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1. INTRODUCTION

Conduwcting mlymers are a remarkable new class of organic materials with
potential applications such as light emitting diodes (LEDs), thin film transstors, and
optical switches. These materials have a highly anisotropic quasi-one-dimensiond
electronic structure which is fundamentally different from conventional inorganic semi-
conductors. The dain-like structure makes conducting polymers susceptible to strong
coupling of the dectronic states to conformational distortions leading to excitations
peculiar to the 1D system. Unlike traditional inorganic semiconductors, the physicd and
spectroscopic properties of p-conjugated polymers depend strongly upon preparation
methods. Chemical and morphologicd defects such as chain twists can break the
electronic conjugation, giving rise to a distribution of conjugation lengths in polymer
films. In contrast, oligomers possess well-defined conjugation lengths and higher purity.
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Hence, these materials can serve & modd compounds for understanding the properties
of conjugated pdymers"™.

1.1 Electronic Statesin p-Conjugated Polymers

We firgt study the oligomer sexithiophene (6T) as a model p-conjugated system.
We then generdlize our results by studying a variety of p-conjugated polymers. eledro-
chemically polymerized polythiophene (e-PT), akyl-substituted poly(3-akylthiophene)
(P3AT), poly(thienylene vinylene) (PTV), and poly(p-phenylene vinylene) (PPV). The
chemical structures of al these materials are shown in Fig. 1. All of these materias have
nondegenerate ground states (NDGS).

a-Sexithiophene Poly(thienylene vinylene)
Polythiophene Poly(paraphenylene vinylene)

LG OO0

Poly(3-alkylthiophene) Poly(paraphenylene ethynylene)

G -0-—0-0-

Fig. 1: Backbone structure of conjugated oligomers an polymers reviewed here.

The most striking property of many conjugated pdymers is a bright photolumi-
nescence (PL), with quantum yields (h) as high as 30% in thin films and nearly unity in
solution®. On the other hand, many other conjugated polymers exhibit little or no PL.
This difference points out the importance of the parity (or symmetry) of the ground and
excited electronic states. The parity of the ground state is even (gerade or g) and thus is
written as the 1A state. The lowest excited odd (ungerade or u) and even states are the
1By and the 2A, respectively. Optical transitions involving absorption or emission of one
photon are dlowed only between states of opposite parity. Kashals rule® for molecules
reguires that fluorescence come from the lowest excited singlet of whatever symmetry.
Hence, if the 2A, state lies below the 1B, emission from the lowest excited state is
dipole-forbidden and the polymer will be effectively nonluminescent (h <10™*). On the

other hand, if the 1B,, lies below the 2A, emission from the polymer is dipole-allowed
and therefore the polymer is highly luminescent (h > 01). In principle, conjugation-
breaking defects and rnonradiative pathways can lower the PL quantum efficiency.
Examples of nonluminescent polymers include PTV and polyaniline (PANi), whereas PT,
PPV, and poly(p-phenylene ghynylene) (PPE)’ are luminescent.
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The proper description of charged excitations in NDGS polymers has been the spin
1/2 polaron (P*) and the spinless bipolaron (BP2*). Upon adding a charge to the polymer
chain by current injection, chemica doping or photoexcitation, a structura relaxation
shifts the highest occupied (HOMO) and singly occupied (SOMO) molecular orbitals
into the gap. The energy diagram of P is iown in Fig. 2(a). In oligomers, calculations
have shown® that the parity of the molecular orbitals alternates between even (g) and odd
(u). Thus, a negative polaron will have two strong subgap optical transitions P; and P,
as the third possible transition (P5) is dipole forbidden. A positive polaron will aso have
two subggp transtions, though P, may be dightly shifted due to differences between
positive and negative dharges (charge @njugation symmetry or CCS bre&king). Upon
adding a seand charge to the SOMO, there is a further structural relaxation, resultingin
the energy diagram of Fig. 2(b) for a negative bipolaron (BPZ). Only one subggp optical
trangtion (BP,) is dipole-alowed, which is blue-shifted with respect to P, by the
structural relaxation’. Similarities between the PA spectra of 6T and PT (see below) lead
usto adopt the model of alternating perity for both oligomers and polymers.

When two polarons come together on the same chain, theory predicts' that they
are unstable with resped towards formation of a bipolaron (P* + P* ® BP*). The
validity of this model in real polymers is gill an open question. Nevertheless, when the
polymer is heavily-doped, bipolarons sould appear, whether or not their formation is
exothermic. However, another excitation can appea in polymers: a p-dimer (PD) in
which like-charged pdarons on different chains (or different segments on the same dain)
are dectronically coupled. p-Dimers are spinless, and their formation hes been recently
proposed™ to explain the dramatic decrease in unpaired spins observed in 6T doped by
FeCl;. The possibility that PDs can be photogenerated merits further consideration. The
energy levels and optica transitions of positive axd negative p-dimers are shown in Fig.

3(a).

