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Abstract: The dynamics of interchain and intrachain excitation energy transfer taking place in a
polyindenofluorene endcapped with perylene derivatives is explored by means of ultrafast spectroscopy
combined with correlated quantum-chemical calculations. The experimental data indicate faster exciton
migration in films with respect to solution as a result of the emergence of efficient channels involving hopping
between chains in close contact. These findings are supported by theoretical simulations based on an
improved Forster model. Within this model, the rates are expressed according to the Fermi golden rule on
the basis of (i) electronic couplings that take account of the detailed shape of the excited-state wave functions
(through the use of a multicentric monopole expansion) and (ii) spectral overlap factors computed from the
simulated acceptor absorption and donor emission spectra with explicit coupling to vibrations (considered
within a displaced harmonic oscillator model); inhomogeneity is taken into account by assuming a distribution
of chromophores with different conjugation lengths. The calculations predict faster intermolecular energy
transfer as a result of larger electronic matrix elements and suggest a two-step mechanism for intrachain
energy transfer with exciton hopping along the polymer backbone as the limiting step. Injecting the calculated
hopping rates into a set of master equations allows the modeling of the dynamics of exciton transport
along the polyindenofluorene chains and yields ensemble-averaged energy-transfer rates in good agreement
with experiment.

I. Introduction through evolution has inspired scientists to take advantage of
ultrafast energy-transfer processes in the development of

Resonance energy transfer (RET) refers to a nonradiative g yihetic light-harvesting systems. Fast energy transfer is also

photophysical process whereby an excited donor fluorophore ggsential to achieve efficient internal color conver3iam

D transf_ers Its exc_ltatlon energy to an acceptor chromophore g|ecirolyminescent devices, to ensure excitation migration
A’ thus, it can be viewed as a virtual photon exchange between 44 dissociation zones in solar célist to promote delicate
two interacting molecules that arises from the coupling between (bio)chemical sensinty:® Energy transfer within assemblies of

thel dor:or radiative decay and the Iexcne_atloE of thehac_cepto:csma” organic molecules can also prove useful in the achieve-
molecule. RET processes are involved in the mechanism o ment of low-cost nanoscale photonic deviées.

crucial biological processes such as light harvesting in photo-
synthetic systemsThe powerful machinery designed by Nature
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These results have triggered a tremendous interest in develop-
ing a detailed understanding, at the microscopic level, of the
fundamental mechanisms underlying excitation energy-transfer
phenomena in conjugated materials. This interest has been fueled
by the need to control the energy flow in organic materials,
which strongly impacts the resulting device efficiencies. For
instance, a strong red shift in emission wavelength upon
excitation has been reported for polyfluorene-based electrolu-
minescent diodes as a result of photo- or electro-oxidation; the
modifications of the optical properties have been assigned to
the presence of lower b_an(_:i-gap fluorenone chromophores thatFigure 1. Molecular structure ofx,w-bis(N-(2,6-diisopropylphenyl)-1,6-
act as traps for the excitation energy. bis-(4ieft—butylphenoxy)-3,4—dicarb’onicacidimi’de-9-pery|ene-poly-2,8-'(6,6,-

The link between exciton dynamics and microscopic orga- 12,12-tetraethylhexyl)indenofluorene (PEC-PIFTEH).
nization of the chromophores needs to be better understood to
enable the design of elaborate systems, wherein for instance €Xciton traps. Energetic disorder together with strong eleetron
the transfer process toward the molecular targets with the desired®honon coupling, which are typical characteristics of most
optical features is favored and exciton trapping on low-lying conjugated polymers, lead to localization of the excitation energy
defects is minimized. One of the main issues in setting up such Over individual conformational subunits. The polymer chains
a microscopic model concerns the relative efficiencies of ¢an then be regarded as made from a statistical distribution of
interchainversusintrachainenergy-transfer processes. We note Ségments with different conjugation lengths and hence different
that hereintrachain energy migration refers to motion along ~€xcitation energies. Energy migration proceeds incoherently
the conjugated backbone of a single polymer chain in the through a sequence of hopping events between the localized
absence of any chain-to-chain contact (rigid-rod structure), while Sites that contribute to the density of states (DOS) on an energy
interchain transfer refers to a through-space energy process scale!* Upon photoexcitation, unidirectional long-range exciton
between closely spaced chromophores (either belonging tohopping along the polyindenofluorene chains from high-energy
different polymer chains or brought close to one another as ashort conjugated segments toward lower-energy sites takes place
result of chain folding). It has been demonstrated by Schwartz Prior to energy transfer to the perylene endcaps. Dispersive
and co-worker® that in alkoxy-substituted polp¢phenylene relaxation of the photoexcitations through incoherent hopping
vinylene) the exciton diffusion is slowed wheinterchain among localized states has also been reported in thin films of
interactions are inhibited due to incorporation of single conju- POly(fluorene);> which is a member of the same ladder-type
gated chains in the pores of a silica matrix. Less effective POly(p-phenylene) family as PIF.
intrachainenergy migration compared taterchaintransfer has In solution, direct interactions between the perylene endcaps

been attributed to weak dipole coupling of the excitations along &nd the conjugated segments can be ruled out when considering
the chain directiod213 that the rigid-rodlike structure of the PIF chains prevents any

In this work, we investigate botimtramolecularandinter- chain folding (in contrast to the situation encountered in PPV
molecular energy-transfer processes in a covalently linked derivatives,® incoherent exciton hoppirgjong the PIF chains

donoracceptor pair, namely, a polyindenofluorene (PIF) strand is therefore expected to be the main exciton migration channel.
endcapped with red-emitting perylene monoimide deriva- In the solid state, additional pathways for energy migration open

tives. The system under investigationoisn-bis(N-(2,6-diiso- up, such as direcinterchain transfer from a photoexci'Fed.
propylphenyl)-1,6-bis-(4ert-butylphenoxy)-3,4-dicarbonicaci- indenofluorene segment to a clpsely located perylene derivative
dimide-9-perylene-poly-2,8-(6,6,12,12-tetraethylhexyl)indenof- attached to a neighboring chain,

luorene, hereafter abbreviated PEC-PIFTEH (the chemical !N this work, exciton dynamics in PEC-PIFTEH is investi-
structure is displayed in Figure 1). gated by combining time-resolved spectroscopy measurements

. . . . and correlated quantum-chemical calculations. The experimental
In such a system, light absorption by the polymer bridge is . . .
S ) ’ o results are interpreted in the framework of a theoretical approach
followed by migration of the resulting electronic excitations

. L X based on an improved Eier model’8wherein the electronic
toward the lower optical gap perylene derivatives acting as :
matrix elements for energy transfer are calculated from a

multicentric monopolar representation of the transition dipole
moments (atomic transition densitié8)The elementary steps
involved in intrachain and interchain energy migration have
been modeled first. The results suggest that in this polymer
intramolecular energy hopping rates are small with respect to
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the corresponding intermolecular values, a picture that is their spectral overlap. It can be recast in terms of the overlap
consistent with the measured exciton dynamics in solution between donor emission and acceptor absorption spectra nor-
compared to that in films. In a second step, long-range malized on an energy scale as (see Supporting Information):
intramolecular energy motion along the PIF chains as well as
trapping dynamics are investigated by means of a Pauli master k,, = 1.18VDA|2£)°dE Fo(BE)AL(E) = 1.18VDA|2JDA (2)
equation (PME) approacdiwherein excitation migration occurs
through a random walk among localized conformational sub- where Fp(E) and Aa(E) denote the donor fluorescence and
units. Excitation diffusion along the polymer chains is found acceptor absorption spectra, respectively, normalized orma cm
to compete with radiative decay, in good agreement with the scale; in eq 2, the electronic matrix element is expressed it cm
experimental data in solution. and the transfer rate in ps
Electronic Couplings. The tunneling matrix elemenY/pa,
involves the unperturbed (zero-order) initial and final wave
Hopping Rates.Depending on the relative magnitude of the functions, given by a simple product of the localized excited-
electronic coupling promoting the energy-transfer process state donoriyp+) and ground-state acceptarA) wave functions
between donor and acceptdfpa, and the donor vibrational  and vice versa, respectively:
relaxation energyEw,, two limiting cases can be distinguished
for energy transfer, which are referred to as the weak and strong Voa = WP IHp A9 = WopepalHoavpwa D (3)
coupling mechanisms. In the weak coupling regime, interchro- ) ) o
mophore electronic interaction is assumed to be (much) smallerWheréHoa is the perturbation describing the doracceptor

than the vibrational reorganization eneri#pf < ErDeu), which interaction. Within the single configuration interaction _(SCI)
approach adopted here, the donor ground-state and excited-state

implies that an excited chromophore relaxes to its equilibrium ) ) 1 h -
geometry prior to hopping to a neighboring molecule. In this Wave functions write (similar expressions can be obtained for
the acceptor):

regime, energy migration takes place through sequential inco-

Il. Theoretical Background and Methodology

herent hopping steps between localized chromophores (nona- D
diabatic limit); the excitation motion can be described as [yp0= [HF D [y 0= Zziaa(a&im_kaaim)mp[)g (4)
Markovian, each elementary transfer step being independent of i=a

the history of the overall excitation migration process. In

contrast, in the strong coupling limiVa > E2,), vibrational where |[HFp[Jdenotes the Hartreg-ock self-consistent-field

. 4o . .
motion occurs on a much longer time scale than electronic 9round-state determinarety, [ioi] creates an electron with spin

motion, and the excitation wave functions spread over the whole UP ©n unoccupied molecular orbital (M@]removes an electron

system without any self-localization (adiabatic limit). Recent With Spin up on occupied M@} and Zi— is the Cl expansion
joint experimental and theoretical studies performed on phe- coefficient associated with tHe~a single excitation. Injecting

nylacetylene dendrimers suggest that these molecules, in theid 4 into eq 3 leads to:

relaxed excited-state geometries, actually belong to the strong D A
coupling regime as a result of contributions from through-bond Vo = z ZP—»a ZA—>b{2[bAjA|aDiD] — [baiplagial} —
charge-transfer excitatio. a ]

In the system we investigate, the magnitude of the electronic P=2J-K-P (5

coupling between neighboring chromophores is calculated to
be smaller than the geometric relaxation on an isolated chro-
mophore. Therefore, the energy-transfer processes can be . . 1 . 1 ., .
reasonably modeled in the framework of the weak coupling J= [Palal@oip] = RfdrlerbA(rl)lA(rl)r_aD(rZ)lD(rz)
regime and a Fster-like approach. Within this model, the rate 0 12

for energy transfer between an excited donor and a ground-and exchange contributions:

state acceptorkpa, can be derived from time-dependent

which involves two-electron Coulombic contributions:

; ; 23 . . 1 « . 1 . .
perturbation theory and the Fermi golden rule&&" K = [baiplapial = T, fdrlerbA(rl)lD(rl)r_lzaD(rZ)JA(rZ)
21
Koa =7 Vpal? (FCWD) (1) P encompasses the remaining (penetration) terms that depend
explicitly on the overlap between donor and acceptor molecular
orbitals?*

whereVpa is the electronic matrix element for energy transfer,
which can be viewed as a measure of the electronic interaction
between excitations localized over the donor and acceptor
moieties; FCWD stands for the Frane€ondon weighted
density-of-states factor, corresponding to the product of the
density of vibrational states in the initial and final states and

Energy transfer promoted by Coulombic interactions, referred
to as the Foster mechanism, is a long-range process whose
efficiency is directly related to the dipole strength of the donor
and acceptor electronic transitions. In contrast, energy-transfer
processes via exchange interactions (Dexter mechaftism)
orbital penetration are short-range processes, which scale as the
(20) May, V.; Kthn, O.Charge and Energy Transfer Dynamics in Molecular ~ overlap between the donor and acceptor orbitals (i.e., decay

SystemsWiley: Berlin, 2000, exponentially with distance). Exchange contributions only

(21) Thompson, A. L.; Gaab, K. M.; Xu, J.; Bardeen, C. J.; Martinez, T. J.
Phys. Chem. 2004 108 671.

