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Abstract — An overview of our recent work on the mechanisms of singlet and triplet exciton formation
in electroluminescent m-conjugated materials will be presented. According to simple spin statistics,
only one-fourth of the excitons are formed as singlets. However, deviations from that statistics can
occur if the initially formed triplet charge-transfer (CT) excited states are amenable to intersystem
crossing or dissociation. Although the electronic couplings between the CT states and the neutral
exciton states are expected to be largest for the lowest singlet and triplet excitons (S; and T, respec-
tively), the possibility for direct recombination into T; is always very small due to the large exchange
energy. In small molecules, spin statistics is expected to be observed because both singlet and triplet
exciton formations proceed via higher-lying S,/T, states with similar electronic couplings and fast
formation rates. In extended conjugated chains, however, that the 'CT — S, pathway is faster while
the 3CT — T,, channels become much slower, opening the route to intersystem crossing or dissociation
among the 3CT states.
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charge transfer, charge recombination, intersystem crossing.

1 Introduction

Recently, the electronics and photonics technologies have
opened their materials base to organics, in particular n-con-
jugated oligomers and polymers. The goal with organics-
based devices is not necessarily to attain or exceed the level
of performance of inorganic semiconductor technologies
(silicon is still the best at many things it does) but to benefit
from a unique set of characteristics combining the electrical
properties of (semi)conductors with the properties typical
of plastics, i.e., low cost, versatility of chemical synthesis,
ease of processing, and flexibility. Interest in conjugated
polymers picked up significantly after the 1976 discovery
that they can be made highly electrically conducting follow-
ing a redox chemical treatment.! This discovery led to the
2000 Nobel Prize in Chemistry awarded to Alan Heeger,
Alan MacDiarmid, and Hideki Shirakawa. By the mid-eight-
ies, many research teams both in academia and industry
were investigating m-conjugated oligomers and polymers for
their nonlinear optical properties or their semiconducting
properties, paving the way to the emergence of the fields of
plastic electronics and photonics.?

The technological developments in plastic electronics
and photonics have required researchers to gain a much bet-
ter fundamental understanding of the nature of electronic
excitations, charge carriers, and transport phenomena in
ordered and disordered m-conjugated materials. Our aim in
this contribution is to review some issues related to charge

recombination in oligomer- and polymer-based light-emit-
ting diodes, which will highlight the fascinating chemistry
and physics of these materials and the strong connection
there exists in this field between basic and applied research.
A major breakthrough in the field of organic electron-
ics is the 1987 report by Tang and Van Slyke at Kodak of the
first electroluminescent device based on a m-conjugated
molecular material, tris(8-hydroxy-quinoline) aluminum
(Algs).3 Shortly thereafter, Friend and his group at Cam-
bridge discovered electroluminescence in a conjugated
polymer, poly(para-phenylenevinylene), thereby opening
the way for the fabrication of polymer light-emitting diodes
(LEDs) .4

Typically, an organic LED is built? by depositing suc-
cessively on a transparent substrate: a transparent electrode
made of a high-work-function metal, usually indium tin
oxide (ITO); one or several organic layers that in the case of
molecular materials are generally deposited by vacuum
sublimation® or in the case of polymers by spin-coating or
ink-jet printing7; and a top metallic electrode made of a low-
work-function metal or alloy. Four main steps are required
to generate light from a LED device upon application of a
forward bias:

(i) Charge injection: electrons (holes) are injected
from the Fermi level of the low- (high) work-func-
tion metal into the lowest unoccupied (highest
occupied) electronic levels of the organic material
present at the metal-organic interface;
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FIGURE 1 — Top: Illustration of the cofacial configuration between two
OPV6 oligomers (left); chemical structure of OPV6 (right). Bottom:
Charge recombination electronic couplings, Vj;, into singlet and triplet
excited states in cofacial dimers of OPV2 (left) and OPV6 (right)
molecules. For the sake of clarity, V;svalues are reported as positive and
negative values for singlets and triplets, respectively. The PPP/SCI
excitation energies from the singlet ground state to the lowest singlet and
triplet excited states are shown on the abscissa axis. The approximate
energetic position of the lowest charge-separated state, as obtained from
AMT1/CI/COSMO calculations, is indicated by the dashed line. The
molecular packing is shown on top.

