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Abstract: High quantum yield triplets, populated by\
initially prepared excited singlets, are desired for various
energy conversion schemes in solid working composi-
tions like porous MOFs. However, a large disparity in
the distribution of the excitonic center of mass, singlet-
triplet intersystem crossing (ISC) in such assemblies is
inhibited, so much so that a carboxy-coordinated
zirconium heavy metal ion cannot effectively facilitate
the ISC through spin-orbit coupling. Circumventing this
sluggish ISC, singlet fission (SF) is explored as a viable
route to generating triplets in solution-stable MOFs.
Efficient SF is achieved through a high degree of
interchromophoric coupling that facilitates electron
super-exchange to generate triplet pairs. Here we show
that a predesigned chromophoric linker with extremely
poor ISC efficiency (kisc) but Eg > 2E;, form triplets in
MOF in contrast to the frameworks that are built from
linkers with sizable kisc but Eg < 2E7 . This work opens
a new photophysical and photochemical avenue in MOF

chemistry and utility in energy conversion schemes. )
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Introduction

Achieving a high quantum yield triplets from the initially
prepared singlets is key for photocatalytic energy conversion
processes.!!! For molecular chromophores—both organic and
coordination complex—singlet-triplet intersystem crossing
rate can be expressed in terms of their wavefunction overlap
as:

ks = () on Hols) Fre (1)

Where (1/)T1|ITISO\1/)SI> is the spin-orbit coupling (SOC)
matrix element and the Franck-Condon factor
fre = Otr,l1s,)*; here w and y are the electronic and vibra-
tional wavefunctions, respectively.”! For such spin-forbidden
non-adiabatic transitions impressive kg can be achieved
through a sizable SOC facilitated by heavy atoms (i.e., the
Z.; term in the IAJSO) and proper orbital configuration and
spatial overlap.’*"! Whereas the fyc follow the energy gap
law:" in the weak coupling limit, for “matching” potential
energy surfaces, fpc x exp(—4Es;), and will involve a
reorganization energy for non-matching surfaces with un-
equal electronic structure. 3 Disparate spatial extent of
the singlet and triplet wavefunctions,® therefore, will lead to
a diminished f;- between them causing a non-detectable
triplet (T,) yield.” Excitonic coupling among the molecular
units within chromophore assemblies dictates the extent of
the spatial distribution of the excitonic center of mass, which
may scale differently for their singlet and triplet excitons.®
While such a phenomenon is well established in (covalently
linked) macromolecules, oligomers, and/or polymers, it is
not well studied in their non-covalent solid assembly such as
organic crystal, and porous frameworks.[”

Metal—organic frameworks (MOFs) are emerging po-
rous materials with unique photophysical properties suitable
for energy conversion.”! Such porous pigment/linker assem-
blies can be perceived to generate a high triplet population
via efficient ISC facilitated by the heavy metal ions (such as
Zn**, Zr'', etc.) present at their interconnecting node.
However, it was not well established if such perception is
generally true other than those constructed from linkers that
possess directly accessible *MLCT state (seen in, for
example, Ru(bpy);*" based MOFs!"*!!),

© 2023 Wiley-VCH GmbH
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In our previous works, we have established that the
singlet excitons in MOFs are spatially dispersed over multi-
ple linkers for a variety of Zr‘"-oxo-based frameworks
constructed from organic linkers made with pyrene, phenyl-
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Figure 1. Energy diagram for singlet—triplet conversion in chromo-
phore assemblies in MOFs highlighting a suppressed ISC for a system
where AEgr <50% of E . A larger triplet population can be achieved
via singlet fission for linkers with AEg; 2 50% of Ej, via electronic
exchange involving a virtual CT state.

Figure 2. Structure of the a) TBAPy, b) PEPF, and c) PEA linkers and
their (d) Zr;' —oxo based MOF (e) NU-1000, f) SIU-100, and

g) SIU-175. Lower panels (h—j) display corresponding optical micro-
scopic images (scale bar: 50 pm).
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ethynyl-phenyl, and porphyrin cores—this model effectively
describes the singlet exciton hopping.'"? Here we show that
such framework assemblies suppress the singlet—triplet ISC
despite being constructed from triplet-producing linkers
(with sizable triplet population, @, in their solution-
dissolved phase) and heavy metal ions-based node (Fig-
ure 1). Circumventing such sluggish ISC, here we show that
singlet fission (SF)!! can be a viable route to achieve high
quantum-yield triplets in MOFs.

