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ABSTRACT: Crystalline metal-organic frameworks (MOFs) can assemble chromophoric molecules into a wide range of spa-
tial arrangements, which are controlled by the MOF topology. Like natural light-harvesting complexes (LHCs), the precise
arrangement modulates interchromophoric interactions, in turn determining excitonic behavior and migration dynamics. To
unveil the key factors that control efficient exciton displacements within MOFs, we first developed linkers with low electronic
symmetry (as defined by large transition dipoles), and then assembled them into MOFs. These linkers possess extended con-
jugation along one molecular axis, engendering low optical bandgaps and improved oscillator strength for their lowest-energy
transition (So—S1). This enhances absorption-emission spectral overlap and boosts the efficiency of Forster resonance energy
transfer, which was observed experimentally by a sizable decrease in emission quantum yield (QY), accompanied by a faster
population decay profile. We find that MOFs that orient these elongated linkers along their asymmetric pore channel, e.g., the
hexagonal pores in a xIy network, manifested >50% decrease in their emission QY with faster decay profiles relative to their
corresponding solution dissolved linkers. This is due to an efficient migration of photo-generated excitons at the crystallite
peripheral sites to internal sites, which was facilitated by polarized absorption-emission overlap among the parallelly aligned
linkers. In contrast, symmetric MOFs, such as those with sqc-a topological net, orient elongated linkers along two perpendic-
ular crystal axes, which hinder efficient exciton migration. The present study underscores that MOFs are promising to develop
artificial LHCs, but that to achieve an efficient exciton displacement, appropriate topology-guided assembly is required to
fully realize the true potential of linkers with low electronic symmetry.

assemblies that integrates chromophores in high (deci-

INTRODUCTION molar) concentrations, while maintaining long-range order-

The elegant organization of photosynthetic pigments in
natural light-harvesting complexes (LHC) has inspired
chemists to design molecular assemblies that function with
comparable efficiency.!'® Precise positioning of chlorophylls
and other associated pigments in the rings of LH2 and LH1
gives rise to large spatial dispersion of the absorbed photon
energy (defined by a delocalized exciton), ultrafast vectorial
energy migration, and efficient delivery of this energy to a
specific site (known as reaction center, RC) where energy is
transduced into electrochemical potential energy. Achiev-
ing such functionalities in artificial chromophore assem-
blies has been difficult because it requires supramolecular

ing. Such assembly would ensure large photon absorptivity
and help overcome extant challenges stemming from vari-
ous unproductive exciton recombination processes. Indeed,
simple chromophore aggregates without a precise organi-
zation of their transition dipoles have not been found to
manifest photosynthetic functionality.®-17

Intriguingly, crystalline metal-organic frameworks
(MOFs),18-26 which are constituted by inorganic nodes con-
nected by organic linkers, provide a unique platform to en-
gineer energy-transducing functionality similar to that of
biological light-harvesting systems. By using functional,
chromophoric molecules as linkers, these molecules could



adopt precise spatial organization as part of MOF crystals,
which can be synthesized via well-established and scalable
synthesis methods. The MOF ensembled chromophore ar-
rangement differ from the simple chromophore aggregates
as the molecular scale porosity of the MOF crystal ensures
high photon absorptivity, dielectric modularity, and site ac-
cessibility. To this end, in recent experimental and theoret-
ical work, we have established that chromophore assembly
within MOFs gives rise to large spatial dispersion of the ab-
sorbed photon energy, producing molecular excitonic
states.?’ Similar to those observed in natural LHCs, these ex-
citonic states in MOFs feature a broad spectral envelope
with significantly red-shifted transitions?’-3° and facilitate
efficient energy transfer.39-35 These findings suggests that
improving energy transfer or exciton displacement within
MOFs could define a crucial step in the future development
of artificial LHCs. Here, we developed new MOF composi-
tions to elucidate how the electronic structure of the chro-
mophores impact exciton delocalization and migration, us-
ing a stepwise approach. First, we designed chromophoric
linkers with low electronic symmetry (e.g. extended conju-
gation along one molecular axis). Second, we assembled the
designed linkers into MOFs as to align their lowest energy
transition dipoles along the same crystallographic axis.

In MOFs, excitation energy transfer occurs through self-
exchange hopping process among the same type of chromo-
phore molecules. Whilst the chromophore assembly works
in a cohort, energy transfer in the singlet manifold can be
analyzed (at least relatively) via the Forster resonance en-
ergy transfer (FRET) rate constant (kerer = 27 J°@//1), which
depends on the the interchromophoric electronic coupling J
(eV-1), and the overlap integral ® (eV-!) between the area-
normalized donor fluorescence and acceptor absorption
bands.31.34.36-38 | can be modulated by the MOF topology, as
the latter defines the relative position and orientation of the
chromophores.3! While @ can be primarily tuned by the de-
sign of the individual chromophore linkers. Since radiative
decay from excited chromophores occurs through the low-
est-energy state, i.e. S1—So transition, designing the linker as
to boost the oscillator strength of the lowest energy vertical
transition (So—S1) should increase ®.