(ii) Charge transport: electrons and holes drift in
opposite directions within the organic layer(s)
(usually in a dispersive manner) under the influ-
ence of the static electric field generated by the
forward bias;

(iii) Charge recombination: electrons and holes
approaching one another can capture and recom-
bine to lead to the formation of either singlet or
triplet excitons; during their lifetime, excitons can
hop among molecules/chains via energy-transfer
processes;

(iv) Excitation decay: when excitons decay radia-
tively, the generated light can escape from the
device through the transparent side.

In electrophosphorescent diodes, a phosphorescent
dye is present as guest in a host matrix and exciton transfer
can take place from the host matrix to the guest; high effi-
ciencies are reached since both singlet and triplet excita-
tions generated in the host can transfer to the guest and
contribute to the luminescence signal. In conjugated poly-
mer LEDs, in the absence of phosphorescent dyes, only
singlet excitons generate light.

Organic light-emitting diodes have recently entered
the market place as active elements in low-resolution dis-
plays such as those commercialized, for instance, by Pioneer
in car stereo systems, by Kodak in digital cameras, or by
Philips in electric shavers. The production of high-resolu-
tion full-color flexible displays for television screens is the
next target.

This brief description highlights the importance of
electron-transfer and energy-transfer processes into or
within the m-conjugated materials. Thus, the design of new
materials with optimal performance requires a fundamental
understanding of these processes, which we briefly describe

in Section 2. However, our main goal in this contribution is
to review, in Section 3, some of our recent work that
addresses at the molecular level the nature of the main
parameters that govern electron-recombination processes
in oligomer- and polymer-based light-emitting diodes. Our
emphasis is on the rates of formation of the lowest singlet
and triplet excited states in p-phenylenevinylene chains and
their evolutions with chain length. The chemical structure
of p-phenylenevinylene chains is shown on top of Fig. 1.

2 Electron- and energy-transfer processes

It is useful to point out that both electron-transfer and energy-
transfer processes are driven by similar electron-electron
and electron-vibration interactions. As a result, they can be
described by similar mathematical formalisms, a fact espe-
cially clear in the case of weak electronic interactions. Both
processes can be viewed as special cases of the non-radiative
decay of an electronic state. In the framework of perturba-
tion theory,8*10 the probability for a transition from a dis-
crete initial state y; (corresponding to the reactants) to a
discrete final state yy (corresponding to the products of the
reaction) writes under application of a perturbation V to

first order:
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where ¢ denotes time, ®; the transition energy between the
electronic states i and f, and (y;|Vlyy) is the corresponding
electronic-coupling matrix element. To account for a con-
tinuous distribution of final (vibrationally coupled) elec-
tronic states, Eq. (1) can be recast by introducing the
density of final states, p(Ef), and summing over all prob-
ability densities. Assuming that the function
|(l|I,'|V|l|If)|2p(Ef) varies smoothly with energy, the transition
probability per unit time (or transition rate) adopts, in the
long-time limit, the simple and widely exploited Fermi’s
Golden Rule form:

kip = 2%‘<Wi|V|Wf>‘zp(Ef>- (2)

In both electron- and energy-transfer cases, the transition
mechanism involves vibrational motions driving the reaction
coordinates from reactants to products. The expression for
the rate obtained within the Frank—Condon approximation
factorizes into an electronic and a vibrational contribution
as:

on 2

klf=7

Vie

(FCWD). (3)

Here, Vir = (y;IVlyy) is the electronic-coupling matrix ele-
ment and (FCWD) denotes the Franck—-Condon-weighted
density of states. In the high-temperature regime, i.e., when
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assuming that all vibrational modes are classical o; << kqT),
the FCWD obeys a standard Arrhenius-type equation:

(FCWD) = exp[-(AGY + 1) [0y T| ()

