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Abstract: We present a combined experimental and theoretical study on energy transfer processes in a
well-defined three-dimensional host—guest system, which allows for high chromophore concentrations while
maintaining the highly luminescent properties of the molecules in solution. The self-assembled, nanostruc-
tured system with a defined ratio of included donor and acceptor molecules is amenable to quantitative
comparison between experiment and theory. Experimentally, energy migration is monitored by steady-
state and time-resolved fluorescence spectroscopy. From the theoretical side, the energy transfer process
is modeled by a Monte Carlo approach including homo and hetero transfer steps with multi-acceptor
distribution. In this dense system, the classical Forster point-dipole approach for energy transfer breaks
down, and the hopping rates are therefore calculated on the basis of a quantum-chemical description of
the donor and acceptor excited states. Thereby, the true directionality of the excitation diffusion is revealed.
Excellent agreement with experimental donor and acceptor decays and overall transfer efficiencies is found.
Even at low acceptor concentrations (down to 0.1%), efficient energy transfer over distances as large as
25 nm was observed due to rapid energy migration through a series of homo-transfer steps with preference
along one direction of the structure.

1. Introduction excitation transport such as diffusion lengths, energy migration

Resonance energy transfer is a key issue in many IDhoto_dynamics, and directionality. A special class of such highly
physical processes ranging from solar energy harvesting to white"dered systems are the so-called nanochannel compounds. Here,
light-emitting diodes (LEDs) and has found use as a valuable te chromophores are embedded in channel-forming organic or
tool for determining molecular distances in biological systems. inorganic host systems such as organic crystals (e.g., perhy-

Furthermo.re’ energy transfer plays an |mportant.part in th.e 3) Komorowska, K.; Brasselet, S.; Dutier, G.; Ledoux, |.; Zyss, J.; Poulsen,
photophysics of chromophore aggregates and organic conducting "~ L.; Jazdzyk, M.; Egelhaaf, H.-J.; Gierschner, J.; HanackCiMem. Phys.
i itati i 2005 318 12.

polymers pecause it affects the ex0|.tat|on dynamg:s and !egds 4) Wiesenhofer. H.: Beljonne, D.: Scholes, G. . Hennebicg, E.dseJ.
to effects like enhanced energy trapping at defect sites, emission ~ * L.; Zojer, E. Adv. Funct. Mater.2005 15, 155.

icati H i ihilatior.2 (5) Beljonne, D.; Hennebicq, E.; Daniel, C.; Herz, L. M.; Silva, C.; Scholes,
depc_)la”satlon’ ar_]d smg}etslng_let annlhllatIOﬁ' Recently, G. D.; Hoeben, F. J. M.; Jonkheijm, P.; Schenning, A.; Meskers, S. C. J.;
multi-chromophoric systems with a high degree of order have Phillips, R. T.; Friend, R. H.; Meijer, E. WJ. Phys. Chem. R005 109,

; 3 10594.
drawn the attention of us and othérd? These _systems are (6) Calzaferi, G.; Huber, S.: Maas, H.: Minkowski, &ngew. Chem., Int.
model systems to study fundamental questions related to Ed. 2003 42, 3732.
(7) Sancho-Garcia, J. C.; Bias, J. L; Beljonne, D.; Cornil, J.; Martinez-
T Institute of Physical and Theoretical Chemistry, University obifigen. ﬁ'Vﬁﬁegeka;j‘ga”Sﬁk'Sﬁ;sp Oglr?:r?{ Léo%'serfggnzé’fz'; Mack, H. . Egelnaat
5 Ins_tltute' pderiqanlcd(_)g_emlstlr_y, _Un|ver5|ty of bingen. (8) Gierschner, J.; Egelhaaf, H. J.; Mack, H. G.; Oelkrug, D.; Martinez Alvarez,
Universitadegli Studi di Cagliari. R.; Hanack, M.Synth. Met2003 137, 1449.

" University of Mons-Hainaut. (9) Sancho-Garcia, J. C.; Poulsen, L.; Gierschner, J.; Martinez-Alvarez, R.;
Y Johannes-Kepler-University. Hennebicq, E.; Hanack, M.; Egelhaaf, H.-J.; Oelkrug, D.; Beljonne, D.;
(1) Scholes, G. DAnn. Re. Phys. Chem2003 54, 57. Brédas, J.-L.; Cornil, JAdv. Mater. 2004 16, 1193.
(2) Egelhaaf, H. J.; Gierschner, J.; Oelkrug, $nth. Met2002 127, 221. (10) Minkowski, C.; Calzaferri, GAngew. Chem., Int. EQR005 44, 5325.
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drotriphenylene, urea, tris-o-phenylenedioxycyclotriphospha-
zene) or zeolites, which results in controlled geometries with
weak interchromophore interactions.

The present paper focuses on organic hanochannel compounds
based on the host material perhydrotriphenylene (PHTP). In the
presence of suitable guest molecules, such as rod-shaped,

m-conjugated chromophores or small solvent molecules, PHTP

self-assembles into a nanostructured pseudo-hexagonal host-

lattice with completely filled parallel channels (Figurel4}>
Chromophores included in the PHTP channels are thus all
oriented parallel in a head-to-tail configuration. Despite their
high concentrations~0.5 M), fluorescence spectra, quantum
yields and lifetimes of chromophores included in PHTP
resemble those of the chromophores in solution, implying that

the distance between adjacent channels of approximately 1.5

nm is long enough to prevent strong side-by-side interactions,
which usually lead to fluorescence quenchii§.Previous
studies have shown that upon doping of inclusion compounds
with an appropriate energy acceptor, excitation energy is
transferred efficiently to the dopatt16 In the present study,
distyrylbenzene (2PV) and quinquethiophene (5T) will be used

as the energy donating and energy accepting species, respec-

tively.