Reticular chemistry has taught us that MOF topology is in-
timately tied to the symmetry of the constituent linkers. But
MOF linkers are often highly symmetric, with m-conjugated
aromatic cores, partly because these linkers are relatively
easier to prepare and assemble into crystalline frameworks.
However, due to degeneracy at their frontier molecular or-
bitals, these linkers typically present small transition di-
poles for their respective lowest energy transitions. In con-
trast, chromophores with lower electronic symmetry mani-
fest large x-polarized transition dipoles along their long-
axis,?? where the low electronic symmetry can be achieved
by extending the n-conjugation along one molecular axis.
Moreover, this strategy reduces the optical band gap, hence
improving red (and near infrared) absorptivity. The chal-
lenge is then to organize chromophores with large x-polar-
ized transition dipole in a way that they function in a cohort,
where MOFs provide an opportunity to do so. Note that
while simple molecular aggregates can organize these kinds

of chromophores even in crystalline forms, this typically oc-
curs in an alternative and perpendicular arrangements that
do not fully leverage the large x-polarized transition dipole
for light-harvesting functionality.

Therefore, in this work we aimed to demonstrate the syn-
thesis of crystalline MOFs featuring anisotropic assemblies
of chromophoric linkers with low electronic symmetry and
study their potential to drive excitation energy migration ef-
ficiently. To this end, we investigated four linkers with tri-
phenylene and phenylene-ethynylene backbones that align
their lowest energy transition dipoles along their long mo-
lecular axis (Chart 1). We find that linkers with tri-
phenylene core form frameworks with sqc-a topological
nets (Fig. 1-top). For instance, the 5'5"'-bis(4-carboxy-
phenyl)-[1,1":3',1":4",1"":3"",1"""-quinquephenyl]-4,4""-di-
carboxylate (PPP) forms a known MOF, BUT-14.40 Whereas
the 5',5""-bis(4-carboxyphenyl)-2",5"-bis(trifluorome-
thyl)-[1,1":3",1":4",1"":3"",1""-quinquephenyl]-4,4"""-dicar-
boxylate (PPPF) forms a new MOF, SIU-50, with isoreticular
structure. Linkers with phenyl-ethynylene core, on the
other hand, form anisotropic MOFs with xly nets (Fig. 1-bot-
tom), which are an elongated variant of the csq net. The
5'5""-(1,4-phenylenebis(ethyne-2,1-diyl))bis(([1,1":3",1"-
terphenyl]-4,4"-dicarboxylate)) (PEP) provides the MOF
SIU-75, and the 5',5""-((2,5-bis(trifluoromethyl)-1,4-phe-
nylene)bis(ethyne-2,1-diyl))bis(([1,1":3",1"-terphenyl]-
4,4"-dicarboxylate)) (PEPF) gives rise to an isoreticular
MOF, SIU-100.

Chart 1. Chemical Structures of Tetratropic Linkers
with Low Electronically Symmetric

o} o]
HO OH

Steady-state and transient fluorescence spectroscopic
data suggest that these linkers, which features large x-po-
larized transition dipoles, display a significant extent of
emission and lifetime quenching when assembled in their
respective frameworks due to efficient energy transfer. We
expect, however, that the extent of quenching depends on



MOF topology. For instance, consider MOFs with xly nets,
which have their chromophoric linkers aligned in such a
way that all molecular transition dipoles are parallel to the
c-axis of the crystallographic unit cell. This arrangement
emphasizes an efficient energy transfer, facilitated by the
parallel orientation of the absorptive and emissive dipole-
oscillators. In contrast, the sqc-a topological net arranges

the PPP (or PPPF) linkers into co-facial chains that run per-
pendicular to each other in alternative fashion. This ar-
rangement does not align all the dipole oscillators along a
unified direction, hence hindering the extent of energy
transfer. Congruent with this picture, amplified emission
quenching experiments with a post-synthetically installed,
redox quencher indicated

Figure 1. Structures of BUT-14, SIU-50, SIU-75 and SIU-100 MOFs. The right panels show the structures of small cluster models
extracted from the MOF crystallographic cells: a) SIU-50z, b) SIU-100t. These models retained the crystallographic arrangement of
the linkers in the MOFs and were used for TD-DFT calculations. Hydrogen atoms were omitted for clarity. See Fig. S17 for further

details.

that the perfect alignment of extended x-polarized transi-
tion dipoles enabled by the xly net is the superior assembly
for efficient exciton energy transfer. The findings presented
here could be translated into the future development of po-
rous artificial light-harvesting systems with high exciton
displacement efficiency, which is critically required to de-
liver these excitons into catalytic centers to convert into
work producing charges.#!