(22) Schatz, G. C.; Ratner, M. RQuantum Mechanics in Chemistrigrentice (24) Harcourt, R. D.; Scholes, G. D.; Ghiggino, K. .Chem. Phys1994
Hall: Englewood Cliffs, NJ, 1993. 101, 10521.
(23) Scholes, G. DAnnu. Re. Phys. Chem2003 54, 57. (25) Dexter, D. L.J. Chem. Phys1953 21, 836.

4746 J. AM. CHEM. SOC. = VOL. 127, NO. 13, 2005



Exciton Migration in Rigid-Rod Conjugated Polymers

ARTICLES

prevail when the electronic excitations involved in the RET
process are optically forbidden or weakly allowed; these have

b= Po(m) Xy (11)

not been accounted for here, and eq 5 then takes the simple

form:

D A
A=2) .

ha J,

Z]ib[bAjA lapipl (6)

In the original Foster model,Vpa is further simplified by

with X, the x-coordinate for sitem.

Spectral Overlap Factors.Conjugated systems are usually
characterized by strong electron-vibration coupling. The cor-
relation between electronic and vibrational degrees of freedom
leads to electronic and nuclear reorganizations upon photoex-
citation and the appearance of a vibronic progression in the
absorption and emission spectra. In the Frar€kndon picture,

expanding eq 6 as a multipole expansion with respect to the
center-to-center distance, which is truncated after the dipolar
term:

coupling between electronic and vibrational transitions implies
a displacement of the ground and excited equilibrium geometries
relative to each other along some normal coordinates (which
are said to be coupled to the electronic transition). As a result

_k_[“pHa of strong electron-vibration coupling, the spectral intensity is
47760 R%A obtained as a superposition of transitions between the manifold
of vibration states (of the coupled normal modes) associated to
whereup andua denote the magnitude of the donor and acceptor the ground and excited state. To compute the spectral overlap
transition dipole moments (associated to the lowest optical factors in eq 2, absorption and emission spectra have been

excitation), respectivelyRpa is the center-to-center doner simulated within the approximation of undistorted displaced
acceptor interdistance; is a factor depending on the relative harmonic oscillators. The ground-state and excited-state potential
orientations of the dipoles: energy curves are thus described by parabolas with identical
curvatures and displaced with respect to one another along the

K= fp fp — 3p Upa)(da Upy)

)

DA

(8) relevant normal vibration modes.

In the hypothetical case of quadratic potential energy surfaces
wherelipa is the unit vector connecting the centers of the donor displaced along one single normal mode, the shape of a
and acceptofip andzia are unit vectors defining the orientation  vibrational progression ta0 K follows a simple Poisson
of transition moments for the donor and the acceptor. Such andistribution27-29
approach averages away the shapes of the donor and acceptor
wave functions and should only be applied when the size of
the interacting molecules is small with respect to the intermo-
lecular separation. This is hardly the case in polymeric materials
where the point-dipole model (PDM) is expected to break down. WhereFS_n(v) denotes the FranekCondon factor for mode,

To account for the detailed chemical structure and topology of defined as the squared overlap integral between the vibrational
the interacting chromophores, we have adopted an “improved” ground-state level of the initial electronic state and tile
Forster formalism, wherein the total electronic coupling is thvibrational excited-state level of the final electronic st&g;
expressed as a sum over pairwise interactions between atomi¢he Huang-Rhys factor associated to tineh active mode, is a
transition charges (as obtained by expanding eq 6 in a zero-measure of the electron-vibration coupling and corresponds to
differential-overlap (ZDO) approximatior¥: the ratio of the nuclear reorganization energy along the normal
coordinate, 4,, and the corresponding vibrational energy
A, :27-31

(S)'es,
n!

lo-n(v) OF5 () = (12)

>

VSXUI =2 Z|_.a ZﬁﬁbClpCap Jquq[Xpolquq]

AMU
_QM>

QD

X,

v f 2
S =7—=5(AQ,,) (13)
1 2 2 pp(P)ea(d) © ho,  2hw, <o
4«7'[60; where DQel, is the change in equilibrium geometry between

the ground state and the excited state alongrienormal
coordinate and is the corresponding force constant. Equation
12 can be readily extended as a product of Frar@&ndon
factors associated to all normal modes coupled to the excitation.
In addition, whenkT is comparable tdw,(which is the case

where the summation runs over all sitplgy] on the donor
[acceptor];rpq denotes the distance between atomic cernters
andg; yp andyqcorrespond to atomic orbitals on sitesindg;
Cipis the LCAO coefficient for MG on sitep; pp(p)[pa(0)] is
the atomic transition density on sjfg] calculated for the lowest
optical excitation on the donor (acceptor): (

26) When based on ab initio electronic structure calculations, the electronic
coupling involves interactions between the full three-dimensional wave
functions (transition density cubes). See: Krueger, B. P.; Scholes, G. D.;
Fleming, G. RJ. Phys. Chem. B00Q 104, 1854.

(27) Lax, M.J. Chem. Physl952 20, 1752; Keil, T. H.Phys. Re. 1965 140,

601; Di Bartolo, B.; Powell, R. CPhonons and Resonances in Sqlids
Wiley: New York, 1975.

(28) Gierschner, J.; Mack, H.-G.;"keug, L.; Oelkrug, D.J. Chem. Phys2002
116, 8596.

(29) Karaburnaliev, S.; Bittner, E.; Baumgarten, M Chem. Phys2001, 114,
5863.

(30) Cornil, J.; Beljonne, D.; Heller, C.-M.; Campbell, I.-H.; Laurich, B.; Smith,
D.; Bredas, J.-L.Chem. Phys. Lettl997 278 139.

(31) Cornil, J.; Beljonne, D.; Badas, J.-L.J. Chem. Phys1995 103 834.

D
po(P) = V2 zzha - [pA(q)=ﬁZ;-’ibC,-qcbq] (10)
IB

The transition densities provide a local map of the electronic
transition dipole moment, with (for thecomponent of the donor
transition dipole):
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for librational modes at room temperature), excited vibrational significantly reduced. It is thus important to consider the
levels are populated and the spectra are simulated by consideringoupling of the low-frequency libration modes to the electronic
a Boltzmann distribution of vibrational quanta (eq 12 needs then excitations when computing the spectral overlap factors.
to be rewritten by considering all possible transitions between In our simulations, spectral overlap factors were calculated
vibrational levelsm andn in the initial and final states¥ Since on the basis of acceptor absorption and donor emission spectra
a complete FranckCondon treatment of all the coupled (normalized on an energy scale) simulated within the Franck
vibrational modes is too computationally demanding, only the Condon approximation by considering two main effective
normal vibrational modes with the largest HuarRhys factors vibrational modes:
are generally considered in the simulations of optical spectra. (i) a high-frequency mode (at 1300 c&) representative of
Spectra of extended-conjugated systems such as pply(  the dominant carboncarbon stretching and ring breathing
phenylenevinylene), polp(phenylene), and the corresponding vibrational motions in phenylene-based conjugated polymers;
ladder-type systems (which include polyindenofluorenes) are  (ji) a low-frequency libration mode (at 80 cr}.
generally dominated by a vibronic progression originating from  The effective frequency associated to the=C stretching
the coupling to high-frequency=€C stretching ZEOdeS lyingin  modes considered here has been derived from the mean energy
the energy range between 1200 and 1600°ct*° In addition, ~ spacing between the main vibronic bands of the experimental
nonnegligible coupling to low-frequency ring-torsional modes gpectra, while the frequency associated to the ring-torsional
has been reported for floppy molecules presenting torsional motions is the theoretical value obtained by Karaburnaliev and
degrees of freedom; this is the case for ppiphenylene) and Bittner2® for oligo(p-phenylene)s.
poly(indenofluorene). It has been demonstrated that relaxation pe Huang-Rhys factors associated to the high-frequency
in torsional degrees of freedom for these molecules covers ay iprational mode have been extracted from the calculated
large fraction (in the range of 80%) of the mass-weighted rejaxation energies (at the INDO/SCI level) while constraining
interstate dlgStOl’tIOﬂ on going from ground-state to excn_ed-state the molecule to a planar conformation (thus, freezing out the
geometries? The large displacement of BorOppenheimer  (qrsional motions to disentangle the contributions to the
potential surfaces on going from the ground to the excited rg|axation energy associated to the two types of motion). The
electronic state is consistent with the strong coupling of these Huang-Rhys factors for the low-frequency mode have been
low-frequency modes to the electronic transition. _adjusted to fit the Stokes shifts measured in oligomer solutions
Direct comparison of experimental spectra and theoretical 5¢ yoom temperatureS ~ 14 was found to lead to the best
studies based on the use of quantum-chemical techniquesggreement with experiment. Note that this value is higher than
showed that coupling to these low-frequency modes affects {4t reported for the libration mode in oligophenyleAgsne
strongly the band shapes of the absorption and emission spectragguid thus regard this vibration mode as an effective mode
The vibronic bands associated to these modes cannot be reso"’egccounting for all low-frequency vibrations coupled to the
in inhomogeneously broadened spectra as a result of the smalycitation (i.e., libration as well as soft acoustic modes or
energy separation between the V|brat|or!al sublevels (typ|pally intermolecular moded?). Such an effective mode thus also
less than 100 cri#) but lead to a broadening of the absorption  encompasses modes associated with the bath (solvent), which
features_ and the lack of mirror symmetry between emission and -5, pe typically modeled as Brownian oscillators. However, a
absorption at room temperatiii€The very large HuangRhys simplified model can also be employed that contains a discrete
factor associated to the torsion modes, on the order of 10 for ,,mber of modes. or even just a single mode, and provides a
poly(p-phenylene) compounds, leads to a vibronic progression phenomenological description of the line broadening. In that
with a Gaussian-like shape. Including these low-frequency case the bath spectral density is represented by, for example,
modes opens up a Stokes shift between the apparedliles one average frequency. Linear spectroscopies, such as absorption
(the absorption spectrum being blue-shifted while the emission 54 fluorescence, in the high temperature limit are generally
spectrum |§gsh|fted to the red), as described by Karaburnalievisensitive to the precise model used to construct the homoge-
and Bittners® and leads to a temperature-dependent broadening e ous line broadening, so for the present purposes we employ
of the vibrational features. As a result of this Stokes shift, the ¢ simplest model of a single average bath frequency to model
spectral overlap between absorption and emission spectra ishe path fluctuations. The low-frequency effective mode is thus
(32) Beljonne, D; Bdas, J.-L.; Cha, M.; Torruellas W. E.; Stegeman, G. |.; expected to properly account for solvation effects. Note also
Tgésgggzl W.; Horsthuis, H. H. G.; Méman, G. RJ. Chem. Physl995 that the use of undistorted harmonic potentials for the treatment
(33) Heimel, G.; Daghofer, M.; Von der Linden, W.; List, E. J. W.; Grimsdale, Of ring-torsional vibration modes represents a rather crude