The well-defined geometry of PHTP allows for a unique
possibility to compare experimental data on three-dimensional
energy migration with simulations based on different models.
Of particular interest in this context is the issue of accurate
description of the individual energy transfer steps at small inter-
chromophore distances where the classicasteo theory, based
on point-dipole interactions (the Point Dipole Approximation,
PDA),'is no longer applicable and the full electronic transition
density distribution on the molecules must be taken into
account: This issue will be addressed at a quantum-chemical
level based on the distributed monopole approach (DMA), which
has been previously validated for systems lying in the weak
coupling limit, as it is the case heté8 By accounting for the

electronic interactions between the chromophores at the atom-

istic level, a microscopic picture for the ordered multiple

acceptor energy transfer system is achieved. We will compare

the results obtained by this approach to those predicted from
simple, approximate analytical models, which ignore orienta-
tional effects and/or acceptor distribution heterogeneities by
assuming rotational averaging (as typically found in liquid

solutions) or assume rapid excitation diffusion by means of
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homo-transfer, i.e., energy transfer between species of the energyigure 1. Structure of the PHTP/2PV/5T inclusion compound. (Top) Top

donor type (the rapid-diffusion limif) respectively.

Methods of numerical simulation for energy diffusion in the
weak coupling limit generally fall into two categories: the Pauli
Master Equation approach (or Markov Chain Approd¢t#s
and the Monte Carlo approaé#.2> In the former, a lattice of

(11) Botta, C.; Patrinoiu, G.; Picouet, P.; Yunus, S.; Communal, J.-E.; Cordella,
F.; Quochi, F.; Mura, A.; Bongiovanni, G.; Pasini, M.; Destri, S.; Di
Silvestro, G.Adv. Mater. 2004 16, 1716.

(12) Kim, O.-K.; Je, J.; Melinger, J. S. Am. Chem. So2006 128 4532.

(13) Gierschner, J.; lar, L.; Oelkrug, D.; Musludly, E.; Behnisch, B.; Hanack,
M. Synth. Met2001, 121, 1695.

(14) Farina, M.; Di Silvestro, G.; Sozzani, Bompr. Supramol. Chen1996
6, 371.

(15) Koenig, O.; Buergi, H.-B.; Armbruster, T.; Hulliger, J.; Weber,JT Am.
Chem. Soc1997, 119 10632.

(16) Bongiovanni, G.; Botta, C.; Communal, J. E.; Cordella, F.; Magistrelli, L.;
Mura, A.; Patrinoiu, G.; Picouet, P.; Di-Silvestro, @ater. Sci. Eng., C
2003 23, 909.

(17) Faster, T.Fluoreszenz organischer Verbindunga&fandenhoeck & Ru-
precht: Gatingen, 1951.
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view of the hexagonal arrangement of the channels withriteschannel
distance of 1.5 nm used in the simulations indicated. (Bottom) Side view
of the channels with théntrachannel distance of 2 nm indicated. The
structure of molecules of the donor species, 2PV, and of the acceptor species,
5T, are shown in the figure.

chromophores is generated and the time evolution of the
excitation probability distribution is solved for all lattice sites
yielding a matrix problem of dimensiom x n, wheren is the
number of lattice sites. Thus, this is the method of choice in
systems with high order and symmetry, where small lattices

(18) Beljonne, D.; Cornil, J.; Silbey, R.; Millie?.; Bradas, J.-LJ. Chem. Phys
200Q 112 4749.

(19) Lakowicz, J. RPrinciples of Fluorescence Spectroscopyd ed.; Kluwer
Academic/Plenum Publishers: New York, 1999.

(20) Bongiovanni, G.; Botta, C.; Di, Silvestro, G.; Loi, M. A.; Mura, A.; Tubino,
R. Chem. Phys. Let2001, 345 386.

(21) Gfeller, N.; Calzaferri, GJ. Phys. Chem. B997 101, 1396.
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can be chosen. However, for problems where inhomogeneitiesmoments of 5T as 2P¥ are oriented mainly along its long
(e.g., lattice disorder or inhomogeneous trap distributions) are molecular axis and thus, almost parallel to the PHTP channels.
present and when steady-state properties are sought after, londgror parallel orientation of the dipole moments, the expression
simulations on very large lattices may be needed to give an for «px reduces to:

accurate description of the whole system. In the approach used

in this paper, the chromophore lattice is sampled according to kox =1—3cod o (4)

a Monte Cago _schzme_ yleldln%ftdh_e traject?rlei of 'f;d"i'd!ia' whereg is the angle between the transition dipole moment and
excitations. By introducing cutoff distances for the calculation yo”vector connecting the centers of the moleculRsy),

of energy transfer rates, very Iarg.e lattices with dimension§ Because the PHTP host-structure offers a well-defined geometry,
comparable to real .crlystal dlmen§|ons can be explored. Th'sthe orientation factor can be explicitly calculated for all DX
opens up the possibility to examine systems with _|°W and pairs in the system. Note thaf, takes on the value of 1 for
mhomogeneous acceptor dlstr_lbunons gnd tc_) elucidate the'nterchannel transfer when the vector connecting the centers of
mechanism of energy transport in three-dimensional condense he molecules is perpendicular to the channel axis and the value
systems. of 4 for intrachannel transfer.

2. Theoretical Background on Energy Transfer For smaller intermolecular separations, the point-dipole
approximation, used in eq 2, breaks down, and the electronic
coupling Vpx in eq 1 has to be calculated explicitly. In a
previous study, we have applied the distributed monopole
approach (DMA) to calculat¥py:2°-30

2.1. Rate ConstantsThe rate of resonance energy transfer
from an energy donating molecule, D, to an energy accepting
molecule, X, can be obtained from Fermi’'s Golden Rule

ker(DX) = 27 Vi 3o @ 1 < B)ad)

Vox =—— o

) . . i Amey T T Rox(ii)
whereVpy is the electronic coupling between the initial state
(D*X) and the final state (DX*) and]}y is the spectral ~ where the atomic transition densiti€s,are determined from a
overlap between donor emission and acceptor absorption spectraZINDO/S (Zerner’s spectroscopic parametrization for the semi-
both area-normalized on an energy séalée energy accepting ~ empirical Hartree-Fock intermediate neglect of differential
molecule, X, can either be of the donor speciess B, (homo- overlap method} calculation of a DX pair, based on geometries
transfer) or of the acceptor species,=XA (hetero-transfer).  optimized at the semiempirical AM1 (Austin ModeF%)evel,

For large separations of the energy donating and the energyandRpx(i,j) is the distance between atdnm molecule D and
accepting molecule, Fster’s classic point-dipole approximation ~atomj in molecule X. In the present study, the DMA approach
(PDA) is sufficient for describing the energy transfer process. will be used to calculate directly the orientation factgy/Ro,
Using Faster's formalism’ eq 1 can be written as: which enters the Hster equation (eq 2) for transfer steps

between molecules in close proximi.

