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Limitations of the Forster Description of Singlet Exciton Migration:
The Illustrative Example of Energy Transfer to Ketonic Defects in
Ladder-type Poly(para-phenylenes)**

By Herbert Wiesenhofer,* David Beljonne, Gregory D. Scholes, Emmanuelle Hennebicq, Jean-Luc Brédas,

and Egbert Zojer*

Energy-transfer processes in phenylene-based materials are studied via two different approaches: i) the original Forster model,
which relies on a simple point-dipole approximation; and ii) an improved Forster model accounting for an atomistic description
of the interacting chromophores. Here, to illustrate the impact of excited-state localization and the failure of the point-dipole
approximation, we consider a simple model system which consists of two interacting chains, the first a pristine ladder-type
poly(para-phenylene) (LPPP) chain and the second an LPPP-chain bearing a ketonic defect. The latter chain displays both lo-
calized electronic excitations close to the ketonic sites as well as excited states that are delocalized over the whole conjugated
chain. Singlet hopping rates have been computed for energy transfer pathways involving these two types of excitations. A gen-
eralized Forster critical distance is introduced to account for the errors associated with averaging out the actual molecular

structures in the original Forster model.
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1. Introduction

Energy transfer is involved in the conversion of solar energy
by many biological systems such as bacteria, algae, and
plants.[l’z] It is a key process in the working mechanism of many
organic optoelectronic devices. For instance, it has been shown
that by exploiting energy-transfer processes, it is possible to
tune the emission color of polymer blends to realize multicolor
light-emitting devices (LEDs).**! On the other hand, unde-
sired effects, such as the quenching of excitons or emission by
chemical impurities,m are promoted by energy migration to
such defects. It is therefore of importance to optimize energy
migration in such a way as to efficiently drive excitations to
luminescent centers in LEDs (or alternatively to dissociation
centers in solar cells).

Experimental and theoretical studies have provided a rather
detailed picture of the impact of chemical and structural
defects on the excited-state dynamics of conjugated materials.
In this context, Forster theory has played a central role. How-
ever, this theory was originally developed to account for reso-
nance energy-transfer phenomena in dilute solutions. As a
result, significant deviations are to be expected when the dis-
tance between the excited donor molecule (D*) and the accep-
tor (A) becomes similar to the size of the chromophore.*! It
is only when going beyond the limitation of the point-dipole
approximation that, for example, the relative efficiencies of
interchain versus intrachain energy transfer can be quantita-
tively modeled.!'!

To go beyond simple Forster theory usually requires the
application of sophisticated quantum-chemical calculations.
Here, we report the results of such calculations for model con-
jugated systems; we show that the actual energy-transfer rates,
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calculated using a more rigorous model based on donor and
acceptor transition densities, critically depend on the specific
electronic nature and spatial extent of the relevant excited
states. Interestingly, it is found that for certain relative orienta-
tions between the donor and acceptor molecules, traditional
Forster theory leads to a strong underestimation of the energy-
transfer rates, while for other orientations it strongly overesti-
mates the rates.

2. Description of the Energy-Transfer Process and
Definition of a Generalized Forster Radius

A widely used expression for the energy-transfer rate (k) in
Forster theory is written in terms of the Forster radius Ry,
which defines the distance at which the energy-transfer effi-

ciency is 50 %:1!
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where « is the orientation factor associated with the point-
dipole interaction between donor and acceptor (vide infra), R
corresponds to their center-to-center separation in units of cen-
timeters, and # is the refractive index of the intervening medi-
um. N is Avogadro’s number, @, is the fluorescence quantum
yield, and tp is the lifetime of the donor (in the same units as
1/k). The Forster spectral overlap (I) is obtained from the over-
lap—on a wavenumber (or wavelength 1) scale—of an experi-
mentally measured absorption spectrum for the acceptor
(where intensity is in molar absorbance), with an area-normal-
ized emission spectrum of the donor; / has units of M tem?:

C Za, fy )
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The practical advantage of the approach outlined above is
that all involved quantities can be determined experimentally.
The concept of a critical transfer distance has proven extremely
useful as a universal characterization of resonant energy-trans-
fer efficiency. However, this formulation of a critical transfer
distance applies only to a point-dipole model for the electronic
coupling between a donor—acceptor pair. That is, the Coulom-
bic electronic coupling that mediates energy transfer is limited
to the dipole-dipole term in a multipolar expansion of the
interaction potential:m]

1 Kupu
VCoul ~ Vdd — D™ A
dne, R3

4)
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Here «, the orientation factor between the two point transi-
tion dipoles up and ua, is given by:
k=wy i, =37, R) (7, F) ®)

Such an approximation works when the intermolecular sepa-
ration is large compared to molecular size, and leads to the
familiar R distance-dependence characteristic of the Forster
equation. It is apparent from Equation 4 that the only molecu-
lar observables retained in Forster theory to characterize the
involved excited states are the transition dipoles. Thus, impor-
tantly, such an approach does not account for the actual shape
of the excited-state wavefunctions, such as their localized/delo-
calized character.

