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ABSTRACT: Resonant energy transfer (RET) is a key
mechanism in organic optoelectronic devices, and its efficiency
depends critically on the intermolecular arrangement of the
active compounds. Supramolecular organization promoted by
nanostructured supramolecular host—guest compounds
(HGCs) is an elegant way of controlling the packing of the
molecules inserted in optically inert organic or inorganic host
materials. Under ideal conditions (i.e, dye properties and
homogeneous distribution) very high exciton diffusion rates
are expected in zeolite L HGCs, being of high relevance for
practical applications. From experiment, however, there is clear
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evidence for inhomogeneity dependent on the type of chromophore, the preparation procedure, and the size of host crystals, but
the reason for inhomogeneity and the consequences on exciton diffusion are under debate. In this work we elucidate these issues
making use of computational tools (dynamic Monte Carlo and molecular dynamics) to elucidate the RET dynamics in the
inorganic zeolite L taking into account the inhomogeneity of the dye distribution along the 1D channels.

1. INTRODUCTION

Resonant energy transfer (RET) is a key mechanism in organic
optoelectronic devices such as organic photovoltaic cells
(OPVs) and light-emitting diodes (OLEDs). However, the
RET efficiency critically depends on the intermolecular
arrangement of the conjugated organic compounds and might
fluctuate over a large range. An elegant route toward materials
with high RET efficiencies relies on nanostructured supra-
molecular host—guest compounds (HGCs)."” Herein, photo-
and electroresponsive molecules are spatially organized inside
nano- and subnanoscale cavities of channel-forming optically
inert organic’™" or inorganic’~"" host materials. The channels
promote a better chemical stability and reduction of positional
and energetic disorder among guests by constraining their
motion to virtually one dimension.””"*™'® The inclusion of a
variety of well-defined oligomers with tailor-made proper-
ties,'”'® and in high concentrations,” allows for brightly
emissive color-tuned systems,””'”™** while avoiding emission
quenching by H-aggregation.”> The large variety of organic'®
and inorganic host materials”*>>° promotes HGCs as a flexible
tool in designing novel supramolecular architectures, where the
crystals can be macroscopically oriented on surfaces in a strict
unidirectional way, as demonstrated for zeolite L.>*"*® A key
teature for the application of HGCs is the possibility to connect
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the guest molecules to the outside world via the so-called
molecular stopcocks”” allowing for the extraction or injection
of charges or excitons.””>* Such stopcocks were demonstrated
both for inorganic***>**
large variety of available host materials, it is possible to select
the best combination of crystal size and aspect ratio as well as
size and nature of the cavities for a given application.

For subnanometer channels (with diameters of 5—10 A), a
special attention was paid to organic perhydrotriphenylene
(PHTP)" and to inorganic zeolite L as hosts.” Both systems
share a hexagonal nanochannel arrangement with rather similar
interchannel separations of about 14 and 18 A"
respectively. However, detailed spectroscopic studies reveal
very different host—guest interactions. The neutral guest
chromophores in PHTP are embedded in a tight but soft,
unspecific, and homogeneous van der Waals (vdW) environ-
ment allowing for some intramolecular vibrational and
rotational degrees of freedom.” The close vdW contact of the
collinear arranged guests gives rise to collective guest
dynamics.36 On the other hand, the neutral or cationic guests

and organic hosts.>> Because of the
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Figure 1. (a) Top view of a zeolite L crystal in the direction of the channel axis c. (b) Small and large diameter values and length of the cavities along
the channel. (c) Py and O; structures; the TDMs of the Sy — S, transition are indicated. (d) Emission and absorption spectra of P} and Oy in zeolite

L obtained from ref 45; spectral overlaps are highlighted.