The possibility has been raised that polaron pairs (PP) of opposite sign bound by
Coulombic atraction are generated with high quantum yields***®. The PL quantum yield
(h) of luminescent polymers dramaticaly drops upon going to film from solution and
trandent PA <udes have revealed a nonradiative state photogenerated within
picoseconds™. As h in films is roughly 10-20%, this siggests that the primary photo-
excitations in films may be interchain polaron pairs. These excitations cannot be single
polarons or bipolarons, as the former is photogenerated with a yield of ~1%"* whereas
the latter is not expected to form within ps. The binding energy of a PP should be
primarily Coulombic, in contrast to lattice relaxation for a p-dimer. The stronger overlap
leads to a larger splitting of the P+ and P- levels than for the PD, as shown in Figure 3(b).
Following the same parity arguments as above, we expect three strong transitions PP;-
PP5. For a loosely bound mir, these transitions sould be similar to the @rresponding
polaronic transitions. For a tightly bound mir, we exped a singe transition, PP, to
dominate the spedrum. This is due to the fact that PP, is considered to be interband with
traditional low intensty and PP; would be difficult to distinguish from the HOMO-
LUMO trangtion. It would be quite difficult to distingush the PA spectrum of a tightly-
bound pdaron pair from that of a deeply-trapped exciton.
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Fig. 2. Energy levels and associated optical trangitions of negative (a) polarons and (b)
bipolarons. The full and dashed arrows represent alowed and forbidden optica
trangtions, respedively.

Fig. 3: Energy levels and associated optica transitions of positive p-dimers and polaron
pairs, respedively.
1.2 Excited State Studies of p-Conjugated Polymers

In our studies, we have used the techniques of photoluminescence (PL),
photoinduced absorption (PA), and their respective versons of opticaly-detected
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magnetic resonance (ODMR). A schematic of our PL/PA spedrometer is diown in
Figure 4. The sample is placed in a @ld-finger cryostat with temperatures variable from
5K to 300K, and excited by an Ar” laser. The PL from the sample or alight beam from a
probe lamp is dispersed through a ¥»meter monochromator onto a photodiode. By using
multiple gratings and detedors, we @n measure signals in the spectral range of 0.1 to 4
eV’ Both PL and PA use standard phase-sensitive lock-in techniques with a signal
sensitivity of »0.1 nV/.
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Fig. 4: A schematic diagram of the PA spectrometer

For PA, photoinduced changes DT in the sample transmisson T are recorded to
obtain the normalized change in transmission (- DT/ T), which is propartional to the
photoexcitation density N. Comparison of the PA spectrum with the lock-in set in-phase
and 90 out-of-phase with the pump modulation, can yield valuable information on the
photoexcitation lifetime. For square wave modulation and monomolecular recombination
kinetics for the photoexcitations, the in-phase and out-of-phase PA signas have the
following frequency dependence'®:

a?DT(j u NssS
& T8, " 1+(2om)
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where Nss is the steady-state photoexcitation dendty, s isthe asorption cross-section, t

is the photoexcitation lifetime, and n is the modulation frequency. In addition, PA can
differentiate between charged and neutral excitations as associated with the former are a
series of sharp PA linesin the infrared, known as infrared-active vibrations (IRAVS)*.

Since its inception in 1967***°, ODMR has proven to be ahighly sensitive method
for detection of paramagnetic excited states in a variety of organic and inorganic
materiads. As remmbination processes are often spin-dependent, transitions between
magnetic sublevels may result in a dange in the asorbed and/or emitted light associated
with the ecitations. The danges in light are thus used to detect magnetic resonance
conditions, replacing drect observation of microwave dsorption by the paramagnetic
species, which is known as electron spin resonance (ESR). Changing detection from the
microwave to the optical range makes ODMR methods extremely sensitive; up to 10°
times more sensitive than conventional ESR.

An ODMR spectrometer resembles the spectrometer shown in Fig. 4, with the
sample mounted in a high Q microwave cavity between the pole pieces of an
electromagnet’® The sample is constantly illuminated by both pump and probe beams;
amplitude-modulated microwaves are introduced into the cvity through a waveguide.
Microwave resonant absorption leads to small changes dl in the sample PL (PLDMR) or
dT in the probe transmisson T (PADMR). -dT/T is proportiona to dN, the change in the
photoexcitation density N produced by the Ar pump beam. These changes are detected
by lockin-amplification of the photodiode signal. Two types of PADMR spectra ae
usually obtained: H-PADMR spectra in which dT is measured a a fixed probe
waveength | while sweeping the magnetic field H, and | -PADMR where dT is
measured at fixed H on resonance, while | -probe is varied.

The dectronic spin Hamiltonian is of the general form?™:

= st 2%t o5 (3)

where s isthe spin-orbit interadion, ss is the spin-spin interaction (including dpolar
and spin-exchange), and 7 is the Zeeman energy due to interactions betwean magnetic
dipoles and the goplied DC magnetic field. We negled hyperfine and nuclear interactions
as the ODMR signals of conjugated polymers have revealed o fine structure™*
Electron p orbitas in organic molecules are locked in fixed diredions relative to the
molecular frame by the dectric field of the dhemical bonds and are not freeto precess or
become oriented by an imposed magnetic field. The electronic orbital momentum
becomes decoupled from the spin in a process caled “quenching.” As a result, the
electrons have nearly isotropic g factors, very close to the free dectron value of 2.0023,
and the spin-orhit coupling term can be neglected®™.
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The Zeeman energy of a pair of spin-1/2 polaronsis written as:

z = MS, Xg*H + mS, xgxH 4

where n3 is the Bohr magneton, S is the spin of an excitation, g the Landé g tensor,

and H the magnetic field. If it is isotropic, greduces to a scalar quantity g and -
reduces to:

, = mH(gm +g,m,). (5)

Absent spin-spin interactions, this produces the energy diagram shown in Fig. 5(a).
When the energy splitting between two levels is equal to that of the microwave energy
hn, trandtions occur between the two levels which tend towards equalizing their
populations. The g values of postive and negative dharges can be sufficiently different
from one another that the H-PADMR signal may contain two resonances. However,
most conducting polymers studied by ODMR have asingle resonance & g»2, though the
PLDMR of polythiophene is notably asymmetric™™

Two close spin 1/2 particles produce pairs with spins either pardld (P) or anti-
paralld (AP) to each other. As the ground state is $in singlet and photon absorption
consgrves spin, a "geminate’ par must be in an AP configuration following
photoexcitation. Hence, a spin-flip due to magnetic resonance wnverts the pair into a P
configuration, reducing its recombination rate ad consequently dN> 0. In the case of
uncorrelated cariers (the "distant par" moded), there ae pars with P or AP spin
configuration, initially with equal probability. The steady state population of P pairs will
be greater, since their recombination rate to the ground state is snaller. Therefore, m
wave induced spin flips are most likely to convert P pars to AP, increasing the
recombination rate and consequently dN < 0.

The spin-spin interadion due to magnetic dipole interactions between two
excitations can be written as:

s =S XDS, (6)
where D isthe interaction tensor. For two spin-1/2 excitations, ss reduces to®:
= gmH>S+D(S?- §57) +E(S’- §) (7

where D=2 gzn;_r;<(r2 - 322)/ r5> (8)
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andx, y, z andr al refer to the reduced coordinates of the spins. D and E are referred to
as the triplet zero field splitting (ZFS) parameters. In principle, there will be three m
wave induced transitions for a single triplet, two “full-field” Dm, =1 transitions and one
“half-field” Dm, = 2 transition [Fig. 5(b)], which is forbidden in the asence of spin-spin
interactions. A useful approximation for the triplet wavefunction extent R can be derived
from Eq. 8**

R®=278%40'/D (20
where R ismeasured in A and D isin Gauss.

For triplets in polycrystalline or amorphous samples, a powder pattern is formed
due to the random orientation of the principal axes of the triplet excitons with respect to
the gplied field. While andysis is somewhat more wmplex than for asingle aystd, it is
not difficult to extract the ZFS parameters D and E from a powder pattern. The full-field
powder pattern dueto Dmy = +1 transitions has the following critical points:

snguarities at H=H,=(D-3E)/2 (11)
shoulders at H=H,+x(D+3E)/2 (12
and steps at H=H,xD (13

where H, =hn/ gng and the half-field powder pattern due to Dmy =£2 transitions
consists of:

asinguarity at H =4 Hoy1- [(D+E)/ HJ* (14)

and ashoulder at H =4 Hoy1- [(D- B)/ H,| (15)
The spin Hamiltonian due to a spin-exchange interaction consists of Zeaman terms and
an exchange term:

= bH xg, XS, + bH xg, 55, + S, XJ xS, (16)
where J is the exchange-coupling tensor. If we asume the g-tensors are isotropic,

differing only in their principal value, and have the same principa axis as the Jtensor,
then the first term reduces to g,bHmM, + g,bHM,,. We may separate the isotropic and

anisotropic portions of the exchange tensor in Eq. (16) by defining J, = %(JX +J,+ JZ)

and J, = J¢+ J, etc. For the ase (ge - gh)bH <<J, ssisequivaent to that of apair
of identicd ions™ and can be written as:
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=(g.+ g, )bHM +33,(S* - 3)+3 (082 +9gs7 +3587) (1
where $=§ +§, and S° = S, S, etc.

Eq. (17) is equivaent in form to that of a spin-spin Hamiltonian [Egs. (6) and (7)]
with an even ("singlet") solution at Eg =- 2J, and three odd (“triplet") sublevels cen-
tered at E;=7J,. As Jg+J¢+JI8=0, ss can be rewritten in terms of two

independent parameters.

D¢=2Jg Eo=1(3¢- Jg) (19)
where D' and E' are the "triplet” equivalent ZFS parameters. The "triplet” form of ss
for the odd solutions now reads:

=13, +gbH S +D{S? - 15?)+E{S} - S,?) (19)
leading to results for an exchange powder pattern analogous to those for a dipole triplet
(Egs. 11-15).
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Fig. 5: Zeeman splitting of (@) spin %2 and (b) triplet excitations. Also shown are changes
in probe transmission through the sample & resonance.

2. RESULTSAND DISCUSYION
2.1 Optical Studiesof Sexithiophene
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Sample films of well-purified 6T were prepared by vacuum depostion onto
sapphire substrates. This technique is known to result in high-quality films, containing
microcrystallites of order 300 A**. We dso show the PA spectrum of a film prepared by
evaporation from a CH,Cl, solution onto a heated sapphire substrate.

Fig. 6: Doping-induced absorption of sexithiophene (6T) in CH,Cl, at three dopant
concentrations. From ref.?> with permission.

