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Chain-Length Dependence of Singlet and Triplet Exciton Formation
Rates in Organic Light-Emitting Diodes™**

By David Beljonne, Aijun Ye, Zhigang Shuai, and Jean-Luc Brédas*

The operation and efficiencies of molecular or polymer organic light-emitting diodes depend on the nature of the excited
species that are formed. The lowest singlet and triplet excitons display different characteristics that impact on the quantum
yields achievable in the devices. Here, by performing correlated quantum-chemical calculations that account for both the
electronic couplings and energetics of the charge-recombination process from a pair of positive and negative polarons into
singlet and triplet excitons, we show that the formation rates for singlet over triplet excitons vary with chain length and favor
singlet excitons in longer chains. Thus, in polymer devices, the resulting singlet/triplet fraction can significantly exceed the

spin-statistical limit.

1. Introduction

The design and fabrication of organic light-emitting diodes
(LEDs) have attracted major interest worldwide because of
the potential for applications of polymer-based devices in
large-area flexible-display technology.[l'sl Light emission in
such devices comes from the radiative decay of singlet excita-
tions that are generated through recombination of charge car-
riers within the organic layer; in materials with small spin-orbit
coupling, triplet excitations act as luminescence quenchers.

Primary excitations in these materials are generally believed
to be excitons with a binding energy in excess of k71! As a re-
sult of electron—phonon and electron—electron interactions, the
lowest singlet (S;) and triplet (T;) excitons possess both differ-
ent energies (the S;-T energy difference; the exchange energy
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K, is estimated to be >0.5 eV for the lowest excitations in a
variety of conjugated polymers’~) and different spatial wave-
functions (with Ty displaying a more spatially confined charac-
ter).'” These marked differences have a major impact on the
theoretical upper limit for the quantum yields achievable in
organic LEDs.

The quantum efficiency for -electroluminescence (EL)
(photoluminescence (PL)), #er (7pL), is defined as the ratio
between the number of photons coming out of the device and
the number of injected electrons (absorbed photons). The ratio
neL/mpL is controlled by the fraction of singlet excitons gener-
ated in the diode (hereafter referred to as 7,). It has long been
thought to conform to simple spin-multiplicity rules; in this
case, g1 /npL does not exceed 25 % since the recombination of
a pair of injected electron and hole (both spin 1/2) leads to four
microstates with three triplet states and one singlet state. Re-
cent experimental investigations, based on reverse-bias mea-
surements of photoluminescence efficiencies, seem to support
the view that 7, is close to 20 % in both Alqs (a model molecu-
lar system) and poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phe-
nylenevinylene] (MEH-PPV) (a model polymer material).!'!
In contrast to that, there is compelling experimental[lz'w] and
theoretical®2* evidence that, in small conjugated oligomers
and molecules,'®! 717, follows spin statistics closely while, in con-
jugated polymers, larger ratios between EL and PL quantum
yields can be achieved."”! This underscores the possibility of
achieving high efficiency in polymer-based LEDs (with quan-
tum yields approaching unity) and raises fundamental ques-
tions about the mechanisms of exciton formation. Note that
the large splitting between the lowest singlet and triplet exci-
tons in conjugated polymers (on the order of 0.7 eV in phenyl-
ene-based materials)m largely prevents any contribution to the
luminescence from thermalized triplet excitons.!

Charge recombination appears to occur as a two-step pro-
cess.'”) First, initially free polarons (the injected charges) coa-
lesce into bound singlet or triplet polaron pairs, also referred
to as charge-transfer (CT) excitons; these intermediate states
then decay into lower singlet or triplet exciton neutral states. A
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major aspect to emphasize is that, when the second step is fast-
er than any other process affecting the intermediate states, spin
statistics is obeyed. Overcoming spin statistics requires that the
second step be significantly slower for triplet than for singlet
CT states. Then, one of two things can happen. Intersystem
crossing can switch triplet pairs into singlet pairs®®! that will
quickly decay down the singlet-exciton manifold; or, triplet
pairs can have time to dissociate and some of the freed polar-
ons can later re-associate as singlet pairs.