1
1[4Tl:kBT

and the rate takes its semiclassical Marcus theory expres-

sionl10:
on 2 1 0 2
ki =—I|Vy| —— —(AG” +A)* /4 kg T|, (5)
lf h lf 1,4'I'C]{BT exp[ / B ]

where A denotes the reorganization energy induced by the
electron or energy transfer and AGY is the change in Gibbs
free energy during the reaction. When the reorganization
energy A is cast into contributions of both classical modes
for the surrounding medium [(Ag); ®}, << kpT] and intra-
molecular high-frequency vibrational modes [(A;); ©; >>
kpT], the rate ki becomes in the context of the Bixon and
Jortner model (for details, see the review in Ref. 9):
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Here, a single effective quantum mode ®; is assumed to con-
tribute to ;. The Huang—Rhys factor, S; = ; / @y, is a meas-
ure of the electron-vibrational coupling interaction. The
main effect of high-frequency modes is to renormalize the
electronic coupling parameter rather than to contribute to
the temperature dependence (except at high temperatures).
This discussion underlines that, in order to achieve a com-
plete understanding of the electron or energy transfer prop-
erties, a detailed knowledge of the vibrational modes
coupled to the transfer process and of the electron-vibration
constants is required.

3 Charge recombination in EL oligomers and
polymers

From our discussion in the Introduction, it is clear that the
efficiency of organic light-emitting diodes (LEDs) depends
to a large extent on the nature of the excited species that are
formed upon recombination of injected positive and nega-
tive charges. These excitations are known to be a function of
both electron-vibration and electron-electron interactions;
they are generally believed to be excitons with a binding
energy in excess of kT.1

Of importance is that singlet and triplet excitons pos-
sess different energies; the singlet—triplet energy differ-
ence, that is the exchange energy, is estimated to be larger
than 0.5 eV for the lowest excitation in a range of conjugated
polymers.lz*16 They also display different geometry relaxa-
tions; due to the possibility of exchange between like spins,
triplet wavefunctions usually display a more spatially con-

fined character, a feature that is especially pronounced for
low-lying excitations.!” As we discuss below, the different
nature of the singlet and triplet excitations has a profound
impact on the theoretical upper limit for the quantum yields
achievable in LEDs.

The quantum efficiency for electroluminescence
(photoluminescence), Ngy, [Mpr], is defined as the ratio
between the number of photons coming out of the device
and the number of electrons injected (photons absorbed).
In m-conjugated oligomers and polymers, when triplets are
not emissive, the ratio Ngr/Mpr, is controlled by the fraction
of singlet excitons generated in the diode (hereafter referred
to as Mg). For a long time, this ratio was thought to follow
simple spin multiplicity rules according to which Ngy/mpr,
should not exceed 25% (since the recombination of an elec-
tron—hole pair — both spin /5 — leads to a total of four
microstates with three triplet states and one singlet state).

It must be clearly stated that this issue remains con-
troversiall® even if there now exists some compelling experi-
mental!®24 and theoretical2>2? evidence that, in conju-
gated polymers, larger ratios between EL and PL quantum
yields can be achieved. This stresses the possibility of pro-
ducing highly efficient polymer LEDs and raises fundamen-
tal questions about the mechanisms determining exciton
formation, which we now review.

Cao et al. found that upon improving the electron-
transport properties of a substituted poly(p-phenylenevinylene)-
based LED device, the ratio of external quantum efficiencies of
ELwith respect to PL can reach avalue as high as 50%.1° Values
of Mg ranging from 0.35 to 0.45 have also been reported by
Ho et al. in PPV derivatives.204 Wohlgenannt et al. have
measured Mg by using a photo-induced absorption detected
magnetic resonance (PADMR) technique for a large
number of m-conjugated polymers and oligomers; the
experimental Mg values were found to increase with conju-
gation length ranging from ~0.25 in monomers to much
larger values in extended m-conjugated systems.?! Similarly,
Wilson et al. have reported a singlet generation fraction
close to 57% in a platinum-containing conjugated polymer,
while a much smaller value (22%) was inferred for the cor-
responding monomer.2% The recent work at Philips is espe-
cially important in this regard and suggests quantum yields
on the order of 60% in polymer LEDs based on poly(p-
phenylenevinylene) or poly(spirobifluorenes).>* From these
experimental data, the emerging picture is that ng follows
closely spin statistics in small conjugated oligomers or mole-
cules®® while the 25% statistical limit can be significantly
overcome in polymers.

