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Anisotropic energy transfer in crystalline
chromophore assemblies

Ritesh Haldar!, Marius Jakoby?, Antoine Mazel3, Qiang Zhang'#, Alexander Welle!, Tawheed Mohamed'>,
Peter Krolla!, Wolfgang Wenzel?, Stéphane Diring3, Fabrice Odobel3, Bryce S. Richards?®,
lan A. Howard® 2 & Christof Woll® '

An ideal material for photon harvesting must allow control of the exciton diffusion length and
directionality. This is necessary in order to guide excitons to a reaction center, where their
energy can drive a desired process. To reach this goal both of the following are required;
short- and long-range structural order in the material and a detailed understanding of the
excitonic transport. Here we present a strategy to realize crystalline chromophore assemblies
with bespoke architecture. We demonstrate this approach by assembling anthracene
dibenzoic acid chromophore into a highly anisotropic, crystalline structure using a layer-by-
layer process. We observe two different types of photoexcited states; one monomer-related,
the other excimer-related. By incorporating energy-accepting chromophores in this crystalline
assembly at different positions, we demonstrate the highly anisotropic motion of the excimer-
related state along the [010] direction of the chromophore assembly. In contrast, this ani-
sotropic effect is inefficient for the monomer-related excited state.
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photon absorption, funneling of the absorbed energy to a

reaction center, and utilization of the energy at the reaction
center to drive a desired reaction. Optimization of photon
absorption has long been the major goal of chromophore design
in synthetic molecular chemistry, with great success being
achieved with the strategy of extended m-conjugated systems'.
Nevertheless, optimizing the transfer of energy within chromo-
phore assemblies to the reaction center is equally important. The
transport or diffusion of the exciton (the excited-state carrying
the energy added to the molecule by the absorption of a photon)
between chromophores depends on the architecture of the
assembled chromophores?~>. Numerous studies have demon-
strated that exciton motion in self-assembled organic molecular
systems, conjugated polymers, nanostructures and
organic-inorganic hybrid structures, critically depends on
mesoscale order®$. Particularly, DNA-origami approaches,
topochemical polymers or double-walled carbon nanotubes have
been demonstrated as highly efficient materials for directional
energy transport” 13, Achieving directionality of exciton diffusion
in isotropic, amorphous assemblies is not possible; instead ani-
sotropic packing with short and long-range order are essentiall4-
17 Recently, coordination networks or metal-organic frameworks
(MOFs) have emerged as a popular material in the context of
modular chromophore organization and tailored material prop-
erties!8-22, The applications for MOFs go far beyond gas storage
and separation, and have demonstrated potential in engineering
optoelectronic materials?2. Since these hybrid crystalline frame-
works are assembled by combining metal or metal-oxo nodes and
organic linkers, the number of possible architectures and topol-
ogies is enormous?3. Therefore, these crystalline assemblies offer
possibilities for arranging chromophores in defined geometries
that could provide efficient energy harvesting through long-range
exciton transport in an energy harvesting system. In addition, the
spatial and orientational organization of the chromophores
within the framework allows the anisotropy of the exciton motion

The elemental steps in artificial photosynthetic systems are:

to be controlled; this could lead to designs for one-, two-, and
three-dimensional artificial photosynthetic systems”>21.

Since integrating the powder form of MOFs obtained by con-
ventional solvothermal synthetic methods into optoelectronic
devices is not straightforward, for the work described here we rely
on surface anchored MOFs (SURMOFs)?4. These monolithic,
highly oriented and crystalline MOF thin films are grown on
functionalized substrate surfaces using liquid phase epitaxy
(LPE)?*. The thickness of SURMOFs can be adjusted in a
straightforward fashion by adjusting the layer-by-layer
(Ibl) deposition cycles. More importantly, by employing multi-
heteroepitaxy, construction of MOF-on-MOF hetero-
architectures is feasible?>?°. A FRET energy donor-type SUR-
MOF can also contain an acceptor linker keeping the crystallinity
intact, provided donor and acceptor linkers have similar length?’.
In order to demonstrate the potential of SURMOFs for creating
structures showing significant exciton motion with directionality,
we rely on Zn-SURMOF-2 structure?$. The parent structure
presented here, Zn-ADB (1) is assembled from 4,4’-(anthracene-
9,10-diyl)dibenzoic acid (ADB) linkers and Zn2+26_ The photo-
luminescence (PL) data recorded for this crystalline chromo-
phoric assembly reveals the presence of two excited-states; a
monomer-related state, which decays into a significantly lower
energy excimer-related state with a strongly red-shifted PL signal.
To unveil the transport properties of these two excited states, we
integrate a FRET acceptor ((2,5-bis(butyl)-3,6-bis(4-carbox-
ylicphneyl-4-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione, ~ or
DPP) into the SURMOFs. By using the layer-by-layer growth
method we fabricate different types of hetero-multilayers con-
taining pristine Zn-ADB layers with well-defined interfaces to
mixed-linker donor-acceptor structures, as depicted in Fig. 1.
Comprehensive steady-state and time-resolved PL studies of the
two different SURMOF architectures reveal an unprecedented
anisotropic, 1D motion of the excimer-related excitons along the
crystallographic [010] direction, parallel to the substrate plane. In
contrast, the monomer-related state exhibits transport also along

COOH
Donor(D)

Fig. 1 Anisotropic architecture of a donor-acceptor SURMOF-2. A schematic of the fabricated Zn-SURMOF-2 structure: (left) a mixed-linker strategy to
make mixed-linker donor-acceptor (DA) Zn-SURMOF-2, where the anthracene (blue) chromophores are stacked along [010] direction and the DPP

(orange) linkers are homogeneously mixed in the stack. (Right) the individual linkers used to construct the mixed-linker donor-acceptor (DA) SURMOF-2;
The blue and orange solids in the SURMOF-2 structure schematic represent ADB and DPP linkers, respectively; gray filled cubes represent the Zn-paddle-

wheel secondary building units
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[100] and [001] direction. The importance of the chromophore
organization on the directional long-range FRET hops and dif-
fusion is discussed in detail.