in zeolite L experience in some cases specific interactions with
o 243137

the charges inside the host cavities,

no or very little changes in the absorption and fluorescence

while in other cases

spectra of the guests have been observed.'®** This seems to
characteristically influence the dye distribution inside the
channels, and the luminescent behavior of the embedded
dyes,” and is expected to have a particular impact on the RET
dynamics. However, up to now, the theoretical description of
RET inside zeolite L was limited to the classical Forster model,
where interactions were described through homogeneously or
quasi-homogeneously distributed point dipoles."** In the
framework of this model, very efficient RET dynamics were
predicted for pyronine (py-loaded zeolite L with diffusion
length in the micrometer range),” a result highly relevant for
the application of such systems in optoelectronic devices. This
is remarkably higher than that of distyrylbenzene (DSB) in
PHTP (75 nm), mainly due the better photophysics character-
istics (spectral overlap, exciton coupling, excited state lifetime)
of pyronine compared to DSB.

On the other hand, detailed joint computational and
experimental studies on RET in PHTP HGCs clearly showed
that a correct description has to go beyond the point-dipole
approximation (PDA) and use a more precise quantum-
chemically (QC) enhanced Forster model embedded in a
macroscopic Monte Carlo (MC) scheme.**" The success of
this work encouraged us to apply the same scheme to zeolite L
HGC:s in order to fully elucidate the real RET dynamics in
zeolite L at the nanoscale, with a main focus on the role of
inhomogeneity in the dye distribution within the nanostruc-
tures.*” Interestingly, our molecular dynamics simulations
provide evidence for a cooperative blocking mechanism inside
the channels.

2. SYSTEM DESCRIPTION

Zeolite L has been extensively studied in the past for light
harvestingg’“”44 and conversion,"*® white light-emitting
devices,"” and medical applications.”*** Tt features hexagonally
arranged 1D nanochannels with an interchannel distance of
18.4 A. Each channel consists of connected cavities with a
length of 7.5 A, a free vdW diameter at the entrance of 7.1 A,
and at the center of 12.6 A’ (see Figure lab). The zeolite L
channels are filled by inserting cationic dyes through ion
exchange,” where the occupation probability of the dyes in the
channel is dependent on the dye concentration in the solution
and the diffusion time.” Multiple guest inclusions can be
achieved by simultaneous insertion, e.g. with a 1:1 ratio, as used
in the present work. In particular, pyronine and oxonine guest
molecules (see Figure 1c) acting as donor (D) and acceptor
(A), respectively, are ideal for this purpose, since their similar
chemical structure leads to a comparable diffusion behavior.
Their high photoluminescence (PL) quantum yields make P}
and O] interesting for applications in self-assembling micro-
objects.””*”*°=%% The large spectral overlap of the pyronine PL
spectrum with the absorption of pyronine (P;/P}) and oxonine
(P;/0;) as well as the long PL lifetime of P} (3.2 ns) and large
P;/P; exciton couplings (vide infra) promote high RET
efficiencies for both D—D and D—A transfer steps (Figure 1d).

The cavities in the channels allow for molecular wobbling
motions®*>>™>¢ characterized by a cone angle, @, between the
channel axis and the long molecular axis, as depicted in Figure
1b. As we will see later, this type of motion will affect RET
dynamics in different ways: (i) by changing the relative
orientation of the transition dipole moment (TDM) vectors of
the molecules, which may influence the magnitude of the
transfer rate and the directionality of the diffusion; (ii) by
allowing formation of molecular ::1(&;gregates;57’58 (iii) by
promoting the blockage of channels leading to an inhomoge-
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neous distribution of dyes along the channels.*>***" Exper-

imentally, the distribution of a values has been investigated by
means of PL anisotropy imaging> and by polarized two-photon
(TP) PL microscopy.”* Both techniques are based on the
measurement of the orientation of the TDM of the lowest
electronic excited state, Sy — S,, which in P} and O; coincide
with the long molecular axis (see Figure 1c). Thus, changes in
the TDM orientation are directly linked to changes in the
molecular orientation. In the case of O, ref 53 reports a cone
angle of 72° while the detailed TP-PL analysis in ref 54 gives
77° with a distribution of 24°. Similar values are expected for Py
due to the similar geometries. These values differ from those
based on geometric restriction, ~30° and ~65°, which may be
linked to the presence of charges inside the zeolite L crystal that
induce distortions of the TDMs, as suggested in refs 53, 55, and
39.