Absorption spectra of 6T in CH,Cl, doped by FeCls is sown in Fig. 6. For light
doping, the spectrum consists of two absorption kands (P; and P,), which are the Sgreture
of 6T * radica cations (or polarons). As doping increases, these two bands decrease in
intensity and another band (BP;) appears at midgap. ESR studies”*" have reported a
sharp increase in spin dengty for light doping followed by a dedine at higher doping.
These results indicae the formation of spin 1/2, singly-charged pdarons at low doping
and the formation of spinless, doubly-charged bipolarons at high doping. We note the
formation of a weak absorption band a 2.4 eV in heavily doped 6T and suggest that it
may be due to aHOMO-2 to LUMO or HOMO-1 to LUMO+1 trangition. A smilar high
energy trandtion hes been found in the absorption of bipolarons in an oligomer of PPV
by Deussen and Béssler’.
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Fig. 7: In phase and out of phase PA spectrum of a 6T film sublimed from vacuum. From
ref. 25 with permisson.

The in-phase and out-of-phase PA spedra of 6T measured a 80K with a
modulation frequency of 200 Hz ae shown in Fig. 7*°. The spectrum exhibits three
bands at 0.80, 1.1 and 154 eV, respectively, accompanied by high-energy phonon replica
a 0.97, 1.27, and 17 eV, respectively. The photobleaching of the in-phase signal above
1.7 eV is due to heating effects on the PL as a result of absorption of the probe light.
When the probe beam is filtered to eliminate absorption, this effect disappears. The
relative positions of the PA bands correspond to the doping-induced bands shown in Fig.
6%°. Hence, we assign the bands at 0.8 and 154 eV, respectively, to polarons and label
them P; and P,; the band at 1.1 eV is assigned to bipolarons and labeled BP;. The ratio
between the in-phase and out-of-phase PA signals is much larger for the BP; band (8:1)
than for the two polaron bands (3.7:1). Using Egs. 1-2, we find typicd lifetimes of »0.2
ms for polarons and »0.1 msfor bipolarons, respectively.

We note the presence of a shoulder on the low energy side of P; band, which hes
not been observed in the doping-induced absorption of 6T. Furthermore, the feaure a
0.97 eV is much stronger in the in-phase than the out-of-phase PA of 6T (Fig. 7). Hence
this feature must contain a cntribution from bipolarons. The in-phase PA spectrum of a
sample evaporated from solution onto a heaed sapphire substrate, shown in Fig. 8%,
makes this even more dear. The use of a heated substrate has been shown to improve
carrier mobilities in a-6T based thin film transstors. As a consequence of improved
mobility or lower trap density, the photogenerated pdarons more quickly recombine
either to the ground state or to bipolarons. The PA spectrum of this sample is dominated
by bipolarons and clearly shows a dearly-resolved low-energy shoulder at »1 €V.

While doping generates charges of only one polarity, photogeneration produces
positive ad negative dharges with equal populations. As the asorption bands are quite
sharp in 6T, we can dginguish the absorption spectra of positive and regative
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excitations. Differencesin the postion of the P, band for different signs of charges means
that the SOMO to HOMO transtion energy for postive polarons is different than the
SOMO to LUMO transition energy for negative polarons (see Fig. 3). Similarly, the
HOMO-LUMO transition energy is different for positive and regative bipolarons. We
label the extra low energy features P’ for polarons and BP,’ for bipolarons, respectively
(Figs. 8-9). These differences in the asorption spectra of charged excitations of different
signs are manifestations of breaking of charge @wnjugation symmetry. From the positions
of the respective bands, we estimate CCS breaking to be 40 meV for polarons and 1M
meV for bipolaronsin 6T. We note that it may not be possible to measure CCS breaking
by comparing the spectra of dopants of opposite signs. This is because Coulomb
attraction between the dharged excitation on the p-conjugated chain and the ajacent
dopant can shift the asorption band™.

Fig. 8: In phase axd out of phase PA spectrum of a 6T film evaporated from solution
onto a heaed substrate. From ref. 32 with permission.

The H-PADMR spectrum, shown in Fig. 9(a)*®, shows a narrow resonance & g»2
due to spin-1/2 polarons and a half-field (Dmg=2) resonance due to spin-1 triplet
excitons. The | -PADMR of triplet excitons, shown in Fig. 9(b), congsts of a singe,
negative band centered at 1.5 eV with peaks at 1.4 and 155 €V. On the @ntrary, the
sin-1/2 | -PADMR contains both PA-quenching and PA-enhancing features. The two
sharp negative PADMR bands coincide in energy with the two polaron PA bands P; and
P,, respectively (Fig. 7). This is consistent with these two bands being due to spin-1/2
polarons and further indicates that magnetic resonance reduces the steady-state
population of polarons. As the PA-enhancing PADMR occurs at the same ewergy range
as the PA of bipolarons, this suggests that magnetic resonance leads to higher
populations of bipolarons.
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Fig. 9: (&) H-PADMR gpectrum of 6T a | =800 rm, showing the S=1 and S=Y%
resonances. (b) | -PADMR spectra of sublimed 6T film at 4K measured at 420G
(S=1) and 1068G (S=Y%). From ref.** with permission.