9-In 10 1 Kpx 2.2. Common Models of Energy Transfer.As a conse-

T ro 5 nr "Kep “Jpx (2) quence of the complexity of the energy transfer processes in
12877N, Rgx three-dimensional systems, analytical expressions for the overall
rate and yield of energy transfer in an ensemble of multiple
energy donating and accepting chromophores are only available
for a few special cases. Thus, even within the PDA approach,
energy transfer processes are commonly modeled with a number
of approximations reducing either the structural or the dynamical

(%)

2

ker(DX) =

n4

Here N4 is the Avogadro constanksp = ®pl7p is the rate
constant for donor emissio®p andzp are the donor fluores-
cence quantum yield and lifetime, respectively (all in the absence
of energy transfer), andlis the refractive index of the medium.
The correct description of the dielectric screening by the medium
is a non-trivial issué:26 |t becomes eSpeCiaIIy difficult in the (24) Yatskou, M. M.; Meyer, M.; Huber, S.; Pfenniger, M.; Calzaferri, G.
present system due to its anisotropy and the high concentration(zs) Egggptyiﬂc*‘se'?g(r’igtg' fAGJ-Phys Chem. 200Q 104 6911

of chromophores. However, keeping in mind that the chro- (26) Scholes, G. D.; Curutchet, C.: Mennucci, B.; Cammi, R.; Tomasi, J.
mophores in the hostguest system are only weakly coupled, J. Phys. Chem. B published online June 6, 2007 http://

.. , . . } dx.doi.org/10.1021/jp072540p.
Forster's expression appears as a reasonable approxm%’étlon. (27) More elaborate description of the dielectric screening than tifeeim in

‘e i the Faster formula involves the correct shape of the molecular cavity as

The SpeCtral overlafbx is given bY the overlap between the well as the distance dependence of the screeffittgoecomes even more
area-normalized fluorescence emission spectrign,of the difficult in the present system due to the anisotropy of the PHTP host, and
energy-donating molecule, D, and the absorption spectexm, the high concentration of chromophores, which changes the “effective

- polarizability” of the medium. However looking at the polarizability tensor
of the energy accepting molecule, X: of PHTP, the anisotropy turns out to be rather weak, and also the change
in the “effective polarizability” is estimated to be rather small. Moreover,
keeping in mind, that the chromophores in the host-guest system are only

o Tp(V) €x(v) weakly coupled, the distance dependence should be weak. Last but not
JDX = f —dv (3) least, the shape factor for rod-shaped molecules is expected to change the
0 1/4 screening by less then 10% compared toskers formulatiorf®

(28) Gierschner, J.; Ehni, M.; Egelhaaf, H.-J.; Milidledina, B.; Beljonne, D.;
. . . . . . . Benmansour, H.; Bazan, G. @. Chem. Phys2005 123 144914.
kpx IS the orientation factor describing the relative orientation (29) Krueger, B. P.; Scholes, G. D.; Fleming, G. R.Phys. Chem. B998
it P it P 102 5378.
of the two transition dipole moments. The transition dipole (30) Marguet, S.: Markovitsi, D.: Millie, P.: Sigal, H.: Kumar, &.Phys. Chem,
B 1998 102 4697.
(22) Vega-Duran, J. T.; Diaz-Torres, L. A.; Barbosa-Garcia, O.; Meneses-Nava, (31) Zerner, M. C. In Reviews, in Computational Chemistry; Boyd, D. B., Ed.;
M. A.; Mosino, J. F.J. Luminesc200Q 91, 233. Wiley VCH: New York, 1994; Vol. Il, p 313.
(23) Demidov, A. A. InResonance Energy Transfémdrews, D. L., Demidov, (32) Dewar, M. J. S.; Zoebish, E. G.; Healy, E. F.; Stewart, J. 1. Am.
A. A., Eds.; John Wiley & Sons: Chichester, 1999. Chem. Soc1985 107, 3902.
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complexity. Central in the correct handling of structure is the two limits, ®gr depends on the diffusion coefficient of the
orientation factoripx. In liquids, the rotational motion of small  excitation and donor decays may be non-exponential.
chromophores can usually be taken to be infinitely faster than  Numerical simulations allow us to simulate energy transfer
the donor decay leading to an averaging of the orientation factor processes without the crude approximations that severely limit
in the Foster equation t&%x = 2/3. If, on the other hand, the the applicability of analytical models. Specifically, for systems
motion of the chromophores is frozen, but the distribution of with complex geometries, distributions of orientation factors,
orientations kept isotropiae3, averages to 0.476, yielding a and/or intermediate diffusion rates, numerical simulations are
smaller overall transfer rate constanf. necessary to fully elucidate the dynamics of the energy transfer
A measure for the efficiency of energy transfer between a process. For systems with inherent heterogeneities (in the present
given pair of energy donating and energy accepting moleculescase lattice disorder or inhomogeneous trap distributions), very

is the Foster radiusRy. Assuming fast rotational motion (i.e., large systems must be sampled in the numerical simulation.
K3 = 2/3), Ry is the distance at which half of the energy Monte Carlo simulations are able to simulate energy transfer
donating molecules transfer their energy to an energy acceptingin complex molecular assemblies with multiple donors and
molecule. Complying with the notation given in eqR, can acceptors using Fster theor§ or to extract anisotropic energy
be expressed as: transfer rate constants by fitting to experimental d4fa.
3. Experimental and Computational Methods
6 _ 9:In 10 D /
- 128-n5-NA : F *2/3Jpy (6) 3.1. Sample Preparation and Fluorescence MeasuremenHTP/