In this study, we take three chromophoric linkers with
diverse chemical and electronic symmetry built from rigid
pyrene core and Ph—E—Ar—E-Ph (E=ethynylene, Ar=
aromatic core) backbone such that they differ in their
respective AEgr. For tetraphenylpyrene (TBAPy), and 1,4-
bis(ethynylene  phenyl)-2,5-bis(trifluoromethyl)phenyl-de-
rived PEPF linkers (Figure 2), the AEg <0.45% of their
initially generated S, energy (E ). When the central
aromatic component in the Ph—E—Ar—E—Ph core is replaced
with  anthracene, the resulting 9,10-bis(ethynylene
phenyl)anthracene!” derived PEA linker possesses
AEgr 2 0.50% of its Eg . This feature fulfils the energetic
requirement for SF—we show that PEA based MOF, SIU-
175 (Figure 2), can produce sizable triplet population. The
new MOF, SIU-175(xly) has a comparable structure to NU-
1000 (esq) and SIU-100 (xly) with similar inter-linker
orientation within their assemblies.

Results and Discussion

Photophysical properties, probed via various steady-state
and time-resolved spectroscopic methods, suggest that the
TBAPy, PEPF, and PEA linkers have high fluorescence
quantum yield (@, 2 80 % in their dilute solution with a
single component time constant (Figure 3; Table 1). TBAPy
linker forms triplet with a weak low-temp phosphorescence
(~670 nm);"*) nanosecond transient absorption (ns-TA)
spectra and the corresponding kinetics recorded in deaer-
ated 2-methyl tetrahydrofuran (MeTHF) solvent show a
weak T,—T, transition at ~400-600 nm that persist over
20 ps and can be quenched by oxygen (r~50 ns; Figure 3a—c;
and Figure S14). In contrast, TBAPy assembly in NU-1000
(Figure 2a, e) does not manifest any sizable triplet popula-
tion from its initially generated singlets (4.,=355-400 nm);

Table 1: Emission Lifetime Data for TBAPy and PEPF linkers and their
MOF Samples.

Compound @,,, T [ns] T [ps]®
Et,TBAPy  80% 1.9 >20 (0.05)
NU-1000  47% (479" 1.0 (0.95%) -

Et,PEPF  80% 3.2 11 (0.10)
SIU-100 37% (39%") 0.85 (0.841) -

Et,PEA 98% 2.56 -

SIU-175 39% (17%) 0.25;3.0;11.3 (0.1, 1.2, 6.5F) 1.2x10°?

Data collected at RT, argon ([a] air purged media), MeTHF solvent;
error manifested in @, = +2% and in time constants +0.05 ns. See
Figures 3 and S14-16 for spectra. [b] Measured from ns-TA experi-
ments.

© 2023 Wiley-VCH GmbH
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Figure 3. Nano-second TA spectra of unassembled (a—c) Et,TBAPy linker (ester form) showing weak but long-lived T,-T, absorptions in

(a) deaerated MeTHF solvent that is quenched in (b) the corresponding aerated solvent; (c) corresponding kinetic profiles. Oxygen insensitive
ns-TA spectral feature for (d—f) NU-1000 showing the early S,—S, absorption and broad excimer (&5 ns) leading to a broad, long-lived, featureless
negative signal, which stems from various singlet complexes See Supporting Information sec E2 for further detail.

the ns-TA spectra and the corresponding kinetics are mostly
insensitive to molecular oxygen.!"”! These ns-TA spectra for
NU-1000 are highlighted by an early signature of a singlet
population with ground-state bleaching (GSB) and stimu-
lated emission (SE) in 400-650 nm, and S,—S, transition at
~750 nm. These signatures disappear within a few ns (r~1-
2ns) and a weak broad signal (600-1000 nm) appears for
their excimer-like complex.™'" In the longer time delay a
featureless broad bleaching signal dominates over several
microseconds (which is insensitive to O, and stems from
various excited state complexes; see Supporting Information
sec E3 for details). Similar ns-TA spectra collected for
PEPF and its MOF assembly SIU-100 (Figure 2b, f) can be
found in Figure S14.