Results

Surface grown metal-organic architectures. The first step in our
study of energy harvesting in SURMOFs was to identify a pair of
organic linkers that satisfied both of the following criteria: (a) that
they shared a similar length so that mixed or heterostructure
SURMOFs could be fabricated without any major alteration of
the structural order, and (b) exhibited the emission of one of the
pair overlapped with the absorption of the other such that the
spectral overlap necessary for FRET would be strong. We iden-
tified the linker pair ADB as the energy transporting donor, and
DPP as the energy-accepting chromophore (Fig. 1; Supplemen-
tary Fig. 1). The SURMOFs used here are Zn-SURMOF-2 and
were grown on OH-functionalized quartz or silicon substrates
using a Ibl approach. SURMOF-2 can be viewed as consisting of
an array of stacks of square grid type 2D sheets which are formed
by connecting paddle-wheel type secondary building units (SBUs)
with ditopic carboxylate functionalized organic linkers?®. Along
[010] direction, the linker chromophores can form 1D stacks, as
shown in Fig. 1.

We adopted two different approaches to create SURMOF
structures in order to characterize the directionality of the exciton
motion in the Zn-ADB SURMOF. First, we examine the energy
transfer when exciton transport will be dominated by fast hops in
the direction of the nearest-neighbor chromophores. In this case,
exciton transport will be close to 1D. For this we have used (A)
mixed-linker strategy: the donor and acceptor linkers, being
similar in length, can be homogeneously mixed and yield a
mixed-linker donor-acceptor (DA) crystalline structure, as
illustrated in Fig. 1; Supplementary Figs. 1 and 3. To analyze
exciton motion along the plane of the 2D sheets, which is
anticipated to be slower than along the inter-sheet direction, we
have designed a heterostructure using (B) heteroepitaxy method:
here the bottom layer is mixed-linker DA SURMOF-2, and a
pristine Zn-ADB structure is grown on top (Supplementary
Figs. 1 and 3). The out-of-plane X-ray diffraction (XRD) data
demonstrate that all the heterostructures grown on quartz or Si
described above are highly crystalline, with the [001] direction
perpendicular to the substrate. Additional scanning electron
microscopy (SEM), time-of-flight secondary ion mass spectro-
metry (ToF-SIMS) experiments, and ultraviolet-visible (UV-vis)
spectrophotometry carried out on these heterostructures are
consistent with the structures shown in Fig. 1 (Supplementary
Fig. 1-8).

The individual absorption and PL of the linkers and 1 are
shown in Supplementary Fig. 9. It is evident that the absorption
and PL spectra of 1 differ from those of the ADB linker alone in
ethanol. The redshift of the PL spectrum of 1 with respect to the
ADB linker PL spectrum in ethanol leads to an excellent overlap
with the acceptor (DPP) absorption. Thus, these mixed-linker DA
and heterostructure SURMOFs can allow a unique opportunity to
carefully analyze the exciton motion.

Excitonic states in Zn-ADB (1). Before turning to examine the
motion of the excitons in 1 using the mixed-linker DA and
heterostructured SURMOFs, we looked into the details of the
excited state dynamics in pristine 1. The PL spectrum of 1 (E.x =
3.26 eV) distinctly differs from the monomer state of ADB in
ethanol; it is shifted to lower energy compared to that of
monomer, and has a broad featureless structure (Supplementary
Fig. 9). The time-resolved PL spectra collected with a streak
camera system revealed that two distinct excited states are created
as a result of photon absorption (Supplementary Fig. 11). The PL
shows two components: (a) “monomer-related” feature (PLyoy),
maximum ~2.81 eV with two sub-nanosecond components (vide
infra) and a longer lived tail with a lifetime of 1.2 ns; (b) “exci-
mer-related” feature (PLg,.), maximum ~2.58 eV with a lifetime
of ~4ns (for both states compare Supplementary Fig. 11). Fig-
ure 2a shows a streak image of the PL of 1 within the first 1500 ps
after excitation. The bathochromic shift of the spectrum with
longer decay times suggests the presence of at least two different
excited states with different lifetimes. In order to determine the
decay kinetics of these two states, we used a multivariate fitting
scheme?? that allows the PL spectra and decay profiles of the two
different components to be determined (Fig. 2b, c). The first
1.5 ns of the transient PLy,, can be expressed by a biexponential
fit with lifetime parameters of (570 £ 30) (50%) and (80 £ 4) ps;
the PLg, features a rise time of (80 +4) ps and a decay time of
~4 ns. These observations suggest that a significant fraction of the
PLyon population transfers into the PLg,. state with an inverse
rate of 80 ps. Note that this transfer time is substantially longer
than the excimer formation time (~150fs) in the pB-form of
anthracene crystals®0. We attribute this divergence to the different
type of packing of the anthracene units in 1 and in the bulk
anthracene crystals.