2PV/5T inclusion compounds were prepared by transferring a small
amount of 5T solution (in benzene, Merck Spectroscopic grade) to an
The introduction of homo-transfer corresponds to diffusion of ampule and then removing the solvent under vacuum. Subsequently,
the excitation energy (or in the liquid case: the diffusion of solid PHTP and 2PV were added to the ampule using a large excess of
the donor molecule) and complicates the treatment of the energyPHTP relative to the ideal PHTP/2PV molar ratio of % The ampoules
transfer process further. Exact analytical expressions are onlywere sealed under vacuum and heated to 260 The resulting
available when the diffusion length of the excitation within its ~crystalline powders were smeared onto quartz plates to yield layers of
lifetime is significantly larger (the rapid-diffusion limit) or f(_ew mncrom_eters, and used fqr the spectroscopic mvestlgatlo'ns. uv/
smaller (the static limit) than the mean distance between the vis absorption spectra of solutions were measured on a Perl_<|n-_EImer
initially excited donor molecule and an acceptor moledéile. Lan_1bd_a2 spectrophotometer. Steady_-state fluorescence emission and
N excitation spectra were recorded at right angle on a SPEX Fluorolog
the static limit, homo-transfer can be neglected, but the 555 forometer equipped with two 0.25 m double monochromators, a
distribution of transfer distances leads to time-dependent overall 150 v vertical xenon arc-lamp (Mer Electronics) and a photomul-
energy transfer rate constants and significantly non-exponentialtiplier tube (Hamamatsu, model R928). Time-resolved fluorescence
donor decays. The analytical expression for the characteristicemission spectra were measured using a femto-second photolumines-

donor decay in this limit can be written &%: cence setup consisting of a frequency-doubled Ti:sapphire laser (Spectra
Physics, Tsunami) operating at 390 nm with a repetition frequency of
i 0 t O t 80 MHz and a streak camera (Hamamatsu, C5680) coupled to an
| SEC=| DA EXP— — — «/J_I — . @) imaging monochromatdt. The excitation light was removed by a 410
o o Po NV To nm cutoff filter. To avoid bimolecular processes and sample degrada-
) ) ] tion, the mean laser power was kept below\W.
where pa is the acceptor density ang = (4/37R)~* is the After determining the desired photophysical properties of the
critical acceptor density related to thérBter radius for hetero-  inclusion compounds, the samples were dissolved in benzene and the
transfer,Ro. 2PV and 5T contents were determined using UV/vis absorption and

In contrast, in the rapid-diffusion limit, diffusion leads to an fluorescence emission spectroscopy, respectively. The resulting molar
averaging of distances so that the overall energy transferdoping ratios, ¥r = nsti/nzpv, were in the range of 0.001 to 0.04 (i.e.,
efficiency ®gr depends only on the molar doping ratio and the 5 x 107 to 2 x 1072 M). The efficiency of overall energy transfer,

shortest possible distances between a donor and acceptobeT’ from 2PV to 5T is defined as the fraction of the photons absorbed
molecule, resulting in single exponential donor decays. For PY 2PV transferred to 5T. Assuming steady-state conditidrs,can

. Lo . . . be determined from the ratio between the integrated fluorescence
diffusion in three dimensions and spherical molecules, the donor. n . L

. . intensities of 2PV/,py, and 5T,lst, upon selective excitation of 2PV
decay takes the following exponential fofth:

in a 2PV/5T/PHTP sample:

i ApARG t Dgr lop\ T
o= paex— |5 1| ® @ETZ(” ST'ﬂ) ©

3I‘g Tp Dopy st

wherer. is the smallest distance by which a donor and acceptor Where®sr and ®zpy are the fluorescence yields of pure 5T/PHTP and

pair can be separated. In the intermediate domain between the?PV/PHTP samples, respectively. The contributionigpby direct
excitation of 5T was estimated to be less than 0.5%&ffor molar

(33) For a given intermolecular separation between two identical molecules (X doping ratios smaller than 0.04 and can therefore be neglected. In time-
= D) the electronic coupling eleme¥bx is related to the orientation factor

x by the following expression 3 (34) Minkowski, C.; Pansu, R.; Takano, M.; Calzaferri, Blv. Funct. Mater
Kpx _ 327 €M, vp 2006 16, 273.
g Y 'E * Vox (35) Yatskou, M. M.; Donker, H.; Novikov, E. G.; Koehorst, R. B. M.; Van
X Hoek, A.; Apanasovich, V. V.; Schaafsma, T.JJ.Phys. Chem. 2001,
wherefp andvp are the calculated oscillator strength and the frequency of 105, 9498.
the electronic transition, respectively. This allows for a perfect match of (36) Gierschner, J.; ler, L.; Oelkrug, D.; Musludly, E.; Behnisch, B.; Hanack,
the DMA results with the PDA model for long intermolecular separations. M. Adv. Mater.200Q 12, 757.
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Figure 2. 2D illustration of the lattices used in the Monte Carlo simulation. ’ A decay | ’ Check PBC

The excitation, EX, moves on the large superlattice (dimensfpnRate
constants for energy transfer are only calculated within the cutoff lattice E
(dimensionn?) with is centered at EX. If an excitation moves to a site

outside the PBC lattice (dimensiom+1)?, it is translated to the equivalent

site, EX*, on the other side of the PBC lattice as indicated by the arrows. b)
w
resolved experimentsber can, in the case of exponential decays, be ‘k1 42 ’ » ‘ i ‘
determined from the reduction in the donor lifetime due to energy il I D= decay
transfer: R=Wrand I
Ppr =1 — TopysiTopy (10) Figure 3. Schematic representation of (a) the Monte Carlo algorithm and

(b) the procedure for determining the decay path of the excitation.

where t2pyist and 7opy are the donor lifetimes in the presence and Table 1. Summary of the Experimental Photophysical Properties

absence of the acceptor, respectively. of 2PV and 5T in PHTP#

3.2. Monte Carlo Algorithm. In the MC simulations, the structure 2PV 5T
of the PHTP/2PV/5T |r_1clu_5|on c_ompound is _|n|t|al_ly r}apresent_ed by a vex (Aman) [cM 1] 27550 22570
perfect hexagonal lattice in which each lattice site is occupied by a Vem (F1) [cm™1] 25450 20580
chromophore with its transition dipole moment oriented along-tveis Pr 0.9 0.
(Figure 2)2 At a later stage, random positional disorder alongztagis e [ns] 15 0.9