METHODS SECTION

Materials. All solvents used for spectroscopic studies, in-
cluding 2-methyltetrahydrofuran (MeTHF), toluene (Tol),
acetonitrile (MeCN) and a,a,a-trifluorotoluene (CF3Tol),
were purchased from Sigma-Aldrich and used as received.
Details for linkers, MOF synthesis and relevant materials
are presented in Supporting Information (SI Section A).

Instrumentation. Powder X-ray diffraction (PXRD) pat-
terns were recorded with a Rigaku Ultima [V diffractometer
(26 scanned in the 2°- 20° range, with a 0.02° step at a
1.8°/min rate). Synchrotron powder diffraction data were
collected atbeamline 17-BM of the Advanced Photon Source
at Argonne National Laboratory. Solvent (DMF)-soaked

samples were loaded into Kapton capillaries (d= 1 mm). Dif-
fraction data of these capillary-loaded samples were col-
lected at the X-ray wavelength of 0.24153 A using a VAREX
XRD 4343CT flat panel detector. The obtained data was
used for Rietveld refinement of computational MOF models
to determine the experimental MOF structures (see SI sec-
tion C). Scanning electron microscopy (SEM) images were
collected using a Quanta FEG 450 SEM at 10kV. Nitrogen
isotherms were recorded on Micromeritics ASAP 2020 ana-
lyzer at 77 K. Diffused reflectance spectra for MOF samples
were measured using a JASCO V-670 UV-vis-NIR spectro-
photometer that was equipped with a 60 mm BaSOs-coated
integrating sphere. Steady-state excitation-emission spec-
tra and the fluorescence quantum-yields (QYs) were col-
lected using an Edinburgh FS5 spectrofluorometer. These
emission spectra were collected in a front-face configura-
tion, where samples, soaked in the desired solvent, were
packed in Teflon —-sealed quartz capillary tube.?”- 4! Time-re-
solved emission decay profiles of the bulk sample were rec-
orded using an Edinburgh Lifespec II Picosecond Time-Cor-
related Single-Photon Counting (TCSPC) spectrophotome-
ter. The measurements were carried out with a 403 nm



pulsed diode laser (pulse width = 60 ps, providing 160 ps
IRF) or a 310 nm pulsed LED (pulse width = 930 ps; provid-
ing 870 ps IRF) as the excitation light sources.

Computational Methods. Computational models for
SIU-50, SIU-75 and SIU-100 were built using the publicly ac-
cessible code ToBaCCo-3.0.4243 The built models were opti-
mized by minimizing the energy of the structure, where the
dependence of energy on atom positions was provided by
the Universal Force Field.** Then, the corresponding exper-
imental PXRD patterns were used as the basis for Rietveld
refinement (using Materials Studio-6.0)#> of the models to
elucidate the experimental lattice constants. Once these
constants were found, atomic positions were reoptimized
while keeping the lattice fixed. Slight adjustments of sym-
metry in the final MOF model were done “manually” using
the Materials Studio-6.0 GUI.

The energy and oscillator strength of electronic excita-
tions were computed on selected MOF-representative clus-
ter models that were extracted from the crystallographic
coordinates (Fig. 1 and Fig. $17). In these calculations, the
metal-oxo nodes were removed and a proton was added to
each carboxylate group to achieve charge neutrality in the
model.?” The cluster models then underwent constrained
optimization, where the terminal carboxylate moieties
were fixed to their crystallographic coordinates, allowing
the linkers to maintain their relative positions as defined by
the respective framework topology. Oscillator strengths
and their corresponding transition energies and densities
were obtained via time-dependent density functional the-
ory (TDDFT) using the HSEH1PBE functional and 6-311g(d,
p) basis set (see details in SI section E). Calculations of 60
excited-states were performed on these DFT-optimized
cluster models. TDM analyses were performed using the
GPview software.*¢

RESULTS AND DISCUSSION

While chromophoric linkers with electronically symmet-
ric conjugated cores are frequently used to construct a wide
variety of MOFs, these linkers often display weak lowest-en-
ergy-transition (So—S1) dipoles,*” and thus small spectral
overlap integral (©). Thus, our strategy to improve energy
transfer in MOFs was underpinned by the design of linkers
with extended conjugation along one molecular axis. This
was accomplished by the introduction of tri-phenylene
(PPP, PPPF) or phenylene-ethynylene (PEP, and PEPF)
cores in tetratopic linkers (Chart 1). This design was ex-
ploited to break the degenerative nature of the frontier mo-
lecular orbitals, seeking to achieve long x-polarized transi-
tion dipoles (Fig. S21) and lower optical band-gaps.*8-54 En-
dowed with enhanced oscillator strength for their lowest-
energy transitions (Fig. $19), these PPP/PEP-derived link-
ers are expected to display improved & (Fig. S7), thereby
boosting the FRET process. However, it was presumed that
an appropriate spatial arrangement was required for these
chromophoric linkers to display any substantial light-har-
vesting functionality.