To shed some more light on the existence of two excitonic
states of 1, we have looked into the possible arrangement of the
ADB linkers in SURMOEF-2 structure of 1 more carefully.
Maintaining the interlayer distance of ~6A2027, we could
optimize the geometry of the neighboring ADB linkers based
on optimized potential for liquid simulation (OPLS) force-
field (Supplementary Figs. 5 and 6). The optimized geometry
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Fig. 2 Excited states in Zn-ADB (1). a Streak image of Zn-ADB (1) excited at 3.26 eV. The peak positions of the PL spectrum at each time (x) are indicated
by black dots. The red line shows a spline fit. b Decay and rise of the PLyon and PLg,. states, respectively. The PL transients are fitted by biexponential
deconvolution fits (black solid lines). ¢ PL spectra of the donor PLyon and PLg,. states together with the acceptor DPP absorption. Both, the transients and
the emission spectra in b and ¢ have been determined by using a multivariate curve resolution fit2% with a constrained alternating least squares algorithm
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suggests that the closest anthracene-anthracene ring distance is
42 A, which can be regarded as a weak Van der Waals
interaction, however not ideal to form an excimer39-32, Having
the free space available for the rotation of anthracene rings, a 10°
rotation of the anthracene ring relative to its optimized position,
exhibits a rather small energy change of ~28 k]J/mol and reduces
the anthracene-anthracene distance to ~3.4 A, which is more
suitable to form an excimer. This explains why the PLy,, state
quickly becomes the PLg, state and also, vide infra, why a PLg,
state can transfer effectively as other neighboring sites come into
similar rotational configurations. The relatively longer formation
time of the PLg,. is thus evidently related to rotation of adjacent
anthracene unit and the associated geometrical change leading to
the excimer formation and reduction of the excited-state energy.

The excited-state population flow can thus be summarized as
follow: (1) absorbed photons form PLy,, states, (2) these can
decay either to the ground state or to the lower energy PLpy.
excited state, (3) the PLg, state population returns to the ground
state (with an inverse rate of 4 ns). We now focus on the diffusion
of the two excited states by using DPP as a FRET acceptor. In fact,
Fig. 2c demonstrates that DDP is well suited for this purpose
since its absorption spectra shows a substantial overlap with both
the PLyo, and PLg,. PL spectra.

Energy transport in mixed-linker DA SURMOF-2. To examine
the energy transfer from the donor 1 to the DPP, we fabricated six
different structures as shown in Fig. 1, with increasing amount of
DPP concentration from 0.1DPP@1, 0.15DPP@1, 0.45DPP@1,
0.8DPP@1, 2.6DPP@1, and 3.9DPP@1 (where XDPP@1 indicates
that the X % of DPP linkers are present in Zn-ADB
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SURMOF) (Supplementary Fig. 7). The PL spectra (excited at
3.26 eV) of those donor-acceptor (DA) mixed-linker SURMOEF-
2 structures demonstrate that with increasing concentrations of
DPP, PL of the donor (at 2.75 eV) is strongly quenched, while the
acceptor PL (at 2.2eV) becomes significant (Fig. 3a; Supple-
mentary Fig. 7). Already at DPP concentrations as low as 0.1,
most of the donor emission is quenched, as can be seen from
Fig. 3a. This observation indicates the presence of a very effective
FRET process from 1 to the DPP acceptor in all of these mixed-
linker structures. FRET process can also be confirmed by exci-
tation scans monitoring the PL of the DPP acceptor while the
excitation wavelength is scanned across the absorption of the
donor (1) and the DPP emitter. In all the cases, the maximum
emission of the DPP acceptor occurs after excitation of the donor
(Supplementary Fig. 13). This confirms that quenching of the
donor by FRET to the acceptor is indeed possible in these
structures.

To look into the individual quenching efficiencies of the PLy;,,,
and PLg,, states, we have measured the PL decay of the donor,
and also PL rise time of the acceptor (Supplementary Fig. 16).
The PL decay of the donor at 2.6eV clearly shows that with
increasing concentration of DPP, the donor lifetimes drop
continuously; while the DPP acceptor PL rise faster with the
increasing concentration of DPP. Extracting the lifetime values of
the PLyjon, and PLg,. states, we could calculate the quenching
efficiencies (1q) as a function of DPP concentration in the mixed-
linker structures (Fig. 3b, Supplementary Table 1). The #q rapidly
increases for DPP concentrations under 0.8%, but after 0.8%
efficiency stays nearly constant for both the excited states. The
fact that the g does not change significantly after 0.8DPP@1, is
due to a non-uniform distribution of the DPP linkers at higher
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Fig. 3 Energy transfer in DA SURMOF-2. a Normalized PL spectra of the Zn-ADB (1) SURMOF-2 with different concentrations of DPP with excitation at
3.26 eV; with increasing % of DPP, the donor PL decrease. b Efficiency of the excited states quenching as a function of the DPP concentration in the mixed-
linker DA SURMOF-2 structures calculated from the PL lifetime of the individual excited states (Supplementary Table 1-2). The error bars are determined
by propagating the uncertainties in the fits shown in Supplementary Fig. 16. ¢ Excited state kinetics of the mixed-linker DA SURMOF-2 structures (also see

Supplementary Fig. 15 and Table 1-2)
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Fig. 4 Stern-Volmer analyses. Stern-Volmer plot for the DPP containing
Zn-ADB (1) SURMOF-2 structures, plotted by comparing the lifetime values
of the individual excited states in presence of the DPP in various
concentrations. The error bars are determined by propagating the
uncertainties in the fits shown in Supplementary Fig. 16

concentrations (see Methods section for details). Approximately,
40% of the PLyj,, species and 60% of the PLg,. species are
quenched in 0.8DPP@1 (Supplementary Fig. 15). Considering all
the involved energy transfer rates, as shown in Fig. 3¢, ~76% of
the absorbed photons in the end transfer to the DPP acceptor,
with half of the energy arriving from a PLy,, state and rest from
a PLg,. state (Supplementary Fig. 15 and Table 1-2).