We onsgder bipolaron generation and recombination processes to explain the PA-
enhancing signal for bipolarons:

Generation: P*+P*® BP* (20)
Recombination: BP*+P"® P* (2D
BP* + BP* ® GS (22)

where GS is the ground state. As bipolarons are spinless, they can ke formed only from
like-charged pdarons with antiparallel spins. Hence, this is a spin-dependent process
which may be enhanced by magnetic resonance. While the recombination processes are
not spin-dependent, magnetic resonance reduces polaron populations which may, in turn,
reduce the recombination rate of bipolarons.
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Hence, microwave absorption due to magnetic resonance leads to increased steady-
state bipolaron populations by increasing their generation rate and/or reducing their
recombination rate.

We have found in 6T two subgap opticd transitions due to pdarons and one due
to bipolarons. The P, and BP; transitions occur at different energies due to electron
correlation and lattice relaxation associated with these two species. Moreover, polarons
and bipolarons have PADMR signals of the opposte sign, which makes it possible to
distinguish their absorption spectra. This provides a useful mode for the p - conjugated
polymers, shown below.

2.2 Optical Studiesof p-Conjugated Polymers

The @ove results on sexithiophene demonstrate that magnetic resonance enhances
polaron recombination, either to the ground state (P* +P ® GS) or to bipolarons
(P* + P*® BP*). As polarons are generally believed to be nonradiative exciton
quenching sites, the first process results in a PL-enhancing PLDMR (di>0)**. The latter
process yields a positive bipolaron PADMR (dN>0). The polaron PADMR is negative
for both processes (dN<0). Hence, we @an use PADMR to identify these ecitations as
well as measure their respedive asorption spectra. Furthermore, as the latter process
occurs only if bipolaron formation is exothermic, we can establish which excitation is
energetically favored. Following the discussion of photoexcitationsin 6T, we will discuss
two types of PT films: electrochemicaly polymerized PT (e-PT), where defects play a
magor role in its photophysics, and chemically substituted P3ATS.

The PA spectrum of e-PT at 4K is shown in Fig. 10 (upper half)®. It contains three
PA bands™: P, a 0.45eV, P, at 1.25eV and PP, at 1.8eV. Studying their dependence on
the laser excitation intensity, modulation frequency, temperature and decay after laser
pulsed excitation hes lead to the conclusion that the P; and P, bands are correlated with
each other, whereas the PP, band is not®. In particular the PP, band decays much faster
than the two other PA bands and therefore is associated with excitations with much
shorter lifetime.

The H-PADMR spedra (Fig. 10, inset) measured at the peaks of these three PA
bands, all show similar properties. The PADMR is negative, has a Lorentzian line shape,
and peaks at 1067 Gauss (g»2.003) with FWHM of about 9 Gauss®. This indicates that
all three PA bands are associated with spin 1/2 excitations; spin 1 PADMR has not been
detected in e-PT films’ The | -PADMR spectrum a 1067 Gauss (Fig. 10, lower)
contains the same three bands as in the PM spectrum, but with different intensities. The
relative microwave induced changes in the photoexcitation density aN/ N » -3X107 for
both P; and P, bands, whereas dN / N » -7X07 for the PP, band. As for 6T, a positive
spin 1/2 PADMR signal dN>0 has been foundaround 1€V. A smilar analysis as for the
dN>0 signal in 6T leads to a cnclusion that the dN>0 band actually shows a peak at
about 0.85 eV. From the similarity of the | -PADMR spectra of e-PT and 6T, we asign
the P, and P, bands in e-PT as due to polarons P, the dN>0 band (now BP;) to
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bipolarons BP2* and the PP, band to polaron pairs P*P~. This differs smewhat with
the original assignment of these PA bands”, but is in agreement with the new results on
6T.

Fig. 10. PA and S=%2 | -PADMR spedra of e-PT film at 4K. Various PA bands are
assigned. The inset shows the H-PADMR spectrum for | =900 nm. From ref.*
with permission.

When we @mpare the positions of the bands labeled P, P, and BP; in e-PT (Fig.
10) and 6T (Fig. 7), we find a consistent red-shift of about 0.3 eV in e-PT. This is
evidence favoring identification of polarons as the source of P; and P, bands and BP2* of
BP, in e-PT. Studies of a variety of oligomers have shown that the energy gap as well as
the P;, P, and BP; transitions decrease linearly as the recipricd of the dain length.
Hence, the red-shift of the dharged excitation transtionsin e-PT is presumably due to the
existence of chains longer than 6 rings in this film. We dso note that the PP, transition
energy is the same (1.8 eV) in e-PT and 6T. It seams, therefore, that the PP, transition
does not depend on chain length, in contrast to transtions P;, P, and BP; above. In
agreement with our assignment, this indicates that the PP excitation in conjugated
polymersis more locdized than the Pt or BP2* excitations.

Due to strong interchain coupling, e-PT is insoluble and e-PT films have ahigh
defect density. When the hydrogen atom at the third carbon position (see Fig. 1) is
replaced by an akyl sdegroup, the resulting polymer is luble and has a high PL
quantum vyield (>1% in films and >7% in solution®). Excitons in P3ATSs are sufficiently
long-lived as to dlow intersystem crossing (ISC) into the triplet manifold. Hence, it is
not surprising that the PA spedrum in P3ATs is dominated by long-lived triplet



307

excitons®. On the other hand, excitons in polymer films with a high defea density such
as e-PT dissociate before 1SC can occur, explaining both the weak triplet PA band and
the strong PP band in the PA spectrum of e-PT (Fig. 9).