To investigate how the specific organization of these link-

ers impact their excitonic behavior and dynamics, we as-
sembled the highly conjugated PEP and PEPF linkers into

MOFs based on the asymmetric xIy topological net. Respec-
tively, SIU-75 (Fig. 2a) and SIU-100 (Fig. 2b)—SIU = South-
ern Illinois University. The xly topological net is one of the
two extended topological variants (the other one being xIz)
derived from the well-established csq net. In xly nets, the
longest axis of the linkers is aligned parallel to the c-axis of
the crystallographic unit cell (see SI section C1 discussion).
For comparison, we also prepared MOFs that arrange link-
ers in alternative and perpendicular fashion as in sqc-a net.
These frameworks are BUT-14 (Fig. 2¢)*° and SIU-50 (Fig.
2d). Note that three out of the four MOFs herein used to
study energy transfer phenomena have been synthesized
for the first time. The structures of these new MOFs (Fig. 1)
were established via Rietveld refinement of MOF computa-
tional models against synchrotron diffraction data (see SI
section C; Fig. S11, S12). Powder X-ray diffraction (PXRD)
was used to determine the phase purity of the known BUT-
14 sample (Fig. S12a).
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Figure 2. (a, b) Optical microscopic images for SIU-75 and SIU-
100 showing anisotropic needle-shaped morphology, (c, d)
SEM images for BUT-14 and SIU-50 showing symmetric octa-
hedral crystallites.

Measured N: isotherms at 77 K suggests that, upon sol-
vent removal, these MOFs undergo structural partial pore
collapse on some regions of the material, which cannot be
reversed exploiting the interactions between Nz adsorbates
and the framework. Although supercritical CO; activation
(SCO) is often utilized to circumvent capillary-force-driven
pore-shrinkage in MOFs, SCO seems ineffective for these
MOFs. The extent of pore shrinkage seems to be less in
MOFs constructed with -CF3 derived linkers relative to the
nonfunctionalized variant (Fig. S13 and S14). That the pore
collapse is limited to some regions of the materials is sup-
ported by the match between pore size distributions (PSDs)
extracted from the corresponding N; isotherms of BUT-14
and SIU-50 and computationally predicted ones(see SI, Sec-
tion D1; N2 isotherms for SIU-75 and SIU-100 are not pre-
sented -they lost crystallinity upon solvent removal, vide in-
fra).

Related framework “flexibility” is well-documented in
MOFs. Particularly those with along sidearms or “bendable”



cores,’ as is the case for the elongated aromatic backbones
used in our MOFs. Such structural changes can be seen in
the PXRD patterns of the thermally activated SIU-75 and
SIU-100 samples, which displayed broad envelopes with in-
distinguishable peak pattern, indicating the loss of crystal-
linity. The corresponding microscopic images display a
heavily cracked crystal surface (Fig. S15). Thus, the syn-
chrotron data was collected for DMF-filled MOF powders,>¢
and porosity was determined from thermogravimetric anal-
ysis (TGA) of the samples. TGA showed significant mass loss
associated with the loss of solvent initially filling the MOF
pores (Fig. S16). The inferred solvent-accessible pore vol-
umes matched well with the pore volumes for the corre-
sponding crystallographic structures as predicted by
PLATON 1.19.57 BUT-14 showed 78.7 wt% loss (predicted
as 77.5 vol%), SIU-50 underwent 76.4 wt% loss (predicted
as 75.1 vol%), whereas SIU-75 and SIU-100 displayed 84.8
wt% (predicted 84.9 vol%) and 81.7 wt% (predicted 83.8
vol%) loss, respectively. For our spectroscopic investiga-
tions, MOF samples are soaked in a solvent and were never
evacuated,’® which warrants that measured properties cor-
responds to fully open structures, and thus calculations
should focus on these framework configurations.

