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Selectively blocking undesirable exciton transfer pathways is crucial for utilizing exciton conversion

processes that involve participation of multiple chromophores. This is particularly challenging for solid-

state systems, where the chromophores are fixed in close proximity. For instance, the low efficiency of

solid-state triplet–triplet upconversion calls for inhibiting the parasitic singlet back-transfer without

blocking the flow of triplet excitons. Here, we present a reticular chemistry strategy that inhibits the

resonance energy transfer of singlet excitons. Within a pillared layer metal–organic framework (MOF),

pyrene-based singlet donors are situated perpendicular to porphyrin-based acceptors. High resolution

transmission electron microscopy and electron diffraction enable direct visualization of the structural

relationship between donor and acceptor (D–A) chromophores within the MOF. Time-resolved

photoluminescence measurements reveal that the structural and symmetry features of the MOF reduce

the donor-to-acceptor singlet transfer efficiency to less than 36% compared to around 96% in the

control sample, where the relative orientation of the donor and acceptor chromophores cannot be

controlled.
Introduction

Controlling exciton transfer processes, either by inhibiting
them, or by making them faster, is critical for a range of tech-
nologies that involve light interacting with matter. Whereas
increasing the efficiency of exciton transfer has received
considerable attention, developing deliberate means to inhibit
exciton transport is less studied. Indeed, the latter challenge
can be dismissed as almost trivial, because exciton transport
pathways can always be shut down by increasing the donor–
acceptor (D–A) separation in a two-chromophore pair. This
trivial solution, however, is not an option when the overall
efficiency of a photophysical process depends on multiple,
antagonistic exciton transfer processes that require chromo-
phores to be in close proximity (Fig. 1). A classic example
involves triplet upconversion, which exhibits much lower effi-
ciency in the solid-state1 compared to solution2 or mixed-phase3

systems primarily because back-transfer4 of the high energy
singlet from the annihilator to the sensitizer becomes more
stitute of Technology, Cambridge 02139,
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mation (ESI) available. See

10797
pronounced when the chromophores occupy xed positions in
sufficient proximity to allow triplet transfer. This dilemma is
also highlighted in the exciton management of white organic
light emitting devices,5,6 as well as in emerging excitonic
processes that consist of a mixture of Förster and Dexter energy
transfer pathways.7

One strategy for inhibiting communication between chro-
mophores despite their close physical distance is to change how
the donor “sees” the acceptor. When donors and acceptors are
close (i.e. < 10 nm), singlet transfer occurs through Förster
Resonance Energy Transfer (FRET).8 The efficiency of this
nonradiative process is proportional to the inner product of the
donor and acceptor transition dipole moments. Because this is
a vectorial product, the FRET efficiency can theoretically be
reduced to zero when the two transition dipole moments are
exactly perpendicular to each other (Fig. 1). In other words, one
can, in principle, eliminate singlet back-transfer if the acceptor
is placed in the “blind spot” of the donor. Importantly, this
perpendicular arrangement does not block the Dexter transfer9

of triplet excitons, and opens up the possibility for spin-
selective control of exciton transport.

Although conceptually simple, this design is difficult to
implement in practice because of entropic uctuations. For
instance, a complex comprising an anthracene donor and
a porphyrin acceptor was reported to still exhibit highly efficient
singlet transfer of over 90% despite the perpendicular arrange-
ment of the D and A chromophores.10 The relaxation of the FRET
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Conceptual illustration of managing parasitic singlet transfer by perpendicular arrangement of transition dipoles. (b) Examples of
systems that suffer from parasitic singlet transfer, yet meanwhile need to maintain efficient triplet transfer between the same moieties.4–6
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selection rule in this complex was assigned to exible binding in
the D–A pair, which deviates the D–A angle away from 90�.10,11

Here, we demonstrate that placing perpendicular D–A pairs in
Fig. 2 (a) Building blocks of the paddlewheel pillared PyP-MOF.
Rectangular 4,40,400,4000-(pyrene-1,3,6,8-tetrayl)tetrabenzoic acid
forms two-dimensional grids, which are connected by porphyrin-
based pillaring ligands into a three-dimensional network. (b) Frontier
orbitals calculated for the donor and acceptor moieties.