Fig. 11: PA and S=%2 | -PADMR spedra of P3BT film a 4K. Various PA bands are
assigned. From ref. 37 with permission.

As ®a1in Fig. 11(a)*, the PA spectrum of P3BT (B=C4Ho,) is dominated by a PA
band (T,) a 1.45 eV; there is a second, wesker band (P;) at 0.55eV. From the
correlation (or lack of) with the photoinduced IRAVS, seen in Fig. 11 a hw<0.15eV,
we infer that P; is due to charged excitations, whereas T, is caused by neutra
excitations. The | -PADMR of polarons (H=1070G) and triplet excitons (H=516G) are
shown in Fig. 11(b). There are two strong S=1/2 dN<O bands at 0.55 and 1.4eV,
respectively, a weaker shoulder at 1.8-1.9eV, and a S=1/2 dN<O0 band at about 1 eV.
The S=1 | -PADMR, in contrast, contains a single d\N<O band a 1.5eV [Fig. 11(b)].
From the similarity to ou resultsin 6T, we identify the strong negative S=1/2 PADMR
bands as due to P; and P, transitions associated with P* excitations, the dN<O shoulder
a 1.9 eV as due to PP excitations, and the dN>0 band as BP; associated with BP*
excitations.

The PA bands associated with the charged excitations (P* and BP2t) are red-
shifted (~0.2 eV) compared to those in 6T, but the PA bands due to the neutrd
excitations (T, and PP,) are not, showing that they are tightly bound, independent of the
PT chain length. The separation between the polaron bands P; and P, is the same (0.8
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eV) in P3BT, e-PT and 6T films, giving us confidence in our interpretation of these
results.

The PL spectrum of a P3DT (D=C;2H2s) film a 20K, shown as a solid line in Fig.
12*, exhibits a sharp vibronic structure, with peaks at 1.52, 1.69 and 1.85 eV. It
resembles the PL spectrum of 6T%, red-shifted by 0.3 eV. This red-shift is consistent
with that discussed above for polaron and bipolaron excitationsin e-PT. The similarity of
these spectra suggests that the photophysics of thiophene oligomers and pdymers sould
be similar, with spectral differences being due to greater conjugation lengths in the
polymer films.

Fig. 122 The PL spectrum of P3DT and the spectral dependence of the PLDMR. From
ref. 41 with permisson.

Although the PL band is due to radiative decy of singlet excitons, which are not
susceptible to magnetic resonance, it can gill be dfected by excitations whose recombi-
nation processes are spin-dependent™>**. The PLDMR spectrum of P3DT, now measured
a 9.35 GHz and shown in Fig. 13%, contains both spin %2 and spin 1 features, due to
polarons and triplet excitons, respectively. The spin %2 resonance is inset, peaking at
3342G. Andysis of the S=1 powder patterns based on Egs. (14) and (15) yields the
following ZFS parameters. D»530G and E»130G; indicating a localized triplet exciton
with aradius of »3 A [from Eq. (10)]. Thisis in agreement with the results of PA and | -
PADMR measurements, which suggested that triplets are highly localized. The spectral
dependence of the PLDMR, obtained by setting the field at 3350G (g=2) and varying the
detection wavelength, is identical to the PL spectrum. However, the PA spectrum of
P3ATs (Fig. 10) shows that these excitations are too deeply trapped to form singlet
excitons. Similar measurements’** have shown that the spectral dependence of the
triplet resonance is also the same & the PL.
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There ae severa possible processes by which nonradiative excitations can yield a
PL-enhancing resonance. It is generaly believed that polarons (and possibly triplet exci-
tons) quench the PL by acting as a nonradadiative recombination centers for singlet
excitons”®>. PADMR measurements discussed above show that magnetic resonance
enhances the recombination rate of both polarons and triplet excitons. Hence, lower
populations on resonance reduce the quenching rate of singlets; this, in turn, increases
the PL yield. “Ground state recovery”* has been proposed as an alternative mechanism.
Here, enhanced ground state populations due to magnetic resonance cuse increased
absorption and, hence, enhanced emission.

Fig. 13. Full-field triplet PLDMR of P3DT film at 20K. Inset: Spin %2 PLDMR of P3DT.
From ref. 43 with permission.

The full-field triplet resonance of undoped P3DT, shown in Fig. 13, is quite struc-
tured, containing both PL-enhancing and PL-quenching components. As the temperature
increases, the structure vanishes, resulting in a broad, shapeless resonance @ove 100K*.
This cannot be due to changing ZFS parameters, as the position of the haf-field
resonance remains fixed, nor can it be due to multiple triplets, as the half-field resonance
has only a singe peak. The K-Band PLDMR of a stretch-oriented P3OT (O=CgHy-) film,
measured at 3.0 GHz and shown in Fig. 14%, reveals the origin of this powder pattern
sructure. When the dains are oriented perpendicular to H, two strong PL-enhancing
feaures in the full-field triplet powder pattern are observed. When the dains are
oriented parale to H, the full-field powder patterns conssts of two PL-quenching
fedures at dightly different fields than above. Hence, the structured powder pattern
observed in the unoriented film is due to an assortment of triplets with random

orientations with resped to H.