To understand how the variable extent of interchromo-
phoric interactions among the chromophoric linkers de-
fines unique excitonic properties in these frameworks,?82°
we constructed a series of MOF-representative cluster mod-
els featuring small crystallographic segments of the linker
assemblies. These non-exhaustive models are extracted
from the crystallographic unit cell Fig. 1-right panel), so the
chromophoric linkers in the clusters are positioned as they
would be in the MOF crystal. In our calculation approach, we
assume that the strongest interchromophoric interactions
sufficiently define the electronic properties of the excited
states representing the spectroscopic signature of the
MOFs. Indeed, in our previous works, we established that
the [Zrs(p3-0)s(u3-OH)4(-OH)4(-OH2)4]3* nodes are optoe-
lectronically inert relative to conjugated aromatic linkers.27
30,59-60 Fjg, 1 displays two such MOF-representative cluster
models defining various cofacial geometries for SIU-50 and
SIU-100 (see Fig. S17 for the other two MOFs). The center-
to-center distances in these conformations are 10.33 A (in
the SIU-50z model) and 10.79 A (in the SIU-100t model).
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Figure 3. a) TDDFT-calculated energy levels for SIU-50z and
SIU-100t models highlighting the lowest-energy bright and

dark excited-states. b) Experimental diffuse reflectance spec-
tra of the SIU-50 (blue) and SIU-100 (pink) MOF samples; c)
TDDFT-calculated transition oscillator strengths and their cor-
responding absorptions spectra simulated (via gaussian recon-
volution with fwhm = 0.37 eV) for the models presented in Fig-
ure 1.

TDDFT computed absorptive transition energies (Fig. 3a
and Fig. S20a) and oscillator strengths reveal critical infor-
mation regarding the evolution of excited states relative to
the unassembled, solvated linker molecules. Experimental
diffuse reflectance spectra of the MOF samples (Fig. 3b and
Fig. $18) and UV-vis spectra of the solution-dissolved link-
ers (Fig. $19) match well with the TDDFT-predicted transi-
tions. The experimental and computational data also sug-
gest that the linkers with ethyne-connected cores (i.e. PEP,
PEPF) possess higher oscillator strength for their respective
lowest energy transitions than their corresponding directly
connected variants (i.e. PPP and PPPF, Fig. $19).

Excitonic properties of the model compounds were exam-
ined by analyzing their respective transition density matri-
ces (TDMs), which map atomistic electron-hole correlations
during optical excitations. To achieve this, the linker atoms
were systematically and consistently indexed (see Fig. S17
for indexing scheme) before TDDFT computations. The ma-
trix diagonal and off-diagonal densities represent excitonic
wave function (center-of-mass) and the exciton size (dis-
tance between e-h particles), respectively.l” ¢1-62 Fig, 3a
summarizes the energies of various excited-states for SIU-
100t and SIU-50z model compounds (see Fig. S20a for SIU-
75t and BUT-14z models). The excited states were assigned
by examining their energy, oscillator strength (for the re-
spective vertical electronic excitations), and TDM (Fig. 4).
Here, we focus mainly on the bright (optically allowed) S1
states and the dark (optically forbidden) D states lying be-
low them.

The TDM plots (Fig. 4 and Fig. S20b-e) for the S; states
show diagonal densities over all the linkers used in the
models indicating that the excitonic wave functions are de-
localized over all the PEP or PPP linker units. Besides the
diagonal ‘box-shaped’ densities contributed by each linker,
the non-zero off-diagonal densities (representing electron-
hole, e-h, distances) for the S: states rapidly diminished with
aresidual density beyond one-linker units. These off-diago-
nal densities represent e-h correlation among the adjacent
chromophores in the framework assembly, measuring a
maximum exciton size of ~3.5 nm (extended over 3 units)
for the scq-a MOFs SIU-50 and BUT-14, and ~2.7 nm (3
units) for the xly MOFs SIU-75 and SIU-100. Interestingly,
the corresponding forbidden dark (D) states, lying below
their bright S1 states, also manifest similar TDMs. While the
exact role of these dark states is yet to be fully established
in MOFs, the similarity of their wavefunctions with the cor-
responding bright (S1) states indicates that these D states
may serve as a non-radiative exciton recombination route
for S1 state population, possibly reducing the overall emis-
sion QY of these MOF samples to some extent.



I1.00

0.75

[o.50

0.25

5= = [D]
31 62 93 124155186217 248
electron

3140
31 62 93 124 155186 217 248
electron

2 9
S 99 S 99
£ £
66 66
33 i Y e
‘ : S| B~ O
33 66 99 132 165 198 33 6 99 132 165 198
electron electron

Figure 4. Contour plots of transition density matrices (TDMs)
corresponding to optically relevant (a, c) bright (S1) and (b, d)
dark (D) first excited states (see Fig. 3a for their relative ener-
gies) for the cluster models (a, b) SIU-50z and (c, d) SIU-100t.
These plots represent electron—hole correlation over each
atom (the axes scales represent atom index) during an optical
excitation. The color bar represents the normalized atomic
transition densities.