Knowledge of the excited state lifetime as a function of
the concentration of the quencher (DPP) allowed us to determine
the number of hopping events before the quenching using the
Stern—Volmer analysis®>. Since quenchers are at fixed positions in
the lattice each exciton has to hop in average to K, sites, in order
for 50% of the excitons to be quenched. The fit of the linear part
of the graph, below 0.8% DPP concentration yields that the PLy,,
and PLg, state visit in average 70 and 330 unique hopping sites,
respectively, within their lifetimes (Fig. 4). We note this analysis
neglects a final longer range FRET transfer from donor to
acceptor, but provides a basis to qualitatively compare the excited
sates motion. In order to demonstrate that this diffusion is not
isotropic, we have fabricated SURMOFs with a different geometry
where quenching can only occur in a bottom layer, and where
excitation of the donors is largely confined to the upper layer
which only contains ADB but no DPP acceptors.

Anisotropic energy transport. In order to demonstrate the
presence of directional energy transfer along the [010] direction,
parallel to the substrates, we have fabricated SURMOF hetero-
multilayers, with a bottom layer consisting of 2.6DPP@1 (~20
nm), and a top layer of the donor 1 with various thicknesses (16,
25, 30, 50, 60, and 90 deposition cycles) (Fig. 5a; Supplementary
Fig. 20). Supplementary Fig. 20 shows the PL decay kinetics as a
function of donor layer thickness in bilayer heterostructures. A
biexponential function fits the decay profiles, and from those the
individual excited state’s quenching efficiencies can be plotted as
a function of donor layer thickness (d) (Supplementary Table 3).

Figure 5b reveals that the quenching efficiency of PLg,. quickly
drops when the thickness of the top donor layer is increased. This
observation is not consistent with an efficient diffusion along the 2D
sheets as revealed by a comparison to the results of a simple
simulation considering an isotropic diffusion length of 13 nm and
FRET radius (toward DPP) of 5.5 nm, indicated by the broken red
line in Fig. 5b (Supplementary Fig. 21). From the clear discrepancy
between the results of this simulation and the experimental finding
we conclude that the diffusion of the PLg,. state is inefficient along
the 2D sheet and essentially confined along the [010] direction, i.e.,
parallel to the substrate, as shown in Fig. 5a. Indeed, an anisotropic
diffusion model where only intralayer FRET hops are allowed
(FRET radius of 5.5 nm toward DPP) yields a very good fit of the

Preferential ID motion
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Fig. 5 Energy transport in bilayer heterostructure. a Schematic illustration
of the bilayer structure and the anisotropic energy transfer path of PLg,,
state. b Total quenching efficiencies (shown as green) extracted from the
PL decay are shown against the donor layer thickness (d) on top of the
2.6DPP@]; the broken red line is the simulation result assuming isotropic
diffusion with FRET hops toward the acceptor and the black solid line is a
simulation result considering anisotropic model (only FRET radius of 5.5 nm
toward DPP, no diffusion along the sheets) (Supplementary Fig. 19). The
error bars are determined by propagating the uncertainties in the fits shown
in Supplementary Fig. 20

experimental data, shown as the solid black line in Fig. 5b. Further,
a Monte Carlo simulation considering the anisotropic motion of the
PLg,. state results a diffusion length of ~97 nm, within its
lifetime (Supplementary Fig. 19).

In a sharp contrast, whereas the PLg,. quenching decreases
drastically with layer thickness, the quenching of the PLy,, state
remains higher. The PLy,, state is more quenched in the bilayer
structures than the PLg,.. This is in contrast to the mixed-linker
DA SURMOFs wherein the PLg, state showed higher quenching
efficiencies than the PLyy,, state. Even qualitatively, this provides
conclusive evidence that the diffusion of the excimer state is
highly anisotropic (with a preferred direction parallel to the
substrate), whereas the monomer state diffusion is nearly
isotropic (relative to the excimer). The quenching of the
monomer state as a function of thickness fit well with a
simulation using a diffusion length of 6 nm and FRET radius of
6.5 nm well (Supplementary Fig. 22). Thus, the monomer is able
to diffuse in directions, both parallel and perpendicular to the
substrate. But the excimer only diffuses parallel to the substrate.
The preferential 1D diffusion of the PLg,, state is related to the
inter-ADB electronic coupling which promotes a delocalization of
the electronic excitation along [010] direction. In contrast, the
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PLyon state diffusion proceeds via nearest-neighbor hopping, and
not on delocalized excitonically coupled domains. Hence, the
PLyjon state diffuses more efficiently along all crystallographic
directions, losing the strongly anisotropic character of the PLg,,
state.