Charge recombination between an injected electron
and an injected hole appears to occur as a two-step proc-
ess.23 In the first step, the initially fully separated charges
coalesce into loosely bound singlet or triplet polaron pairs,
also referred to as charge-transfer (CT) excitons. In a sec-
ond step, these intermediate states then decay into lower
singlet or triplet neutral exciton states. Two major aspects
need to be emphasized:
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(i) Since the first step can only obey spin statistics,
when the second step is faster than any other proc-
ess affecting the intermediate CT states, spin sta-
tistics is followed. Thus, overcoming spin statistics
requires that the second step be significantly
slower for triplet than for singlet CT states. Then,
either of two things can happen. Intersystem cross-
ing can switch triplet pairs into singlet pai1rs31>32
that could decay down the singlet exciton mani-
fold; or triplet pairs can have time to dissociate and
some of the freed charges can later reassociate as
singlet pairs.

(ii) Baessler and co-workers33 have recently shown,
via thermoluminescence measurements on
phenylene-based materials, that the singlet-triplet
splitting among the CT states (polaron pairs) is
merely on the order on 3-6 meV (depending on
polymer morphology); thus, the possibility exists
for intersystem crossing or possibly dissociation of
the CT states.

If we denote by og and o7 the cross-sections for for-
mation of neutral singlet and triplet exciton states, the
expression for Mg can be written as

N =05/(65+30,) =01 /(G5 +3), (7)

where 6g/7 = 6g/07. For 65 = o7. For 65 = o7, we get Mg =
25%, the statistical limit; g becomes 50% for 65 = 307; for
or=0,M9 = 100%.

Bittner and co-workers have developed a methodol-
ogy based on the particle-hole picture of solid-state physics
that allows the simulation of the dissipative dynamics of an
extended one-dimensional polymer system coupled to a
phonon bath.26:27 When applying this formalism to a quan-
tum molecular dynamics simulation of the formation of
exciton states from polaron pairs, they found a clear corre-
lation between the rates for intrachain generation of sin-
glet-and-triplet excitons on a single long PPV segment and
the corresponding binding energy: the ratio 6g/or was cal-
culated to evolve linearly with the singlet to triplet binding
energy ratio.27 This evolution was explained in terms of spin
specific energetics and mutual vibronic couplings between
the excited states on an isolated polymer chain. Below, it is
argued that the rate limiting step is the interchain charge
recombination process from the CT states into the manifold
of intrachain singlet-and-triplet excitons (followed by faster
downhill internal conversion driven by vibronic couplings).
Mazumdar and co-workers also reported chain-length-
dependent formation cross sections for interchain charge
recombination, based on exact calculations for small
polyene chains.28

We now discuss the results of calculations aimed at
exploring the chain-length dependence of the singlet- and
triplet-formation cross sections in conjugated materials.34 Tt
is important to stress that both the electronic couplings and
energetics of the charge recombination process were
accounted for in this work by applying a standard Jortner

formulation for the calculation of charge recombination
rates.? Different generation rates are obtained for the sin-
glet and triplet excitons due to the different nature of these
excited states, which impacts their relative energies and
gives rise to different electronic tunnelling matrix elements
for charge recombination. Most importantly, the formation
rates of singlet over triplet neutral excitons is found to vary
significantly with chain length.

3.1  Theoretical aspects

The o5 and 67 cross sections can be calculated in the frame-
work of perturbation theory and the Fermi Golden Rule, as
described in the Introduction. In order to compute the elec-
tronic coupling Vi, the singlet and triplet-excited state wave
functions were obtained for unrelaxed geometries by com-
bining a Pariser—Parr—Pople (PPP) Hamiltonian to a single
configuration interaction (SCI) scheme. The lowest-lying
charge transfer state is taken as the initial state in the recom-
bination process; this state is described by a single determi-
nant built by promoting an electron from the HOMO of one
chain to the LUMO of an adjacent chain. This is reasonable
since the electron (hole) can relax from higher unoccupied
(lower occupied) orbitals to the lowest (highest) one, prior
to recombination. To account for the polarization effects
induced by the medium, the energies of the excitonic and
polaronic species were computed at the AM1(CI) level
within the continuum dielectric approximation through the
use of a COSMO approach.35 We also considered the Cou-
lomb stabilization E.}, of the initial state in the recombina-
tion process, which in the model corresponds to a pair of
opposite charges lying on adjacent conjugated segments;
this stabilization can be estimated on the basis of the charge
density distributions in the positive and negative polarons:

q; i
Eg =3y 04 (8)
i j € rij

where ¢; (qj) is the charge onsite i (f) in the positively (nega-
tively) charged molecule, as calculated with a Mulliken
population analysis at the AM1/CI-COSMO level, and rij
the distance between sites i and j; € is the medium static
dielectric constant, which is taken both in Eq. (8) and the
COSMO calculations to be equal to 4, a typical value for the
dielectric constant of organic conjugated polymers.?’ﬁ’37 The
energy separation between the initial charge separated state
and the lowest excited state for the singlet process then can
be written as:

Ag=EMP*)+E(PT)-2XE(Sy)-E(S))+E,, (9)

where E(P*), E(P7), E(Sp), and E(S7) correspond to the
energies in their relaxed geometries of the positive and
negative polarons and the singlet ground and excited states,
respectively. Note that Ag is the driving force, AGDY, for the
charge recombination reaction into Sy; the changes in Gibbs
free-energy relative to the processes yielding higher-lying
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FIGURE 2 — Top: Illustration of the head-to-head configuration between
two OPV6 oligomers. Bottom: Charge recombination electronic
couplings, Vy;, into singlet and triplet excited states in head-to-tail dimers
of OPV2 (left) and OPV6 (right) molecules. Note the change in scale for
the couplings (by a factor of 15) between OPV2 and OPV6. The
molecular packing is shown on top.

singlet S,, states or triplet T), excited states are obtained by
adding to Ag the S, — S1 or T, — Sy energy difference as
provided by the PPP/SCI scheme (for such processes, the
entropy effects can be neglected).

We considered a two-chain model with two possible
orientations for the conjugated chains, see top of Figs. 1 and
2. While “interchain” electron or hole hopping between
adjacent chains lying in a cofacial (or, more generally H-
type) arrangement is the most likely scenario in short chains,
migration of the charges between conjugated segments on
the same chain is also possible in longer (polymer) chains;
the head-to-tail configuration in Fig. 2 is intended to model
such an “intrachain” process. The calculations were per-
formed on phenyl-capped phenylene vinylene oligomers
ranging in size from 2 to 10 phenylene rings; hereafter, we
only refer to the results obtained for oligomers containing
two rings, OPV2 (the trans-stilbene molecule) and six rings,
OPVG; these are taken as representatives for “small mole-
cules” and “polymer chains,” respectively.

3.2 Chain-length dependence of singlet
and triplet exciton formation rates

The spin-dependent recombination process from charge-
transfer states to neutral exciton states (the second step
described above) can be depicted as an electron-transfer re-
action. Thus, in the context of Eq. (6), we will discuss con-
secutively the impact of (i) the electronic couplings (matrix
elements), Vig (ii) the driving force, AGDY; and (iii) the inner
and outer reorganization energies, A.

Electronic couplings: The main results are collected
in Figs. 1 and 2, which show the electronic couplings
between the CT states and the singlet and triplet excitons as
a function of excitation energy, and in Fig. 3, which displays
the evolution with chain length of the ratio between the
electronic couplings into Sy and Tj.

In the cofacial arrangements, the largest matrix ele-
ments are calculated for the lowest singlet S; and triplet T}
excited states, in agreement with previous works.25-28 This
feature can be readily explained on the basis of the overlap

20

—s— cofacial
18 1 --o- headto-tal . 1]

1 ‘0 T T T
2 3 4 5 6
Number of rings (OPVn)

FIGURE 3 — Evolution with chain length of the ratio between the exciton
formation electronic couplings, Vj; into the lowest singlet and triplet
excited states, in cofacial (solid line) and head-to-tail (dashed line)
configurations.

between the wavefunctions of the initial and final states.
Since the initial charge-transfer state is assumed to be a
pure transition from the HOMO of one chain to the LUMO
of the other chain, optimal overlap is achieved with the final
excited state that involves the largest contributions from
these frontier orbitals, i.e., the lowest-lying singlet and trip-
let states. Note that the system in the cofacial arrangement
possesses Cg}, symmetry; only B,-symmetry excited states
are then allowed to couple electronically to the B,-symme-
try CT state.