To consider properly the quantum-mechanical aspects of the
energy-transfer process, one has to go beyond the above
approximations. The nature of the excited states strongly influ-
ences the electronic coupling between the donor and the accep-
tor, which will be the focus of our discussion. We note that in
general the electronic coupling consists of two parts: a long-
range Coulomb interaction and short-range exchange and
charge-transfer contributions. The latter requires wavefunction
overlap between donor and acceptor and are therefore only
relevant at very close intermolecular distances or when the
Coulomb contributions are small such as in the case of symme-
try or spin-forbidden transitions.

Within a zero-differential overlap (ZDO) formalism, the
Coulombic part of the electronic coupling can, to first approxi-
mation, be estimated from atomic transition densities (in the
form of multicentric monopole expansions),[m’”’ls] which incor-
porate the specific spatial shapes of the various excited states:

1 44

dze, i7 i

VCnul _ (6)

Here, g, corresponds to the transition density associated with
atom i at position ; on the donor molecule and g; is the transi-
tion density for atom j at position 7; on the acceptor molecule.

It is possible to define a generalized Forster critical distance
R for a simple donor—acceptor pair. When inhomogeneity in
the donor—-acceptor transition frequencies is negligible, Rs can
be related to the Forster critical distance according to:

R, = 1R, (7

The electronic coupling correction factor 7 is, as we show be-
low, a function of the relative positions and orientations of the
donor and acceptor molecules and of the actual shapes of the
transition densities associated with the electronic excitations of
interest. As the transfer rate is proportional to the square of the
electronic coupling, V, one obtains from Equations 1, 2, and 7:

1

3

Vv
"= (ﬁ) ®)
with V being the actual electronic coupling between the donor

and the acceptor (in our case Eq. 6) and Vgyq the coupling
obtained by the point-dipole model (Eq. 4).
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3. Results and Discussion

We have chosen to study energy transfer in bridged poly-
(para-phenylene)-type materials in order to evaluate the im-
pact of the presence of ketonic defects (Fig. 1). The latter are
of practical importance, as energy transfer to ketonic defects is
largely responsible for a shift of the emission to the green and

4LOPP Q.Q.Q.Q
4LOPPK Q.Q'Q.@

Figure 1. Chemical structure of selected model chromophores of ladder-
type oligoparaphenylenes with (bottom) and without (top) ketonic defects
at the central bridge.

for reduced efficiency in poly(para-phenylene)-based dis-
plays."1%2! Moreover, the specific nature of the lowest excited
states in ketone-containing poly(fluorenes) and ladder-type
poly(para-phenylenes) makes them ideal candidates to study
the details of energy migration in conjugated polymers: as the
lowest two excited states in ketone-containing chains display
an n—n* character and a charge-transfer CT-n—n* character,
respectively; they are both localized in the vicinity of the
ketonic defect. The third excited state is a delocalized m—sm*
state that is reminiscent of the lowest excited state in pristine,
ketone-free chains.['?! If long-range Coulomb interactions
prevail (see below), the optically weak n-m* state should
hardly contribute to the singlet energy transfer, while both
CT-n—n* and m—m* states are expected to provide efficient
channels for energy transfer to ketone-bearing chains.

To investigate the effect of various geometric parameters, we
considered two representative configurations, namely a head-
to-head and a cofacial (sandwich) configuration (see right part
of Fig. 4, later) between a donor chain and an acceptor chain.
The donor is a four-ring ladder-type oligo(para-phenylene)
(LOPP); it is characterized by a strongly allowed m—mt* emis-
sion with an INDO/SCI-calculated vertical transition energy of
3.61 eV. As acceptors, various ladder-type oligo(para-phenyl-
ene) chains carrying a ketonic defect in the center (LOPPK)
with chain lengths ranging from 4 to 14 rings have been consid-
ered; the INDO-SCI vertical absorption energies are given in
Table 1.