A suppressed ISC in Zr MOFs like NU-1000 and SIU-
100, (Figure S14) with no detectable triplet spectral feature
is counterintuitive from the perspective of its heavy-metal
connected assembly expected to boost the ISC. Particularly,
when both the TBAPy and PEPF linkers display the
formation of their respective long-lived triplets in the
solution phase. We postulate that this is due to different
extents of spatial dispersion of their singlet (delocalized)
and triplet (localized) excitons. We have shown, in our
previous studies, through TDDFT computations with small
models of linker assembly (constructed from their crystallo-
graphic coordinates; see Supporting Information-D1) that
the singlet excitons span over three linkers of their
triangular assembly.l'”*! Corresponding transition density
matrix (TDM) analyses, however, highlight a single-linker
localized triplet exciton (Figure 4; see Figure S7 for higher
energy triplets)—such disparity, therefore, causes poor @gc.
These results reason well why the triplet studies in MOFs,
constructed from aromatic pigment-based linkers, are lim-
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Figure 4. Contour plots of TDMs for (top row) three excitonic states in
the S; manifold (two dark, one bright, evolved from the first excited
state of three linkers) computed for a triangular H,TBAPy assembly
(see Figure S7) in NU-1000. The lower panel represents the corre-
sponding three lowest energy triplet excitonic states of the T, manifold
highlighting a localized system. Computation: cam-b3lyp/6-31 g(d,p);
the color bars represent the normalized atomic transition densities.
See Supporting Information sec D1 for details.

ited by triplet sensitization via Dexter energy transfer using
platinum porphyrin/phthalocyanine.'*!*!

The 9,10-bis(ethynylene phenyl)anthracene core of the
PEA linker is known to possess poor kisc with no detectible
phosphorescence in its dilute solution.™) TDDFT computa-
tion of H,PEA provides Eg ~2.43eV and E; ~1.18¢V.
The E; ~0.5 xEg is maintained in other rotational
conformation (see Supporting Information sec D2); e.g., for
a conformation where anthracene is rotated by 45° relative
to the four carboxylates caused a rise of the Er to ca

© 2023 Wiley-VCH GmbH
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1.23 eV—where the singlet energy is also being raised
(2.55 eV). To exploit the SF as a feasible route in generating
high quantum yield triplets, the PEA linker was assembled
in SIU-175 yielding anisotropic needle-shaped crystals (Fig-
ure 2j) which is typical of csq/xly topological nets (like, NU-
1000, PCN-222, SIU-75, and SIU-100, etc.) prepared under
thermodynamically controlled conditions at relatively higher
temperatures. The structure of the SIU-175 was determined
via Rietveld fitting of powder synchrotron diffraction
(PSRD) data collected for solvent-soaked MOF samples
(Figure 5; CCDC No: 2216519).” Much like other frame-
works made with anisotropic and flexible linkers,'*?!) STU-
175 displays a capillary-force-driven pore shrinkage upon
removal of the occupied solvents (Figure S3) reporting a
residual porosity with a BET surface area of 200 m*g ' (N,
isotherms at 77 K; Figure S5), where the experimental pore
size distribution (N, isotherm), matches, with the computa-
tionally predicted pore size patterns.”? Maintaining the
structural integrity of such a low-density framework during
all the spectroscopic works, the MOF samples were stored
and manipulated under solvent-soaked conditions (i.e.,
samples were prepared by solvent exchange).

Given both the triangular micropore and hexagonal
mesopore would provide a range of the rotational popula-
tion in PEA linkers, we wanted to verify their relative
orientation—possibly dictated by the steric hindrance and
strain imparted by the SIU-175 assembly—ensuring the
energetic criteria (see Supporting Information sec D2 for
details of linker torsional arrangements). Systematic optimi-
zation of the relative rotational conformations of three PEA
linkers within a small model provided a structure (Fig-
ure S11) that could describe the experimental absorption
spectra (Figure 6a; Figure S12)—which is sensitive to the
anthracene rotational conformation and excitonic interac-
tions. The TDDFT results with such model arrays confirmed
the maintenance of E5 ~ 2E7,.