The situation is somewhat different for the head-to-
tail configurations, where a number of different singlet and
triplet excited states show significant electronic couplings to
the charge-transfer state; this is partly due to the reduced
symmetry of the head-to-tail arrangement. Here, chain-end
contributions to the wavefunctions play a major role. A clear
correlation can be found between the magnitude of the
interchain matrix elements and the shape of the excited-
state wavefunctions, with more delocalized excited states
leading to larger couplings.

While in head-to-tail aggregates, the ratio between the
matrix elements for charge recombination to yield S vs. Ty
is hardly chain-length dependent, the corresponding ratio
shows a marked increase in the case of cofacial arrange-
ments. This comes from the different nature of the lowest
singlet and triplet excited states, the latter being more local-
ized around the central part of the chain.!7 As expected, the
differences in the spatial confinements of the S; and T
wavefunctions are amplified in the head-to-tail configura-
tions for which contributions at the edges of the conjugated
segments are the most relevant.

It is useful to recall that electronic excitations in
phenylene-based materials can be classified into three cate-
gories, depending on the nature of the involved molecular
orbitals (MOs)38:39,
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FIGURE 4 — Schematic energy diagram showing the position of the
lowest on-chain singlet, S, and triplet, T;, excited states and the lowest
charge-separated states, 'CT and °CT, in a cofacial stack made of two
OPV2 and OPV6 oligomers.

dd* excitations, built by promoting an electron from
an occupied delocalized MO to an empty delocalized MO;

II* excitations, involving only orbitals that are localized
on the phenylene rings; and

dl*/ld* excitations, which correspond to transitions
from occupied delocalized orbitals to unoccupied localized
orbitals and vice-versa.

Figure 1 indicates that in cofacial aggregates there is a
series of excited states, lying about 4.0-5.0 eV above the
ground state, with recombination matrix elements on the
order 10-30 em~; in this spectral range, singlet and triplet
excited states show similar electronic couplings, though
slightly larger for the triplets. These high-lying excited
states are assigned mainly to mixed dl*/Id* and, to a lesser
extent, [[*-type excitations. Because of their reduced elec-
tron-hole overlap, the singlet and triplet di*/ld* excited
states are almost degenerate, display similar wavefunctions,
and hence lead to nearly equal charge recombination cross
sections. As described below, these states could play an
important role in the exciton formation mechanism in small
molecules. In head-to-tail configurations, Fig. 2, the situ-
ation is more complex; higher-lying dd* excitations acquire
significant coupling with the charge-transfer state as a result
of the lower symmetry of the dimers and close contacts
between the edges of the conjugated segments. It should be
noted that the magnitude of the electronic couplings drops
much more quickly with chain length in head-to-tail vs.
cofacial dimers, a feature that has also been underlined in
the case of excitonic energy-transfer processes.40

Driving force: Figure 4 provides a schematic energy
diagram with the relevant electronic states for the OPV2
and OPV6 model systems (assuming a distance between the
molecular planes of 4 A in a cofacial dimer). For both
chains, the lowest intrachain singlet excited state lies below
the charge separated state, which is consistent with the view
that primary photoexcitations in PPV are on-chain excita-
tions and not polaron pairs.‘ﬂ’42 The most important result
is that the energy gap Ag between S; and 'CT decreases
significantly when going from OPV2 (Ag ~ 0.9 eV) to OPV6
(A ~ 0.4 eV).

