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Systematic control of 3D energy transfer (ET) dynamics is achieved in supramolecular nanostructured
host—guest systems using spacer-functionalized guest chromophores. Quantum chemistry-based Monte Carlo
simulations reveal the strong impact of the spacer length on the ET dynamics, efficiency, and dimensionality.
Remarkably high exciton diffusion lengths demonstrate that there is ample scope for optimizing oligomeric

or polymeric optoelectronic devices.

Resonant energy transfer (ET) is a fundamental process in
light harvesting by biological systems that can also be
exploited for funneling electronic excitations in optoelectronic
devices. The increasing interest in tailor-made organic
conjugated materials for these devices requires a thorough
understanding of diffusion-enhanced three-dimensional (3D)
ET and modeling of intermolecular interactions beyond the
classical Forster picture due to the close proximity of the
molecules in solid-state device architectures.! New prepara-
tive approaches, such as supramolecular donor—acceptor
systems,>? in hand with a realistic theoretical description
might tap the full potential of material design for optimized
devices.

In recent years, increasing attention has been paid to highly
ordered supramolecular nanostructured host—guest compounds
(HGCs), based either on organic*~'* or on inorganic optically
inert hosts;'>~'7 in such systems, the degree of both energetic
and positional disorder is small, leading to enhanced properties
for optoelectronic applications.””'>!3 In a previous study, we
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have used the organic nanochannel forming host perhydrotri-
phenylene (PHTP) to investigate 3D ET processes between
weakly coupled chromophores by including rod-like donor (D)
and acceptor (A) molecules at low A:D ratios.” By running
Monte Carlo (MC) simulations and treating ET on a quantum-
chemical level, we were able to describe 3D ET in these systems
quantitatively without using adjustable parameters. In the present
study, we go a step further by using donor molecules with
terminal alkyl spacer groups to systematically vary the distance
between the centers of two adjacent donor moieties from 2 to
6 nm, thus gaining full spatial control of 3D ET. By combining
experiments and simulations, we are able to understand the
details of electronic excitation dynamics, in particular the length
and directionality of exciton diffusion, as a function of
intermolecular separation. In this respect, our MC approach
provides a flexible toolbox for future design of optimized
materials for optoelectronic applications.

The systems under study are presented in Figure 1. The donor
molecules nSDSB are derived from p,p-distyrylbenzene (DSB)
by attaching two terminal H(CH,),O— substituents of variable
lengths (with n the number of carbon atoms). The acceptor
molecule quinquethiophene (5T) is added at molar doping ratios
(xst) ranging from 107* to 107!, The guest molecules are
embedded in the channels of the pseudohexagonal PHTP host
lattice, adjacent molecules in the same channel being in van
der Waals contact, as supported by comparison of force-field
calculations with quantitative UV/vis and '"H NMR data.? The
separation between the channels is about 1.5 nm, which
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Name Structure dpp

16SDSB N~ O O T 5.8 nm
12SDSB N G O 4.8 nm
6SDSB O QO GO 3.5 nm
2SDSB 2.7 nm
1SDSB 2.5 nm
DSB 2.1 nm
5T
(b)

Figure 1. Chemical structures of the investigated systems. (a) Donor (nSDSB) and acceptor (5T) guest molecules, with dpp (in nm) indicating the
intrachannel donor—donor distances. (b) Top view of the HGC in the direction of the channel axis (z). (c) Side view. For details, see ref 2.
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Figure 2. Fluorescence emission (em) and excitation (ex) spectra of
the oligomers: (a) 1SDSB and 16SDSB in solution (benzene); (b)
12SDSB in PHTP; (¢) 5T in PHTP and (d) 12SDSB:5T in PHTP (at
two different doping ratios xsr). Spectra are normalized to the maximum
of the donor emission.

efficiently suppresses side-by-side interactions between the
guests.? In solution, the emission and absorption spectra of
nSDSB are independent of spacer length n, since the end groups
hardly perturb the electronic structure of the chromophore; see
Figure 2. The spectra in the HGCs are slightly red-shifted against
solution,? while the first fluorescence band (F;) is typically
somewhat suppressed by self-absorption in the solid-state
samples. The fluorescence quantum yields (®r = 0.9—1.0, from
absolute measurements) and decay times (zg = 1.0—1.6 ns,
depending somewhat on the sample) of nSDSB in PHTP are
close to the solution values (&g = 0.9, 7g = 1.0—1.2 ns), thus
demonstrating that the bright fluorescent properties in solution
are preserved in the solid state.