The delocalized excitons in MOFs have a non-trivial im-
pact on the extent of absorption-emission spectral overlap
(©®) compared to their solvated linkers. These include red-
shifted electronic transitions with broader spectral enve-
lopes relative to their free linkers (Fig. 5). This homogene-
ous line broadening is known to be a key feature in natural
LHCs® resulting from the excited-states being shared by
multiple chromophores. In our MOF samples, the contribu-
tion from inhomogeneous line-broadening stemming from
crystal vibrations seems to be small. Specifically, the lin-
ewidth of the emission spectra collected over a range of
298-77K remained essentially unchanged (Figure S9). Nev-
ertheless, an improved ® in a MOF (Figure 5) boosts a
FRET-like energy transfer process. Our data also highlights
another interesting fact: the linkers with less-rigid core (i.e.
without the -CFs groups) show slightly higher @relative to
their rigid variants.
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highlighted area) for the MOF samples with listed overlap inte-
gral @ (in eV-1) are also listed.

Since photo-generated excitons are initially created at the
crystallite peripheral sites,®* a rapid displacement of these
excited populations, by an efficient FRET-like energy trans-
fer process, to internal crystallite sites should result in a de-
crease in QY with faster population decay profile (reflected
in respective emission lifetime).6> Thus, the observed fluo-
rescence QY and lifetime should depend upon the FRET ef-
ficiency defined by the linker symmetry and the topology of
their arrangement.®® We note that the D states (discussed
above) may cause some non-radiative decay of the excited-
state population, but they do not completely explain why
the extent of diminished QY and lifetime would be topology-
dependent. To gain a better understanding, we also exam-
ined the contribution of linker conformation (and rigidity)
and various solvation parameters (e.g., dispersity and acid-
ity) on the QY and lifetimes for quenching in MOFs. Fig. 6
summarizes the QY data for our four studied MOFs exam-
ined in MeTHF (6p = 17; acceptor number, AN = 8.0), CFsTol
(6p=17.5; AN = 14.9), and MeCN (6p = 15.3; AN = 18.9) me-
dia,?’ relative to their corresponding unassembled, solvated
linkers. These data unambiguously suggest that the xly
MOFs (i.e. SIU-75 and SIU-100) constructed from more ex-
tensively conjugated ethynyl-phenyl linkers record a large
decrease in QY (>50%) relative to their respective linkers.
In contrast, relatively symmetric sqc-a MOFs (i.e., BUT-14
and SIU-50) suffer only a nominal (<30%) decrease in QY
relative to their respective linkers. Furthermore, MOFs with
the CF3-bearing linkers display less pronounced decrease in
QY compared to their non-CFs variants. Consider that for
SIU-100 and SIU-50 (constructed from PEPF and PPPF link-
ers with CFs-phenylene as their central core) show 53% and
22% QY decrease, whereas SIU-75 and BUT-14 report 63%
and 29% decrease in QY, respectively. While both trend par-
allel with their corresponding @ (Fig. 6; vide supra), the con-
formational limitation or rigidity imparted by the CFs-
phenylene cores seems to be a reason for higher QY relative
to their less-rigid analogs. Additionally, the QY data summa-
rized in Fig. 6 suggests a solvent dependency. In general,
MOFs with CFs-phenylene linkers (PPPF, and PEPF), in both



the xly and sqc-a topological nets, show higher QY in an
acidic solvent like CF3Tol and lower in MeTHF solvents. In
contrast, MOFs with comparatively electron-rich PPP and
PEP cores display a reverse order, i.e. a higher QY observed
in MeTHF solvent. Interestingly, all MOF samples filled with
MeCN solvent rendered a low QY, possibly due to a low sol-
vent dispersity (dp = 15.3)?7 that allows a lower extent of
solvent-MOF interaction. Thus, the impact of solvent in the
measured photophysical properties is not large and mainly
defined by the electronic nature of the MOF surface and the
extent by which it interacts with solvent molecules.?”
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Figure 6. Fluorescence QY measured for the MOF samples in
three different solvents relative to their corresponding solv-
ated linkers (green; ca 30 pM in DMF solvent). The measured

difference in QY values is noted in grey.