Theoretical studies on RET dynamics in zeolite L have been
limited to calculations based on the Forster equation for D—D
and D—A transfer steps in its original formulation, i.e., using the
point dipole approximation (PDA), by solving the master
equations (Markov chain),”” and by performing Monte Carlo
(MC) simulations."" In both cases, the distribution of guests
and voids throughout the channels was assumed to be
homogeneous40 (or quasi-homogeneous“). Within such a
framework, an energy diffusion constant of 7.0 X 1072 cm? st
was predicted for a completely Pj-filled chstal, which
corresponds to a diffusion length of about 2 ym."

However, even for weakly coupled systems, the PDA might
be inappropriate for describing the RET dynamics. In fact,”*'
investigations on 3D RET processes in PHTP-based HGCs for
varying D—D distances'” have revealed that even for such
weakly coupled systems, a quantitative theoretical description
has to go beyond the PDA to correctly reproduce the RET
dynamics. This is done here by replacing the PDA with a more
precise quantum-chemical approach based on atomic transition
densities (see section 2), within a diffusion-enhanced Forster
model (ie., including donor—donor (DD) steps) embedded in
a macroscopic Monte Carlo (MC) scheme with no adjustable
parameters. For PHTP-based HGCs, this method has proven to
be able to reproduce accurately the measured steady-state RET
efficiency as a function of the molar doping ratio as well as the
time-resolved PL time traces of donor and acceptor dyes.
Furthermore, it allowed to fully quantify the RET dynamics in
the PHTP HGCs, providing exciton diffusion lengths on the
order of 75 nm for distyrylbenzene as guest species.”’ In the
following, we will thus apply this scheme to the RET dynamics
in dye-loaded zeolite L; for computational details seesection 2.

3. COMPUTATIONAL DETAILS

Monte Carlo Scheme. In the MC approach, pyronine (P;)
and oxonine (O}) molecules (see Figure 1) are placed into a 99
X 99 grid of hexagonally organized channels with interchannel
separations of 18.4 A’ To generate the morphology in a
realistic way, nonuniform intermolecular distances, molecular
voids, random positional disorder along the channels,
inhomogeneous distribution of dyes, and possible wobbling
motions are considered. The molecular orientation, and hence
the orientation of the transition dipole moment (TDM),
followed a random angular distribution at the surface of a cone
with a fixed angle  against the channel axis (see Figure 1).

Every MC simulation is based on a morphology individually
designed to mimic the measured length, loading, and
distribution of molecules along the channels for a specific

zeolite L crystal, as obtained from confocal microscopy (CM)
intensity graphs. The number of molecules in the host is
defined by the respective molecular loadings, p, defined as the
ratio between the number of guest molecules and the number
of sites available in the crystal (in this case, the number of
available sites equals the number of zeolite L unit cells/2).” The
molecules are randomly distributed along the channels
according to a predefined molecular distribution probability.
In this procedure, the smallest intermolecular distance allowed
inside a channel is set to be equal to their vdW distance.
Molecular rotations are randomly applied to every molecule
independently, respecting the constraints of the environment.
Like this, systems featuring a crystal loading lower than 1 will
naturally present voids along the channels. For each hopping
event, all the transfer rates to donor, kpp, and acceptor sites,
kpa, are calculated for molecules inside a predefined cutoff
region defined as a cylinder of 80 nm radius and 200 nm length
with the excited molecule placed in its center. The size of the
cutoff lattice was chosen so that RET to sites outside of the
cutoff lattice is negligible. Since the simulations were performed
over crystals with realistic sizes and molecular loadings, no
periodic boundary condition was applied. The MC trajectories
were calculated following the same scheme as used in refs 4 and
41.