We have previously developed a theoretical model®! to de-
scribe intermolecular charge recombination in conjugated
materials, which includes both one- and two-electron contribu-
tions to the cross-sections as in reference [22]; the initial and
final states were treated at the single configuration interaction
level, which allowed the extension of the calculations to long
chains, while keeping the salient features of the excited states.
However, the chain-length dependence of the cross-sections
was not addressed specifically and constitutes the main motiva-
tion for the present work.

Here, importantly, the electronic couplings and energetics of
the charge-recombination process from polaron pairs to neu-
tral excitons are both accounted for by applying the Jortner
formulation for the calculation of charge-recombination
rates;?’] see the Methodology section. Investigating model
poly(para-phenylene vinylene) chains, we find that the forma-
tion rates of singlet over triplet neutral excitons vary with chain
length and favor singlets in longer chains.

A likely scenario for the formation of the lowest exciton neu-
tral states, S; and Tj, involves the following sequence: first,
generation of bound charge-transfer 'CT and *CT pairs that are
amenable to intersystem crossing or dissociation; then, spin-de-
pendent recombination into S,, and T,, exciton states, whose
relative rates depend on the interplay between the electronic
couplings and the spectral overlaps; and, finally, decay down
the singlet and triplet manifolds to reach S; or T;.

Here, we focus on the spin-dependent recombination pro-
cess, which is believed to be the rate-limiting step in the exci-
ton-formation mechanism. However, we stress that the overall
rate for exciton generation could also be affected by the decay
down the singlet and triplet manifolds, which is expected to fa-
vor the singlet versus the triplet route; in comparison to Sy, the
formation of T; requires a larger amount of energy (i.e., the
exchange energy K), to be dissipated under the form of vibra-
tions; this has been shown to be detrimental to the resulting
formation rate.l”!

2. Results and Discussion

We have considered two configurations, cofacial and head-
to-tail, shown at the top of Figures 1,2 and calculated the elec-
tronic matrix elements, Vi, for charge recombination into both
the singlet and triplet manifolds. The calculations were per-
formed on oligomers ranging in size from 2 to 10 phenylene
rings; hereafter, we only refer to the results obtained for phe-
nyl-capped phenylene vinylene oligomers containing two rings,
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Figure 1. Charge-recombination electronic couplings, Vi, into singlet and
triplet excited states in cofacial dimers of OPV2 (a) and OPV6 (b) mole-
cules. For the sake of clarity, Vi¢ values are reported as positive and nega-
tive 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 AM1/Cl/
COSMO calculations, is indicated by the dashed line. The molecular pack-
ing is shown at the top.

OPV?2 (the trans-stilbene molecule) and six rings, OPV6; these
are taken as representatives for ‘small molecules’ and ‘polymer
chains’, respectively. In addition, only electron transfer from
the charge-separated state to the exciton states is addressed
here; similar results are obtained for hole hopping and will not
be described. Figures 1,2 show the electronic couplings (tun-
neling matrix elements) for forming singlet and triplet excitons
as a function of excitation energy in the cofacial and head-to-
tail two-chain configurations, respectively. The evolution with
chain length of the ratio between the electronic couplings into
S; and T, is displayed in Figure 3. These results call for the fol-
lowing comments:
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Figure 2. Charge-recombination electronic couplings, Vi, into singlet and
triplet excited states in head-to-tail dimers of OPV2 (a) and OPV6 (b) mol-
ecules. Note the change in scale for the couplings (by a factor of 15) be-
tween (a) and (b). The molecular packing is shown at the top.

In the cofacial arrangements, the largest matrix elements are
calculated for the lowest singlet S; and triplet T, excited states,
in agreement with previous works.?**! This feature can be
readily explained on the basis of the overlap between the wave-
functions of the initial and final states. Since the initial charge-
transfer state is assumed to be a pure transition from the high-
est occupied molecular orbital (HOMO) of one chain to the
lowest unoccupied molecular orbital (LUMO) of the other
chain, optimal overlap is achieved with the final excited state
that involves the largest contributions from these frontier or-
bitals, i.e., the lowest-lying singlet and triplet states. Note that
the system in the cofacial arrangement possesses C,;, symme-
try; only B,-symmetry excited states are then allowed to couple
electronically to the B,-symmetry 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
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Figure 3. Evolution with chain length of the ratio between the exciton for-
mation electronic couplings, Vi into the lowest singlet and triplet excited
states, in cofacial (solid line) and head-to-tail (dashed line) configura-
tions.