Discussion

The crystalline, 1D anthracene stacks realized via the assembly of
a SURMOF represents a type of chromophore organization that
allows realizing a directional energy transfer of excited state.
Photon absorption by the anthracene cores of the ADB linkers
leads to the formation of two excited states, PLy;,, and PLg,,
which can be distinguished by their different PL energies and
lifetimes. By fabricating oriented, highly crystalline SURMOFs,
we could demonstrate that the energy transfer for the PLg,. state
largely proceeds in the crystallographic [010] direction, thus
following the 1D stacks of the anthracene cores of the ADB lin-
kers. In contrast, the PLy,,, can also diffuse in the [100] direction
perpendicular to the substrate. Similar strong couplings of exci-
tons> yielding 1D paths have been realized in purely organic H-
type aggregates®!4. Our basic theoretical considerations suggest
that the 1D motion of PLg, state has a diffusion length of ~97
nm, however more refined theoretical considerations beyond the
point-dipole approximation should increase the accuracy of this
finding”*>.

The ability to fabricate crystalline chromophore assemblies
with anisotropic exciton transport creates a huge potential for
applications in energy harvesting. In particular, exploiting 1D
transport could lead to appreciable diffusion lengths in a desired
direction toward an energy accepting layer that could then act as
a reaction center performing desired photochemical reactions.
Moreover, the directional energy transport in mesoscale crystal-
line order is hardly achieved, as organic supramolecular designs
not often provide such crystalline films. Future efforts will be
directed toward the improvement of crystalline order in the
SURMOF-based crystalline chromophoric assemblies presented
here, in particular to increase the size of the crystalline domains,
in order to enhance exciton transport efficiency and diffusion
length.

Methods

X-ray diffraction (XRD). The XRD measurements for out-of-plane (co-planar
orientation) were carried out using a Bruker D8-Advance diffractometer equipped
with a position sensitive detector Lynxeye in geometry, variable divergence slit and
2.3° Soller-slit was used on the secondary side. The Cu-anodes which utilize the Cu
Ka, ,-radiation (€ = 0.154018 nm) was used as source.

Scanning electron microscope (SEM). The SEM measurements were carried out
using a Field Emission Gun (FEI) Philips XL SERIES 30 ESEM-FEG (FEI Co.,
Eindhoven, NL). In order to avoid charging and increasing sample conductivity, all
samples were coated with a ~5nm thick gold/palladium film before recording the
SEM micrographs. Moreover, condition of High-Vacuum (1.5 Torr) was applied
with all specimen, using 20 keV acceleration voltage.

Atomic force microscope (AFM). AFM-imaging was done using an Asylum
Research Atomic Force Microscope, MFP-3D BIO. The AFM was operated at 25 °C
in an isolated chamber in alternating current mode (AC mode). AFM cantilevers
were purchased from Ultrasharp MikroMasch.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS). ToF-SIMS was
performed on a TOF.SIMS5 instrument (ION-TOF GmbH, Miinster, Germany)

equipped with a Bi cluster primary ion source and a reflectron type time-of-flight
analyzer. UHV base pressure was <5 x 10~2 mbar. For high mass resolution the Bi
source was operated in the “high current bunched” mode providing short Bi;*

primary ion pulses at 25 keV energy, a lateral resolution of ~4 um, and a target

current of 0.2 pA at 5 kHz repetition rate. The short pulse length of 0.9 ns allowed
for high mass resolution. For depth profiling a dual beam analysis was performed
in full interlaced mode: The primary ion source was scanned area of 300 x 300 um?
(128 x 128 data points) and a sputter gun operated with Ar,es0" cluster ions, 5 keV,
scanned over a concentric field of 500 x 500 pm?, (target current 3 nA) was applied

to erode the sample. Thereby, the sputter ion dose density was >5000 times higher
than the Bi ion dose density. Spectra were calibrated on the omnipresent C~, C,~,
C;™, or on the C*, CH*, CH,*, and CH;™" peaks. Based on these datasets the
chemical assignments for characteristic fragments were determined. For data
visualization, secondary ion intensities were normalized to a maximum of 1.0, each,
and plotted over sputter ion fluence [ions/cm?] as an indirect measure for erosion

depth.

Optical characterization. For the time-resolved spectroscopy, a Hamamatsu
Universal Streak Camera C10910 with Acton SpectraPro SP2300 spectrometer, and
time correlated single photon counting (TCSPC) with Nano LED light source (373
nm peak wavelength, 1 MHz max. repetition rate, 1.3 ns pulse duration) and
FluoroHub Single Photon Detection Module was used. The fluences used in the
streak camera system and TCSPC amounted to 160 nJ/cm? and 150 pJ/cm?,
respectively.

Fabrication of Zn-ADB (1) SURMOF-2. Ethanolic solution of 1 mM zinc acetate
and 20 uM ADB solutions (in Ethanol) were sequentially deposited onto the
substrates using spin coating method in a layer-by-layer fashion. After the metal or
linker coating, the samples were rinsed with ethanol to remove unreacted metal/
linker or by-products from the surface. For metal and linker both, the spin coating
time is fixed as 10 s with rpm of 2000. The thickness of the samples was controlled
by the number of deposition cycles. Forty 40 cycles of deposition resulted ~34 nm
film thickness.

Fabrication of Zn-DPP SURMOF-2 (2). Similar to the fabrication of 1, an etha-
nolic solution of 1 mM zinc acetate and 20 uM DPP solutions (in ethanol) were
sequentially spin coated onto the substrates in a layer-by-layer fashion. Forty cycles
of deposition resulted ~35 nm film thickness.