Figure 2 shows the atomic transition density
distribution for excitation into the CT-n—x* and
n—m* states of a 14-ring acceptor. The crucial dif-
ference between the two states is that, while the )
former is localized largely on the central two
rings, the latter is delocalized over the whole
chain. In Figure 3, we display the dependence on
intermolecular distance of the electronic coupling
between a pristine four-ring LOPP (acting as the
donor) and a 14-ring LOPPK bearing a ketonic
defect (acting as the acceptor). Here, the two

b)
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Table 1. Calculated vertical singlet transition energies and oscillator
strengths for absorption in different LOPPK acceptors as a function of the
number of phenylene units.

n—gr* CT—m—m* -

Number E Osc. E Osc. E Osc.
of rings [eV] strength [eV] strength [eV] strength

4 2.82 0.00 2.93 0.16 3.72 0.53

6 2.83 0.00 2.86 0.35 3.55 1.74

8 2.83 0.00 2.84 0.54 3.43 2.85

10 2.83 0.00 2.83 0.70 3.35 3.79

12 2.83 0.00 2.83 0.84 3.29 4.68

14 2.83 0.00 2.82 0.95 3.25 5.55

chromophores are arranged in a head-to-head geometric con-
figuration, leading to a shortest considered distance of 40.3 A
between the molecular centers when assuming touching van
der Waals’ spheres for the terminal H-atoms of the two chains.
As expected, the point-dipole method (Eq. 4) and the atomic
transition density method (Eq. 6) yield similar results for very
large inter-molecular distances. However, at shorter separa-
tions, the point-dipole approximation strongly underestimates
the actual coupling with respect to the multicentric monopole
expansion.

To highlight the differences between the transfer to the CT-
n—m* state and the m—m* state, 7, as defined by Equation 8, is
displayed in the inset of Figure 3 (note that an # value of 1.55
for transfer to the delocalized state and 1.28 for transfer to the
localized state at the shortest inter-molecular distances, corre-
spond to ratios of the energy-transfer rates of 14.1 and 4.5,
respectively.) The different behavior observed for the two
migration channels reflects the different shapes of the asso-
ciated transition densities: while the localized character of the
CT-n—n* excited state (confined in the central part of the
acceptor molecule) seems to justify the use of the point-dipole
approximation at intermediate molecular separations, this
approximation completely breaks down in the case of transfer
to the delocalized i—mt* state.

The influence of the shape of the molecular wavefunction is
further illustrated by comparing the dependence of the elec-
tronic coupling on the acceptor size. This is shown in Figure 4.
The upper part of Figure 4 corresponds to the donor and
acceptor in a head-to-head configuration for the shortest inter-
molecular distance (touching van der Waals’ radii of the termi-
nal hydrogens). The increase in # with increasing acceptor
length is much less pronounced for the localized CT-m—n*

020502050251 1. 1,920 s 020 0te:

Bl Aot A Sl el ot
{3958 108 ‘rﬁf-{‘:}\; 050 #?}tm

Figure 2. INDO/SCI calculated atomic transition densities for excitations to the localized
CT—n—mt* state (a) and to the delocalized m—m* state (b) in 14 LOPPK. The areas of the
circles are chosen to be proportional to the atomic transition densities.

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

d3idvd 1Ind

157



[
™}
s
a
-l
wd
=
4

158

H. Wiesenhofer et al.[Limitations of the Férster Description of Singlet Exciton Migration

4000F = ]
3000- 14t ]
o =
& 1.2+
52000 :
> 140750760 70 %0
1000 Distance [A] 1
050 s0 70 80

Distance [-“L]

Figure 3. Distance dependence of the electronic coupling V? for energy
transfer from a 4-ring LOPP donor to a 14-ring LOPPK acceptor (the ener-
gy-transfer rate k is directly proportional to V?). The solid lines in the plots
represent the results obtained from atomic transition densities (Eq. 6);
the dotted lines are calculated using the point-dipole approximation
(Egs. 4,5). Solid squares describe energy transfer to the delocalized m—m*
backbone states and crosses represent transfer to the localized CT-m—m*
states. The insets shows the correction factor 7 (Eq. 8) for transfer into
localized CT—m—mt* (crosses) and delocalized m—m* (squares) states.

excited state compared to the delocalized m—m* state. This is
again fully consistent with the fact that, in the context of ener-
gy-transfer processes, a localized transition density can be more
reasonably described by a point dipole than a delocalized one.
The lower part of Figure 4 demonstrates the complete failure
of the point-dipole approximation for a cofacial arrangement.'!
Interestingly, while in the case of the head-to-head configura-