The Steady-state excitation-emission mapping spectra
(EEMS) for Et,PEA (Figure 6b) highlights the lowest
energy excitation/emission manifolds centered at 450/482-
550 nm (&, ~98 %) with a well-resolved vibronic spectral
envelope: vy_, (482 nm), v,_; (515nm), and vy, (550 nm)

T T T T T
Simulated
)
s
2
7]
c
£
- experimental
T T T T T
0.5 1.0 15 20 25 3.0 35

20 (degree)

Figure 5. PSRD patterns collected for DMF-soaked SIU-175; The
simulated pattern, obtained from Rietveld modeling, shows a good
agreement with the experimental pattern.
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Figure 6. (a) Absorptive electronic transitions of SIU-175 (violet) along
with the H,PEA linker (dashed, blue). (b) Excitation-emission mapping
spectra (EEMS) of Et,PEA (~0.4 pM), and (c) SIU-175 collected in
deaerated MeTHF solvent (RT; dark blue area represents the most
intense signal).

transitions. Like its core component, Et,PEA did not display
any detectible phosphorescence, indicating a poor @pgc
(<$107°).2 In contrast, the EEMS plot for STU-175 peaks
around 475/565 nm (FWHM 3203 cm™')—with an overall
D.,~39%. Such broad spectral envelop can stem from
unresolved emission lines originating from an excimer like
complex (S..),"* or delayed emission from a low-energy
state (denoted as S;). The latter involves population via
triplet-triplet annihilation (TTA). Time-resolved emission
spectroscopic data (TRES; Figure 7) suggest that SIU-175
produces narrow spectra at the earlier time (FWHM=
1750 cm ™' measured at 0.05-0.1 ns) peaking at 525 nm (with
a 550 nm shoulder) and broadband, centered at 560 nm
(with 510 and 550 nm shoulder), appears late (FWHM =
3250 cm™' measured at 1 ns). Global fitting of the transient
kinetic profiles provided three time constants (Table 1): a
fast 1,~0.25 (£0.05) ns and the 1, ~1 ns components can be
assigned to shorten S, state lifetime (compared to a single
component 2.56 ns time constant for Et,PEA in its dilute
solution) associated to efficient formation of other states
and energy transfer (transporting the excitons from the
outer sites of the crystals). The longer time constants (t3
~11 ns) can be assigned to a delayed formation of a low
energy state (displaying an S,—S; emission)—this can be
visualized by wavelength-dependent transient emission pro-
files (Figure 7).

To glean deeper into the origin of this delayed emission,
triplet quenching experiments were carried out: SIU-175 in

© 2023 Wiley-VCH GmbH
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Figure 7. TRES plot for SIU-175 in MeTHF solvent (A, =403 nm; 298 K;
dark blue area represents the most intense signal). The respective
transient emission spectra at labeled time delays are shown at the top
panels and representative transient kinetic profiles probed at labeled
wavelengths are presented at the right panel.

the presence of O, display a staggering ~50 % loss in the
emission quantum yield (Table 1) due to the quenching of
the broad low-energy emission (Figure 8; S15). This indi-
cates that the delayed low-energy emission is associated with

a) O‘H (‘DHZ C‘)H OH,
Hzo—Zr:’.__ro,Zr—OH Hzo—Zr:’.__ro, Zr—OH
Hoﬂ\ﬁzé_ —0 atRAVISALI e Vz/r—‘—of
O-_‘L_Zr/ ._‘rZr/
VI e VI
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Figure 8. a) Solvent Assisted Linker Incorporation (SALI) installation of
atRA at the 8-connected Zrg-oxo node of the mesoporous SIU-175

(=1 atRA/node). (b) Quenching of delayed fluorescence in SIU-175
(through re-population by the triplets via TTA) by molecular oxygen
(pink) and by node-installed atRA (violet) in atRA@SIU-175; and

(c) the ns-transient kinetic profiles probed at 550 nm highlighting the
quenching of the triplet population in atRA@SIU-175 (A, =355 nm;
pump fluence =~680 pJ/cm?; MeTHF; 298 K).
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triplets in the PEA assembly of SIU-175. Given a staggering
~50% QY loss (at room temperature), with Eg, ~ 0.9 x Es ,
the low-energy state cannot possibly be a triplet by itself but
a singlet that is evolved from triplets via TTA.