RET Rates. The description of the energy transfer rates is
derived via Fermi’s golden rule as

2

ker = = Voxl” s¥px W
where Vpy is the excitonic coupling between a pair of
molecules, with X being donor (D) or acceptor (A), s the
screening factor, and Jpy the spectral overlap between the
emission spectrum of D and the absorption spectrum of X, both
area-normalized on the energy scale. As shown earlier,” the
classical Forster point-dipole approach (PDA) can be only used
to describe the excitonic couplings in HGCs for low dye
concentrations, i.e., large intermolecular separations. Otherwise,
the PDA underestimates intrachannel and overestimates
interchannel transfer rates, respectively, affecting the direction-
ality of the diffusion process. Since in this work we are
interested on different loading ratios, and the directionality is a
key property in understanding exciton migration, we have
adopted the more general distributed monopole approach to
calculate all excitonic couplings, which are estimated as

v 1 apy
DX 4ze RY
0 i)j DX (2)

where gpand g are the atomic transition densities (ATD) over
atoms belonging to molecules D and X, respectively, and R}y is
the distance between them. The screening factor s was
considered to be 1/n? ie., like in the PDA. ATD values were
determined from ZINDO/S calculations (Zerner’s spectro-
scopic parametrization for the semiempirical Hartree—Fock
intermediate neglect of differential overlap method)™ on the
basis of geometries optimized at the semiempirical Hartree—
Fock AM1 (Austin Model 1) level,”® imposing planar
conformations for the conjugated backbone.

MD Simulations. Molecular dynamics simulations have
been used to investigate the diffusion of the oxonine molecule,
O;, along the channels. All simulations have been carried out
using the molecular modeling package Materials Studio 5 with
its implemented version of the CVFF force field, which is able
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Figure 2. (a) Molecular distribution obtained from CM images in ref 33 (black lines) and estimated from CM images in ref 57 for lower
concentrations. (b) Simulated time traces of the donor PL at a loading of p = 0.014 over a homogeneous (black) and inhomogeneous (blue)

distribution of guests.

to properly describe the interactions in hybrid organic—
inorganic systems. The host system is a single zeolite L
channel, made of six cavities in the unit cell which is replicated
by using 3D periodic boundary conditions. According to XRD
diffraction data,’" in the aluminosilicate version of the zeolite L,
nine silicon atoms are randomly replaced by aluminum atoms.
Since the O—AI—-O bridges have a negative net charge of —1,
the framework of the aluminosilicate zeolite L is negatively
charged, and therefore, cations (K') are introduced to
neutralize the total charge. In our model, we have modified
the all silica LTL structure by placing nine aluminum atoms and
nine cations per cavity. Aluminum atoms have been randomly
placed with the only constraint of avoiding the formation of
Al—O—Al bridges, which are chemically unstable. Simulations
are conducted in the NVT ensemble. The channel has been
treated as a rigid body fixed in space, since no vibrational
cooperative motions are expected due to the reduced width of
the dyes considered.®”

4. RESULTS AND DISCUSSION

The shape of the dye distribution in zeolite L channels has
proven to be an important property in the description of the
RET dynamics. The guest distribution is affected by different
factors, for instance, the structure of the dyes, the preparation
conditions, and the size of the crystals. It can be estimated
experimentally by performing confocal microscopy (CM)
measurements on single crystals. In the specific case of P},
the CM measurements published in refs 33 and 57 can be
considered as an example of a typical room temperature frozen
situations, showing high dye concentrations relatively close to
the channel entrances, while it is much lower in the center of
the crystal (vide infra). It also shows that the diffusion of the
dyes through the channels is slowed down or even blocked as
the concentration of guest increases from 0.6 to 20%. It should
be stressed that the intensity distribution obtained from CM
measurements should represent the dye distribution if
quenching by aggregation is small. The guest distributions
used in the MC simulations are based on the CM data in refs
33 and 57 providing a better way to reproduce the distribution
of the dyes for a given concentration (see Figure 2a). The edges
of the crystals were set in a similar manner as that shown in ref
33.