Fabrication of mixed-linker DA SURMOF-2. The fabrication method is similar to
pristine 1; except the linker solution contained 0.1 and 6% of DPP mol/mol. The
resulted films however contain 0.1, 0.15, 0.45, 0.8, 2.6, 3.9% of DPP. The UV-vis
spectra of those films show a prominent band ~500 nm suggesting the presence of
DPP.

Fabrication of bilayer DA SURMOF-2. As a bottom layer, 25 cycles of mixed-
linker DA SURMOF-2 is grown. On top of that only Zn-ADB SURMOF-2 is grown
for various number cycles.

Geometry optimization of the ADB linkers. Parameters for ADB ligand are
obtained from LigParGen web server’¢-38, LigGerGen provides bond, angle,
dihedral, and Lennard-Jones OPLS-AA parameters with 1.14*CM1A or
1.14*CM1A-LBCC partial atomic charges. For charged molecules (ADB linker with
net charge -2) CM1A charges are NOT scaled by a factor 1.14.

ADB linker is preoptimized based on the OPLS-AA Force Field, duplicate and
move the optimized ligand up by 6 A, freeze (their X, Y, and Z position will not be
updated) skeleton carbon atoms (Supplementary Fig. 11) and optimize the dimer in
GROMACS.

Quenching efficiency calculation. To extract the quenching efficiencies of the top
donor layer only we used following equation:

Qt :j;nimeix +fpdr/pﬁrmx Qmix' (1)

Here, Q; total quenching efficiency (Q) in the bilayer structure, fn;, and f,q are the
fractions of the total layer thickness of the 2.6DPP@1 and 1, respectively; Qi is
the quenching efficiencies for the relevant excited state in 2.6DPP@1, and 5 is
the fraction of excitations created in the pristine donor layer (1) that trans er Into
the bottom layer 2.6DPP@1. Rearranging this formula we solve for 7, -

Q( - fmix Qmix

fdemix (2)

M=

Considering the Quix ~ 0.7 (from Fig. 3b) for the PLg,. state, for the 16 and 25
layer thick (corresponding to 6 and 9 ADB linkers, respectively) top layer we find
that 32 and 24% of the PLg, states are transferred to the quenching layer,
respectively (Supplementary Fig. 20). While, for the thickest top layer (90
deposition cycles) only 5% of the PLg, state can reach quenching layer.

In sharp contrast, the PLy,, state diffuses efficiently across the interface to the
bottom quenching layer, as can be realized from the transfer efficiencies of 80, 65,
and 20% for 14, 20, and 35 nm thick donor layer on top, respectively
(Supplementary Fig. 20). To explain such transfer efficiency along the 2D sheet, a
diffusion length on the order of ~10 nm (upto 4-5 ADB linkers along the 2D sheet)
would be needed. However, this exceeds the diffusion length calculated for purely
isotropic diffusion in Supplementary Fig. 19a. Hence, it is likely that the non-
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nearest-neighbor FRET from the top layer PLy,, state to the DPP in the mixed-
linker layer plays a role in the enhanced transfer rate along the 2D sheets.

Modeling quenching efficiencies in bilayer structures. We have modeled the
quenching efficiencies in bilayer structures by following Scully et al.3. Assuming
no gradient of the exciton density in directions parallel to the interface ([010]
direction), the quenching efficiencies of the bilayer structures can be modeled by a
modified one-dimensional diffusion formula of the following form:

on(x,t) __
o

— et kpn(x,t) + G(x, t).

T

. ®3)
Here, n(x,t) is the exciton density perpendicular to the donor-acceptor interface
and G(x,t) the exciton generation rate at position x and time #. The first term on the
right side corresponds to the exciton diffusion with a diffusion constant D, the
second term to the monomolecular decay with a rate 1/7 and the third term to a
Fortser resonant energy transfer (FRET) to the acceptor with a rate kg. The rate
coefficient kg for FRET is given by:

ca RS
) = 2788, (@

with the acceptor density c, and the FRET radius R,.

At the donor-acceptor interface, we assumed instantaneous quenching of
excitons, while at the air film interface reflection no quenching of excitons is
assumed. These two boundary conditions are included by the equations: n(x = 0)
=0, and “5=" =0, accounting for the quenching and non-quenching interface,
respectively.

For all samples under study the absorption length was much bigger than the
donor layer thickness d allowing for a uniform exciton density as initial condition.
By taking the discussed boundary and initial conditions into account, we have
solved the one-dimensional continuity equation (1) numerically for different FRET
radii Ry, diffusion constants D and layer thicknesses d, to gain insights about the
diffusions length along sheets of the two excited states in the Zn-ADB SURMOF.

PL spectra of mixed-linker DA SURMOF-2 structures. Figure 3a shows the PL
spectra of the DPP doped structures after photoexcitation at photon energy of 3.26
eV. We observed that increasing the amount of DPP doping has the following
effects: (i) It increases the PL intensity at 2.2 eV (which is related to emission from
the DPP acceptors) relative to the PL intensity at 2.75 eV (which is related to the 1).
This indicates that, as expected, higher DPP concentrations quench more of the
donor emission. (ii) The PL peak of the donor at 2.75 eV shows a blue shift with
increasing DPP concentrations. This indicates that the PLg,. states must be mobile
and being quenched. If only the PLy,, states were quenched both the PLyy,, and
PLgy. state PL would decrease by the same amount and there would be no spectral
shift of the donor PL. This is because the quenched PLy,, states are also the
precursor to the PLg, state, so the quenching of the PLy,, population would lead
to a concurrent decrease in both the PL. The fact that the donor emission blue
shifts is therefore clear indication that the PLg, states are also mobile, participating
in energy transport and quenching. Finally, (iii) at higher DPP concentrations the
PL peak at 2.2 eV slightly red shifts. This is an indication that at the higher
concentrations, the DPP chromophores are not homogeneously distributed but can
form small clusters. Interactions between DPP chromophores in these clusters
cause the redshifting of the DPP emission, and also effect the average distance that
an ADB exciton needs to travel in order to reach a quencher.