To further probe such triplet quenching, circumventing
any argument related to the efficiency of diffusion (molec-
ular O, and triplet excitons) within these molecular scale
pores of SIU-175, as well as other quenching mechanism
involving an oxygen adduct and/or radical ions, a node-
installed low-energy triplet quencher was exploited. Ener-
getically all-frans-retinoic acid (afRA) is a good candidate as
a triplet quencher given its high energy S, state (absorption
peak of ~350 nm, ensuring atRA cannot serve as a singlet
energy acceptor from S, of SIU-175) where its low-lying T,
(~12¢eV) is well aligned with that of the PEA (see
Supporting Information-sec G, Figure S22). The carboxy-
terminated afRA was installed at the 8-connected Zr-oxo
node of the SIU-175 via SALI chemistry (Figure 8a).l¢24
The emission profile and QY data collected for the
atRA@SIU-175 are consistent with the O, quenching experi-
ment (Figure 8b) with overall @,,,=14 %. The emission line
highlights a quenching of the low-energy S,—S, emission
line (Figure 8b) Such quenching is corroborated by a faster
emission decay seen in the TCSPC profile of the arRA@-
SIU-175 relative to the pristine SIU-175 MOF (Figure S15,
S$23). The corresponding ns-TA kinetic data (MeTHF
solvent; Figure 8c) highlights a complete quenching of the
initial signal seen in the pristine SIU-175 except for a
leftover broad bleaching signal also seen in other MOF
samples like in NU-1000 that possess high energy singlet
state (See Supporting Information sec E3 for details)."

These data unambiguously suggest an efficient formation
of triplets in PEA-assembly in SIU-175 (compared to other
related Zr-MOFs like NU-1000 and SIU-100) and their
efficient TTA-driven delayed formation of the emissive S,
state. To investigate the dynamics of the SF process and
elucidate a possible mechanism, femtosecond transient
absorption (fs-TA) spectroscopic investigations were carried
out. As expected, the Et{,PEA (A,=450nm; MeTHF;
298 K) manifest singlet excited state (Figure S13) high-
lighted by an excited-state absorption (ESA) band for S,—
S, transitions at 530-750 nm, GSBat 460 nm, and SE at
~515 nm. The singlet state monotonously decays with time
constant t=2.26 ns without any detectable triplet signature
(see Table 1 for comparison).

In contrast, the fs-TA spectra for STU-175 (A, =425 nm,
MeTHF; Figure 9) highlight the evolution of multiple
transient species. At early time delays, the ESA bands—one
peaking at ca 640 nm and the other broad intense band at ca
1150 nm —highlight S,—S, transitions, which can be seen
along with the GSB at 480-500 nm and a SE at 550 nm.
Based on the singular value decomposition (SVD) analyses,
the fs-TA data were globally fit with a two-species
sequential target model—i.e., A—(k;)—B—(k,)—gs (eqs: 2—
3; branched recombinations of these excited state species
are inefficient and therefore, their decay can be effectively
modeled by a sequential model; see Supporting Information
sec F; for details):

© 2023 Wiley-VCH GmbH
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Figure 9. Representative fs-TA spectra for SIU-175 suspension in

MeTHF solvent at labeled delay times. Experimental condition:
Doy =425 nm; fluence ~280 pJ/cm®.
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In general, the initial singlet species (i.e., a singlet pair,
S;Sy) decays to an SF intermediate (i.e., a triplet pair, 'TT),
which then forms triplets (eq 4). However, the detection of
the intermediates—i.e., assignment of their respective spe-
cies associate spectra (SAS)—can be limited by the
instrumental resolution depending on the corresponding
dynamics.

kse 4 decoh

[S1S0] — (TlTl)k(—)ZTl 4)