ﬁr'e(;'s; Miillen, K.; Beljonne, D.; Bfdas, J. L. Zojer, EJ. Chem. Physin approximation and that a more sophisticated study accounting

(34) Tian, B.; Zerbi, G.; Schenk, R.; Man, K. J. Chem. Phys1995 95, 3191; for the exact shape of the potentials would be more appropri-
Chiavarone, L.; Terlizzi, M. D.; Scamarcio, G.; Babudri, F. G.; Farinola, 33
M.: Naso F.Appl. Phys. Lett1999 75, 2053: Ripamonti, E. A.. Very, J. ate33 These are, however, currently out of reach for the long

Dulieu, B.; Faulques, E.; Lefrant, Synth. Met1999 101, 196; Gierschner, oligomers investigated here. Nevertheless, we stress that our
J.; Mack, H.-G.; Ler, L.; Oelkrug, D.J. Chem. Phys2002 116, 8596;

Peeters, E.; Ramos, A. M.; Meskers, S. C. J.; Janssen, R.JAChem. simple mOdel aHOW_S L_JS to reproduce the overall sha_pes of the
(@5) fhys.ZO(g 1\}2 53445T. . G.; Letrant, Synth, Met1691 41-43 absorption and emission spectra and to assess the influence of
eising, G.; Verdon, T.; Louarn, G.; Lefrant, Synth. Me —43, . . .
279; Nijegorodov, N. I.; Downey, W. S.; Danailov, M. Bpectrochim. coup!lng to IO\.’V'freque.nCy ques on the optical prOD?rt|§5- In
ll\%/lct?, Pfgg %09&756, 783; Bredas, J.-L.; Cornil, J.; Heeger, AA#y. addition, we find that it provides a reasonable description of
ater. y .
(36) Miller, E. K.; Maskel, G. S.; Yang, C. Y.; Heeger, A. Phys. Re. B the spectral overlap factors, when compared to the values

1999 60, 8028; Cadby, A. J.; Lane, P. A.; Mellor, H. S.; Martin, J.; Grell, i i i .
M.; Giebler, C.; Bradley, D. D. C.; Wohlgenannt, M.; An, C.; Vardeny, Z. measured in ollgomer solutions
V. Phys. Re. B200Q 62, 15604; Ariu, M.; Lidzey, D. G.; Sims, M.; Cadby,
A. J.; Lane, P. A.; Bradley, D. D. Cl. Phys. Condens. Matt@002 14, (37) Johnston, M.B.; Herz, L. M.; Khan, A. L. T.; Kter, A.; Davies, A. G;
9975; Scherf, U.; List, E. J. WAdv. Mater. 2002 14, 477. Linfield, E. H. Chem. Phys. LetR003 377, 256.
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The absorption and emission spectra have been convolutedransition dipole moment calculated for thelaxed f-i
by means of Lorentzian functions with an effective full width electronic excitation on site.
at half-maximum of 0.04 eV at room temperature to account From the solution of these equations (obtained through
for homogeneous broadening (fitted against the experimentalnumerical diagonalization of the stochastic matrix defined by
oligomer spectra). the transfer rates,one can derive a series of useful observables,
Long-Range Energy Transport.In the weak coupling limit, which allows for a direct comparison to the experimental data.
the polymer chains can be viewed as a series of chromophoredn particular, the time-dependent population on the perylene
that retain their individual geometric and electronic structures moiety can be compared directly to the measured time-resolved
(this approximation has been carefully examined and found in perylene photoluminescence spectrum. In addition, the mean
the present case to be a reasonable assumption, vide infra; thizalue of any observablg such as electronic excitation energy,
eliminates the need to perform time-consuming supermolecularemission anisotropy, or migration distance, can be readily
calculations). The ground-state [excited-state] geometries of obtained at any timé
methyl-substituted indenofluorene oligomers (used here to model
the tetraethylhexyl indenofluorene units of the actual system) [ol(t) = me(t) o(m) (16)
and of the perylene derivatives were optimized at the AM1 m
[AM1/CAS-CI]38 level assuming planar conformations. To
modelintermolecularenergy transfer, donor/acceptor complexes
consisting of cofacial dimers with parallel longitudinal axes and

Time-dependent photoluminescence spectra of the whole
system can be computed for instance from the time-dependent
e;3ccupation probabilities(t)) and emission spectra associated
. .~ to each sited(m) in eq 16). To provide a relevant description
e B e e oo varaas o1 th system nder nvesigaton, s lrge umber ofchas
starting relative orientations while %reezing timeramolecular (t.yplcallly 1000 chamg) were g.ene.rated by means of Monte.CarIo
structural parameters to their AM1-optimized values; we also §|mu|at|ons from various d|str|bgt|ons of chromophore conjuga-
explored the influence of longitudinal and rotational’motions tion lengths. Ensemble properties were obtained by averaging

P 9 over all the generated configurations. The procedure was

fhne:]hﬁsee)éc';zt'%n Sg?srrgiiit;:esfaet:%tgxgiognesom:rtf:;?;&e;etrepeated for chain sizes that are consistent with the experimental
P P polymer length distributions.

the INDO/SCI level® As output of these calculations, we obtain
the excitation energies and transition dipole matrix elements. Ill. Experimental Results
As described above, the (?Iectronlc couplings are calculated in The synthesis of this class of materials has been described previ-
the framework of the distributed monopole model (DMM), on ously*2 Polymer samples were dissolved in anhydrpug/lene in a
the basis of the atomic contributions to the INDO/SCI transition nitrogen environment to avoid contact of either polymer or solvent with
dipole moments. air. Films of~150 nm thickness were prepared in a nitrogen glovebox
To model long-range exciton migration along the polymer by spin-coating the polymer solution onto Spectrosil substrates. Samples
chains, the time-dependent occupation probability on site m, were stored under nitrogen prior to use, and films were kept under
Pu(t), is obtained by solving the following set of Pauli master dynamic vacuum £10"* mbar) during experiments to prevent photo-
equation® (PME): oxidation. The time-correlated single-photon counting and photolumi-
nescence up-conversion measurements were performed as described
3 previously?3:44
— —— — -1 Time-Resolved Spectroscopy Measurements in Solutions and
3th(t) z (knPn(®) = KonPo(®) + Prot) - (14) Films. The spectral overlap of the PIF photoluminescence (PL)
spectrum with the perylenemonoimide (PI) absorption spectrum ensures
RET from PIF to PF3 Excitation in the blue region of the spectrum
(~3.1 eV for all the spectra given herein) accessesithe* transition

o . . . in the PIF backbone (see absorption spectrum in Figure 2a), with
the excitation on the siten. The first term on the right-hand essentially no direct excitation of the Pl units. The latter have their

side of eq 14 describes the decay with tlmEFfQ(t) asaresult  ahsomtion maximum in the green region (2.33 eV). The time-integrated
of exciton migration from siten to all other sites; the second  p| spectrum of a PEC-PIFTEH solution (1.7 g/L jmxylene) is
term is associated with the reverse hopping to siteom all displayed as a continuous line in Figure 2b. Approximately equal
sitesn = m; the last term accounts for the natural exciton contributions of emission from the polymer chain 230 eV) and
lifetime in the absence of any transfer process. Radiative dye endcaps (1:82.3 eV) are observed, indicating that exciton transfer
lifetimes associated to each siter,, have been calculated from  from the polymer to the dye occurs in competition with the excited-

the corresponding Einstein coefficient for spontaneous emission:State decay of the polymer. Figure 2 also shows the absorption (a) and
time-integrated PL spectrum (b) of a PEC-PIFTEH film (broken line),

5 3 which is dominated by PI emission. The differences in the time-
= 87y lu '|2 (15) integrated PL spectra between solutions and films arise from a roughly
3eohc3 fi 2 orders of magnitude difference in the energy-transfer time scale in
the two environments; this is shown in Figures 2 (c and d) and 3. Time-
resolved PL spectra are displayed in Figure 2 both for a 0.15-g/L

n=m

whereknmn is the rate for excitation energy transfer from gite
to siten as given by eq 1 and, is the (radiative) lifetime for

wherevy andus are the INDO/SCI absorption frequency and

(41) Bacchiocchi, C.; Zannoni, @hem. Phys. Lettl997 268 541.