; ; ‘i ; €max[CM~1L mol~Y 6.3 x 10¢ 4.3 x 10%
will be introduced to mimic the real structure (section 4.2). A max b~ o = : 1 : >

- L P - ; Jox [nm® mol™] 1x 10 1x 108

superlattice consisting of® sites is built and serves as the three- Ro [Nm] 33 4.9

dimensional map on which the excitation moves along the Monte Carlo
trajectories. All sites in this superlattice are labeled with a tag defining  aThe positions of the absorption maximumg# and the I band of

the site as either a donor (D) or an acceptor (A). The ratio between the the fluorescence emission spectrum are indicated in Figure 5. Fluorescence
number of donor sited\b, and the number of acceptor sité, is the yields, ®f, were determined in cyclohexane against a 9,10-diphenylan-

. . . S . thracene standard. Absorption coefficie were determined in 1,4-
molar doping ratio, ¥ The acceptor sites are randomly distributed in dioxane. Overlap integralésx, for 2PV-2Pr\§$aar)1qd 2PV-5T were determined

the superlattice leading to a distribution of acceptcceptor distances.  from fluorescence emission and excitation spectra in PHTP at 293 K by eq
For a given position of an excitation, energy transfer rate constants 3. The Fuoster radii,Ry, for homo-transfer (2PV/2PV) and hetero-transfer

to all donor siteskop, and all acceptor site$pa, in the superlattice (2PV/5T) were calculated from the tabulated data using an average
need, in principle, to be calculated in order to determine the excitation Orientation factotgy = 2/3 andn = 1.4 (eq 6).° From ref 39.

motion. To minimize the computational cost of this operation, a smaller
cutoff lattice of dimensiom® is introduced with the excitation placed

in the center. The size of the cutoff lattice is chosen so that energy
transfer to sites outside of the cutoff lattice is negligible. Thus, it is
only necessary to calculate rate constants within the cutoff lattice.
Periodic boundary conditions (PBC) are introduced by a third sub-
lattice of dimensionrf—m—1) centered at the same position as the
superlattice’

The first step of the algorithm (Figure 3) is to place an excitation,
i.e., an excited donor, at a random donor site in the PBC lattice. We
label this site “Ex”. The time at which the excitation is placed s
0. From “Ex”, the excitation can decay by either normal radiative or
nonradiative deactivatiorkdecay= ki = to™?) or by resonance energy

transfer to any donor or acceptor site in the lattkg.t = kox). The
energy transfer rate constants to sites within the cutoff lattice are
calculated using either the point-dipole model for all sites (eq 2, results
labeled MC PDA) or the point-dipole model combined with rate
constants calculated by DMA for nearest neighbors (eq 5, results labeled
MC DMA). In the case of the PDA, distanceRpx, and orientation
factors,«px, are calculated from the lattice model, while other values
required for the calculation of the rate constants are taken from Table
1 (Jox, Pp, 70, N). To feed the MC simulations, hopping rate constants
are first calculated at the quantum-chemical level for a grid of
chromophore pairs differing in their relative distances and orientations
along the same channel as well as in between neighboring channels
(Figure 4); these were then interpolated with fourth and sixth degree
(37) The dimension is chosen such that, providing the excitation is within the polynomials to account for intra- and Interchan.nel.transfer, re_spectlve_ly.
PBC Ilgg:gg |?{Ihgigsc i:gtighne mcg\;osffolﬁt;:gg tvr\]/(iell Pséiy: Ik;?ti E’éefﬁé“eﬂé i ttgt?on _ The rate constant for the decay of the excitation at the site “EX” is
;ssur?gved to the corresponding site on the opposite side of the PBC lattice. given by the sum of all rate constants:

This method of applying periodic boundary conditions is not exact, because ) )

the acceptor distribution and any interchannel disorder are not reproduced W= k'DD + k’DA + kﬂ (11)

at the new site. However, for sufficiently large superlattices artifacts thus

introduced are negligible. To ensure that the local structure of the L A

superlattice is always matched by the two sub-lattices, two tables are created ) .

to translate the number labels between the lattices. wherek; is the rate constant for donor decay in the absence of energy
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the quantum mechanical level using the supramolecular appra3cimg 15000 20000 25000 30000
Forster point-dipole approximation (line) for bothtra- andinterchannel Wavenumber [cm™]
transfer. The center-to-center distances are indicated by the arrows for both

Figure 5. Normalized steady-state fluorescence emission (left) and
excitation spectra (right) of different guests in PHTP. (Top) 2PV, center:
5T; (Bottom) 2PV:5T (1:6.3x 107%).

cases.

transfer andMp and M, are the numbers of donor and acceptor

molecules in the cutoff lattice, respectively. Th¥g,* is the mean . . . .
lifetime of the excitation at site “Ex". for the simulations of energy transfer. Due to the light scattering

In the second step, the actual time the excitation is located at the Nature and undefined thickness of the PHTP powder samples,
site is determined by a random function as proposed by Denfdov: it was not possible to obtain quantitative absorption spectra of
the chromophores in PHTP. Instead, maximum extinction
tioc = —W~ YIn(rand) (12) coefficients, emax, Were determined in 1,4-dioxane. For the
calculation of overlap integralspx, for 2PV-2PV and 2PV-
whererand is a random number between 0 and 1. Consequently, the gT (eq 3), absorption spectra were obtained from fluorescence
time'st(_eps of the a_Igori_thm are variable and not subject to any imposed oy citation spectra, which were scaled by gy given above.
restrictions. The time is now Updateo.l 6= t 4 toc T.he. third step Similarly, fluorescence quantum yields were determined in
determines what happens to the excitation dfer This is done by cyclohexane solution. The treatment of the effect of the dielectric

lining up the rate constants and using a random nunt®er,W rand . . . . .
to point to the decay path (Figure 3). The excitation may: medium on the energy transfer process in a anisotropic medium

(1) Decay by radiative or nonradiative deactivation, in which case S non-trivial® We have chosen to use a typical value for the
the time,t, is written to a file and a new excitation is placed in the isotropic refractive index of a hydrocarbom & 1.4) and
PBC lattice and the outer loop is repeated. estimated that the error introduced on the overall energy transfer

(2) Jump to an acceptor site, from which it will decay after the time efficiency for rapid energy migration is likely to be small (see
tioc = —7a In(rand), whererandis a new random number, and the time  Section 4.2).