0.8
0.7
0.6
0.5

T

0.4

0.3

| P PR NI T T

0.2

1 1 1 1 1 1
] B 10 12 14
Number of Acceptor Rings

Figure 4. Correction factor 7 as a function of the size of the acceptor mole-
cule for head-to-head configuration (top) and cofacial configuration (bot-
tom). Solid squares: energy transfer to the delocalized m—m* acceptor
state; Crosses: transfer to the CT—n—m* states localized close to the ke-
tonic defects. In the head-to-head configuration, the inter-molecular dis-
tance is chosen in a way that the van der Waals’ radii of the terminal
hydrogens of the donor and acceptor chains touch. The inter-molecular
distance for the cofacial conformation is chosen to be 10 A to ensure that
one is dealing with fully incoherent transfer, i.e., weak coupling limit (note
that the oscillations in the plots arise from the two different positions of
the terminal rings for different acceptor sizes, since they are not exactly
aligned with the molecular axis in LOPPK).
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tion, the point-dipole approximation is found to underestimate
the electronic coupling, it leads to largely overestimated values
in the case of cofacial arrangements.

This behavior can be qualitatively understood if one as-
sumes, for the sake of simplicity, that the overall transition
dipole of the donor (or the acceptor) can be partitioned into
two dipoles arranged along the molecular axis, one located at
1/4 of the length and the second located at 3/4 of the length of
the molecule®??! (see Fig. 5). The overall transition rate can
now be expressed as a sum over all the contributions from the

DONOR ACCEPTOR
4LOPP 4LOPPK
— l-l-l] P Hpz I‘l'-\’ A I-L..\z
& Yy /
H[‘I.\]
ﬁJJL-\.Z
- ,J -
M 5 A
*2— ACCEPTOR

' 4LOPPK

Figure 5. Schematic representation of the dipole interactions when consid-
ering split transition dipoles. Top: head-to-head configuration; bottom: co-
facial configuration.

individual transition dipoles. From the 1/R* dependence of the
electronic coupling (Eq. 4), it is clear that for the head-to-head
case the gain in coupling due to the closer lying transition di-
poles is stronger than the loss due to the more distant ones.
This explains the larger values for the coupling obtained with
the distributed monopole method compared to the simple di-
pole approximation, which assumes that the dipoles are located
at the centers of the molecules. For the cofacial configuration,
one obtains the opposite trend since some of the interactions
of the individual point dipoles can cancel one another. This is a
result of the different orientational factors (Eq. 5) between cer-
tain pairs of interacting point dipoles in the lower part of
Figure 5.3 Moreover, the distance between certain pairs of
dipoles is increased compared to the simple dipole model.

In an amorphous film, the head-to-head and cofacial confor-
mations are only two limiting cases of the possible geometric
arrangements. As an example, we have also evaluated V2 a
function of the angle between the donor and acceptor molecu-
lar axes (in this case, for a 4LOPP donor and a 4LOPPK accep-
tor) (see Fig. 6). The inset shows the corresponding # values. It
is seen that in the range between 0° and about 100°, the dipole
approximation (dotted lines) underestimates the electronic
coupling, while it overestimates it for angles larger than about
100° (7>1 for small angles and <1 for large angles). These

Adv. Funct. Mater. 2005, 15, No. 1, January
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Figure 6. Electronic coupling V? as a function of the relative orientations
of the donor and acceptor oligomers. The model system consists of a
4-ring LOPP donor and a 4-ring LOPPK acceptor with a distance between
the molecular centers of 17.9 A for the head-to-head configuration and
4.2 A for the cofacial configuration. The acceptor is rotated from a cofacial
configuration to a close to head-to-head configuration as shown in the
upper part of the figure. The values for the angle between the donor and
acceptor oligomers goes from 0° (cofacial configuration) to 180° (head-to-
head configuration). Lines with solid squares denote transfer to the delo-
calized backbone states whereas lines with crosses refer to transfer to the
localized CT—m—t* state. The relatively small size of the acceptor leads to
minor differences for energy transfer to the CT—n—mt* and the mi—mt* states.
The solid lines in the plots represent the results obtained from atomic
transition densities (Eq. 6); the dotted lines are calculated using the
point-dipole approximation (Egs. 4,5). The inset shows the correction fac-
tor 7.

results suggest that the success of the point-dipole approxima-
tion, as implemented in the original Forster theory, to describe
the excitation dynamics in disordered conjugated polymer
films might simply arise from a cancellation of errors.