When a vinylene bond is inserted between thiophene rings, the resulting polymer
PTV (Fig. 1) is nonluminescent. The PA spectrum of PTV, shown in Fig. 15(a), conssts
of two comparably intense bands with peaks at 0.5 and 11 €V, respectively. The PTV | -
PADMR spectrum at g»2 [Fig. 15(b)] has dN<O bands at 0.5 and 105 eV due to
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enhanced recombination of polarons and a dN>0 band between 0.6 and 0.9 eV. As
before with PT and P3AT, we assign the bands at 0.5 and 1.1 €V to trangtions of
photogenerated pdarons and further find evidence for bipolarons with a single transition
at »0.7 eV. We have found no evidence for triplet excitonsin PTV. This may be due to
ultrafast relaxation of the 1B, singlet exciton to the 2A4 state, which subsequently relaxes
to the ground state®’.

Fig. 14: Full-field triplet PLDMR of an oriented P3BT film at 4K. (a) Chains pardlel to
the magnetic field. (b) Chains perpindicular to the magnetic field. From ref. 46
with permission.

Fig. 15 (@) PA and (b) spin 2| -PADMR spectraof PTV film at 4K.
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Fig. 16. (a) PA and (b) spin¥2| -PADMR spectra of DOO-PPV film at 4K.

PPV has attracted widespread attention since the demonstration of eectrolumi-
nescence in PPV-based devices'. Similar to P3ATS, excitons in PPV are rdlatively long-
lived and consequently both polarons and triplet excitons have been found in their
ODMR spectra*®®. The PA spectrum of DOO-PPV, as shown in Fig. 16(a), is
dominated by a band at 1.5 eV (T1) due to neutra excitations. There is also a relatively
weak band at 0.4 eV (P.), which does not appea to be wrrelated with T;. The | -
PADMR spectra of DOO-PPV, taken at 520 G (S=1) and 10/0 G (S=1/2), respectively,
is $own in Fig. 16(b). The S=1 | -PADMR makes clear that the T, band is due to triplet
excitons. As before, we find two transitions for polarons and one for bipolarons.

The PA spectrum of e-PT was found to contains three PA bands, two of which are
due to isolated pdarons and one due to tightly bound polaron pairs. The PA of P3BT
differed in that the polaron pair spectrum was not seen and the av PA spectrum was
dominated by triplet excitons. The Py, P,, and BP; bands were redshifted in the polymer
with respect to the oligomer whereas the T, and PP, bands were not. Hence, we
conclude that triplet excitons and polaron pairs in PT are tightly locdized, independent
of chain length. The | -PADMR spectrum of al polymers studied showed two negative
PADMR bands due to pdarons and a positive PADMR band dte to bipolarons. Hence,
dipole selection rules appea to hold for both p-conjugated oligomers and polymers.

2.3 Effective Correlation Energy (Uek) of Bipolarons

One of the most significant results which we report is the observation of bipolarons
in the PADMR spectrum of a wide variety of p-conjugated polymers. The fact that
magnetic resonance enhances bipolaron formation requires that U, the energy of the
reaction P* + P* ® BP*, is negative. As we have measured the energies of the optical
transitions of both polarons and bipolarons by PADMR, we @n estimate Ugs °. Ugs is
the difference between the Coulomb repulsion U, which is aways postive, and the lattice
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relaxation E;. For an amphoteric defed such as a dangling bond in amorphous
semiconductors or a soliton in polyacetylene (CH)y, one has to consider three states, DY,
D°, and D" (Fig. 17). If lattice relaxation is not important, there holds™:

2D°+U® D' +D (23

When the relaxation of atoms surrounding the darged center are taken into
account, the dfective rrelation energy U is defined by the relation

2D°+U, ® (D7) +(D7). (24)
where (D), represent the fully relaxed D* center.

If relaxation lowers the energies of D" and D™ by the same amount 1 E,*, then
according to Eq. (23)

Ugs =U- E (25
In terms of the optical transitionst, to t, defined in Fig. 17°:

Uy =U-E =t,-t =t,-t, (26)

Fig. 17: Energy levels and associated optical transitions of charged (D®) and neutral (D°)
dangling bonds in amorphous €miconductors. The parameters U, U«:, and DE;
are defined in the text.

We can make andogaus calculations for polarons and bipolarons in NDGS
polymers. The defect level is Sngly occupied for a positive polaron and wnoccupied for a
positive bipolaron. The defed leve is sngly occupied for a negative polaron and doubly
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occupied for a negative bipolaron (Fig. 2). The energy of an unrelaxed bipolaron state
differs from the energy of a relaxed polaron by the (bare) electron correlation energy
U =E*- E*, where E* is the energy of a rdlaxed polaron and E** the energy of an
unrelaxed hipolaron. The relaxed state differs from the unrelaxed state by the relaxation
energy DE, =E,** - E*. The eergy of a relaxed hipolaron differs from that of a
polaron by the dfedive crrelation energy U, =U - DE,. The trangtions of negatively-

charged pdarons and bipolarons, measured above, can be used to calculate the important
parameters U, Uy, and DE,.