© 2022 The Author(s). Published by the Royal Society of Chemistry
a rigid solid framework greatly minimizes entropic uctuations
and leads to singlet transfer efficiency below 36%.

Owing to their rigid structures that place organic ligands at
well-dened distances and angles from each other, metal–
organic frameworks (MOFs) have recently gained traction as
platforms for controlling excitons.12–23 One MOF topology that
allows perpendicular arrangement of donor and acceptor moie-
ties at close distance is a square lattice dened by dinuclearmetal
paddlewheel tetracarboxylates with rectangular ligands, pillared
by a second type of ligand, typically linear bipyridyl molecules
(Fig. 2).24 The presence of two distinct structural motifs—
“linkers” and “pillars”— allows the localization of donors and
acceptors at desired angles in a rigid scaffold.
Results and discussion
Structural characterization and perpendicular D–A moieties

We employed a pyrene-based singlet donor (4,40,400,4000-(pyrene-
1,3,6,8-tetrayl)tetrabenzoic acid, H4TBAPy) and a porphyrin-
based singlet acceptor ([5,15-dipyridyl-10,20-bis (penta-
uorophenyl)-porphyrinato]-zincII, H2P)24,25 as the linker and
pillar ligands, respectively. Pyrenes and porphyrins are well
known annihilators and sensitizers for triplet upconversion.26,27

We targeted closed-shell ZnII paddlewheel secondary building
units (SBUs) to avoid interference of metal-based electronic
transitions with the photophysical processes within the
ligands.19 Treating a 2 : 1 mixture of H4TBAPy : H2P in N,N-
dimethylformamide (DMF) with Zn(NO3)2$6H2O and heating to
100 �C for 48 h produced red crystals of Zn2(Zn-P)(TBAPy) (PyP-
MOF; Zn-P ¼ porphyrin metalated with Zn2+). Pawley rene-
ment of a powder X-ray diffraction (PXRD) pattern of these
crystals obtained with synchrotron radiation (Fig. 3a) revealed
a monoclinic centered unit cell with parameters a ¼ 22.80(9) Å,
b ¼ 21.86(6) Å, c ¼ 21.82(0) Å, b ¼ 95.69(9)�. These unit cell
parameters were conrmed by electron diffraction analysis
(Fig. 3b–e), which also revealed strict perpendicularity between
the pyrene donor and porphyrin acceptor. High resolution
transmission electron microscopy (HR-TEM) provided real-
space visualization of the D–A geometric relationship with
Chem. Sci., 2022, 13, 10792–10797 | 10793
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Fig. 3 (a) Experimental (blue) and Pawley-refined simulated (red)
PXRD patterns for PyP-MOF. The grey trace corresponds to the
difference between the experimental and the simulated data. (b–e)
Electron diffraction with the beam perpendicular to the crystallo-
graphic b axis, which coincides with the pillaring direction (b and c),
and parallel to the b axis (d and e).

Fig. 4 HR-TEM data revealing real-space perpendicular relationship
between the D and A moieties. The insert shows the fast Fourier
transform (FFT) of the real space micrographs.
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nearly atomic precision (Fig. 4), corroborating the PXRD and
electron diffraction studies.

Relevantly, the effective transition dipole moments of both
the pyrene linker and the porphyrin pillars are coplanar with
their p systems (ESI Section 9†).28–30 Given the structural details
discussed above, the donor and acceptor transition dipole
moments themselves are thus strictly perpendicular within PyP-
MOF.
Singlet transfer dynamics and the role of sample preparation