Finally, we discuss another case that nicely underlines the im-
pact of the actual shape of the involved transition densities.
Figure 7 collects the V2 values obtained when varying the rela-
tive positions of the donor and acceptor oligomers in the cofa-
cial configuration. The calculations are performed for the
4-ring LOPP donor and a 14-ring LOPPK acceptor. The hori-
zontal axis corresponds to a longitudinal displacement of the
centers of the coplanar oligomers, while the vertical axis refers
to the inter-molecular distance. The top graph corresponds to
energy transfer to the CT-n—x* state. It does not only quantita-
tively but also qualitatively differ from the central graph, which
corresponds to energy transfer to the delocalized m—m* state.
Most notably, for the case of transfer to the delocalized m—m*
state, there exists an additional minimum for close separations
between donor and acceptor when the oligomer centers are on
top of each other (zero lateral displacement). This minimum
is actually related to the very small transition densities for the
n—n* state in the center of the ketone-containing chains (see

Adv. Funct. Mater. 2005, 15, No. 1, January
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Figure 7. Dependence of the electronic coupling V? on molecular displace-
ments in a cofacial configuration. The x-axis corresponds to lateral
displacement of the oligomers along the long molecular axis, while the
y-axis corresponds to increasing distances between the planes of the
oligomers. The studied system for the upper and middle plots consists of
a 4-ring LOPP donor and a 14-ring LOPPK acceptor. The upper plot corre-
sponds to energy transfer to the localized CT—m—nt* state and the middle
plot to transfer to the delocalized m—m* state. The bottom plot describes
energy transfer to a pristine 14-ring LOPP. The V2 values are plotted on a
logarithmic scale starting from 10° cm™ (black region) up to values of
10" cm™ (white region).

lower part of Fig. 2). This is confirmed by the fact that when
the results for energy transfer to ketone-containing chains are
compared to those for transfer to a pristine (i.e., ketone-free)
14-ring LOPP (bottom part of Fig. 7), we find that in the latter
case the minimum in the coupling is absent.

4. Conclusion

In conclusion, our results provide a clear illustration that the
Forster model, which relies on a point-dipole approximation,
can substantially fail in describing energy-transfer processes in
conjugated polymers. We note that the failure of the model
might sometimes be obscured by a cancellation of errors due to
overestimated transfer rates for cofacial configurations and un-
derestimated values for head-to-head configurations.
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The key role played by the shape of the transition densities
in the calculation of energy transfer rates has been described
for several examples. Due to the significantly different elec-
tronic nature of the low-lying excited states in bridged poly-
(para-phenylenes) containing ketonic defects, it has been
shown that the inadequacy of the Forster model is usually larg-
er when studying energy transfer to (and from) delocalized
excited states than when localized states are involved. In our
studies we also find that applying the point dipole approxima-
tion results in a strong overestimation of the transfer rates for a
cofacial conformation, while it results in an underestimation of
the rates for a head-to-head configuration. The typical value
for the correction factor of the Forster radius # in a head-to-
head configuration is in the range between 1.1 and 1.6; for a
cofacial configuration, 7 is in the range of 0.2 to 0.8.

5. Computational Details

The ground-state geometries of the donor and acceptor chromo-
phores were computed at the Austin Model 1 (AM1) [24] level. To de-
scribe the relaxed geometry of the donor excited states, the AM1 Ha-
miltonian was coupled to a configuration interaction scheme (AM1-CI)
[25]. The active space was chosen to contain the two highest occupied
and two lowest unoccupied orbitals.

The electronic excitation energies, transition dipoles, and transition
densities are calculated using the intermediate neglect of differential
overlap Hamiltonian (INDO) [26] coupled to a single configuration in-
teraction (CI) approach to include correlation effects. The size of the
active CI space is scaled with the size of the molecule and consists of
the 6n highest occupied and 6n lowest unoccupied orbitals (where n is
the number of benzene rings).

To estimate the reliability of the distributed monopole method which
uses the ZDO approximation, we also carried out calculations with the
transition density cube method (Ref. [8]), which involves the full three-
dimensional (3D) structure of the transition densities. The results were
in very good agreement and no significant deviations from the distrib-
uted monopole method were observed.

In our calculations, we described the Coulomb interaction between
the molecules by a 1/r potential (Eq. 6); using screened Coulomb
potentials like Mataga-Nishimoto (MN) [27] would yield slightly differ-
ent values but similar trends. We note that the MN potential is applied
for instance, when deriving transfer rates from the half-splitting ener-
gies between the two lowest excites states in dimer configurations [11].
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