(38) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. Am. (42) Ego, C.; Marsitzky, D.; Becker, S.; Zhang, J. Y.; Grimsdale, A. C.; Mullen,
Chem. Soc1995 107, 3702. K.; MacKenzie, J. D.; Silva, C.; Friend, R. H. Am. Chem. So2003
(39) Mayo, S. L.; Olafson, B. D.; Goddard, W. A., Il. Phys. Chem199Q 125 437.
94, 8897. (43) Herz, L. M,; Silva, C.; Friend, R. H.; Phillips, R. T.; Setayesh S.; Becker,
(40) Ridley, J.; Zerner, M. CTheor. Chim. Actal973 32, 111. S.; Marsitsky, D.; Millen, K. Phys. Re. B 2001, 64, 195203.
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Figure 2. Experimental absorption (a) and photoluminescence (b) spectra of PEC-PIFTEH in 1.7 g/L solytinyléne (continuous line) and in a thin

film (broken line). Time-resolved photoluminescence spectra of PEC-PIFTEH in a 0.15 g/L solufietyliene (c) and in a thin film (d). The delays after

pulsed excitation are given in the inset of each panel. The spectra in parts (c) and (d) were measured using time-correlated single photon counting and
photoluminescence up-conversion techniques, respectively.

solution inp-xylene (c) and a thin film (d). In both environments, the
PL spectrum at early time after excitation with a laser pulse is dominated
by that of the PIF backborf€.This early-time PIF signature evolves
into a feature centered in the yellow-red part of the spectrum,
characteristic of Pl emission. The time scale in which this evolution
occurs is dramatically shorter in the film. This is further demonstrated
in Figure 3, which plots the PL decay in the blue (filled circles) and
green (open squares) regions in solution and film. The (Z/eecay
time of the PL arising from the PIF backbone is approximately 500
ps. This also corresponds to the time constant of emergence of PL
arising from the Pl acceptor. In contrast, these (Hejlecay times
diminish to approximately 5 ps in the film. Time (ps)
The enhanced rate of energy transfer in the film is a result of the

Normalized PL Intensity

0 500 1000 1500 2000

large number of intermolecular contacts between donor and acceptors
leading to the emergence of additional pathways for the excitation  19[ b o o
energy and the favorable interchain electronic coupling distribution g 08 % o nn“f]‘i‘?uhn@nuu@r&ﬁg@ il
between PIF and Pl chromophores, vide infra. Note that exciton E ' Y L
diffusion within the host is expected to play a significant role only if g 06 . &553 o (b)
the effective guest concentration is low as a result of phase segregation § 04k :,pm
effects. In a PEC-PIFTEH film, where PI units are coupled covalently T ’ o
to the polymer backbone such that there is a high number of PIF/PI g 02} .
intermolecular interactions, there is a high yield of direct resonance < ks
energy transfer without the need for excitons to diffuse near an acceptor. 0.0 Wi - - — - - - - - - - - --7--- 7=
Even with a relatively low acceptor density, nearly complete energy 5 0 5 10 15 20 25 30
transfer is achieved. Ti

ime (ps)

Physical Length Distributions. To determine the chain-length . 5 @T ved photolumi intensity at 2.740 eV (solid
et g : igure 3. (a) Time-resolved photoluminescence intensity at 2. eV (soli
distribution in the polymer sample, gel permeatpn chromatography circles) and 2.000 eV (open squares) in a 0.05 g/L solutiop-xylene.
(GPC) measuremgnts ‘have bgen performed us'r,'g, polystyrene as 8he solution was excited at 3.046 eV photon energy. The data were
standard for the calibration. As is usually found for rigid-rod polymers, measured using time-correlated single photon counting. (b) Same as part
(a), but in a thin film excited with 3.1 eV photon energy. The data were
(44) Morteani, A. C.; Dhoot, A. S.; Kim, J. S.; Silva, C.; Greenham, N. C.;  measured using photoluminescence up-conversion techniques.
Murphy, C.; Moons, E.; Cina, S.; Burroughes, J. H.; Friend, RAHL.

lgl%gr.égog 11959512%8;1?5%’35' G. R.; Samuel, I. D. W.; Philips, R- T. thjs procedure leads to a systematic overestimation of the molecular
(45) Silva, C.: Russell, D. M.: Stevens, M. A.; MacKenzie, J. D.: Setayesh, S.; weights. Assuming a 60% contraction factor to correct for this error,

Mllen, K.; Friend, R. HChem. Phys. Let200Q 319 494; Beljonne, D.; the resulting number average and weight average molecular weights

(PB(.)LIIDr.t;0 's?étgyei'ﬁ‘%.Fﬁﬁ'ﬁ”&‘_‘?%ﬁ&a‘i‘; J}J_Iﬁ_ré’rl&:_'v',\',éﬁr'iggf'sg:'S’_ gﬁf\'_e& are estimated to be 11000 and 40000, respectively, corresponding to

2002 99, 10982. an average chain length of about 14 indenofluorene units.
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We stress that there is a very large uncertainty on this number 4.0
because, in addition to the intrinsic error on molecular weight --#-- Ground state geometry . (a)
determination from GPC measurements of rigid polymer chains and 3.8 1 o Excited-state geometry
the large polydispersity >3.6) of the sample, single molecular
spectroscopy experiments indicate that a large fraction of the polymer 3.6 1 o
chains (~60%) actually bear a single perylene dye at one extremity, g .
the remaining 40% being endcapped at both éhdsother estimate % 3.4
for the mean physical chain length can be obtained from the relative oy e
contributions of the polymer chain and the perylene group to the 3.2 1 oo o
absorption spectrum. A ratio on the order of 47 is obtained for the
PIFTEH over PEC contributions to the optical absorption by integrating 307 oo @
the solution spectrum between 1.77 and 2.76 eV (PEC absorption) and
between 2.76 and 4.2 eV (PIFTEH absorption). On the basis of the 2'800 0'2 0'4 0'6 0|8 1'0 12
oscillator strength calculated for one perylene derivative (0.93 from ’ ’ ’ ’ ’ ’ ’
INDO/SCI calculations) and for individual repeat units in the polyin- N
denofluorene chains (an average value of 1.3 per unit has been 1300
determined from oscillator strengths computed at the INDO/SCI level ®)
for OIF, oligomers of varying size), an average polymer length on the R °
order of 34 and 68 indenofluorene units has been determined when 1200 1 ‘
assuming polymer chains endcapped at one extremity and at both ends,
respectively. Because of the large fraction of chains that are mono 2 1100 ;
endcapped and the uncertainty on the distribution of total chain lengths, &5
the simulations of long-distance exciton transport have been performed & 1ogp *
for polymer chains of increasing size (ranging from 10 to 100 repeat
units) carrying only one perylene dye.

900 - .

IV. Electronic Structure and Optical Properties of .
Oligoindenofluorenes 800 . : .

0.0 0.2 0.4 0.6 0.8 1.0 12
As pointed out previously, conjugated polymers are usually N

CharaCteriZEd.by_inhom()geneous'y broadened absorption Spe_C'“’%igure 4. (a) Evolution with inverse chain length of the INDO/SCI
as well as excitation-energy dependent energy-transfer dynamicsexcitation energies, as computed on the basis of the ground- and excited-

These two features are accounted for in models where thestate geometries of oligo(indenofluorene)s. (b) Evolution with inverse chain

. . ength of the relaxation energy associated with geometric deformations
polymer chains are pictured as an ensemble of ChromOpt"Oreglaking place on going from the ground to the excited electronic state in

(separated by chemical or structural defects) with a statistical gligo(indenofluorene)s when planar conformations are assuhésithe
distribution of conjugation lengths. The photophysical properties number of repeat units.
of disordered polymeric materials are thus strongly reminiscent Upon geometric relaxation in the excited state, changes in
of the corresponding spectral characteristics in the oligomers. bond lengths occur toward a more quinoidic structure, with a
Therefore, we have explored the electronic structure and opticalshortening of the inter-ring €C bonds and a more planar
properties of indenofluorene oligomers with increasing size structure. Strong geometric deformations take place around the
(ranging from 2 to 8 units) as these are directly relevant to central part of the molecule and then decrease on moving away
understanding the excitation motion dynamics in the polymer. from the center to the edges. The confinement of the geometric
Excitation Energies and Geometric Relaxation Phenom- distortions in the middle of the conjugated chains leads to a
ena. The INDO/SCI vertical transition energies computed on self-localization of the excited-state wavefuntion in this area
the basis of the AM1 ground-state geometries decrease linearly(around a few repeat units, vide infra).
with the inverse number of repeat units, as expected from The decrease in excitation energy with inverse chain length
increased conjugation lengths (see Figure 4a). When considerings more pronounced when considering ground-state geometries,
oligomers in their relaxed excited-state geometries, a linear indicating a decrease in the displacement in equilibrium
relationship between the electronic excitation energies and thegeometry on going from the ground state to the lowest singlet
inverse chain length is obtained for oligomer sizes ranging from excited state. As a matter of fact, the relaxation energy (defined
1 to 3 units; the transition energy is only weakly modified by as the difference between vertical and adiabatic electronic
further increasing the chain length and converges2®8 eV transitions) shows a marked decrease with increasing chain
in the long chain limit (which only differs from the excitation length for oligomer sizes larger thar2—3 repeat units (which
energy of the trimer by 0.02 eV). The very similar excitation corresponds to the “natural” size of the structural relaxation
energies calculated for the tetramer, hexamer, and octamer ofinduced by photoexcitatior$y;*’ see Figure 4b. It is important
indenofluorene can be attributed to the similar amounts of to stress that in all cases, the computed relaxation energies are
delocalization in the corresponding wave functions (see below). typically 1 order of magnitude larger than the electronic
Note that the calculated - excitation energies compare couplings, which supports the use of an incoherent hopping
favorably to the experimental values, which evolve from 3.2 model among localized chromophores to depict the energy
eV in the dimer to 3.0 eV in the hexamer (compared to 3.28 migration dynamics.
and 3.08 eV, respectively, at the INDO/SCI level). Degree of Delocalization in the First Excited StateThe
degree of delocalization in the first excited state can be evaluated

(46) Jzkel, F.; De Feyter, S.; Hofkens, J.;' Ko, F.; Rousseau, E.; De Schryver,
F. C.; Ego, C.; Millen, K. Unpublished results. (47) Shuai, Z.; Brdas, J. L.; Su, W. PChem. Phys. Lettl994 228 301.
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Table 1. Participation Ratios, PR, Computed for Indenofluorene 1
Oligomers OIF, in Their Ground- and Excited-State Geometries Ci2 = Ciz + _Zciij (19)
PR PR 21
olgomer sze (oound sete geomety) (exced e acomer) Two-particle electrorrhole wave functior§ can be readily
1 1.0 1.0 . . .
> 20 20 obtained from the SCI calculations and decomposed into
3 2.4 2.1 localized €;) versus charge-transfeti{;) contributions. These
4 3.0 24 can then be injected into eqs 19 and 17 to calculate the
g g:g g ? participation ratios. The PRs obtained in the first singlet excited
states of oligo(indenofluorene)s are given in Table 1 for both
ground- and excited-state geometries.
using the so-called participation ratio, PRdefined as: In .the monomer and dimer cases, the excited-state wave
functions spread over the whole structure, whatever the chosen
N geometry. As the number of repeat units increases, the wave-
Ci2 funtion no longer extends over the whole molecule; it gets
& confined around the center with decreasing amplitude toward
PR= " a7) the ends (the PR value becomes smaller than the number of
" repeat units). This effect is much more pronounced in the
Zci excited-state geometry where, as a result of the self-confinement

induced by lattice relaxation, the excited-state wave function

shows dominant contributions over a section of the chain that
does not exceed an indenofluorene trimer in size (PR ranges
from 2 to 2.7 units when considering a chromophore length

ranging from 3 to 8 repeat units).