We tested whether the structural D–A arrangement in PyP-MOF
indeed decreases the efficiency of singlet transfer (h~DA) by
tracing the lifetime of the donor singlet excited state (S1D) in the
presence (sDA) or absence (sD) of an acceptor:

hD/A ¼
�
1� sDA

.
sD

�
� dnr (1)

where the correction term dnr¼ (knr_DA� knr_D)/kobs_DA accounts
for potential differences in non-FRET nonradiative recombina-
tion pathways between the donor–acceptor system and the
10794 | Chem. Sci., 2022, 13, 10792–10797
donor-only sample used as a reference (please see ESI Section
8.2† for full derivation and discussion). Lifetimes were derived
by following the decay dynamics of S1D for both the free ligand
and the MOF with transient photoluminescence (PL) measure-
ments. In order to minimize aggregation-induced quenching in
the solid state, microcrystalline powders of H4TBAPy and PyP-
MOF were diluted to 1 wt% with polystyrene, and spin-coated as
thin lms on quartz substrates from suspensions in DMF. PL
spectra were recorded by time-resolved photon-counting upon
excitation with a pulsed laser at l ¼ 371 nm (see ESI† for
additional experimental parameters).

The decay of S1D of pure H4TBAPy diluted in polystyrene can
be approximated by a single exponential function to give a life-
time sD of 1.83 ns (Fig. 5a). Importantly, both the energy level
(�2.72 eV) and the lifetime for this sample are in line with those
reported for dilute solutions of H4TBAPy,31 conrming that
incorporation in polystyrene eliminates the aggregation
induced effects (i.e. excimer formation and quenching)
common in solid-state samples. No signicant variation of sD is
observed when the H4TBAPy concentration is increased from
1 wt% to either 2 wt% or 4 wt% in polystyrene. However, upon
further doubling the concentration to 8 wt%, a broad red-
shied feature grows in at 2.18 eV–2.48 eV, with a long life-
time (�4 ns) characteristic of excimer emission (Fig. S8†).
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Comparison of the decay dynamics of the S1D state in: (a) the H4TBAPy donor, (b) the donor–acceptor PyP-MOF, and (c) the donor–
acceptor mixture (control). All samples are measured as solid thin films diluted in polystyrene and spin-coated on quartz substrates (ESI Section
7†). The corresponding energy transfer efficiencies (h) are derived according to eqn (1).
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Particle aggregation effects can affect the photophysical
properties of MOF samples and must be accounted for when
interpreting the data as intrinsic to the MOF itself. Indeed,
time-resolved PL measurements show that undiluted PyP-MOF
samples exhibit broad red-shied emission between 500 nm
and 575 nm (2.16 eV–2.48 eV) compared to PyP-MOF samples
diluted with polystyrene, which emit at �460 nm (2.70 eV)
(Fig. 6b).
Fig. 6 (a) Schematic illustration of the observed inter-crystallite D–D
excimer formation and potential inter-crystallite D–A exciplex
formation as well as D to A singlet energy transfer. (b) Comparison of
the integrated PL (0–20 ns) of PyP-MOF sample diluted in polystyrene
matrix (1 wt%) and that of neat PyP-MOF sample from direct drop-
casting. (c) Concentration-dependent integrated PL of H4TBAPy
diluted in polystyrene to 1 wt%, 2 wt%, 4 wt% and 8 wt%.

© 2022 The Author(s). Published by the Royal Society of Chemistry
This redshi matches that of the excimer formed in
concentrated H4TBAPy sample (8 wt%, Fig. 6c). Importantly,
because the distance between TBAPy moieties in PyP-MOF is
xed at around 20 Å by the porphyrin linkers, intra-framework
excimer formation is not possible in this material. Instead, we
attribute the observed red-shied emission in concentrated
PyP-MOF samples to excimer formation between pyrene moie-
ties on neighboring MOF crystallites. The observation of inter-
particle D–D excimer formation highlights the importance of
diluting the MOF samples: if D–D inter-particle excimer
formation is possible, so would be inter-particle D–A interac-
tions (Fig. 6a). Such interactions are not bound by the geometric
restrictions intrinsic to the MOF structure because the orien-
tation of two neighboring particles is random. PL data from
undiluted MOF samples would then convolute both intra-
particle D–A interactions, intrinsic to the MOF, and inter-
particle D–A interactions.