charge-transfer state; this is partly due to the reduced symme-
try of the head-to-tail arrangement. Here, chain-end contribu-
tions to the wavefunctions play a major role. From the calcu-
lated two-particle wavefunctions,” we found a clear
correlation between the magnitude of the interchain matrix
elements and the shape of the excited-state wavefunctions,
more delocalized excited states leading to larger couplings.

While in cofacial aggregates the ratio between the matrix
elements for charge recombination to yield S; versus T is
hardly chain-length dependent, the corresponding ratio shows
a marked increase in the case of head-to-tail arrangements.
This stems from the different nature of the lowest singlet and
triplet excited states, the latter being more localized around
the central part of the chain.'% As expected, the differences in
the spatial confinements of the S; and T; wavefunctions are
amplified in the head-to-tail configurations for which contribu-
tions at the edges of the conjugated segments are the most rele-
vant.

Electronic excitations in phenylene-based materials can be
classified into three categories, depending on the nature of the
involved molecular orbitals (MOs):?> d—d* excitations, built
by promoting an electron from an occupied delocalized MO to
an empty delocalized MO; 1-1* excitations, involving only or-
bitals that are localized on the phenylene rings; and d-1*/1-d*
excitations, which correspond to transitions from occupied de-
localized orbitals to unoccupied localized orbitals and vice ver-
sa. We first focus on the cofacial aggregates. Figure 1 indicates
that there is a bunch of excited states, lying about 4.0-5.0 eV
above the ground state, with recombination matrix elements
on the order 10-30 cm™; in this spectral range, singlet and trip-
let excited states show similar electronic couplings, though
slightly larger for the triplets. These high-lying excited states
are assigned mainly to mixed d-1¥*/I-d* and, to a lesser extent,
I-1* type excitations. Because of their reduced electron-hole
overlap, the singlet and triplet d-1*/1-d* excited states are al-
most degenerate, display similar wavefunctions, and hence lead
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to nearly equal charge-recombination cross-sections. As de-
scribed below, these states could play an important role in the
exciton formation mechanism in small molecules. In head-to-
tail configurations (Fig. 2), the situation is more complex (note
the differences in the scale of the electronic couplings between
Figs. 1 and 2); higher-lying d—d* 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 (vide supra). It should be noted
that the magnitude of the electronic couplings drops much
more quickly with chain length in head-to-tail versus cofacial
dimers, a feature that has also been underlined in the case of
exciton energy-transfer processes.!!

We now turn to the discussion of the driving force for the
charge recombination reaction. In Figure 4, a schematic energy
diagram with the relevant electronic states, as obtained from

49V
—x CT
0.9V 3.6eV
—r l.}CT
40eV S 0.4eV
i 32eV v
Sy
2.5¢Y 22eV
T, T,
OPV2 OPV6

Figure 4. Schematic energy diagram showing the position of the lowest
on-chain singlet, Sy, and triplet, Ty, excited states and the lowest charge-
separated state, 'CT, in a cofacial stack of OPV2 (a) and OPV6 (b) dimers.

AM1/CI/COSMO calculations (see Methodology), is presented
for the cofacial OPV2 and OPV6 model dimers (assuming a
distance between the molecular planes of 4 A). In both cases,
we find that the lowest intrachain singlet excited state lies be-
low the charge-separated state. This supports the view that pri-
mary photoexcitations in PPV are on-chain excitations and not
polaron pairs.*? However, the most important result is that the
energy difference Ag between S; and 'CT decreases signifi-
cantly when going from OPV2 (45~09eV) to OPV6
(4s~0.4 eV). Such an evolution is consistent with recent
experimental investigations by Bissler and co-workers;®?! the
results suggest that the origin of the delayed fluorescence ob-
served in highly ordered ladder-type poly(para-phenylene)
comes from the recombination of geminate electron-hole pair
states into intrachain emissive excitons, implying an energy dif-
ference between the two species on the order of k7.