Insight into the extent of localization/delocalization in the
first singlet excited state can also be gained by considering the
- - ) spatial distribution of the transition densities induced by

As a result of strong electronic interactions between neigh- stoexcitation into this state. Such distributions are displayed
boring indenofluorene units within a conjugated chromophore, i, Figure 5 for the tetramer, hexamer, and octamer of indenof-
the wave function associated with the first electronic excited state | ,orene in their relaxed and unrelaxed geometries. The increase

can be partitioned into a superposition of electronic excitations i, the amount of delocalization with oligomer length is much

localized on each sité |ilJ and charge-transfer transitions, sre pronounced in the ground-state geometry while the wave
|¢in,e[) arising from excitation of one electron from sitéo all function computed in the excited-state geometry is found to

other siteg: remain confined to the central dimer with slight contributions
from the covalently attached neighboring sites. Such an evolu-

Y= Zci|g0iD+ EZCHWMGD (18) tion is fully consistent with the analysis based on the participa-

T (] tion ratios.
Optical Spectra and Radiative Lifetimes. From time-

The contribution from each siteto the overall excited-state  dependent perturbation theory, the integrated absorption coef-
wave function is then calculated according to: ficient associated with an electronic transition from the ground

whereC? represents the contribution of site label#d to the
excited-state wave function. PR can be regarded as the numbe
of sites coherently coupled in the excited state. The participation
ratio ranges fromN (the total number of sites in the system)
for a completely delocalized wave funtion (in this caSe=
1¥N, for anyi) to 1 for localization on a single site.
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Figure 5. Spatial distribution of the atomic transition densities associated with the first singlet excited state as computed at the INDO/SCI level. From top

to bottom: transition densities computed for @QIPIFs, and OlR in their ground-state geometries and the same sequence for the excited-state geometries.
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Figure 7. Calculated radiative lifetimes in indenofluorene oligomers and
14 - ) o ) corresponding measured values for fluorene oligomers of varying Nize.
--------- Experimental emission spectrum - OIF, denotes the number of phenylene rings.
1.2 { —— Theoretical emission spectrum - OIF,
~ 101 smaller relaxation energy. Photoluminescence spectra calculated
g and measured for longer oligomers (not shown) do not show
2 081 appreciable changes with respect to the tetramer case.
£ 064 The radiative lifetimes computed at the INDO/SCI level for
g indenofluorene oligomers are compared to experimental values
041 obtained for solutions of oligofluorenes in Figure 7. The
0.2 - lifetimes are plotted as a function of the number of phenylene
. rings to allow for comparison between oligo(fluorene)s and
0.0 ' " ' i j i oligo(indenofluorene)s of similar sizes (to the best of our
20 22 24 26 28 30 32 34 L o
knowledge, radiative lifetimes have not been reported for
Energy (eV) indenofluorene oligomers). The computed radiative lifetimes for

Figure 6. Experimental (dotted line) and theoretical (full line) emission the tetramer, hexamer, and octamer of indenofluorene, which
spectra of the indenofluorene dimer QI@) and tetramer OY(b). The . g
theoretical spectra have been red-shifted (by 0.08 eV in both &ié OlF) are the' main building blocks Of_ our Sys_tem' range f_rom 600 to
to have the calculated and measureeDQines superimposed. 400 ps; these values are consistent with the experimental data
_ _ _ reported for oligomers of fluoreAof similar lengths (Figure
state to an excited state is proportional to the product of the 7y For instance, the experimental radiative lifetime obtained
corresponding transition dipole moment squared and the transi-for the fluorene hexamer amounts to about 500 ps, in close
tion energy; the peak intensity in emission scales with the agreement with the 590 ps lifetime calculated for the indenof-
squared transition dipole moment and the third power of the |,qrene tetramer.
corresponding transition energy. As a result of increasing  cpromophores and Conjugation Length Distributions.
transition dipole moment with increasing oligomer size, the 5 qantum-chemical calculations indicate that, inréiexed
intensity of the absorption and emission peaks raises with g ited.state geometrihe electronic excitations do not extend
oligomer length, yet this effect is less pronounced in emission g6 more than 3 repeat units. Such an effective size for the
as a result of the excited-state localization driven by vibrational «yonor” wave functions is consistent with the leveling off of
relaxation (a]l spectra are provided in Supporting Information). 1o measured photoluminescence properties in oligo(indenof-
The absorption and emission spectra computed for the perylen§ o rene)s containing more thar8—4 units as discussed above.
derivative show significantly less intense features compared t0 ¢ effective size for the “acceptor’ wave functions is more
oligo(indenofluorene)s, as a result of the smaller transition dipole jitficult to assess as it is very sensitive to the degree of
moment: the ratio between the oligo(indenofluorene)s and ¢q¢ormational motion, which is likely to be different in

perylene transition moments increases from 1 to 3 with g4 ions and in films. According to the spectroscopic investiga-
increasing oligomer length. _ . tion by Setayesh et df',an average conjugation length-e6—7

As an illustration, the experimental and theoretical emission | its is inferred from comparison of indenofluorene oligomer
spectra obtained for the indenofluorene dimer and tetramer are, 4 polymer absorption spectra; this is close to the value of the

displaygd in Figure 6. Despite the simplicity of t.he model, the participation ratio calculated for a long polymer segment (PR
calculations reproduce very well the measured vibronic progres-_¢ i OIFy).

sion. In particular, the increased relative intensity of the
electronic 6-0 line in the longer segment is well described; it
is indicative of less pronounced geometric deformations and

In addition, the polymer absorption spectrum, shown in Figure
2a, closely resembles the corresponding spectra of long oligo-
mers (see supplementary information), pointing to a rather

(48) Fidder, H.; Knoester, J.; Wiersma, D. &.Chem. Phys1091 95, 7880;  narrow distribution of conjugation lengths in the range64

Schreiber, M.; Toyozawa, YJ. Phys. Soc. Jpri982 51, 1528. units. Hence, in the simulations of long-range transport, we
(49) ZOA V2.0, J. P. Calbert, Labratory for Chemistry of Novel Materials, Mons
Belgium; see also, e.g.: Zojer, E.; Buchacher, P.; Wudl, F.; Cornil, J.;

Calbert, J. Ph.; Bdas, J. L.; Leising, GJ. Chem. Phy200Q 113 10002; (50) Lupton, J. M.; Craig, M. R.; Meijer, E. WAppl. Phys. Lett2002 80,
Rissler, J.; Basler, H.; Gebhard, F.; Schwerdtfeger APys. Re. B 2001, 4489.
64, 045122. (51) Setayesh, S.; Marsitzky, D.; Men, K. Macromolecule00Q 33, 2016.
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Table 2. Spectral Overlap Factors Computed for OIF, to OIF, and OIF, to PEC Energy Transfer, as Calculated on the Basis of a
Two-Mode Model and (between parentheses) a Single-Mode Model, See Text

spectral overlap factors Jpa (V1)

A D OIF, OlIF, OlIF; OlF, OlIFs OlFg
OIF; 0.178 (0.83) 0.023 (0.11) 0.019 (0.08) 0.0169 (0.07) 0.017 (0.07) 0.016 (0.07)
OIF, 1.37 (1.05) 0.106 (0.76) 0.070 (0.38) 0.0589 (0.38) 0.057 (0.36) 0.056 (0.34)
OIFs 1.52 (0.77) 0.276 (1.14) 0.146 (0.8) 0.116 (0.8) 0.11 (0.77) 0.107 (0.75)
OIF, 1.16 (0.65) 0.43 (1.26) 0.2 (1.0) 0.15 (1.0) 0.14 (0.98) 0.138 (0.97)
OIFs 1.016 (0.56) 0.56 (1.32) 0.247 (1.12) 0.18 (1.12) 0.17 (1.13) 0.164 (1.13)
OlFg 0.96 (0.53) 0.63 (1.33) 0.275 (1.17) 0.198 (1.17) 0.18 (1.19) 0.18 (1.19)
PEC 0.08 (0.13) 0.94 (0.6) 1.1(0.87) 1.26 0.87) 1.34 (0.88) 1.377 (0.88)

considered as a representative model for the actual polymer adonoracceptor separation is calculated to be close to 4.2 A
distribution peaking at the hexamer and with a width of two when considering methyl groups as side chains in the simula-
repeat units (i.e., 50% of hexamers, 25% of tetramers, and 25%tions (similar results are obtained for model systems when
of octamers). Although there is some uncertainty on the accounting for the full chemical structure of the side chains).
distribution width, its precise choice does not strongly impact We will discuss successively the results of the calculations on
the excitation diffusion dynamics (as fluctuations in the excita- spectral overlaps, electronic coupling factors, and transfer rates
tion and relaxation energies are only minor for segments larger and focus on the comparison betwéeinachainandinterchain

than four units). processes.