27195

RET dynamics were investigated considering crystals with a
length of 3—4.5 pum and a diameter of ~1 pm with four
different loadings p; = 0.014, p, = 0.007, and p; = 0.0028 of Py
and O} molecules acting as donor and acceptor, respectively, in
a 1:1 ratio. In order to model the RET dynamics, we have
applied the MC scheme developed in refs 4 and 41 to the
zeolite L crystal. The RET rates were obtained on the basis of a
generalized (quantum-chemical-based) Forster model;* for
details see section 2. The molecular orientation was set to
follow a random angular distribution along the surface of a cone
with a fixed angle @ = 77° (see Figure 1b). The experimental
parameters used in the simulations include the spectral overlaps
(see Figure 1d; ]P;/Py* =172 X 10™* cm, ]P;/O; =138 x 107"
cm) and PL lifetimes (79 = 3.0 ns, 7o = 3.2 ns);* no
adjustable parameters were used.

In a first step, we investigated the impact on the time traces
of considering either a homogeneous or an inhomogeneous dye
distribution within the channels of zeolite L. As shown in
Figure 2, the donor decay significantly slows down (by a factor
~3) when going from an inhomogeneous to a homogeneous
distribution. Thus, the assumption of a homogeneous
distribution of dyes within the channels used in refs 11 and
40 has to be treated carefully, and the determination of the
distribution of guests along the channels must first be assessed
for a correct interpretation of the experimental data.

At first sight, the population along the channels in ref 57 is
rather counterintuitive since one might expect crystals with
higher molecular concentrations to feature a higher population
of guests toward the center of the channels in order to better
accommodate the larger number of guest molecules. It suggests
a transient blocking regime in which the first molecule blocks
the channel, with its degrees of freedom (rotational and
translational) hindered by the adjacent molecules in the
channel. The probability of unblocking the channel is expected
to drastically decrease with the increase in the loading levels,
delaying the diffusion process. This scenario is depicted in
Figure 3.

In order to gain a better insight into the dye diffusion
process, MD simulations have been performed for one O
molecule included in an empty zeolite L channel at high
temperature (T = S00 K) in order to promote the diffusion
process. The simulations were performed in dry conditions;
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Figure 3. Cartoon illustrating the possible arrangements of guests
leading to the diffusive (a) and the transient blocking regime (b). (c)
Tustration of the cooperative blocking mechanism in a channel, which
may be responsible for stopping the diffusion process inside the
channel.

thus, no solvent—guest interactions are present Durlng the
10 ns of the simulations the molecule was able to change its
orientation with respect to the axis of the channel, but not to
diffuse translationally, despite the high temperature used. To
shed light on this behavior, we calculated the energy profile
associated with the diffusion process. To do so, the molecule is
initially positioned in the middle of the first cavity with its long
axis aligned with the channel axis. The molecule is then moved
along the channel by steps of 2 A for a total displacement of 20
A, scanning ten different locations along three cavities of the
channel (Figure Sa). For each position, we have (i) calculated
the total energy of the system and (ii) performed a geometry
optimization by relaxing the system, i.e., the geometry and the
position of the molecule inside the channel. Figure 4b shows
the corresponding lowest energy conformations. It is important
to note here that regardless of the initial position, the
optimization brings the molecule close to the channel wall in
between two adjacent cavities, as depicted by the geometry
shown in Figure 4b.

The energetic profiles for the initial (labeled as SP) and
optimized (labeled as Opt) geometries are reported in Figure
4c. The plot for SP shows that in order to diffuse, the molecule
has to cross large energetic barriers, which may explain why the

inclusion is slow and the zeolite channels cannot be filled up
completely. The energy profile obtained for the optimized
geometries shows that the energy varies along the channel,
despite the fact that the molecule adopts similar final
conformations. This is due to (i) the random distribution of
aluminum sites in the channel, which breaks the translational
symmetry of the channel, and (ii) the strong interactions
between the oxygen in the molecule and the negatively charged
O—Al-O bridges in the zeolite framework. The aluminum sites
act as sort of traps for the molecule, thus being responsible for
the slow molecular diffusion in the channel.