Although we have not performed any detailed calculations
of the reorganization energy, we can estimate its magnitude.
The inner part, 4;, corresponds to the energy required to switch
from the geometry of two oppositely charged polarons (form-
ing the charge-separated state) to the equilibrium geometry of
the target excited state on one chain and the ground-state ge-
ometry on the other chain. Due to the similarity in geometric
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distortions induced by charge injection or neutral excitation in
a conjugated chain (at least for the lowest singlet excited
state),[34] this contribution is expected to be on the order of the
polaron relaxation energy. We have therefore chosen a 4; value
of ~0.15 eV, which together with an effective vibrational 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 be-
tween the positive and negative charges in the charge-transfer
state, the medium contribution to the relaxation energy ought
also to be small, on the order of that found in weakly polar me-
dia (typically a few tenths of an electronvolt).

From this discussion, it is clear that the approximations con-
sidered here prevent quantitative predictions of the exciton
formation rates. To make sure that our choice of molecular pa-
rameters does not affect the overall picture, we have applied
Equation 1 (see Methodology below) to a range of A; and 4g
values (chosen for the latter around the calculated AM1 val-
ues). The resulting ratios between singlet and triplet exciton
generation rates, r=kg/krt, are reported as two-dimensional
grids in Figures 5,6, for the two model systems and molecular
arrangements considered in this work. As expected, the abso-
lute values of the rates are very sensitive to the relative magni-
tude of the driving force with respect to the reorganization en-
ergy (which according to the classical view sets the height of
the barrier for the recombination reaction). However, the im-
portant results are the following. First, for most of the {1,4s}
space explored, the kg/kt ratio is smaller or close to one in
OPV2 while it is much higher in OPV6 (especially in the cofa-
cial configuration). Second, in spite of the relatively small elec-
tronic couplings, the calculated recombination rates at room
temperature are relatively fast (they somewhat vary as a func-
tion of the actual values chosen for the reorganization energy
and driving force): in OPV2, on the order of 10°-10' s for
both singlets and triplets; in OPV6, ca. 10°-10" for singlets
but significantly smaller, 10’108, for triplets.

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-separated state and the
lowest singlet excited state reduces the efficiency of the direct
S; generation. In this case, higher-lying singlet S, states, closer
in energy and electronically coupled to the initial charge-trans-
fer state, are formed with a higher probability; these include
the d-1*/1-d* excitations described above. Since these excited
states are only weakly split by exchange interactions, the corre-
sponding triplet T, excited states have comparable excitation
energies, wavefunctions, electronic couplings, and therefore re-
combination rates. It follows that, in short oligomers, singlets
and triplets form with comparable probabilities and spin statis-
tics are pretty much obeyed. In contrast, the S; pathway is
dominant in long chains due to the reduced S;~'CT energy gap
and the larger tunneling matrix element associated with that
state. Since S; shows the largest electronic coupling, the singlet
route is favored over the triplet channel in extended systems;
this results in ratios between singlet and triplet formation rates
largely exceeding one. The situation is again more complex in
head-to-tail arrangements where higher-lying d-d* excited

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

d3idvd 1Ind

687



[
™}
s
a
-l
wd
=
4

688

D. Beljonne et al./Chain-Length Dependence of Singlet and Triplet Exciton Formation

OPV2 (cofacial)

010

’la (9]{:]

0.08

OPVE (cofacial)

b)

040 @
045 o5
-0.50

-0.55

-0.60

A fey)

0.05

Figure 5. Ratio between the singlet and triplet charge-recombination rates, r=ks/ky, as a
function of As and s, in a cofacial arrangement of two OPV2 (a) and OPV6 (b) chains.

The rate constants have not been weighted by spin distribution.

states also play a significant role. We stress that, in all cases, di-
rect 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.’ (At this stage, it is useful to point
out that the absolute values of the matrix elements for elec-
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tron-hole recombination do depend on the actual
geometric configurations—which are expected in
reality to be less ideal than those considered here.
However, fluctuations in the contacts between
the molecules will not significantly affect the
overall conclusions discussed above. Indeed, the
main source for the chain-length dependence of
the singlet over triplet exciton formation rates is
the energy mismatch between the initial and final
electronic states, which is mostly driven by conju-
gation length.)