Here, kg is the rate constant for the spin-allowed SF
process and depends on the extent of electronic super-
exchange coupling (S,S,|V|T,T,) between the initial singlet
and correlated triplet pair states. The SAS (Figure 10) of the
initial species A is highlighted by an intense SE at 550 nm
along with a GSB at ~500 nm. While two ESA peaks
corresponding to S;—$S, transitions indicate species A being
the initial singlet pair, the intense SE signifies an unresolved
signature of the '(TT) pair formed via an efficient SF
process. Examination of the fs-TA spectra at early time
delays (Figure 9) suggests that this SE peak appears <1 ps
and decays faster than the GSB recovery, which corrobo-
rates with its assignment to (TT).’™ The GTA analysis
suggests that the SAS of A decay to B with k;=(41ps) .
Species B (Figure 10) has a lifetime of r=12ns, and
population dynamics suggest that ~90 % of the initial A
forms B. Congruent with the ns-TA spectra and quenching
experiment (Figure 8, Supporting Information-sec G), spe-
cies B can be assigned to the triplets and its 1.2 ns lifetime is
consistent with the efficient TTA process generating low-
lying singlet state (delayed emission with 7a10ns; see
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Figure 10. a) Plots of SAS generated from GTA model fit of the fs-TA
data for SIU-175 in MeTHF solvent; b) Corresponding population
dynamics are shown in the lower panels.

above). The excited state dynamical processes are summar-
ized in Figure 11.

The sensitized triplet generation was explored to charac-
terize its spectral signature. For efficient sensitization via
Dexter energy transfer, a carboxyphenyl appended palla-
dium tetraphenylporphyrin was used to install at the Zr
node (~0.05 TPP(Pd)/PEA; see Supporting Information sec
G2). In the sensitized ns-TA experiment, a selective
excitation (1., =532 nm; red to PEA absorption) of TPP(Pd)
moiety manifested a spectral signature that appeared to be
comparable to the SAS of species B generated by a direct

1
1 (S:S0) -
2.47 = =

Energy (eV)

Figure 11. Energy diagram describing the dynamics of the excited state
species associated with the SF process. The rate constants for the
decoherence, TTA, and delayed fluorescence are for those measured in
MeTHF solvent, in CF;Tol solvent they are (26 ps) ', (2.5 ns) ', and
(7.3 ns) ™, respectively.
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355 nm excitation of the pristine MOF (Figure S25). It is
important to note, however, that the sensitized triplet
spectrum lacks the ESA signal (>600nm) that remained
unresolved in the SAS of Species B (obtained via high-
energy singlet excitation 355nm) of pristine MOF (Fig-
ure $25).113%7

Given that the carboxy-coordinated Zr" (at the node)
does not manifest any sizable impact facilitating a singlet-
triplet ISC in linker assemblies like NU-1000, and STU-100
(Figure 3, Figure S13), it is important to elucidate the
proposed SF route in the PEA assembly in SIU-175 a bit
deeper. SF pathway®! has been described to proceed
through an electron super-exchange process®! that involves
a charge-transfer (CT) virtual state. A photophysical probe
at a different dielectric medium was made possible by
infiltrating the pores of this solution-stable framework with
the desired solvent. A relatively polar solvent, e.g., CF;Tol
(6=9.2) can stabilize the CT state and, therefore, facilitate
the SF: analysis of the fs-TA spectral data of SIU-175
collected in CF;Tol solvent (Figure S26) evinced a faster
formation of species B with k;=(26 ps)"' compared to that
observed in MeTHF solvent (k;=(40 ps)™'; Figures 10-11,
see above). Species A, in CF;Tol solvent, also displayed an
intense SE signal from the unresolved '‘TT). Furthermore,
SIU-175 manifested a small @, (=23 %) with an emission
profile that appears like the one upon O, quenching profile
(Figure S27). This indicates a suppressed TTA process
involves a polar state(s). The ns-TA data recorded in CF;Tol
solvent suggested slightly longer-lived triplets (2.5 ns com-
pared to the 1.2ns time constant measured in MeTHF
solvent; Figures S21, S26).

To further check if the delayed low-energy emission was
indeed stemming from the TTA process,'*"**! TPP(Pd)-
@SIU-175 was examined at multiple excitation wavelengths.
Excitation at 480 nm manifested a direct linker-based
emission with a well-resolved set of vibronic bands appear-
ing at 510 nm and 550 nm, and a low energy band at 580 nm
(Figure S26).F" Selective excitation at 528 nm, however,
yielded the 580 nm peak without much of the 550 nm band.
Exiting further red (4,=580 and 600 nm), the TPP(Pd)
based fluorescence (S;—S, at 610 nm) and phosphorescence
(T,—S, at 655 and 710 nm) appeared to dominate the
emissive profile, but with the notion of 580 nm peak from
the framework without the 510 and 550 emissions.