Data availability
The datasets generated during and/or analysed during the current study are
available from the corresponding authors on reasonable request.

Received: 17 June 2018 Accepted: 28 September 2018
Published online: 18 October 2018

References

1. Sakai, N., Mareda, J., Vauthey, E. & Matile, S. Core-substituted
naphthalenediimides. Chem. Commun. 46, 4225-4237 (2010).

2. Vogelsang, J., Adachi, T., Brazard, J., Bout, D. A. V. & Barbara, P. F. Self-
assembly of highly ordered conjugated polymer aggregates with long-range
energy transfer. Nat. Mater. 10, 942-946 (2011).

3. Menke, S. M. & Holmes, R. J. Exciton diffusion in organic photovoltaic cells.
Energy Environ. Sci. 7, 499-512 (2014).

4. Sukhanova, A., Baranov, A. V., Perova, T. S., Cohen, J. H. M. & Nabiev, L.
Controlled self-assembly of nanocrystals into polycrystalline fluorescent
dendrites with energy-transfer properties. Angew. Chem. Int. Ed. 45,
2048-2052 (2006).

10.

11.

12.

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

33.

34.

Park, H. J. et al. Layer-by-layer assembled films of perylene diimide-and
squaraine-containing metal-organic framework-like materials: solar energy
capture and directional energy transfer. ACS Appl. Mater. Interfaces 8,
24983-24988 (2016).

Tamai, Y., Ohkita, H., Benten, H. & Ito, S. Exciton diffusion in conjugated
polymers: from fundamental understanding to improvement in photovoltaic
conversion efficiency. J. Phys. Chem. Lett. 6, 3417-3428 (2015).

Zhang, Q. et al. Forster energy transport in metal-organic frameworks is
beyond step-by-step hopping. J. Am. Chem. Soc. 138, 5308-5305 (2016).
Haedler, A. T. et al. Long-range energy transport in single supramolecular
nanofibers at room temperature. Nature 523, 196-199 (2015).

Hemmig, E. A. et al. Programming light-harvesting efficiency using DNA
origami. Nano Lett. 16, 2369-2374 (2016).

Nicoli, F. et al. Directional photonic wire mediated homo-Forster resonance
energy transfer on a DNA origami platform. ACS Nano 11, 11264-11272
(2017).

Boulais, E. et al. Programmed coherent coupling in a synthetic DNA-based
excitonic circuit. Nat. Mater. 17, 159-166 (2018).

Dubin, F. et al. Macroscopic coherence of a single exciton state in an organic
quantum wire. Nat. Phys. 2, 32-35 (2006).

Caram, J. R. et al. Room temperature micron-scale exciton migration in a
stabilized emissive molecular aggregate. Nano Lett. 16, 6808-6815 (2016).
Baljonne, D. et al. Interchain vs. intrachain energy transfer in acceptor-
capped conjugated polymers. Proc. Natl Acad. Sci. USA 99, 10982-10987
(2002).

Karakostas, N. et al. Highly efficient and unidirectional energy transfer within
a tightly self-assembled host-guest multichromophoric array. Chem. Commun.
50, 1362-1365 (2014).

Cotlet, M. et al. Intramolecular directional Forster resonance energy transfer
at the single-molecule level in a dendritic system. J. Am. Chem. Soc. 125,
13609-13617 (2003).

Gierschner, J. Directional exciton transport in supramolecular nanostructured
assemblies. Phys. Chem. Chem. Phys. 14, 13146-1353 (2012).

Cui, Y., Yue, Y., Qian, G. & Chen, B. Luminescent functional metal-organic
frameworks. Chem. Rev. 112, 1126-1162 (2012).

Lustig, W. P. et al. Metal-organic frameworks: functional luminescent and
photonic materials for sensing applications. Chem. Soc. Rev. 46, 3242-3285
(2016).

Williams, D. E. & Shustova, N. B. Metal-organic frameworks as a versatile tool
to study and model energy transfer processes. Chem. Eur. J. 21, 15474-15479
(2015).

Lee, C. Y. et al. Light-harvesting metal-organic frameworks (MOFs): efficient
strut-to-strut energy transfer in Bodipy and porphyrin-based MOFs. J. Am.
Chem. Soc. 133, 15858-15861 (2011).

Stassen, L. et al. An updated roadmap for the integration of metal-organic
frameworks with electronic devices and chemical sensors. Chem. Soc. Rev. 46,
3185-3241 (2017).

Stock, N. & Biswas, S. Synthesis of metal-organic frameworks (MOFs): Routes
to various MOF topologies, morphologies and composites. Chem. Rev. 112,
933-969 (2012).

Liu, J. & Woll, C. Surface-supported metal-organic framework thin films:
fabrication methods, applications, and challenges. Chem. Soc. Rev. 46,
5730-5770 (2017).