While the mechanism proposed above specifi-
cally applies to phenylene-based materials (for
which different types of excitations are encoun-
tered), our results can be generalized to a number
of other conjugated polymers. Indeed, in the sim-
plest one-dimensional two-band model (such as
the one used to describe the excited states in
polyenes),[36] the average electron-hole separa-
tion of the on-chain excitations goes up with in-
creasing 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-ener-
gy states are reached efficiently in small mole-
cules or oligomers, this will result in singlet and
triplet formation rates of comparable magnitudes.
In extended m-systems, contributions from the
lowest excited state should dominate the mecha-
nism of singlet generation, because of both large
electronic recombination matrix elements and

qTL

000
; lﬁg small energy barriers. This process is expected to
I 14000 occur at a faster rate than the formation of any
% lﬁg triplet T,, excited state; hence, triplets should be
20000 created at a lower rate than singlets, opening the

way to deviations from spin statistics.

Finally, we address the dependence of r on the
material. Using transient-spectroscopic tech-
niques, Wohlgenannt et al. have measured the
formation cross-section ratio r of singlet and trip-
let excitons in a variety of m-conjugated materials.
They found that the larger the conjugation
length, the higher the singlet population.® If one
assumes comparable exchange energies for the
systems investigated (which is consistent with a
number of experimental data”) and the results of
single-configuration interaction calculations),[37]
the deciding factor is then the energy separation
between the charge-separated state (with the
charges either far apart on the same chain or in a
two-chain polaron pair configuration) and the lowest singlet
exciton. The experimental data from the literature!™ indicate
that r increases in the following sequence: sexithienyl < poly
(para-phenylene ethynylene) < poly(para-phenylene vinylene)
< regio-random poly(hexylthiophene) < ladder-type poly(para-
phenylene) (mLPPP) < regio-regular poly(hexylthiophene)
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Figure 6. Ratio between the singlet and triplet charge-recombination rates, r=ks/ky, as a
function of 4s and 4s, in a head-to-tail arrangement of two OPV2 (a) and OPV6 (b) chains.

The rate constants have not been weighted by spin distribution.

(RR-P3HT). These trends are consistent with material-depen-
dent A4g values (i.e., the energy separation between S; and the
lowest charge-transfer or polaron-pair state); As is very sensi-
tive not only to the chemical structure of the individual conju-

gated chains but also most importantly to the way
these chains pack in the solid state, with the low-
est values found in the most highly ordered mate-
rials (due to shorter average electron-hole sepa-
ration in the CT pair). The largest ratios between
singlet and triplet yields measured for RR-P3HT
and mLPPP confirm the hypothesis that small Ag
values (these two materials display a high degree
of both intrachain and interchain order) translate
into efficient singlet generation and r values
largely exceeding one.

Ty

3. Conclusions

In summary, we have explored the mechanisms
of singlet- and triplet-exciton formation in elec-
troluminescent m-conjugated materials. Model
calculations, based on electron-transfer theory,
have been performed on systems made of two
phenylenevinylene oligomers of increasing size,
arranged in either a cofacial or head-to-tail con-
figuration. The main conclusions from our work
are as follows:

o Deviations from simple spin statistics (accord-
ing to which only one quarter of excitons are
formed as singlets) occur if triplet CT excitons
(polaron pairs) are amenable to intersystem
crossing or dissociation.

® The electronic couplings between the charge-
separated state and the neutral exciton state
are predicted to be largest for S; and T;.
However, because of the large exchange ener-
gy K (S;-T; energy difference), the probabil-
ity for direct recombination into Tj is, in all
cases, vanishingly small (Marcus inverted re-
gime).

o In small molecules, the CT-S; energy differ-
ence is large. Formation of both singlet and
triplet excitons proceeds via higher-lying
S,/T, states, which display similar electronic
couplings and are therefore characterized by
similar formation rates. These rates are fast
and, as a result, spin statistics are expected to
be obeyed.

o Inextended conjugated chains, the energy dif-
ference between the CT and S; excited states
becomes on the order of the reorganization
energy (i.e., a few tenths of an electronvolt)
and the 'CT — S, pathway tends to be even
faster than in small molecules. In contrast, the
3CT—>T, channel becomes slower, leaving
room for intersystem crossing or dissociation.