Conclusion

Achieving high quantum yield triplets, populated by initially
prepared singlets, is desired for various energy conversion
processes in solid working compositions like MOFs. How-
ever, the disparate spatial distribution of the excitonic center
of mass results in a diminished Franck-Condon overlap,
leading to a poor singlet-triplet intersystem crossing effi-
ciency (kigc) in such solid assemblies despite being con-
structed from a carboxy-coordinated zirconium heavy metal
ion (supposedly improve SOC matrix element). Circum-
venting this sluggish ISC, singlet fission (SF) is explored as a
viable route to generating triplets. Efficient SF is achieved
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through a high degree of interchromophoric coupling that
facilitates electron super-exchange to generate triplet pairs.
Here we show that a predesigned chromophoric linker with
Eg > 2FE; and extremely poor kisc (in dilute solution)
indeed produce triplets when assembled in MOF. In
contrast, similar MOF structures that were prepared from
linkers with Es <2FE; do not form any detectable triplets
despite a good ki of the corresponding linker. Examining
two electronically distinct linkers (TBAPy and PEPF) and
their structurally comparable frameworks as control systems,
we underpin that a wavefunction mismatch between their
spatially dispersed singlet and localized triplet excitons could
lead to a poor ki in their MOF assemblies. The TBAPy
and PEPF (with E5 < 2FE; ) in their dilute solution manifest
long-lived triplets that can be quenched by molecular
oxygen. In contrast, their assemblies in MOF display O,-
insensitive excited-state dynamical features. This is intrigu-
ing given that the frameworks were constructed by inter-
connecting the linkers with Zr'V—based nodes through
carboxy bonds. This study suggests that the spin-orbit
coupling of such heavy metal ions cannot facilitate the ISC
in these organic pigment/linker assemblies.

For SF, an organic pigment populates its triplets through
a process that requires a macromolecular or supramolecular
assembly hosting two pigment cores in proximity. For this,
the E; >2FE; must be satisfied. In this study, 9,10-
bis(ethynylene phenyl)anthracene PEA linker was as-
sembled into STU-175 having a topological (xly) net that is
comparable to the NU-1000 and SIU-100. Unassembled
PEA in dilute solution does not have a sizable triplet
population; in contrast, its assembly in SIU-175 facilitates
electronic interaction that leads to generating triplet pairs
through a virtual electron super-exchange process. The
ultrafast transient spectroscopic study suggests efficient SF
within 1 ps followed by decorrelation generating quenchable
triplets with a rate constant of (41 ps)~'. These triplets, due
to a large triplet population and sizable triplet diffusion, can
repopulate a low-energy singlet state (S,) via triplet-triplet
annihilation (TTA). While the scattering nature of our
sample hinders an exact estimation, the large extent of
(TTA-derived) delayed emission with an intrinsic ~15 %
radiative decay and analyses of the TA-dynamics, an upper
limit of ~170 % triplet population can be expected in SIU-
17s.

In the context of energy conversion schemes, like photo-
chemical and photoelectrochemical systems, SF in MOF will
provide a solid platform to improve quantum efficiency by
generating >100 % excitons, where a solution stable frame-
work could host a series of beneficial features (like selective
substrate/product diffusion, accessible complementary redox
moieties, dielectric modulation, and so on). Such develop-
ments must, however, be carried out carefully as the
potential energy of the generated charges from these low-
energy triplets may be a limiting factor to drive some
demanding transformations. The periodic assembly of
chromophores around the well-defined pores also provides
structural “rigidity” and the opportunity to modulate top-
ology to establish structure—property relationships. While
these factors can be great assets for precisely tuning the
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desired properties compared to say a polymer immobilized
system, the energy landscape in MOF systems will be
defined and limited by the pore geometry (shape and size)
in a way that a compact assembly may not be possible and
that the timescale to utilize the triplets would be limited by
parasitic TTA process that cannot be completely suppressed
in these periodic systems hosting highly mobile excitons.
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