U=+ ticis written to a file. For the sake of comparison with previous data, thesfen
(3) Jump to another donor site. radii for 2PV-2PV and 2PV-5T pairs have been calculated from

In the latter case, a check is performed to see if the target donor sitethe data in Table 1 using eq 6. inserting the isotropic value for
is within the PBC lattice. If the target site is outside the PBC lattice, 9€qo, 9 P

the excitation is moved to the corresponding site on the opposite sidefaSt rotational mOt'OszX = _2/3 andn = 1.4. Note that even

of the PBC lattice. The simulation procedure is repeated until smooth thoughRo for homo-transfer is smaller than for hetero-transfer,

time traces are obtained and the energy transfer efficiency has convergedt is still reasonably large compared to the typical interchro-

(typically a few thousand decays). mophore distances in the PHTP host structure. Thus, homo-
The system was checked for size effects by varying the size of the transfer can be expected to play a significant role in the overall

superlattice and cutoff lattice. Due to the use of a cutoff lattice, the energy migration process.

total simulation time is insensitive to the superlattice size but scales Monitoring of Energy Transfer. 2PV/PHTP inclusion

cubically with the side length of the cutoff lattice. Thus, a large compounds doped with 5T exhibit efficient energy transfer from

superlattice with 99 99 x 99 sites was chosen to minimize the use . .
of PBC conditions. The size of the cutoff lattice was increased until 2PV t(,) 5T. Even at molar doping ratlps below %0 corre-
sponding to an acceptor concentration of x5 1074 M,

energy transfer to sites at the periphery of the cutoff lattice could no . - 3 .
longer be observed. Under all the reported conditions, a cutoff lattice €XPerimental energy transfer efficiencidgr in excess of 0.6
with 11 x 11 x 11 sites was found to be sufficiently large. Even the are observed (see Figure 6). In the examined range of molar
use of cutoff lattices as small as6 5 x 5 sites resulted only in a  doping ratios, all donor decays from time-resolved experiments
minor reduction of the energy transfer efficiency (typically by1®%). could be fitted by single-exponential functions. This is indicative
of averaging the energy transfer rates through rapid diffusion
of the excitation energy. Values dfer determined from steady-
4.1. Experimental Results. Determination of Photophysical state experiments using eq 9 agree well with those obtained
Parameters.All parameters needed to calculate energy transfer from time-resolved experiments on the same sample using eq

rate constants between a DX pair at a given distance and angle10. The time evolution of the fluorescence emission spectrum
using the Fester equation (eq 2) have been determined

experimentally (Table 1) and will be used as input parameters (38) Knox, R. S.; van Amerongen, H. Phys. Chem. B002 106, 5289.

4. Results and Discussion
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Figure 6. The energy transfer efficiencfes, as a function of the molar
doping ratio, xst. (®) Experimental data. MC simulation with random T

disorder and supramolecular correction for nearest neighbors without homo- 1 a) "
transfer ) and with homo-transfer). Solid lines are guides to the eye.

Donor
of typical sample upon excitation at 390 nm is shown in Figure

7. The characteristic rise and decay of the acceptor fluorescence
is clearly recognizable. The meaning of the rise and the decay
becomes evident only after examining the kinetics of the
formation of the excited acceptor, 5TFor single exponential
donor decays, one finds:

- O
1
O
~
1

Normalized Intensity

Acceptor

TopvisT

[5T] =( .

-1
1) (I)ET[ZPV*]O(eXp(_TZPVIST) - 00-0 = s 8

exp(-t/zsr)) (13) T el
Figure 7. (Top) Experimental, spectral and time-resolved 2D plot of the

. donor fluorescence decay and the acceptor rise and decay upon excitation
Thus, the decaying part of the trace corresponds to the acceptol; 299 nm for = 3.7 x 10-9). (Bottom) (a) Comparison between the

decay only forropysst < 757. It follows from eq 10 that, given simulated donor decay (blue) and the experimental donor fluorescence decay
st = 0.9 ns andropy = 1.5 ns (Table 1), this is the case for at 440 nm (red) and (b) between the simulated acceptor time trace (blue)
®gr > 0.4 (i.e., for all samples under investigation). At the and the experimental acceptor fluorescence rise and decay at 550 nm (red).

same time, the rising part of the acceptor decay corresponds to  The Energy Diffusion Processln this section, we use the
the decay of the donor, which is clearly seen by comparing gitferent models introduced in Section 2 for simulating the ET
Figure 7a and b. _ efficiencies, as well as the donor and acceptor decays. We start
4.2. Simulation of Energy Transfer. Hopping Rate Con- with the analytical expressions eqgs 7 and 8, which describe point
stants. Rate constants for individual energy transfer steps dipoles in an isotropic system, without and with energy
between the molecules were calculated at the quantum-chemica}nigration among donors, respectively. By applying the MC
level taking into account the full electronic structure of the approach described in Section 3.2, we are able to impose the
chromophores for a series of distances and compared to thestatic hexagonal order of the PHTP systems. In a further step,
results of the Fster PDA model (Figure 4). As reported in e introduce positional disorder with respect to neighboring
other works}#it is found that the rate constants for energy channels. On the other hand, energetic disorder, which plays
transfer to nearest neighbors are not well accounted for by PDA, 5, important role in polymeric samplésyas not considered in
owing to the small intermolecular separations in comparison t0 the calculations. This is justified by the use of oligomers and
the molecular sizes. Fantrachannel transfer, the PDAnder- their confinement in the channels which imposes a narrow
estimates the rate constant by a factor of more than two at agjstripution of energetic sites. This is confirmed by the small
center-to-center distance of 2 nm. Foterchannel transfer  pandwidth of the optical spectra compared to the one in solution,
(between neighboring channels), however, the rate constants arggg Figure 3% Finally, we compare the results of MC simula-
overestimated at center-to-center distances below 1.7 nm. Thus tjgns using the PDA (eq 2) and the distributed monopole
depending on the population of the neighboring channels, the approach (eq 5) for the calculation of the rate constapis k
PDA may under- or overestimate the overall transfer rates and, || calculations are performed for a molar doping ratio gf x
certainly, give an incorrect picture of the relative rolesnfa- = 10-3. The results are summarized in Table 2.
andinterchannel transfer processes (though cancellation of errors 4 2 1 Isotropic Models.All parameters needed to calculate
might accidentally lead to, e.g., reasonable diffusion lengths). energy transfer rate constants between a DX pair at a given
distance and angle using thérster equation (eq 2) have been
determined experimentally (Table 1) and are used as input