The influence of the concentration of dyes in the exciton
dynamics was studied by considering three systems s1, s2, and
s3, with loading of 0.014, 0.007, and 0.000 28, respectively. The
concentrations and the respective distributions (see Figure 2)
were chosen in order to match the systems in ref 57. Based on
the shape of the distributions, it is evident that by lowering the
concentration, the molecules diffuse to the inside of the
channels creating a more homogeneous distribution. It has a
direct impact on the exciton lifetime, since the more diffuse the
molecules are the lower is the number of excitations quenched
via DA transfer due to the larger intrachannel intermolecular
separations*” (see illustration in Figure 6). This is confirmed by
the predicted lifetimes amounting for 1.7, 2.4, and 2.7 ns, as
extracted from the donor time traces (see Figure S) for the
systems sl, s2, and s3, respectively.

Another property affected by the concentration of dyes is the
directionality of the exciton migration, since for the highly
loaded system; the transport takes place mainly along the
channels, while for lower concentrations, the transport is
balanced between inter- and intrachannel steps. An average
reduction of 60% in the interchannel transfer steps are observed
when going from the highest to the lowest loaded system, while
the number of intrachannel transfers remains at constant values.
It directly translates into a reduction in the exciton diffusion
length, with a gradual transition from 3.8 to 1.5 nm, as the
concentration increases. It is important to note that these
diffusion lengths are much shorter than the 800 nm diffusion
obtained for a fully Pj-loaded homogeneously distributed
system. Such highly loaded systems are however challenging to
be constructed with rod-shaped molecules featuring dimensions
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Figure 4. (a) Schematic illustration of the process used to calculate the diffusion energy profile. (b) Most stable optimized geometry obtained from
the calculations. (¢, top panel) Diffusion energy profile obtained when translating rigidly the molecule. (c, bottom panel) Diffusion energy profile

obtained by optimizing the geometry at each position.
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Figure S. Simulated time traces (dots) for dye loaded zeolite L crystals
with loadings p = 0.0028, 0.007, and 0.014. Full lines are the
exponential fit performed over each set of data. The simulations were
performed on the molecular distributions estimated from CM images
obtained in refs 33 and 57.

comparable to those of Py and O} which promote blocking of
the channels as discussed above; longer guests on the other
hand might reduce the wobbling motions in the channels,'®>®
thus favoring the diffusion process needed for the formation of

fully loaded crystals.
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Figure 6. Illustration of the distribution of guest (green bars) in a
homogeneous (right) and inhomogeneous way (left) inside a zeolite L
crystal for high crystal loadings. Their impact in the RET dynamics is
depicted by the different number of transfer steps (red circles)
expected in a trajectory (indicated as black lines). The blue lines show
the distribution of guests along the channels.

5. CONCLUSIONS

We have contributed to the understanding of the resonant
energy transfer (RET) dynamics in dye-filled zeolite L host
guest compounds (HGCs) through a computational approach
relying on a quantum-chemical (QM) based diffusion-enhanced
Forster-type RET, embedded in a macroscopic Monte Carlo
(MC) scheme.

We have applied the QM/MC approach over the
inhomogeneous distribution of the cationic dyes (P} and O;)
obtained from confocal microscopy images on of P crystals,
revealing that increasing inhomogeneity leads to a strong
change in the exciton dynamics, reducing the exciton lifetimes
and modifying the dimensionality of the transport.

The transient blocking regime may be avoided for instance
by using longer guests, which would drastically reduce the
wobbling motions inside the channels, favoring the molecular
diffusion, thus favoring the homogeneous dye distributions.
Such distribution together with the excellent RET transfer
parameters of the pyronine/oxonine couple (large spectral
overlaps, PL lifetime and exciton couplings), would deliver
electronically efficient systems, with good stability, process-

ability, and addressability, that would make supramolecular
nanostructured systems an even more interesting field of
research in material science.
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