In a simplified picture, these results imply that the smaller
the energy separation between the charge-separated state and
the lowest singlet-exciton state, the higher the relative genera-
tion of singlets versus triplets. This model is consistent with the

o
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material-dependent singlet/triplet fractions that have recently
been reported.[m] Further work is in progress to confirm the
general character of these conclusions.

Finally, a comment is in order on the implications of our re-
sults for the design of novel conjugated polymer materials with
enhanced electroluminescence quantum yields. If the deciding
factor in the efficiency of singlet versus triplet exciton genera-
tion is the energy difference between the lowest intermolecular
charge-separated state and the S; exciton state, it follows that
highly ordered materials (with short intermolecular contacts
and delocalized charges) should have the largest singlet/triplet
ratios. However, this does not necessarily imply that the high-
est quantum yields can be reached. Indeed, by reducing the en-
ergy separation between intrachain and interchain excitations,
the relative population of non-emissive polaron pair species
should also increase, which could potentially impact the bal-
ance between radiative and non-radiative decay channels.
Thus, there is a need to develop materials where an optimal
compromise can be achieved between singlet exciton genera-
tion and luminescence efficiency.

4. Methodology

In the case of charge-recombination (CR) processes, the
semi-classical expression for the CR rate writes, within the
Franck-Condon approximation and the displaced harmonic os-
cillator model, as:*”]

, 1 1/2
ker = 731‘ <% ‘W‘wf >[ (4n/lskT)

SU
S2 exp | —
v!

where 1, and vy; denote the wavefunctions of the initial
(charge-separated) state and final (singlet- and triplet-exciton)
state, respectively; W is the perturbation; A denotes the exter-
nal (medium) reorganization energy induced by the electron
transfer; AG is the variation in Gibbs’ free energy during the
reaction; and S is the Huang—Rhys factor expressed in terms of
the inner reorganization energy 4; and the energy of an effec-
tive vibrational mode A{w,):
A
S=—1< 2
o) @

The inner reorganization energy (4;) corresponds to the ener-
gy required to accommodate the nuclear rearrangements occur-
ring upon charge transfer when going from the equilibrium ge-
ometry of the initial state to that of the final state. Here, 4; and
As were taken as free parameters. For charge recombination, the
Gibbs’ free energy is the energy difference between the initial
charge-separated state and the final exciton state, which needs
to be defined for both the singlet and triplet pathways.

Ze

(AG 2 +vh(w,))’
4 kT M
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Singlet and triplet excited-state energies were obtained by
combining a Pariser—Parr-Pople (PPP) Hamiltonian with a sin-
gle-configuration interaction (SCI) scheme. Standard parame-
ters have been used for transfer and on-site repulsion inte-
gralsm] and the Ohno-Klopman potentialBS] has been adopted
to depict electron—electron interactions. The relative position
of the charge-transfer state with respect to the lowest singlet
exciton state has been modeled as follows. The equilibrium
geometries of isolated chains carrying either a positive or a
negative charge were first optimized at the AM1P Jevel; the
relaxed geometries in the lowest singlet excited state were
obtained from AMI1/CI calculations (the active space in the
configuration interaction calculations was increased with in-
creasing molecular size, to ensure size consistency). To account
for polarization effects induced by the medium, the energies of
the excitonic and polaronic species were computed within the
continuum dielectric approximation through the use of the
COSMO model®! implemented in AMPAC."*!! Finally, the ini-
tial state in the recombination process, which in our model cor-
responds to a pair of opposite charges lying on adjacent conju-
gated segments, is further stabilized by Coulomb interactions;
this energy shift can be estimated on the basis of the AM1/Mul-
liken atomic charge distributions in the positive and negative
polarons:

zz_ @3)

where, g; [g;] is the charge on site i [j] in the positively [nega-
tively] charged chain and r; the distance between sites i and j; ¢
is the medium dielectric constant, which is taken both in Equa-
tion 3 and the COSMO calculations to be equal to four, a typi-
cal value for the dielectric constant of organic conjugated poly-
mers.>*! The energy separation between the initial charge-
separated state and the lowest excited state for the singlet
process then writes:

= {E(P"*) + E(P™*) ~2x E(S)) + Ep} —E(S) (@)
where the first four terms on the right refer to the energy of
the charge-separated state; E(P*), E(P7), E(Sy), and E(S;) cor-
respond to the energies, in their relaxed geometries, of the pos-
itive and negative polarons and the singlet ground and excited
states, respectively. Note that Ag is the driving force, AG®, for
the charge recombination reaction into S;; the changes in
Gibbs’ free energy relative to the processes yielding higher-ly-
ing singlet S,, states or triplet T, excited states are obtained by
adding to 4g the S,-S; or T,-S; energy difference as provided
by the PPP/SCI scheme (for such processes, the entropy effects
can be neglected).

The electronic matrix elements (couplings), Vor={(¥q | W Ve,
for tunneling from the initial charge-separated state to the final
exciton state were computed from first-order perturbation the-
ory using the PPP/SCI excited states of the isolated molecules
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as the zeroth-order wavefunctions and the interactions be-
tween the conjugated segments as the perturbation,m] i.e., for
electron transfer from segment 2 to segment 1:

Vog =< CT | H | ex' > ®)
13 1 1+ +
er'?) = 5 (L Hy, £ L] H, )| HF-SCE)

13 1 ; /
‘ex , > - 752 Z, , (aj iy, +aj iy ) [HF-SCF)
l] al

4

1
H' =3 h,p g+ <pglts>pq-sr
rq pars

where | CT) and |ex) denote the charge-separated and exciton
states, respectively (1 and 3 denote the spin multiplicities, with
associated + and - signs in the wavefunction expression, re-
spectively). L, is the LUMO of segment 2, and H, the HOMO
of segment 2, etc.; | CT) as defined above then represents an
initial state with an electron in segment 2 and a hole in segment
1. The coefficients Z in the expression of |ex> denote the CI
expansion coefficients for the excited-state wavefunctions; a*
and i correspond to creation and annihilation operators over
MO a (unoccupied) and i (occupied), respectively (p* and q
are the corresponding operators for generic MOs p and q);
| HF-SCF) represents the electronic configuration of the Har-
tree-Fock self-consistent-field ground state; /1, is the one-elec-
tron hopping integral, ', in the MO representation:

_ 1
hpg = 3 14y, 0,)Cy Co, (6)
“yvy
where (ajl[ib) = (aj | ib)~(aj | bi), (aj | ib) = [ai | jb], and
(pq | rs) = 3. C, CyyCro Cy uo]v] (7
uvot

C is the linear combination of atomic orbitals (LCAO) coeffi-
cient of the one-electron wavefunction and [,u0| vt] is the
Coulomb integral in the site representation.

The use of an SCI approach has been validated through com-
parison to the results provided by more sophisticated CCSD
(coupled cluster single and double) calculations.*¥ As in refer-
ence [20], the initial state is modeled within a two-chain system
and we take into account two possible orientations for the con-
jugated chains, see top of Figures 1,2. While ‘interchain’ elec-
tron or hole hopping between adjacent chains lying in a cofa-
cial (or, more generally, H-type) arrangement is the most likely
scenario in short chains, migration of the charges between con-
jugated segments on the same chain is also possible in longer
(polymer) chains; the head-to-tail configuration in Figure 2 is
intended to model such an ‘intrachain’ process. In order to
ensure the general character of our results, we have only con-
sidered the simplest case of electron (hole) hopping between
localized segments and ignored bond-charge correlation
terms202 (we actually anticipate that the effects described in
the discussion section will be amplified when including such re-
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finements). We consider the lowest-lying charge-transfer state
as the initial state in the recombination process; this state is de-
scribed by a single determinant 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. The wavefunctions for
the exciton states are provided by a configuration interaction
between all singly excited determinants built on the basis of
the electronic structure of the isolated chains.
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