5T

(39) Oelkrug, D.; Egelhaaf, H.-J.; Gierschner, J.; TomperSynth. Met1996
6, 249

(40) (aj Woﬁg, K. F.; Bagchi, B.; Rossky, P.Jl.Phys. Chem. 2004 108 ; ; ;
5752. (b) Grage. M. M.-L.; Zaushitsyn, Y : Yartsev, A.: Chachisvilis, M. parameters for the following analytical calculations of energy
Sundstion, V.; Pulleritis, T.Phys. Re. B. 2003 67, 205207. transfer.
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E?fl?l_e 2. Cogparisoré blet\/\lleer:j Werr]all En\?vr_gr)]/ Tragsfer 5 4.2.3. Positional Disorder Along thez-Axis. X-ray diffrac-
iciencies, ®gr, as Calculated With and Without Donor—Donor : : .

(DD) Transfer Using the Static and Rapid Diffusion Limits, tion data of PHTP inclusion compounds suggest that_the gu_est
Respectively, of Standard Isotropic Models and Using Monte Carlo molecules are not perfectly ordered between neighboring
Simulations with a Perfect Hexagonal Lattice (MC PDA), Disorder Channe]s’ but rather disp|aced relative to each dﬂ']be’cause

along the Channel Axis (MC PDA and Disorder), and

Supramolecular Treatment (MC DMA and Disorder)? no correlation is expected between guest molecules in different

channels, see Figure 1. This disorder can be represented by
randomly displacing the guest molecules in the neighbor

predicted fraction

Der with- Der with of intrachannel i ) .
out DD DD transfer steps channels by up to half a molecule length in the channel direction.
1a. Isotropic 021 0.84 _ Becauee the rate constant faterchannel energy transfer.has
(2= 2/3) (static) (rapid) a maximum at an angle @ = 0°, corresponding to the side-
1b. Isotropic 0.18 .79 - by-side position, but vanishes at aroufid= 55° in the PDA
X &‘éngﬁm) o {Ztat'c) o gfp'd) 0% approach (eq 4 and Figure 4), this typargérchannel disorder
3 MG PDA and disorder ~ 0.15 0.68 403/0 results in a reduction of the average rate constantirftar-
4. MC DMA and disorder  0.15 0.73 70% channel energy transfer. The result is evident as a slight decrease

of the overall efficiency and leads to a significant increase in

__*Molar doping ratio wasxsr = 1 x 10°° For comparison, the  the proportion ofintrachannel homo-transfer steps from 20%
interpolated experimental value as taken from Figure &bef is ~0.7.

The fraction of the homo-transfer steps predicted tinbachannel is also to 40%.
shown. 4.2.4. Quantum-Chemical Correction for Closest Neigh-

s bors (Distributed Monopole Approach, DMA). Surprisingly,
50

PDA, order PDA, disorder [l DMA, disorder 4.5% overall transfer efficiencies calculated using the supramolecular
approach do not differ appreciably from those calculated using
the PDA. In other words, the failure of the PDA at small

| distances (Section 4.2.1) does not lead to false predictions of
2 ) ] the overall transfer efficiency. This is mainly due to the specific
geometry of the hexagonal lattice, where terage intra
- channel rate constant is underestimated by approximately the
same amount as thaverage intechannel rate constant is
) overestimated (i.e., there are only twarachannel neighbors
0% compared to siinterchannel neighbors). Despite the apparent
0 25 50 750 25 50 75

good performance of the PDA, it is important to note that, as a

E+y® (o] consequence of its limitations described above, the PDA yields
Figure 8. Probability 4r-rp of decay as a function of the distance, parallel an incorrect picture of the mechanism of excitation diffusion
and _perpendicular to th_e_channe! axis,_ to the site of initial excitation, as by overestimating the role dfiterchannel transfer. Indeed it is
o_btalned frorr_1 2500 individual trajectorlles qf the MC ca!culetlonsmr found that more than 70% of all homo-transfer steps are
= 1073 for different models. (Left) point-dipole approximation (PDA), ' b
hexagonal symmetry. (Center) PDA, positional disorder alan@Right) intrachannel (as opposed to 40% for PDA), so that excitation
positional disorder, including quantum-chemical correction (DMA). diffusion occurs preferentially along the channel axis, though
not fully in one dimension, see Figure 8.

Using only experimental input parameters for the simulations,
very small energy transfer efficiencie®¢r ~ 0.2) far below excellent agreement between the simulated doner and acceptor
the experimental values. On the other hand, the isotropic modelsdecays and the experimental data was found (Figure 7b). The
for both frozen and rapidly rotating dipole moments in thgid- simulations reproduce the rise and decay characteristics of
diffusion limit (eq 8), assuming a smallest encounter distance acceptor fluorescence as W.eII as the expected correspondence
of re = 1.5 nm, yield®er values close to, but systematically ~Petween the acceptor rise time and the donor decay time.
higher than the experimental values. We will return to the _ L€tus now examine the excitation migration process further.
significance of this in the discussion of excitation diffusion. ~ Excitation diffusion coefficients were quantified through their
simulated mean square displaceméts.

z [nm]