Wang, Z. et al. Nanoporous designer solids with huge lattice constant
gradients: multihetroepitaxy of metal-organic frameworks. Nano. Lett. 14,
1526-1529 (2014).

Oldenburg, M. et al. Photon upconversion in crystalline organic-organic
heterojunctions. Adv. Mater. 28, 8477-8482 (2015).

Oldenburg, M. et al. Enhancing the photoluminescence of surface anchored
metal-organic frameworks: mixed linkers and efficient acceptors. Phys. Chem.
Chem. Phys. 20, 11564-11576 (2018).

Liu, J. et al. A novel series of isoreticular metal organic frameworks: realizing
meta-stable structures by liquid phase epitaxy. Sci. Rep. 2, 921 (2012).

Juan, A. D. & Tauler, R. Multivariate curve resolution (MCR) from 2000:
progress in concepts and applications. Crit. Rev. Anal. Chem. 36, 163-176
(2006).

Lederer, F. J., Graupner, F. F,, Maerz, B., Braun, M. & Zinth, W. Excimer
formation in 9,10-dichloroanthracene- Solutions and crystals. Chem. Phys.
428, 82-89 (2014).

Sugino, M. et al. Elucidation of anthracene arrangement for excimer emission
at ambient conditions. Cryst. Growth Des. 13, 4986-4992 (2013).

Dey, S., Mondal, P. & Rath, S. P. Aggregation controlled excimer emission in
an axial anthracene-Sn(iv)porphyrin-anthracene triad in the solid and
solution phases. New J. Chem. 39, 4100-4108 (2015).

Son, H.-J. et al. Light harvesting and ultrafast energy migration in porphyrin-
based metal-organic frameworks. . Am. Chem. Soc. 135, 862-869 (2013).
Haldar, R. et al. Excitonically coupled states in crystalline coordination
networks. Chem. Eur. J. 23, 14316-14322 (2017).

| (2018)9:4332| DOI: 10.1038/541467-018-06829-3 | www.nature.com/naturecommunications 7


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

35. Beljonne, D., Curutchet, C., Scholes, G. D. & Silbey, R. J. Beyond Forster
resonance energy transfer in biological and nanoscale systems. J. Phys. Chem.
B 113, 6583-6599 (2009).

36. Jorgensen, W. L. & Tirado-Rives, J. Potential energy functions for atomic-level
simulations of water and organic and biomolecular systems. Proc. Natl Acad.
Sci. USA 102, 6665-6670 (2005).

37. Dodda, L. S., Vilseck, J. Z., Tirado-Rives, J. & Jorgensen, W. L. 1.14*CM1A-
LBCC: localized bond-charge corrected CMI1A charges for condensed-phase
simulations. J. Phys. Chem. B 121, 3864-3870 (2017).

38. Dodda, L. S., Cabeza de Vaca, I, Tirado-Rives, J. & Jorgensen, W. L.
LigParGen web server: an automatic OPLS-AA parameter generator for
organic ligands. Nucleic Acids Res. 45, W331-W336 (2017).

39. Scully, S. R. & McGehee, M. D. Effects of optical interference and energy
transfer on exciton diffusion length measurements in organic semiconductors.
J. Appl. Phys. 100, 034907 (2006).

Acknowledgements

R.H. acknowledges a postdoctoral fellowship from Alexander von Humboldt foundation
and M.J. acknowledges support from Karlsruhe School of Optics and Photonics (KSOP)
graduate school. A.M., S.D., and F.O. acknowledge Région des Pays de la Loire through
the program LUMOMAT for the financial support of this research with the project
LumoMOF. ToF-SIMS experiments were supported by the Karlsruhe Nano Micro
Facility (KNMF). W.W. acknowledges support from the SFB 1176 “Structuring of Soft
Matter”.

Author contributions

R.H. conceived the idea and designed the experiments with M.J., LA.H., and CW; A.M.
and S.D. carried out the DPP linker synthesis; RH. and A.M. carried out the SURMOF
syntheses and optimizations; R-H. and M.J. did the photophysical measurements and
analyses with help of LA.H., Q.Z., and W.W. planned the Force Field calculations and
Q.Z. carried out the calculations, A.W., T.M., and P.K. helped with material

characterizations, R.H., M.]., LA.H., and C.W. wrote the manuscript with inputs from all
the authors.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-06829-3.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

8 | (2018)9:4332 | DOI: 10.1038/541467-018-06829-3 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-018-06829-3
https://doi.org/10.1038/s41467-018-06829-3
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Anisotropic energy transfer in crystalline chromophore assemblies
	Results
	Surface grown metal-organic architectures
	Excitonic states in Zn-ADB (1)
	Energy transport in mixed-linker DA SURMOF-2
	Anisotropic energy transport

	Discussion
	Methods
	X-ray diffraction (XRD)
	Scanning electron microscope (SEM)
	Atomic force microscope (AFM)
	Time-of-flight secondary ion mass spectrometry (ToF-SIMS)
	Optical characterization
	Fabrication of Zn-ADB (1) SURMOF-2
	Fabrication of Zn-DPP SURMOF-2 (2)
	Fabrication of mixed-linker DA SURMOF-2
	Fabrication of bilayer DA SURMOF-2
	Geometry optimization of the ADB linkers
	Quenching efficiency calculation
	Modeling quenching efficiencies in bilayer structures
	PL spectra of mixed-linker DA SURMOF-2 structures

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Electronic supplementary material
	ACKNOWLEDGEMENTS