Spectral Overlaps.As described in section Il, the spectral
overlaps have been computed on the basis of the optical
absorption and emission spectra simulated within a displaced

To provide a quantitative description aftrachain versus harmonic oscillator model and retaining two effective vibration
interchain energy transfer in PEC-PIFTEH and therefore to modes (a high-frequency mode representative of the dominant
rationalize the different dynamics observed in solution and in changes in bond lengths and a low-frequency mode associated
film, we first modeled the elementary excitation transfer with the changes in conformation toward a more planar structure
processes taking place among conjugated segments of the PIfn the excited state).
polymer chains as well as from these segments to the perylene Spectral overlap factors computed for various (THF, and
endcaps; in both cases, nearest-neighbor intrachain and interOIR/PEC pairs on the basis of the simulated and measured
chain energy migration phenomena are considered. In a secondiormalized donor emission and acceptor absorption spectra are
step, long-range intramolecular exciton transport along polyin- presented in Table 2 and illustrated in Figure 8. When
denofluorene strands capped at one end with a peryleneconsidering homomolecular transfer, the spectral overlap is
derivative is explored. The overall excitation energy funneling found to increase with increasing acceptor size for a given donor
along the polymer backbone and the trapping dynamics aresize, while it decreases with increasing donor size for a given
modeled in the absence of any chain-to-chain contact, thusacceptor (see Table 2). These evolutions are the result of a subtle
considering a fully extended (rigid-rod) PIF chain. interplay between geometric relaxation energiﬁ,)( and

Single Hopping StepsElectronic couplings, spectral overlaps shifts in the optical spectra due to changes in chromophore
and energy-transfer rates have been computed for a number ofonjugation length€\PA. When the former exceed the latter
covalently linked donor/acceptor segments, considering inde- (as is the case here, except in the short oligomers), the spectral
nofluorene oligomers ranging in size from 1 to 8 repeat units. overlap is maximized for long acceptor chains and short donors,
Both nondirectional (involving chromophores of the same length leading to the smallest mismatch betwdﬁi] and APA, see
and therefore characterized by identical excitation energies) andscheme below:
directional (transfer from higher to lower energy sites) energy-
transfer processes have been assessed. Note that for nondirec- t
tional excitation migration, backward and forward transfers

V. Modeling Intrachain and Interchain Excitation
Migration Processes

. . D emission A absorption D absorption
occur at the same rate, resulting in a random walk of the R
excitation energy before trapping on a lower energy site (either Increased;”

a more extended oligoindenofluorene segment or a perylene overlap
endcap). Homomolecular (to be understood here as taking place /
among chromophores of the same chemical nature, i.e., inde-
nofluorene oligomers) and heteromolecular (taking place be-
tween chromophores of different chemical natures, i.e., from <
the oligoindenofluorene segments to the perylene endcaps) 287
energy-transfer processes have been investigated considering

both intrachain and interchain motion. In the latter case, the Note that the spectral overlap factors computed in the case
simulations were performed for donor/acceptor complexes of heteromolecular transfer are found to be larger than the
wherein the two chromophores are packed in a cofacial homomolecular counterparts whatever the donor size. Spectral
arrangement. For each donor/acceptor pair, molecular mechanic®verlap factors obtained when taking into account only the high
calculations have been carried out to determine the equilibrium frequency mode are also reported in Table 2. These are
intermolecular geometric parameters. The center-to-center approximatively 1 order of magnitude larger than the values
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() Table 3. Intrachain and Interchain Electronic Couplings (in
oS e e . absolute values), as Computed on the Basis of the Distributed
1 g T T . . Monopole Model, for Several OIF,/OIF, and OIF,/PEC Couples?
_____________ o -~ @ Donor = OIF,
P A o Donor = OIF, A D OlIF, OIF, OIF; OlF OlFs OlF
~ <-4 Donor = OIF, Intrachain Electronic Coupling®/pa (cm™1)
> -~ Donor = OIF, OlIF; 965 535 313 184 86 44.5
\g 0.1 1 - Donor=OIF, OIF, 702 424 262 161 79 43
= ~w-- Donor = OIFy OIF3 470 297 189.7 121 62 34.8
¢ A=PEC OlIF, 346 225 147 96 51 29.3
OlFs 222 149 100 67 37 22.1
OlIFg 162 111 75 51.5 29 17.9
0.01 PEC 1166 665 395 231 107 55
0 2 4 6 8 InterchainElectronic Coupling®/pa (cm™1)
Acceptor size (number of repeat units) OlF, 1008 695 483 459 428 406
OIF, 708 888 681 647 587 555
(b OIF; 433 603 604 545 480 456
. e OIF, 247 409 435 447 395 370
S ~ OlFs 109 192 221 248 261 2445
e+ Donor=OIF, OIFs 67.2 124 130 144 157.4 164
o+ Donor = OIF, PEC 1168 823 573 549 506 493
—_ --4-.. Donor = OIF;
T N =0
E . EZ:Z;O:}}:" 2The donor and acceptor size are given along the first row and the first
& o1 o Dcnor=OlF: column, respectively.
of the conformational subunits. In addition, the geometry
relaxation taking place in the excited state of the donor leads
to a localization of the wave function and therefore a strong
0.01

decrease in the atomic transition densities located at the edges
of the donor molecule (see Supporting Information). For
Figure 8. Spectral overlap factors computed for various (QTHF, and InterChamproceSS.es’ elemro.mc matrix element§ are maximized
OIF,/PEC pairs on the basis of the simulated (a) and measured (b) fOr an acceptor size of two indenofluorene units. In all cases,
normalized donor emission and acceptor absorption spectra. Oligomers ofthe Vpa values obtained fointermoleculartransfer processes
indenofluorene with a conjugation length ranging from 1 to 8 units have are found to be |arger than thairtrachain Counterparts’ see
been considered. Table 3. For instance, the electronic couplings for intrachain
homomolecular transfer processes when the donor is a tetramer
are found to decrease from 184 to 51 ¢mwvhen increasing
the acceptor size, while the corresponding intermolecular
processes are found to be more than twice as large and decrease
from 459 to 144 cm?. Similar results are obtained when the
donor is an octamer, wititrachain andinterchainelectronic
couplings ranging from 44 to 18 crhand from 406 to 164
cm1, respectively. For heteromolecular processes, intrachain
electronic couplings decrease from 1200 down to 55%cfar
an increasing donor size, while the interchain couplings are
much larger than the typical values obtained for homomolecular
processes and saturate around 50G%m

The electronic couplings computed on the basis of DMM for
. . - . interchain energy transfer systematically reach a maximum value
molepular on-chain anhterchain energy.transfer using the for an acceptor size of two repeat units, see Table 3 (note that
distributed monopole model on the basis of relaxed excited- the point dipole model would predict a steady increas¥gf

st_ate geqmetries. The result; are giv_en in 'I_'able 3 (_see also th?Nith acceptor size). The behavior predicted at the DMM level
Figures in supplementary information) fontrachain and can be rationalized in the following way. In the initial state,

mte_rcham Processes. The electronic couplings for on-pham the excitation is trapped as a result of lattice relaxation around
exciton hopping are computed for several covalently linked the central part of the donor chromophore (mostly over two to
OlF”/OIF”‘ and .OIF”/PEC donorlaccepto.r couples, while the three repeat units); in contrast, the acceptor excited-state wave
e!ectronlc matrix elements for interchain energy ”?”Sf?r ar® function is delocalized over the whole-system since based
given for_ several OlHOIF.m and OIR/PEC complexes differing on the ground-state geometry. When increasing the acceptor
by the sizen, m of the oligomers. size well beyond 2 units, the acceptor excited state extends over

When gofnsmlljerltr:gwhtrachalnlpro<|:essez, (;Iectronlclcourllngs a larger area than the donor excited state, resulting in reduced
computed for both homomolecular and heteromolecular pro- oo qronjc coupling matrix elements. Intuitively, we can expect

Chesses are fou;:_d to_dror:c qu'd;ly _W'th the §|_ze of t_he donor e_md a peak in Coulombic interactions for similar extents of the
the acceptor. This arises from the increased inter-site separations,, qitation delocalization on the donor and the acceptor. To check

together with a decrease in the transition density at the edges.thiS hypothesis, DMM electronic matrix elements have been

computed while neglecting geometric relaxation prior to energy
transfer. In this case, the donor and acceptor excitations both

0 2 4 6 8

Acceptor size (number of repeat units)

obtained when the effective libration mode is included. Such
differences result from the significant Stokes shit(.2—0.3
eV) associated to coupling of soft modes to the electronic
transitions and the concomitant red shift in emission and blue
shift in absorption. Thus, when electronic transitions are coupled
to low frequency modes, as libration modes in floppy polymer
chains, the spectral overlap integrals get strongly reduced
resulting into slower energy migratidf>21t follows that fully
ladder-type structures, where all phenylene units are forced to
lie in the same plane, should lead to improved transport along
the polymer chains.

Electronic Couplings. Electronic coupling matrix elements
Vpa have been computed for both heteromolecular and homo-

(52) Brunner, K.; Tortschanoff, A.; Warmuth, C.;"8ser, H.; Kauffmann, K.
F. J. Phys. Chem. BR00Q 104, 3781.
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spread over the whole-conjugated pathway; maximizéd, Table 4. Intrachain and Interchain Transfer Rates Computed on
; ; _the Basis of the Distributed Monopole Model for Several OIF,/
values are then indeed obtained for donor and acceptor chro OIF, and OIF/PEC Couples
mophores of comparable lengths.
The size-dependent interchaiMp, values can also be

rationalized qualitatively by expanding the total dipole moments

A D OlF, OlF, OlF3 OlF, OlFg OlFg

IntrachainEnergy Transfer Ratdea (ps™

. o . OlF; 24 0.96 0.27 008  0.018 0.005
into c_ontnbutlons associated to each repeat ilthe overall Ok 99 277 0.07 0.22 0.053 0.015
coupling can then be recast as a sum over electrostatic oOIF, 49 3.6 0.77 0.25 0.06 0.019
interactions between a set of partial point dipoles distributed ©OIF4 20 3.2 0.63 0.20 0.054 0.017
; : ; OlFs 7 1.8 0.36 0.12 0.03 0.012
over the donor and acceptor molecules, with each interaction
. . . : i OlFs 4 1.13 0.23 0.77 0.02 0.0084
term decreasing with the inverse cubic power of the dipole PEC 16 60.6 253 9.8 226 0.62
dipole interdistance and depending on their relative orientations, InterchainEnergy Transfer Ratdea (ps)
see scheme below: OIF; 26.5 1.6 0.63 052 0447 04
OlIF, 100 12.2 474 36 2.9 2.53
V<o OlF; 41.7 14.7 7.8 5.0 3.7 3.27
J-aggregate OlF, 10.4 10.4 5.5 4.4 3.25 2.76
. OlFs 1.76 3.02 1.76 1.64 1.7 1.4
configuration OlFs 064 14 068 0.6 0.67 0.7
PEC 12.3 93 53 56 50 49
to one another. Note that the dependencéxafon translational
motion is particularly pronounced when allowing geometric

V>0

H-aggregate relaxation in the excited state as a consequence of the confine-
configuration ment of the excited-state wave function and hence transition
densities around the center of the OIF segment.