There is an additiona complication for polarons and bipolarons. The position of
the HOMO level for polarons and the HOMO-1 level for bipolarons are dfected by
|attice relaxation. Hence, the SOMO level of P- is pushed up by w,(P) and the HOMO

level of the BPZ is pushed up by w,(BP), where w, is defined for polarons and

bipolaronsin Fig. 2. Hence, the difference in energies between the two excitations can ke
calculated as follows™:

Ug =[R +w,(P)]- [BR +up(BP)
(27)

=R- BR+Dw
It is not possible to measure v for bipolarons, so we turn to cdculations by Choi
and Rice™. Based on measurements of PPV, they estimated w,(BP) @5eV. As

w,(P) = P,/ 2 (Fig. 18), we find from Fig. 16 that w,(P) = 05eV and Dw, @0.2eV. If
we then assume Dwy, » 0.2¢eV for all polymers, we find that U; is negative for the poly-
mers studied.

We note that a similar analysis for positive polarons and bipolarons will yield the
same results as Eq. (27). This relation holds even if CCS symmetry is broken, so long as
P - BR, is similar for the positive and negative pairs of charged excitations. As this

difference was 0.06 eV in 6T, thisis areasonable gyproximation.

2.4 Polaron Pair Excitations

There have been recent suggestions that polaron pairs bound by Coulombic
attraction should be found in conjugated polymers™. This concluson was based on
indired evidence such as comparing photoexcitation dynamics of films to those of
solutions™, and magnetic field dependent photoconductivity®. At the same time, the
discovery of photoinduced charge transfer from a p-conjugated polymer chain onto Cso
molecules has girred widespreal interest®>>. We find evidence for polaron peirs by
comparing the PLDMR of pristine DOO-PPV to that of Cso-doped DOO-PPV (Fig. 19).
The PLDMR of 10 mol% Cso:DOO-PPV is roughy 10 times as intense & that of the
undoped sample ad also contains a doublet resonance d 1070G. The haf-field S=1
PADMR dignals are fairly smilar, with a dight difference in ZFS parameters shifting the
doped resonance to alower field.



314

Fig. 18 PLDMR spectrum of pristine and 10 mol% Cgo-doped DOO-PPV.

The most striking dfference between the two PLDMR spectra, however, is the
appearance of a ~200G wide resonance about g»2 with clearly resolved shoulders at
1045 and 1095G, respectively. In addition, a weak “half-field” accompanying signal
appears a »530G in C5:DOO-PPV, shown in Fig. 18 inset.

Fig. 19: Spin ¥2 | -PADMR spectrum of 10 mol% Ceso-doped DOO-PPV a 1068G
(polarons) and 1®0 G (polaron pairs). Inset: H-PADMR spedrum for | =900
nm.

We can refute several explanations for the observed broad (~200G) resonant
gpectrum (BRS) around g»2 and its accompanying "half-field" resonance in Cg:DOO-
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PPV (Fig. 3). It cannot be due to regular triplet excitons on PPV as the resonance width
is 5 times too small**. Although the observed BRS is similar to that of photoexcited Cg,
triplets (3Cq,)™, there is no evidence of fullerene PL in any of our samples. Moreover,
magnetic resonant enhancement of 3Cg, decay would lead to the aedion of more
PPV*/Cgy defect centers, yielding a PL-quenching resonance, not the enhancing one
seen in Fig. 18. We therefore suggest that the observed resonance is due to an intrachain
pair of charged polarons on the polymer chains, whose signature in PLDMR is caused by
a spin-exchange interaction.

The steps of the BRS are separated by 2D »230G, and the peaks by D"-3E"=50G.
Using Egs. (18) and (19), we find D'=115G and E'= 22G. These exchange ZFS para-
meters predict a “half-field” resonanceat 530.6 G, in goodagreement with the weak sig-
nal seen in the 10% Ceso-doped sample & 530 G (Fig. 18 inset). The BRS is also seen in
the full-field H-PADMR (dT/T) of the 10% Cgy:DOO-PPV sample measured at 1.3 eV
(Fig. 19 inset), enabling us to separately measure the asorption spectra of isolated
polarons (H=1070G) and polaron pars (H=1050G), respectively. The | -PADMR of
isolated polarons [Fig. 19(b)] consists of two bands with maxima & 0.45 and 14 eV,
gmilar to undoped DOO-PPV (Fig. 16). The poaron pair | -PADMR (Fig. 4) dso
contains two bands, these @rrespond to transtions PP, and PP, of the polaron pair
species [Fig. 3(b)], where transition PP, is forbidden™. We note that the PP, band is
blue-shifted by about 0.4 eV with respect to P, of isolated polarons. Our results
therefore suggest that the broad cw PA spectra in Cgy:MEH-PPV** is mainly due to
polaron pairs on the polymer chains, not to P/Cs,” complexes.

3. SUMM ARY

We have studied the spin-dependent recombination of photoexcitations in a variety
of conjugated pdymers. We found that the dominant long-lived neutral photoexcitations
are triplet excitons and polaron pairs. The long-lived charged excitations, on the
contrary, are polarons and bipolarons. Using PADMR spectroscopy, we have identified
the trangitions of the dharged excitations and calculated the dfective correlation energy
Ue Of bipolarons. For all four polymers gudied, Ue<0 and hence, bipolarons are stable
photoexcitations. From the ZFS parameters of triplet excitons, we have determined that
the triplet excitations in NDGS polymers and oligomers are tightly locdized.
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