Forster’s isotropic model in thetatic limit (eq 7) leads to

4.2.2. Perfect Hexagonal Lattice, Point-Dipole Approxi-
mation. The MC simulations, similar to the analytical isotropic )
model, yield very small®er values when homo-transfer is 6Dt = [r;(t) — r,(0) "0 (14)
neglected. In contrast, values®gr closer to the experimental
ones are obtained when allowing for jumps between donors. The radial diffusion coefficient was estimated to Dgp = 3
An excitation was found to undergo an average of 300 homo- x 10? nn? ns™* (for comparison, this is 2 orders of magnitude
transfer steps before decaying. 98% of homo-transfer steps werdaster than typical gas diffusion in a liquid at room temperature).
to the first shell of molecules surrounding the excitation and Thus, within the lifetime of the excitation in the absence of
80% to a molecule in a neighboring channgitg¢rchannel  traps, the mean radial diffusion length of the excitatid, =
transfer). In the perfect hexagonal lattice, this corresponds to (6D72pv)Y2 is 50 nm. This is comparable to the typical values
quasi2D diffusion of the excitation in the xy-plane. The reported for thin films of organic moleculésfor instance, a
directionality of energy migration is visualized in Figure 8, diffusion length of~65 nm has been measured in polycrystalline
showing the distance covered by the excitations from the site . —— —
of initial excitation to the site of decay, averaged over a few (41) Alien, rs’f{{-yﬁ;—; e o Cryapter Simulations of Liquiri©xford
thousand individual MC trajectories. (42) Peumans, P.; Yakimov, A.; Forrest, S. R Appl. Phys2003 93, 3693.
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pentacene used as donor igg®ased photovoltaic junctiors. the much smaller interchain separation in the polymer (0.4 nm)
Much smaller values (on the order of 10 nm) are usually compared to the inter-channel separation in PHTP (1.5 nm) or
achieved in conjugated polymers mostly as a result of their much zeolite L (1.8 nm).
broader energetic distributions, hence low-energy sites act a55 Conclusions
traps for excitation diffusiod* For comparison, the mean ’
distance between two acceptor molecuthg,, is 20 nm atxst A Monte Carlo method for simulating three-dimensional
= 1 x 1073 The distribution of distances between the initial energy migration in a large, periodic lattice with multiple energy
excitation and the site of decay at this molar doping ratio is accepting sites was developed. Using this method, a full
shown in Figure 8. Under these conditions, the mean radial simulation of a highly dense three-dimensional multiple acceptor
diffusion length of the excitatiordyis = (6D72pv/s) Y2 reduces energy transfer system using rate constants calculated at the
to 25 nm. Keeping in mind thalgi > daa defines the rapid- guantum-chemical level for interactions at short interchro-
diffusion limit, we investigated the effect of excitation diffusion mophore distances was achieved yielding information about the
on ®e7 by systematically varying the donedonor spectral directionality of the energy migration.
overlaps,Jop, in the simulation. With increasingpp, ®et The method was applied to a system of highly luminescent
reaches a plateau and abodgpb = 5 x 10°1 nm® mol™, chromophores included in the channels of a well-ordered, self-
corresponding tdDpp = 3 x 10* nm? ns™1, ®gr no longer assembled, nanostructured hegtiest system. The organic host
depends onJpp. In this limit, corresponding to the rapid-  structure, PHTP, forms nanochannels around the chromophores,
diffusion limit, ®e7 is 10% larger than at the experimental in this case an oligo-phenylene vinylene, 2PV, allowing for very
conditions fpp = 1 x 10%* nmf mol™%). The weak dependence high chromophore concentrations while still maintaining the
of ®et on Jpp, and ultimately orkpp, near the rapid-diffusion  solution-like optical properties, namely their high luminescence.
limit is also the reason for the observed successful prediction The PHTP/2PV structure was doped with small amounts of an
of ®e7 by the simple isotropic models. From the evaluation of oligothiophene, 5T, acting as the energy accepting chro-
the simulated donor-decay curves, it is found that in the mophores. The well-defined geometry of the PHTP nanochan-
proximity of the rapid-diffusion limit, donor decays can be nels allowed for a full comparison between simulated and
represented by a single-exponential function. In fact, strongly experimental data.
non-exponential decays of the donor fluorescence first became With only experimental input data and no fitting parameters,
evident atJpp values which are 50% smaller than the experi- the simulations reproduce both the experimental donor and
mental Jop. Therefore, the experimentally observed single acceptor decays. Excellent agreement with the overall transfer
exponential donor decays are in full agreement with excitation efficiencies is also found. The simulations show that in the 2PV/
diffusion close to the rapid-diffusion limit. It is interesting to PHTP system the energy transfer efficiency from donor species
note that this differs significantly from the situation in end- to acceptor species is significantly enhanced by diffusion of
capped conjugated polymers where excitation decay is non-the excitation energy through a series of donor to donor homo-
exponential and the energy transfer to the acceptor end-groupdransfer steps. As a result, even at low acceptor concentrations
is diffusion limited#® (5 x 1074 M), energy transfer efficiencies in excess of 60%
In summary, the mechanism of energy transfer in the PHTP and exciton diffusion lengths af ~ 25 nm are achieved. The
nanochannel compound consists of (i) rapid diffusion of the rapid diffusion of the excitation energy leads to averaging of
excitation energy to a site neighboring an acceptor site followed the effective donotacceptor energy transfer rate constants and,
by (ii) energy transfer to the acceptor site. Taking into account therefore, single-exponential decays of the donor fluorescence.
the features of the real system (i.e., disorder along the channelThe true directionality along the channel axis is revealed only
axis as well as the short interchromophore distances), theby an atomistic description of the interactions between neigh-
simulations show that the diffusion process occurs preferentially boring chromophores using the distributed monopole approach.
along the channel axis. The mechanism is supported by theThe developed method can be readily applied to any ordered
excellent agreement between the energy transfer efficiedigies ~ system and may yield valuable insight into the dynamics of
obtained by experiment and those predicted from Monte Carlo excitation diffusion in condensed systems provided they fall into
simulations in the examined range of molar doping ratios (Figure the weak coupling regime.
6). Furthermore, without the use of any fitting parameters, both
the experimental donor decay and the acceptor rise and decay,
L ) . . C
kinetics are accurately reproduced by the simulations (Figure
7). Itis important to note that the preferential intra-channel ET
mechanism observed in both the present PHTP -hgusést
compound and in zeolite L (see ref 10) differs significantly from
polymer samples, where the energy is transferred preferentially
between the chairf§.The reason for this difference is found in
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