Transient fluorescence decay profiles of the MOF samples
were examined against their respective linkers to deter-
mine the relative depletion of the emission population. Fig.
7 highlights the transient profiles for BUT-14, SIU-50, and
SIU-100 MOFs along with their solubilized PPP, PPPF, and
PEPF linkers in DMF solvent. The corresponding lifetime
data are summarized in Table 1. These data were recorded
in a solvent that rendered the highest emission QY for the
respective MOFs®7 as to avoid any possible solvent-medi-
ated quenching process during the comparison. Consistent
with the trend observed for the steady-state emission, the
transient profiles clearly show that MOFs with large @ val-
ues, and displayed more decrease in QY, manifest a steeper
lifetime profile (ie. large extent of lifetime quenching) rela-
tive to their respective linkers. For example, SIU-100 shows
a two-component decay profile with z; = 0.89 ns (85%) as a
major process, whereas the corresponding free PEPF linker
possesses a single component (r = 3.2 ns) decay profile. In
contrast, SIU-50 shows nominal self-quenching represented
by a two-component decay profile with 11 = 3.2 ns (31%)
and 12 = 8.9 ns (69%), with the corresponding PPPF linker
reporting a single component decay (z=9.2 ns). BUT-14 also
rendered similar trend with z; = 3.1 ns (32%) and 72 = 12.8
ns (68%), compared to its PPP linker with single component
decay constant of 12 ns. The PEP linker that forms SIU-75
shows a significantly high radiative rate with a fast, single
component decay (ca 0.69 ns; Fig. $10). This time-constant

is shorter than the 0.869 ns IRF with our 310 nm pulsed LED
excitation source, therefore any faster decay in SIU-75 MOF
sample could not be well-resolved.
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Figure 7. Transient fluorescence decay profiles for the MOFs
plotted against their respective linkers (grey profile): a) BUT-
14 and PPP, b) SIU-50 and PPPF, and c) SIU-100 and PEPF. For
the MOF samples, the experiments were carried out in solvents
that provided the highest QY. Experimental condition: BUT-14:
Aex = 310 nm, MeTHF; SIU-50: Aex = 310 nm, CF3Tol; SIU-100:
Aex = 405 nm, CF3Tol. The time constants are presented in Ta-
ble 1.

Table 1. QY and Emission Time-Constants of the MOF
Samples Relative to Their Corresponding Free Linkers

Compound QY (%) 11 (ns) 12 (ns)

PPP 53¢ 12 (100%)

BUT-14 38a 3.1 (32%) 12.8 (68%)
PPPF 43¢ 9.2 (100%)



SIU-50 33b 3.2 (31%) 8.9 (69%)
PEP 68¢ 0.69 (100%)

SIU-75 250 - -

PEPF 80¢ 3.2 (100%)

SIU-100 37b 0.9 (85%) 6.7 (15 %)

a MeTHF, ¢ CF3-Tol, ¢ DMF solvent.

Coming back to 6, all computational and experimental
data suggest that the ethynylene-elaborated linkers display
higher QY and larger So <> S1 Frank-Condon-mediated over-
lap in their unassembled solvated form. However, when
these highly radiative linkers are assembled in MOF crys-
tals, a large emissive population becomes invisible to the
detector—the underlying mechanism seems to be efficient,
at least, faster than their lifetime. Given that there is no re-
dox quencher presentin these MOFs, only an efficient FRET-
like energy transfer process can lead to such quenching by
displacing the exciton population within the interior of the
crystals. In this regard, the xIy topological net orients all the
linkers along its c-axis, which facilitates an extremely facile
exciton displacement through a polarized absorption-emis-
sion overlap.®® In contrast, the sqc-a net (SIU-50, BUT-14)
orients the linker’s transition dipoles along two perpendic-
ular axes (Figure 1), thus significantly limiting the effi-
ciency of exciton migration through absorption-emission
overlap. This reasoning is supported by the anisotropic
emission of xly MOF studied here: SIU-100 manifest an
emission anisotropy of 0.8 which was maintained above 0.6
for its entire lifetime (> 6 ns).

The efficiency of the FRET-like process within these top-
ologically different MOFs was finally probed via amplified
emission quenching experiments involving a redox
quencher. In this experiment, the quencher is typically in-
stalled near the chromophoric linker such that a facile exci-
ton hopping would dramatically enhance the quenching pe-
rimeter of this quencher. Since our MOFs are constructed
from an unsaturated 8-connected Zrs-oxo node, they were
exploited to install carboxy-terminated redox species (a
common Zrs-0x0 node, like those used here, can have a max-
imum of 12-carboxylates). Ferrocene carboxylate was in-
stalled as redox quencher®® at the node using a well-estab-
lished solvent assisted ligand incorporation (SALI, see SI
section F) with varying Fc/linker ratio.?8 30.69-71 These Fc-
decorated MOF samples show a monotonous decrease in
the emission intensity with increase in Fc-loading -the rela-
tion can be analyzed using Stern-Volmer relationship:

I Q
i:Q_z: 1+ Ky [R] (Eq1)