OPV?2 (cofacial)

T

015

(a) e oo 0

OPVEB (cofacial)
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20000 . 2000
. 4200
18000 000
16000 . E000
10000
14000 3 12000
./ 1490w
. 1800
12000
. 20000

(b) s ol = 005" 08

FIGURE 5 — Ratio between the singlet and triplet charge recombination
rates, r = ky/ky, as a function of Agand Ag, in a cofacial arrangement of
two (a) OPV2 and (b) OPV6 chains.

Reorganization energy: The inner part, A;, corre-
sponds to the energy required to switch from the geometry
of two oppositely charged polarons (forming the charge
transfer state) to the equilibrium geometry of the target
excited state on one chain and the ground-state geometry on
the other chain. Due to the close similitude of the geometric
distortions induced by charge injection or neutral excitation
in a conjugated chain (at least for the lowest singlet excited
state),* we expect this contribution to be on the order of
the polaron relaxation energy. We have therefore chosen a
A; value of 0.15 eV, which together with an effective fre-
quency mode of 0.15 eV leads to a Huang—Rhys factor S =
1. Because of the low dielectric constant of organics and the
short separation between the positive and negative charges
in the charge-transfer state, the solvent contribution to the
relaxation energy ought also to be small, on the order of that
found in weakly polar solvents, typically a few tenths of an eV.

The different approximations that we were forced to
take do not allow quantitative predictions of the exciton for-
mation rates. However, we have made sure that the choice
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FIGURE 6 — Ratio between the singlet and triplet charge recombination
rates, r = k¢/k1, as a function of Agand Ay, in a head-to-tail arrangement
of two (a) OPV2 and (b) OPV6 chains.

of molecular parameters used in the simulations does not
affect the overall picture, by applying Eq. (6) to a range of
As and Ag values. The resulting ratios between singlet and
triplet exciton generation rates, r = kg/kr (where k corre-
sponds to the sum over all pathways in a given manifold), are
reported as two-dimensional grids in Figs. 5 and 6. As
expected, the absolute values of the rates are very sensitive
to the relative magnitude of the driving force with respect
to the reorganization energy, which according to a classical
view fixes the height of the barrier for the recombination
reaction. However, the important results are the following:

(i) For most of the {As, Ag} space explored, the kg/kr
ratio is smaller or close to one in OPV2 while it is
much higher in OPV6 (especially in the cofacial
configuration).

(ii) Inspite of the relatively small electronic couplings,
the calculated recombination rates at room tem-
perature are relatively fast (they somewhat vary as
a function of the actual values chosen for the reor-
ganization energy and driving force): in OPV2, on

the order of 109-1010 sec! for both singlets and
triplets; in OPV6, ca. 1010-10 sec! for singlets
but significantly smaller, 107-108 sec!, for trip-
lets.

These results can be understood in the following way.
For small molecules in a face-to-face arrangement, the
rather large energy separation between the charge-transfer
state and the lowest singlet excited state reduces the effi-
ciency of the direct S generation. In this case, higher-lying
singlet S,, states, closer in energy and electronically coupled
to the initial charge transfer state, are formed with a higher
probability; these include the di*/ld* excitations. Since
these excited states are only weakly split by exchange inter-
actions, the corresponding triplet T, excited states have
comparable excitation energies, wavefunctions, electronic
couplings, and therefore recombination rates. It follows
that, in short oligomers, singlets and triplets form with com-
parable probabilities and spin statistics is pretty much
obeyed. In contrast, the S; pathway is dominant in long
chains due to the reduced S; — 'CT energy gap and the
larger tunnelling matrix element associated to that state.
Since S1 shows the largest electronic coupling, the singlet
route is favored over the triplet channel in extended sys-
tems; this results in ratios between singlet and triplet forma-
tion rates largely exceeding one. The situation is more
complex in head-to-tail arrangements where higher-lying
dd* excited states also play a significant role. In all cases,
direct formation of T is very unlikely due to the very large
change in Gibbs free energy (on the order of 1.5 eV in OPV6
and larger than 2 eV in OPV2), which sets this process into
the inverted Marcus region.44