For interacting chains of the same size lying in a cofacial  The electronic couplings follow more or less a cosine function
arrangement, positive contributionsl-aggregate-like) terms  of the rotation angle between the OIF and P! longitudinal axes,
arise from point dipoles facing each other along the donor and as would be predicted by a simple point dipole model. However,
acceptor chains while negative ContribUtiOﬂﬁggregate-”ke) more interesting|y,VDA remains Surprising]y |arge in an
are associated to more distant interactions. In the long chainorthogonal orientation of the donor and acceptor molecules,
limit, the weaker but more numerousnegative interactions  provided the center of the perylene derivative is significantly
annihilate theH positive one, leading to a vanishingly small  displaced longitudinally (alon¥) with respect to the center of
electronic coupling* The same scenario applies to chains of the oligo(indenofluorene) chain. Figure 9a shows that the region
different sizes, with an increasing number of such negative of minimum electronic Coup“ngs is shifted away from?9then
interaction terms with increasing differences in donor and the perylene is moved toward the extremities of the conjugated
acceptor lengths. donor molecule. For instance, for a distance~df0 A from

Influence of Donor—Acceptor Relative Orientations. Up the chain end, the value &fpa gets minimized for rotation
to now, we have discussed the results of interchain energy-angles of~60° and ~320, i.e., significantly off from the
transfer dynamics based on the equilibrium geometries of/OIF  orthogonal situation. The confinement of the excited-state wave
OIFn or OIR/PEC complexes as obtained from molecular function associated with the hexamer resulting from geometric
mechanics calculations. We now explore the influence of relaxation leads to a similar picture yet with important quantita-
translation and rotation motions, taking as a model system thetjve differences. While in the case where geometric relaxation
hexamer of indenofluorene as donor and the perylene derivativephenomena are neglected the rotation angle minimiigg
as acceptor. decreases from 10@o O° (or increases from 30to 36C) on

To explore the sensitivity of the transfer rates on the relative decreasing the longitudinal displacement frer0 to ~5 A,
orientations of the donor and acceptor molecules, we havethe same trend is obtained for a much narrower displacement
considered the effects of simultaneous longitudinal translations range (from~28 to~25 A) when considering the relaxed donor
(along the chain axis,yb2 A step) and rotations (along the  geometry. Note also that the simulations performed on the basis
packing axis, from 0to 360" with a 5 step) of the perylene  of the ground-state geometries indicate the presence of two peaks
unit with respect to an indenofluorene hexamer, see top of Figurein |\/p,| on shifting the perylene off the top middle part of the
9. Figure 9 also shows the contour plot diagrams of the hexamer. These can be correlated with a change frohh-iire
electronic coupling®/pa obtained within the distributed mono-  to aJ-like configuration, which is accompanied by a change in
pole model, as calculated on the basis of ground- (a) and excited-sign of the electronic coupling.
state (b) AM1/CI optimized geometries of the OIF segment,  Epergy Hopping Rates. The intermolecularand intramo-
respectively (the lateral displacement, along Y, is fixed to zero jecylar DMM energy-transfer rates computed for different
in these simulations). As expectétha is maximized when the - gjigoindenofluorene doneracceptor pairs are presented in Table
center of the perylene derivative lies on top of the middle part 4 (see also Supporting Information). Since the electronic
of the conjugated chain and the two molecular axes are parallel coyplings for bottintrachain andinterchainenergy migration
decrease with the size of the donor and the acceptor segments

(53) Morgado, J.; Cacialli, F.; Igbal, R.; Moratti, S. C.; Holmes, A. B.; Yahioglu,

G.; Milgrom, L. R.; Friend, R. HJ. Mater. Chem2001, 11, 278. while the spectral overlap factors increase with acceptor size,
(54) Mcintire, M. J.; Manas, E. S.; Spano, F. €.Chem. Phys1997 107, ; ; .

8152; Beljorne. D.. Cornil, 1., Silbey, R.; Mill@.; Bralas, J..L. Chem. ~ the transfer rates for a given donor size are maximized for an

Phys 200Q 112, 4749. intermediate acceptor length. Although similar trends are
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Figure 9. (Top) Schematic representation of the longitudinal (aldfhdhe main molecular axis) and rotational (alofigthe packing axis) motions of
perylene monoimide moiety with respect to the polyindenofluorene chain. (Bottom) Interchain electronic colydirids) cm1), as a function of longitudinal
(alongX) and rotational (around) motions in a Olk—PEC donotacceptor pair, as calculated on the basis of the transition densities for the donor ground-
state geometry (a); and on the basis of relaxed excited-state geometry (b). Note that a longitudinal displacement of 35 A corresponds to apesféchsupe
of the donor and acceptor centers.

obtained for both processeisitermolecularrates are always  5to 0.5 ps™. (Note that the use of the point-dipole model leads
larger than the correspondimmm-chainvalues for given donor  to much larger values, from 50000 to 250 fssuch high rates
and acceptor sizes. are inconsistent with the experimental observations and would
Considering the tetramer as donor, the DMM hopping rates be incompatible with the weak coupling approach adopted here).
for intrachain processes among indenofluorene oligomers rangeFor heteromolecular transfer processes, the typical intrachain
from 0.25 to 0.08 ps!, depending on the acceptor size. The rates lie in the range 660.6 ps%; the corresponding interchain
corresponding DMM intermolecular transfer rates decrease from processes are found to be up to 1 order of magnitude faster
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1.0 intrachain energy migration rates by considering 30-unit long
PIF polymer chains, built from identical oligofluorene segments
0.8 1 and capped at one end by a perylene acceptor. As a result of
Peec(t) the similar excitation energies computed for the tetramer,
06 7 hexamer, and octamer of indenofluorene, the different chro-
04 ] mophores within the system are expected to be excited with
Ay the same probability (the corresponding calculated transition
02 ] ' energy around 3.2 eV matches the excitation energy of 3.1 eV
| used in the experiments). In all simulations, the excitation is
00 ] thus distributed evenly among all indenofluorene oligomers at
time zero. In all cases, backward transfer, nonnearest neighbor
. . . . . jumps, and radiative decay of the excitations are accounted for.

200 400 600 800 1000 1200 1400

Time(ps)

Figure 10. Time-dependent perylene population, as obtained by solving
the Pauli master equations for exciton transport (eq 14) in polyindenofluo-

Only backward transfer from the perylene group to the PIF
segments has been neglected in our simulations (these were
indeed found to be negligible compared to other @D, and
OIF/PEC donor/acceptor couples (as a result of very small

rene chains endcapped with a perylene moiety. The polymer length is 30 spectral overlap, 8 orders of magnitude smaller than for the

indenofluorene units; identical building blocks of conjugation lengths 2, 4,
6, and 8 repeat units are used to generate the chains.

with rates only weakly sensitive to chain length (in the range
50-90 ps ).

corresponding forward transfer). The relative efficiency for
exciton migration in these different chain configurations is
expected to result from a tradeoff between the number of
hopping events (larger for small segments) and the mean

These results suggest that a much more efficient energyhopping time (smaller for small segments). Figure 10 shows
transfer occurs in the solid state (where chain-to-chain contactsthe time evolution of the perylene population as a function of

open new efficient channels) with respect to dilute solution

the size of the building blocks (from 2 to 8 indenofluorene units).

(assuming no direct contacts between the oligoindenofluorene !t turns out that, although the overall migration involves a larger
Segments and the pery|ene endcaps)_ This is fu||y Consistentnumber of exciton hOpS, the average transient time is minimized

with the faster dynamics observed experimentally in the solid
state. It is also important to point out that the calculations
performed at the DMM level yield the correct order of
magnitude for the interchain hopping rates, in thelpsinge;

a fully quantitative description is, however, difficult to achieve
due to the sensitivity of the calculated electronic couplings on
the relative donoracceptor distance and separation, vide supra.
In addition, while energy motion along the rigid-rod polymer

for short building blocks. This behavior arises from the fact
that energy-transfer rates for the elementary processes are
maximized for minimal intersite separations.

Next, we have explored the dependence of the exciton
dynamics on physical chain length.)( Polyindenofluorene
chains containing 12, 20, 30, 50, and 100 indenofluorene units
have been built from a statistical distribution of conjugated
segments close to the experimental one (50% of hexamers, 25%

chains is strictly one-dimensional, transport in the solid phase of tetramers, and 25% octamers for chain lengths of 20 units or

has a higher dimensionality, thereby providing a much larger

larger; the 12-unit chain simply comprises 2 indenofluorene

interaction surface between donors and acceptors and hencéiexamers, and the 20-unit chain comprises two hexamers and
many more pathways for energy transfer to the perylene emitters.one octamer). As expected, the characteristic transient time to

A more detailed investigation of the energy migration dynamics
in films taking into account both orientational and dimensionality
aspects certainly warrants further work and is in progress.
Long-Range Intrachain Energy Transfer. We first inves-
tigated the influence of the chromophore conjugation length on

the perylene trap, defined here as the time at which the perylene
population peaks, increases, and the number of excitations that
effectively reach the perylene group decreases with increasing
chain length, see Figure 11a. The characteristic times for the
overall migration process are on the order of 100, 300, 450 ps

10] . @ 10 ] , o
L =12 units —— L =12 indenofluorene units
— - L =20 indenofluorene units
0.8 1 0.8 - — — L =30 indenofluorene units
Porc(t) ~ N Pt \ ——- L =50 indenofluorene units
PEC L =30 units o N e L = 100 indenofluorene units
0.6 § 0.6 1\ \\'-,‘
L = 50 units \\ \ .
0.4 044'\ N\~
L = 100 units \ \ \\ -
0.2 | 02| \'\ <
~
//\ \\
N~ Tl
0.0 . . . . . ; : 0.0 e e
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Time (ps) Time (ps)

Figure 11. Time-dependent perylene populatigigdt)] (a) and polyindenofluorene population (b) for total chain length of 12, 20, 30, 50, and 100 repeat
units. A distribution of oligomer lengths close to the experimental one (50% of hexamers, 25% of tetramers and octamers) has been adoptedh@xcept for t
12-unit chain that consists of 2 indenofluorene hexamers and the 20-unit chain that consists of 2 hexamers and one octamer).
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Figure 12. Time-dependent changes in PIF population within a time step of 10 ps for a total chain length of 12 (a), 30 (b), 50 (c), and 100 (d) repeat units.