Indeed, PL data for polystyrene-diluted PyP-MOF samples
integrated over 20 ns reveal no signicant redshi, conrming
effective suppression of excimer formation between MOF
particles. In other words, we can reasonably assume that the
measured sDA for the diluted MOF sample, �1.18 ns (Fig. 5b), is
intrinsic to the MOF structure and is not inuenced by inter-
particle interactions. Combining this value with sD (1.83 ns)
yields (1 � sDA/sD) ¼ 36%. Previous studies in literature have
identied that incorporation of H4TBAPy ligand into MOF
framework can introduce additional non-radiative pathways,32

which is consistent with our PL quantum yield (QY) measure-
ments (ESI Section 8.2†). Thus for PyP-MOF, dnr>0, suggesting
that the singlet energy transfer efficiency hD/A is lower than
36%.
Control system for bridging structural and photophysical
study

This efficiency is best compared with hD/A of a control D–A
system comprising the same pyrene and porphyrin
Chem. Sci., 2022, 13, 10792–10797 | 10795
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chromophores, dispersed in a polystyrene matrix in the same
molar ratio as in PyP-MOF (1 : 1), but free from the geometric
constraints imposed by the rigid MOF. This control system is
also designed to ensure that all additional factors that could
inuence the electric and dielectric environment experienced
by the H4TBAPy uorophore are kept the same as those of the
donor-only sample (except for the introduction of an acceptor),
in order to avoid signicant changes in other nonradiative
recombination pathways. Therefore, the observation of an
increased S1D decay rate in this control sample can reasonably
be attributed to singlet transfer from free donor to free acceptor,
which are oriented randomly in the control sample. As illus-
trated in Fig. 5c, sDA¼ 0.08 ns (and dnr z 0) yields an energy
transfer efficiency of z96%, suggesting that H4TBAPy and H2P
possess sufficient spectral overlap for efficient energy transfer.
The energetic accessibility of the D / A transfer pathway for
this donor–acceptor pair is further supported by (i) a signicant
concentration-dependence of the donor QY in donor–acceptor
DMF solution mixtures (ESI Table S3†); and (ii) the presence of
spectral overlap directly observable from comparing the emis-
sion and absorption energy levels (ESI Fig. S6†). FRET efficiency
is determined by three factors: the spectral overlap, the dipole
orientation, and the distance between D and A. Since both close
proximity and proper spectral overlap are satised for the D–A
pair in PyP-MOF, we can conclude that the markedly reduced
FRET efficiency in the framework is due to the orientation
control imposed by the MOF, and not by distance or by ener-
getic mismatches.

These results and our conclusion above are substantiated by
recent observations related to triplet dynamics in a MOF with
analogous topology.21 As discussed in the introduction, the
perpendicular arrangement of D and A chromophores only
affects excited states with certain spin values. In this recent
report, it was shown that a paddlewheel pillared MOF analo-
gous to ours enables efficient transfer of triplet excitons. Our
results show that the same perpendicular arrangement of D and
A chromophores also suppresses singlet transfer, suggesting
spin-selective control of energy transfer.

Conclusions

The foregoing results demonstrate the utility of the reticular
chemistry toolbox in exciton management, here by obstructing
parasitic FRET pathways. By incorporating D and A moieties
into a rigid framework with translational symmetry, the angular
relationship between the D and A transition dipoles can be
tuned, which in turn controls Förster energy transfer. In
contrast to discrete coordination complexes, extended frame-
works feature higher structural rigidity that allows stricter
angular control and minimization of entropic uctuations.
These geometric concepts lead to a dramatic reduction in the
efficiency of singlet transfer, from around 96% in control
samples of D and A chromophores with random orientation, to
less than 36% in the MOF. These results highlight the promise
of reticular chemistry to tackle the challenge of parasitic FRET
faced in elds such as triplet upconversion4 and white light
emitting devices.5,6 In light of the growing varieties of excitonic
10796 | Chem. Sci., 2022, 13, 10792–10797
processes that involve complex combinations of Förster and
Dexter pathways,7 we envision an increasing need for enabling
spin-dependent exciton management strategies.

Data availability

All data supporting the ndings of this study—PyP–MOF
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