The emission of nSDSB overlaps well with the absorption
of 5T (Figure 2), a condition required for efficient ET.
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Figure 3. Experimental (open symbols) and calculated (closed
symbols) steady-state ET efficiency ®gr as a function of x5t for ISDSB
(circles) and 12SDSB (squares). Lines are guides to the eye. The cross
indicates an experimental value from absolute measurements. Inset A:
correlation diagram of ®gr determined from steady-state (ss) vs time-
resolved (tr) measurements. Inset B: experimental (dots) and calculated
(line) donor time trace of 16SDSB at xsy = 7 x 1072

Experimental ET efficiencies ®gr as determined via eq 1 from
steady-state spectra for donors with two different spacer
lengths, 1SDSB and 12SDSB, as a function of the doping
ratio xsr are shown in Figure 3, together with a typical donor
emission decay curve. ®Pgr values calculated from steady-
state emission intensities (measured both with and without
integrating sphere) compare well to those deduced from the
reduction of the donor decay times upon doping via eq 2;
see the inset of Figure 3. The values of ®gr increase
significantly both with increasing doping ratio xst and with
decreasing spacer length n; see Figure 3.

For the corresponding theoretical description of the ET
process, the HGC structure is represented by an ideal hexagonal
network of parallel channels with an interchannel separation of
1.5 nm and intrachannel distances between the centers of the
guests dictated by their van der Waals lengths; see Figure 1.
The acceptors (5T) are randomly distributed within the lattice.
The MC simulation follows the scheme described in ref 9, using
electronic couplings calculated quantum-chemically according
to the distributed monopole approach (DMA, see eq 4). The
empirical parameters entering the simulations are the DD and
DA spectral overlaps (Jpp = 8.8 x 107 cm, Jpy = 1.52 x
10™* cm) as well as the fluorescence lifetimes (tp = 1.6 ns, Tx
= 0.9 ns). No adjustable parameters are used. The simulations
were performed on large systems with approximately 10°
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Figure 4. Calculated time-resolved fluorescence of donor (top) and
acceptor (bottom) molecules (xst = 1.0 x 1073) for different spacer
lengths nSDSB.

molecules (thus close to the actual size of HGCs) to minimize
the effects of the periodic boundary conditions which were
applied.

The simulated transfer efficiencies, ®gy, and excited-state
dynamics for nSDSB agree quite well with the experimental
results; see Figure 3. However, the real merit of the simulations
lies in the elucidation of the excited-state dynamics in time and
space at the microscopic scale. This is demonstrated by the
impact of the alkyl spacer length n and hence of the intrachannel
distances on the donor and acceptor fluorescence time traces;
see Figure 4. A decrease in the intermolecular separation along
the channels leads to a substantial reduction of 7p and to a
shorter risetime for the acceptor emission. This results in a
significant enhancement of ®gr, e.g., by more than 40% at xsr
= 1073 upon reducing the spacer length fromn=12ton = 1;
see Figure 3. Moreover, the simulations show that the variation
of the spacer length changes the directionality of energy
migration throughout the crystal. Figure 5a depicts the spatial
distribution of exciton decay probability for different spacer
lengths for a structure with uncorrelated interchannel positions
of the guest molecules; the corresponding number of intra- and
interchannel transfer steps is given in Figure 5b. With increasing
n, the ET mechanism switches from quasi 1D for DSB, where
it has a strong intrachannel character, to quasi 3D for n = 1
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Figure 6. Calculated excited-state dynamics for nSDSB. Left:
histogram of the number of D—D steps during the diffusion process
for the different spacer lengths n (xs7 = 1.2 x 1073). Right: diffusion
length (MSD) as a function of the D—D separation at xst = 107 and
XsT — 0.

and a quasi 2D interchannel transport for n > 6. For a
hypothetical structure with correlated guest positions (i.e., a
layered crystal structure), the energy migration becomes purely
2D for large n. This trend can be rationalized by the dramatic
reduction of the excitonic coupling Vpx between nearest
neighbors inside the channel with increasing n. The lower
probability of intrachannel transfers (which are responsible for
the long migration path in the DSB:5T case) strongly reduces
the number of donor—donor (D—D) hopping steps (Figure 6a);
in turn, this leads to a decrease in the diffusion length (related
to the exciton mean square displacement MSD)'® which drops
from 33 nm for DSB to 17 nm for 16SDSB at a doping ratio of
xst = 1073; see Figure 6b. Consequently, while the doping ratio
xst strongly affects the diffusion length for small D—D
separations (compare, e.g., the trap free case, xsy = 0, with xsr
= 1073 for DSB in Figure 6b), it plays only a minor role for
large D—D separations (as in the latter case, the electronic
excitations decay before having reached an acceptor).

In conclusion, we have prepared supramolecular nanostruc-
tured host—guest systems, where the spacer functionalization
of the guests is used to systematically control efficiency and
dimensionality of ET between the weakly coupled chro-
mophores. All experimental results are fully reproduced by MC
simulations based on a quantum-chemical description of the
transfer rates which yield a spatial and temporal description of
the excited-state dynamics without using adjustable parameters.
Despite the rather large intermolecular separations in the
supramolecular architecture, the remarkably high diffusion
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Figure 5. Calculated excited-state dynamics for nSDSB at xsp = 1.2 x 1073
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length of the electronic excitations, which is comparable to, e.g.,
polycrystalline pentacene,'” demonstrates that there is ample
scope for the optimization of exciton diffusion in densely packed
oligomeric or polymeric samples via the proper design of exciton
coupling (essentially through optimized conjugation length and
packing),? spectral overlap, and excited-state lifetimes.

