way to do thisisto excite a
sample devoid of oxidation products through an aluminum contact known rot to give
rise to photoinduced hole injection (see &ove). The temperature dependence of the
intrinsic positive photocurrent observed upon irradiating a 30% blend of tristilbeneamin
in polystyrene irradiated through a semitransparent Al-contact at a photon energy of 3.0
eV is Arrhenius-like and bears out an activation energy of 0.5 eV, equivaent to an e...h
pair distance of 1.2 nm if one alopts the value e = 2.5 for the dielectric contad of the
blend. Remarkably, calculating the predicted field dependence of the e..h dissociation of
the basis of Onsager’s 3D theory yields perfect agreement with experiment (Fig. 29).
This can be taken as a strong argument in favor of the notion that dissociation of a
neutral S; state of the TSA moleaule into a pair of free harge Garriersrequires0.5eV. A
cautionary note is till in order concerning generalizing this number as far as the exciton
binding energy is concerned. As mentioned in the introduction, the dissociation energy of
an excited state into a pair of radical cations and anions (polarons) depends on the lattice
stabilization energy of the latter which, in turn, increases with the dectronic polarizability
of the medium. Increasing the latter by going from a blend to a neat conjugated polymer
is thus likely to reduce the exciton binding energy somewhat. In any event, these
photoconduction experiments confirm that intrinsic photoionization of an excited state of
an extended p-conjugation system does cost an energy of order several tenth of an eV
unless there is a charge accepting spedes such as a deliberate or inadvertant dopant or a
contact that compensates for it.
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Fig. 29: Field dependence of the intrinsic photocurrent ina TSA : PS(30 : 70) samplein
comparison with the prediction of 3D Onsager theory for the dissociation of
geminate pairs having an initial pair distance of 1.2 nm that follows from the 0.5
eV photocurrent activation energy (Y .H. Tak, unpublished results).

The fact that, by virtue of the @ove argument, the exciton binding energy isnot a
property of a single oligomer/polymer but depends on the medium has a mnsequence for
interpreting the results of cyclic voltammetry with respect to a determination of the
bandgap of a material. It is well established®®®” that for conjugated polymers the sum of
the dectrochemically determined oxidation and reduction potentials agree to within
about 0.1 eV with the optical gap energy. This has been taken as evidence in favor of the
notion for the latter representing the bandgap in the sense of semiconductor theory. This
agreement, however, ignores the fact that the polarization energies of ions in polar
solvents as used in cyclic voltametry are larger by a few tenth of an eV than those in a
rigid conjugated polymer below the glass transition temperature. Therefore, cyclic
voltammetry notoriously underestimates Eg. Deriving Eg from photon-injection
thresholds would lead to a similar underestimate because the wulombic binding energies
a the interface ae not taken into account. Thisisillustrated by the observation® that the
sum of the photoemission thresholds for injection of electrons and holes from a
magnesum contact into an anthracene aysd is 3.7 eV, i.e. 0.4 eV less than the
meanwhile acepted adiabatic bandgap®.

6. RESUME

On the basis of results discussed in this chapter the following scenario for the
excited states dynamics in conjugated polymers of the PPV-type evolves. The polymer
can be ewisaged as being composed of oligomers of satigticdly varying lengths that
trandate into a distribution of transition energies reflected by the inhomogeneousy
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broadened absorption spectra. Each behaves gedroscopicaly like aconventional p-
electron system, featuring excited state @upling to moleaular vibrations, charaderized
by a Huang-Rhys fador of order unity, and weak coupling to low energy phonon modes.
Elementary excitations are excitons that can migrate incoherently among the subunits of
a single polymer chain as well as among the subunits of adjacent chains. This process
leads to spectral relaxation responsible for the dynamic Stokes ghift between the origins
of absorption and emission spectra. It can be probed by ultra-fast fluorescence detection.
Before relaxation is completed, the excited states are mobile and liable to various
photophysical processes, notably non-radiative decay brought about by the transfer of
one of the constituent charges to a ste with suitably located orbitals (LUMO or
HOMO), respedively. Candidates are deliberately added or inadvertantly present traps as
well as polymer chains with longer effedive mnjugation length and/or favorable inter-
chain packing. The natural abundance of the latter is likely to depend upn both the
chemical structure of the system, e.g. the polarity of the substituents, which may stabilize
polaron pairs, as well as sample preparation conditions which can affea formation of
topologicd defects such as dimers™ that may stabilize e...h pairs. Whether or not the
intermediate  @ulombicdly coupled charged pair, synonymoudy referred to as a
geminate pair, polaron pair, charge transfer state and indirect exciton, can contribute to
photoconductivity depends on the energy required for subsequent full dissociation. This
energy isusudly low if the dharge acceptor is a dopant like Cgg with aLUMO located at
an energy aslow as-3.6 eV or a chain oxidation product.

Excitons that relaxed towards the bottom portion of the density of intra-chain
states are, on average, stable againgt dissociation except in high eectric fields.
Photoluminescence quenching by electric fields in excess of 106 V/cm indicates that
dynamically equili brated excitons can be dissociated into intrinsic nonradiatively decaying
e...h pairs. Anadysis of the fiedd dependence of the quenching efficiency suggests the
exciton kinding energy to be aound 0.4 €V. This is close to the agivation energy of
intrinsic photoconductivity in an oligomeric blend syssem at moderate fields. The
consistency of both values supports the notion of excitons being strongly coulombically
bound as they are in polydiacetylenes, the main difference between PDAs and PPVs
being the extremely short exciton lifetime of the former. The fact that the activation
energy of photoconductivity of PPV-type systems is much less than the @ove value of D
Eex Cannot be taken as evidence againgt strong coulombic binding because usually
extringc effeds prevail except at photon energies svera tenths of an eV above the
excitonic edge.

The disorder present in PPV's prevents the exciton binding energy from being a
well defined material quantity. Since both the S; energy as well as the ionization
potential and eledron affinity of chain segments depend upon the dfedive amnjugation
length DEg, will do so, too. Even the therma dissociation energy of an S; state,
measured Via intringc photoconduction can only be considered as a lower bound since
disorder may catalyze geminate pair dissociation.
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