Here, Q, and Q; are the intrinsic (i.e., without quencher)
QY and saturated QY and lo and Is are respective emission
intensity, and [R] is redox quencher doping ratio with re-
spect to the linker (determined by SEM-EDS elemental anal-
ysis). Since the Fc-quencher is fixed at the Zr-oxo node -
close to the linkers, the emission quenching will not follow
a standard diffusion-controlled mechanism -rather, a
quenching process where K, would relate to the number of
linkers the exciton visits within its lifetime.?8 31.69 The anal-
ysis of the quenching data (Figure 8) revealed that the Ksy

values for scq-a MOFs (96 for BUT-14 and 85 for SIU-50)
are generally lower compared to xly MOFs (169 for SIU-75
and 150 for SIU-100). These data unambiguously indicate
that the xly MOF facilitates approximately double the num-
ber of sites that an exciton can visit compared to that in a
sqc-a framework. Considering their respective lifetimes,
the rate of energy transfer can be estimated as ca 1.3 ps for
BUT-14, 1.7 ps for SIU-50, and 0.16 ps for SIU-100.
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Figure 8. The Stern-Volmer plot of BUT-14 (olive), SIU-50
(blue), SIU-75 (orange), and SIU-100 (pink) with node-installed
ferrocenecarboxylate as the redox quencher.

CONCLUSIONS

In this study we have developed a two-step strategy to
improve the exciton-energy transfer within metal-organic
frameworks. First, linkers with expanded conjugation along
one molecular axis were developed; second, these elabo-
rated chromophoric linkers were assembled into MOFs as
to align in anisotropic fashion via reticular chemistry. Four
linkers with varying conjugation length and side-chain func-
tionality were prepared: direct phenyl-phenyl connectivity
provided PPP and PPPF linkers, whereas ethynylene con-
nected phenyl generated PEP and PEPF variants. Expanding
the conjugation along one molecular axis lowers the elec-
tronic symmetry of the linkers engendering a smaller opti-
cal bandgap. This resulted in red-shifted electronic transi-
tion with large x-polarized transition dipole (along the mo-
lecular axis) for their lowest-energy transition. A corollary
is that these linkers are featured with high absorption-emis-
sion spectral overlap defined by large overlap integral, 6,
which will lead to improve FRET-like energy transfer pro-
cesses. Conformational flexibility and electronic properties
ofa given chromophore core were modulated with two -CF3
groups at the central phenyl ring of the PPPF and PEPF link-
ers. To investigate how the specific organization of these
linkers impact their excitonic behavior and dynamics, all
four linkers were assembled in two different topological
nets constructed from 8-connected Zr-oxo nodes. The
highly conjugated PEP and PEPF linkers into SIU-75 and
SIU-100, respectively, based on the asymmetric xIy topolog-



ical net. For comparison, we also prepared MOFs that ar-
range linkers in alternative and perpendicular fashion as in
sqc-a net. These are BUT-14 and SIU-50, respectively, from
PPP and PPPF linkers.

The computational and experimental data underscore
that the ethynylene-elaborated linkers possess large So —
S1 Frank-Condon mediated overlap and display higher QY in
their solvated form. However, when these extended linkers
were assembled in MOF crystals, a significant emissive ex-
cited-state population became undetectable. For example,
the PEP and PEPF derived SIU-75 and SIU-100 displayed
>50% decrease in QY with a steeper decay profile relative
to their respective linkers. Rapid displacement of the photo-
generated excitons from the exterior sites, where they were
initially created, to the internal crystallite sites indicates ef-
ficient energy transfer through a FRET like process. Since a
xly framework (SIU-75, SIU-100) arranges all its chromo-
phoric linkers along their c-axis, parallelly oriented x-polar-
ized transition dipoles trigger an efficient exciton displace-
ment through large absorption-emission overlap involving
in-phase oscillators. In contrast, the symmetric sqc-a net
(SIU-50, BUT-14) orients the linker’s transition dipoles
along two perpendicular axes, which hinders efficient exci-
ton migration. The linkers with the -CF3 groups at their cen-
tral phenyl ring were restricted in rotational flexibility,
which is sufficient to manifest smaller @ and therefore, the
respective MOFs displayed less pronounced decrease in QY
relative to their non-functionalized analogs.

Amplified redox quenching experiments, mediated by
node anchored ferrocene moieties, unambiguously verify
that the xly-MOFs (SIU-75 and SIU-100) are the superior as-
sembly for excitation energy transfer compared to those in
sqc-a networks. The four chromophoric linkers and their
respective MOFs studied here have manifested @ ranged
from 0.08 - 0.23 eV-1. Even within the realm of this small
range, we have demonstrated that extending molecular
conjugation can be a viable way to improve low-energy
transition oscillator strength and the ©, but that to achieve
an efficient exciton displacement, appropriate topology-
guided assembly is required to fully realize the true poten-
tial of linkers with low electronic symmetry. Study with
chromophoriclinkers that would provide larger @value can
be a subject of future development.
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