Experimental and Computational Details

Synthesis. For the synthesis of the oligomers nSDSB, the
respective 4-alkoxybenzaldehyde (RO-BZA) derivatives were
prepared in a Williamson synthesis from 4-hydroxy-BZA and
1-bromoalkane in a potassium carbonate/acetonitrile solution.?!
The RO-BZAs were then reacted in a Wittig reaction with
p-xylylenebis(triphenylphosphonium bromide)?* to yield nSDSB.
PHTP was provided by Dr. Borchers (BASF, Ludwigshafen,
Germany).

Sample Preparation. Solutions of the compounds were
prepared in benzene (spectroscopic grade) with absorbance <0.1.
PHTP/nSDSB/5T HGCs were prepared by transferring a small
amount of 5T benzene solution to an ampule and removing the
solvent under vacuum. Subsequently, solid PHTP and nSDSB
were added using a large excess of PHTP relative to the ideal
PHTP/nSDSB molar ratio of 9:1. The ampules were sealed under
vacuum and heated to 260 °C. The resulting crystalline powders
were smeared onto quartz plates to yield layers of a few
micrometers used for the spectroscopic investigations.

Spectroscopy. Steady-state fluorescence spectra were re-
corded at right angle on a SPEX 222 fluorometer equipped with
two 0.25 m double monochromators, a 150 W vertical xenon
arc lamp (Miiller Electronics) and a photomultiplier tube
(Hamamatsu R928). All emission and excitation spectra were
corrected for the characteristics of the detection system and lamp
source, respectively. Time-resolved emission spectra were
measured using a ps-setup consisting of a frequency-doubled
Ti:sapphire laser (Spectra Physics, Tsunami, A = 390 nm,
repetition rate 80 MHz), 410 nm cutoff filter, and a streak
camera (Hamamatsu C5680) coupled to an imaging monochro-
mator. To avoid bimolecular processes and sample degradation,
the mean laser power was kept below 1 uW. Absolute
fluorescence quantum yields were determined with an integrating
sphere.®

Data Evaluation. The ET efficiency, ®gr, is defined as the
fraction of photons absorbed by D and transferred to A. In
steady-state conditions, ®gr is determined from the ratio
between the integrated fluorescence intensities of the donor, I,
and of the acceptor, /5, upon selective excitation of D

D, I\
o, = (1 + ¢D~I—A) ()

where ®p and @, are the fluorescence quantum yields of pure
D and A samples in PHTP. The condition of selective excitation
of D is fulfilled in our system due to the very low A
concentration, which makes direct excitation of A negligible.
In time-resolved experiments, gt can be determined from the
reduction of the (exponential) lifetime of D due to ET, where
Tpa and Tp are the lifetimes of D in the presence and absence
of A, respectively.

Dpr = 1 — 1 /7p (2)

Calculation of Energy Transfer. The description of exciton
migration is derived via Fermi’s golden rule as
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2
kr(DX) = FWDXF-KJDX )

where Vpx is the exciton coupling between the initial (D*X)
and the final state (DX*), with “X” being D or A, s? is the
screening factor, and Jpx is the spectral overlap between the
emission spectrum of D and the absorption spectrum of “X”,
both area-normalized on the energy scale. As shown in a
previous work,” the classical Forster point-dipole approach
(PDA) can be used to describe the exciton couplings in HGCs
only for low dye concentration, i.e., large intermolecular
separations. Otherwise, the PDA underestimates intrachannel
and overestimates interchannel transfers, respectively. Since
directionality of exciton migration is a key issue of this work,
we have adopted the more general distributed monopole
approach to calculate all excitonic interactions, which gives

_ 1 () 4())
4ate, &4 4 Rox(i.))

“)

VDX

where gp(i) and gx(j) are the atomic transition densities (ATD)
over atoms 7 and j belonging to molecules D and X, respectively;
Rpx(i,j) is the distance between the atoms. The screening factor
s was considered to be 1/n?, i.e., like in the Forster expression,
which is reasonable since the coupling of the dyes is in the
weak regime. ATD values were determined from ZINDO/S
calculations (Zerner’s spectroscopic parametrization for the
semiempirical Hartree—Fock intermediate neglect of differential
overlap)? on the basis of geometries optimized at the semiem-
pirical Hartree—Fock AM1 (Austin Model 1) level,* imposing
planar conformations for the conjugated backbone. Cutoff
distances for the exciton couplings were used, ranging from 4
nm for DSB up to 13 nm for 16SDSB.
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