While the mechanism proposed above specifically applies
to phenylene-based materials (for which different types of
excitations are encountered), the results can be generalized
to a number of other conjugated polymers. Indeed, in the
simplest one-dimensional two-band model (such as the one
used to describe the excited states in polyenes),45 the aver-
age electron-hole separation of the on-chain excitations
goes up with increasing energy. Hence, high-lying excited
states are less subject to exchange interactions, which decay
exponentially with distance. Since it can be reasonably
expected that only these higher-energy states are reached
efficiently in small molecules or oligomers, this will result in
singlet and triplet formation rates of comparable magni-
tudes. In extended n-systems, contributions from the lowest
excited state should dominate the mechanism of singlet gen-
eration, because of both large electronic recombination ma-
trix elements and small energy barriers. This process is
expected to occur at a faster rate than the formation of any
triplet T, excited state; hence, neutral triplet excitons
should be created at a lower rate than singlets, opening the
way to deviations from spin statistics.

Using transient spectroscopic techniques, Wohl-
genannt et al. have measured the formation cross-section
ratio of singlet and triplet excitons in a variety of m-conju-
gated materials.46 They found a universal relationship

Journal of the SID 13/5, 2005 425



between the low-energy polaron absorption and the chain
length in oligomers and, on that basis, showed that the
larger the conjugation length, the higher the singlet popula-
tion. Their experimental data also indicate that the forma-
tion cross-section ratio increases in the following sequence:
6T [sexithiophene] < PPE [poly(p-phenyleneethynylene)] <
PPV < RRaP3HT [regio-random poly(hexylthiophene)] <
mLPPP [ladder-type poly(p-phenylene)] < RR-P3HT [regio-
regular poly(hexylthiophene)]. This trend might be due to
material-dependent Ag values (i.e., the energy separation
between S; and the lowest charge transfer or polaron pair
state), rather than changes in the singlet exciton binding
energy (i.e., the energy difference between S1 and the single
particle continuum). Ag is very sensitive not only to the
chemical structure of the individual conjugated chains but
also to the way the chains pack in the solid state, with the
lowest values found in the most highly ordered materials.
The largest ratios between singlet and triplet yields measured
for RR-P3HT and mLPPP suggest that small Ag values (these
two materials display a high degree of both intrachain and
interchain order) translate into efficient singlet generation.

4  Synopsis

We have reviewed the mechanisms of singlet and triplet
exciton formation in electroluminescent m-conjugated
materials. The main conclusions can be drawn as follows:

(i) Deviations from simple spin statistics (according to
which only one-fourth of the excitons are formed as
singlets) can occur if triplet charge-transfer excited
states (polaron pairs) are amenable to intersystem
crossing or dissociation.

(ii) The electronic couplings between the charge-
transfer states and the neutral exciton states are
predicted to be largest for S} and T. However,
because of the large exchange energy K (S; — T
energy difference), the probability for direct
recombination into T} is, in all cases, very small
(Marcus inverted regime).

(iii) In small molecules, the CT — Sy energy difference
is large. Both singlet and triplet exciton formations
proceed via higher-lying S,/T,, states, which dis-
play similar electronic couplings and are therefore
characterized by similar formation rates. These
rates are fast and, as a result, spin statistics is
expected to be obeyed.

(iv) In extended conjugated chains, the energy differ-
ence between the CT and S; excited states
becomes on the order of the reorganization energy,
i.e., a few tenths of an eV; in a Marcus picture, this
leads to the smallest barriers. As a result, the
ICT — S pathway tends to be even faster than in
small molecules. On the contrary, the 3CT — T,
channels become much slower, leaving room for
intersystem crossing or dissociation among the
3CT states.

In a simplified picture, these results suggest that mak-
ing smaller the energy separation between the charge trans-
fer state and the lowest singlet exciton state, can increase
the relative generation of singlets versus triplets. It would
follow that highly ordered materials (with short intermo-
lecular contacts and delocalized charges) should have the
largest singlet/triplet ratios. However, this does not neces-
sarily imply that the highest quantum yields could be
reached. Indeed, by reducing the energy separation between
intrachain and interchain excitations, the relative popula-
tion of non-emissive polaron pair species should also
increase, which could potentially impact the balance
between radiative and non-radiative decay channels. Thus,
there is a need to develop materials where an optimal com-
promise can be achieved between singlet exciton generation
and luminescence efficiency.
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