Individual contributions from energy transfer and radiative decay processes are also displayed. The relative efficiencies (in %) of the tng patestes
are given as inset.

for chain lengths of 12, 20 and 30 units, respectively. A flat the less efficient energy transfer to the perylene endcaps. To
maximum spreading over the 56@00 ps time range is obtained investigate further the chain-length dependent energy-transfer
for chain lengths of 50 and 100 indenofluorene units, the efficiency, contributions from radiative and hopping processes
difference between the two chain lengths being mostly in terms to the PIF population decay must be disentangled. Since the
of the total number of excitations trapped on the perylene backward hopping rate from the perylene derivative to the PIF
derivative. This steady population arises from a subtle interplay chain is negligible and neglecting radiative decay on the
between the number of excitations transferred on average fromacceptor, the increase in population on the endcap within a time
the main chain to the perylene end-groups and the number ofstep At provides a measure of the number of excitations that
excitations that decay radiatively on either the PIF chain or the have been transferred to the chain ends within the corresponding
perylene group within the same time range. The characteristictime step.
time scales for excitation motion to the perylene derivatives  Figure 12 shows the contributions to the overall time decay
are indeed on the same order of magnitude as the calculatedf the PIF population associated with radiative and hopping
(radiative) donor excited-state lifetimes reported in Figure 7: processes. The time-dependent relative efficiencies of the two
these range from 600 to 400 ps in the more extended indenof-decay routes (displayed in inset) are defined as:
luorene segments (from 6 to 8 repeat units). A characteristic

. . _ ET
decay time of 500 ps has been extracted from the PIF stimulated 7elt) = Appit)/Appie(t)  for energy transport
emission signal measured from time-resolved spectroscopy (see

_ RD ..
Figure 2c), which confirms that exciton propagation and decay 1ro(t) = Appi()/Appi(t) - for radiative decay 20)
occur on similar time scales.

The time-dependent populations on the PIF stramgt [t)], where ApgH(t) and App(t) represent the contributions to the

defined as the sum of excitation populations over all polymer overall decrease in PIF population of the excitation diffusion
segments, are displayed in Figure 11b for total chain lengths of and radiative decay processes.

12, 20, 30, 50, and 100 units. As expected, these decay more The contribution to the time decay in PIF population arising
slowly in the longer chains, a finding that is consistent with from excitation transport to the perylene endcaps features an
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Figure 13. Time-dependent calculated emission spectra for total chain lengths of 12 (a), 30 (b), 50 (c), and 100 (d) repeat units.

initial fast decay (for instance-60% of the excitations are rationalized by the fact that excitations located on distant
transferred within the first 10 ps fdr= 12, ~40% forL = 20 chromophores must be first brought close to the perylene groups
and~30% forL = 30), followed by a slower evolution at longer  prior to energy transfer to acceptor site. Thus, for intermediate
time delays. This evolution can be rationalized by the slow physical chain lengths on the order of 30 indenofluorene units
intrachain excitation migration along the polymer backbone (i.e., close to the average chain length estimated for the system
compared to energy transfer to the perylene end-groups fromunder investigation), our calculations suggest that the excitation
neighboring PIF segments. From the time-dependent populationsdynamics arises from a competition between excitation motion
on each site, one can indeed notice a fast population decay oralong the polymer chain and radiative decay.
the chromophore covalently linked to the perylene endcap within ~ The dynamics of exciton migration in the endcapped polymer
the first time steps, this site remaining poorly populated at longer chains can also be gauged from the simulated time evolution
time delays. Our theoretical results thus indicate that only of the photoluminescence spectra. These are shown in Figure
excitations lying close to the perylene emitters can be efficiently 13 for different time delays and polymer lengths. A different
transferred; this process then sets up the dynamics at early stagepicture is obtained when considering different total PIF chain
For longer time delays, the time evolution is controlled by the lengths as a result of different ET dynamics. The time-resolved
repopulation rate of the chain segment adjacent to the peryleneJuminescence spectra computed for the shortest chain (12 repeat
which proceeds through migration of excitations along the units) show a fast decay of PIF emission in thel@0 ps time
polymer backbone. This clearly suggests that the time limiting range, the luminescence spectrum being dominated by perylene
step in the energy transfer to the perylene acceptor is theemission for time delays larger than 100 ps. The almost
multistep migration along the PIF chain. stationary PEC emission then observed can be rationalized by
As expected, radiative decay plays a minor role in short chains the long radiative lifetime associated with the perylene group
including 12 and 20 indenofluorene units, where population (~3 ns). Apart from the slower initial decay of the PIF emission,
decay on the polymer chain arises mostly from excitation a rather similar picture is obtained for a total chain length of
diffusion. The efficiency of the energy-transfer process is found 20 indenofluorene units (the corresponding spectrum is not
to decrease abruptly in the first 10 ps and then to level off at a shown here).
limiting value of 94% and 75% for a total chain length of 12 An increasing slow-down of the PIF population decay is
and 20 (not shown) indenofluorene units, respectively. In predicted for increasing chain lengths, which arises from
contrast, both energy transfer and radiative decay processesnefficient transport along the polymer chains. Contributions
contribute significantly for a total chain length of 30 units from PIF and PEC emissions become comparable after about
(Figure 12 b), where energy transport phenomena contribute500 ps, 1000 and 1500 ps for a total chain length of 30, 50,
about 60% to PIF population decay. Moving to chain lengths and 100 indenofluorene units, respectively. In the time-resolved
of 50 repeat units (Figure 12c) or larger, radiative decay is found experiments discussed in section IV, the polyindenofluorene
to provide the largest contribution to the PIF time-dependent chain and the perylene derivative provide comparable light
population decay (except at short time delays). This can be emission intensities for 700 ps time delay. This result is
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consistent with the theoretical spectra when assuming a totalthe rate of energy transfer between oligoindenofluorene seg-
chain length in the range of 350 repeat units and a single ments with various conjugation lengths and the perylene group
perylene endcap per chain. Note that the time-resolved PL as the final acceptor. Compared to exciton motion along the
spectrum for a PIF chain of 70 indenofluorene units endcapped conjugated chains, energy transfer from an indenofluorene
with a perylene moiety at both ends is very similar to that segment to an attached perylene derivative is calculated to be
obtained for a singly endcapped 30-mer chain (not shown here,typically 2 orders of magnitude faster. Such a significant
see complementary results). As discussed previously, these arelifference in transfer rates stems from higher electronic
the two most representative systems for the polymer under study.couplings for intrachain heteromolecular transfer with respect
For such realistic chain lengths, the simulations lead to a to homomolecular hopping and also more efficient denor
decrease in PIF emission over 2 orders of magnitude over aboutacceptor overlap in the former case. Small spectral overlaps for
1 ns together with a stationary PEC emission, which are both intrachain hopping between OIF conjugated segments result
consistent with the experimental observations. This can be from the large relaxation energy associated mostly with the
rationalized in part by the rather long radiative lifetime of pronounced changes in conformation when going from the
excitations residing on the perylene group compared to short- (twisted) ground-state to the (planar) excited-state geometries.
lived excitations lying on the PIF segments. As discussed above, Thus, in situations where intermolecular processes are unlikely,
both radiative decay and excitation diffusion contribute signifi- the determining step for energy transfer to the endcapping
cantly to the population decay on the polymer segments, leadingperylene corresponds to the slowest hopping process along the
to the fast and important drop in the transient PIF emission conjugated main chains.

signal. As the limited number of excitations reaching the  |nterchain energy transfer in the homopolymer has then been
perylene endcaps almost immediately decays via luminescencemodeled by considering the case of two interacting poly-
the PEC emission feature shows a less pronounced time(indenofiuorene) chains packed in a cofacial arrangement. The
dependence that can be traced back to the flat maximum in PECejectronic couplings and the corresponding transfer rates
population setting up at relatively early stage of the dynamics. computed for different OIFOIF, complexes differing by the
VI. Conclusions size of the conjugated segments in interaction, are always found
to be larger than the corresponding intrachain values. The same
processes have been assessed experimentally and theoretical eh_avn_)r IS _observed for comp_lex_es formed by a perylene
erivative lying on the top of oligoindenofluorene segments.

in a covalently linked doneracceptor system wherein a poly- According 1o th results. cl ntacts between molecul
(indenofluorene) chains acting as donor are endcapped with red- ceording fo these results, close contacts between molecules

emitting perylene derivatives. Contributionsioterchainand provide an efficient pathway for energy migration in conjugated

intrachainprocesses to the overall energy-transfer process havematelr.IaIS a_srha tretsulthof. |ncre§tlsed d.OHat(.:cep.torfelfctr?; Ic
been determined by recording time-resolved photoluminescence.COUp Ings. Thatinterchain excion migration Is faster thar
and absorption spectra of the system under investigation in both"m"’lch"’lln migration IS consistent with t.h € Increase in transfer

solution and thin film. In solution, the energy-transfer process ratg observed experimentally yvheq going from solution to the
occurs on a 500-ps time scale and competes with radiative/SOI'd state. It should be borne in mind, however, that the rates
nonradiative decay of the excitations. Energy transfer is found of intrachain processes would increase significantly if the chains

to be much more efficient (a few tens of picoseconds) in the were perfectly conjugated and the excitations coupled coherently

solid state leading to a complete quenching of the polyinde- along the chains.
nofluorene luminescence. This difference in dynamical behavior ~ LOng-range intrachain energy transfer, namely light harvesting
is to be related to the emergence of additional channels for the@nd trapping of the excitation, has been modeled based on the
excitation migration in films as a result of the presence of close NoPpIng rates calculated using the improvedsker model. A
contacts between adjacent chains. set of Pauli master equations for exciton migration has been
To rationalize the different dynamics observed in solution solved considering random chains built from a distribution of
and in the solid state, we have described intramolecular andconjugated segments with various lengths. The dependence of
intermolecular transfer processes by means of models with anthe transfer dynamics on the total chain length as well as on
increasing level of sophistication. Intramolecular energy-transfer the typical length and distribution of the conformational subunits
processes along the polymer main Chain have been described’]as been Stud|ed We f|nd that the OVera” transfer pI‘OCGSS |S
first by using a simple model wherein only hopping to the faster in polymer chains built from short conjugated segments
nearest neighbors has been considered, therefore providing ars @ result of an increase in the site-to-site electronic coupling
upper limit to the actual rate of excitation energy motion. leading to faster exciton hops. As expected, the characteristic
Electronic couplings, spectral overlaps, and energy-transfer ratedime for energy transfer increases with chain length, while the
have been computed in the framework of an improvérsfeo number of excitations effectively reaching the perylene group
model based on a multicentric monopole representation of the decreases.
transition electronic densities, for several donor/acceptor pairs, From a detailed analysis of the various contributions to the
differing by the size of the indenofluorene segments involved. population decay, we have found that the dynamics results from
We find that the electronic couplings and the corresponding a competition between radiative decay over PIF segments and
transfer rates for intrachain energy migration drop quickly with energy-transfer processes along the chains for physical lengths
the size of the donor and acceptor groups. This can be ascribedn the order of 30 indenofluorene units (i.e., in the range of the
to the increased inter-site separations, together with a concomi-actual average chain length of the polymer under study). Our
tant decrease in transition density at the edge of the conforma-results suggest that a fast initial hopping process takes place to
tional subunits. The same trend is observed when consideringthe perylene from the covalently attached indenofluorene

Both intermolecular and intramolecular energy-transfer
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