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Triplet-fusion-based photon upconversion holds promise for awide range
of applications, from photovoltaics to bioimaging. The efficiency of triplet

fusion, however, is fundamentally limited in conventional molecular and
polymeric systems by its spin dependence. Here, we show that the inherent
tailorability of metal-organic frameworks (MOFs), combined with their
highly porous but ordered structure, minimizes intertriplet exchange
coupling and engineers effective spin mixing between singlet and quintet
triplet-triplet pair states. We demonstrate singlet-quintet couplingin
apyrene-based MOF, NU-1000. An anomalous magnetic field effect is
observed from NU-1000 corresponding to aninduced resonance between
singlet and quintet states that yields anincreased fusion rate at room
temperature under arelatively low applied magnetic field of 0.14 T. Our
results suggest that MOFs offer particular promise for engineering the spin
dynamics of multiexcitonic processes and improving their upconversion

performance.

Singlet exciton fission and the reverse process of triplet-triplet (TT)
fusion are unique spin-dependent phenomena in organic materials
thathaveattractedinterestinthe context of adiverse range of applica-
tions, including photovoltaics', biomedical imaging’, photochemical
reactions’, organic light-emitting devices*and quantuminformation®.
In contrast with conventional nonlinear optical techniques for wave-
length conversion such as second-harmonic generation, which require
high-intensity incident radiation, exciton fission and fusion operate
in compact solid-state devices under incoherent and low-intensity
illumination””,

Exciton fissionand fusionboth couple one singlet (spin zero) exci-
tontotwo triplet (spin one) excitons. In fission, for example, the initial
stateis onesinglet exciton. The final state is two, independent, triplet
excitons, each with approximately half the energy of the initial state.
Exciton fission and fusion processes are mediated by aTT exciton pair.
Thenetspinofthe TT pair may be singlet, triplet or quintet. The quintet
TT pair is particularly notable because it has a total spin of 2. This is
unusual in organic semiconductors, in part because quintet excitons
are typically optically inaccessible from a singlet ground state, and
quintet excitons have much higher energies than singlets or triplets.

Quintet TT states, however, can be energetically accessible because
ofthe much weaker exchangeinteractionsin TT states. Consequently,
quintet TT states are notably involved in the efficiency and dynamics
of exciton fission and fusion. Despite their clear importance, the gen-
eration, dynamics and control of quintet states remain challenging.
Todate, studies of quintet TT states have required very large magnetic
fields or low temperatures, which limits the practicalimpact of quintet
TT state engineering in many applications.

In the late 1960s, Merrifield verified the typical mechanism of
excitonfissionand fusion by studying these processesin the presence
of a magnetic field'°. In the Merrifield model, the singlet character
of the TT pair determines its coupling to the singlet exciton. There
are nine eigenstates for the TT pair, and as shown in Fig. 1a, the overall
fractional character of the singlet, triplet and quintet states is1/9, 3/9
and 5/9, respectively. If the quintet excitonis energetically inaccessible,
then the quintet TT states cannot form a singlet exciton, dissociating
instead into independent triplet excitons. Of the remaining TT states,
25% canyield an emissive singlet exciton. The triplet TT states can
annihilate one of the triplets, yielding amaximum fusion efficiency of
40%". Itis notable, however, that quintets possess the same exchange
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Fig.1|Spin dynamics of the triplet fusion process and a strategy for enabling
singlet-quintet (SQ) coupling. a, Schematic illustration of TT pair dynamics.
More than half of the TT pairs form quintet states initially, thus control of SQ
coupling can substantially impact triplet fission and fusion efficiencies. b, Energy
levels and spin states of nine eigenstates of TT pairs as a function of the distance
between two triplet excitons. As shownin the inset, in aseparated TT pair, the
eigenstates are mixed SQ or triplet-quintet states governed by the zero-field
splitting defined by the parameters D and E (ref.*°). The intertriplet exchange
interaction, /, dominates as the triplets get closer, eventually yielding pure-spin
eigenstates. ¢, A resonant magnetic field can drive an oscillation between the
singlet and quintet states. For SQ splitting on the order of D, the spin transition

Engineered crystal structure

timeis ~fitt/D. d,e, Spatial description of triplet fusion in molecular solids (d)
and MOFs (e). Moderate applied magnetic fields uB = D reshuffle the singlet,
triplet and quintet character of TT pairs in the shaded magnetic field effect (MFE)
regions, generating both the conventional Merrifield MFE and potentially SQ
resonances. TT states with weaker exchange splitting /= D may be precursors to
exciton formation in MOFs. Ina typical densely packed molecular solid, however,
triplets migrate rapidly relative to firi/D and fusion typically occurs froma

triplet pair with exchange splitting /> D. This means that, in molecular solids,
SQresonances may only be observed under very high applied magnetic fields
1gB> Dandlow temperature, if atall.

symmetry as singlet TT states, meaning that under the appropriate
magnetic field, a resonance can be engineered between singlet and
quintet TT states. If we exploit the common exchange symmetry of
singlet and quintet TT states, and couple them together, then poten-
tially two-thirds of TT states canyield an emissive singlet exciton. The
remaining TT states againannihilate one of the triplets, increasing the
maximum fusion efficiency to 80%. Thus, quintet state engineering
is capable of doubling the efficiency of optical upconversion. More
broadly, the singlet-quintet (SQ) resonanceis expected to be similarly
useful for applications in quantuminformation that rely on the quintet.

Inthiswork, weintroduce aroute to control quintet state dynamics
by crystal structure engineering. We propose that a porous, ordered
structureis particularly advantageous for SQ mixing because of weak
intertriplet exchange coupling and slow excitonic hopping. Indeed,
on the basis of the magnetic field effect (MFE) of triplet-fusion-based
upconversion emission, we report here the observation of a distinct
SQ resonance at room temperature under a low magnetic field of
just0.14 T.

A strategy for quintet state engineering
Of the many possible TT states with varying triplet separation, the
focus for achieving higher fusion efficienciesis the TT pair that couples
directly to the singlet exciton. The aimis to exploit the energeticinac-
cessibility of the quintet exciton, and ensure that TT pairsinthe quintet
configurationformasinglet exciton rather than dissociating back into
twoindependent triplets. Two design rules are crucial to achieve this.
First, singlet and quintet states should be resonantintheimmediate TT
precursor to exciton fusion. If this condition is met, all quintet states
can be directly harvested to singlet excitons if there is sufficient SQ
mixing. Second, the precursor state should exhibit a sufficiently long
lifetime to allow SQ mixing. If the TT pair quickly dissociates back to
independent triplets, then SQ mixing will be ineffective.
Conventional molecular solids do not typically fulfil these two
crucial designrules. AsshowninFig. 1b, intertriplet exchange interac-
tionsin conventional materials are strong relative to typical zero-field
splitting because of the high density of triplet sites and the consequent
smallseparation between the tripletsinthe precursor TT state. Indeed,
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Fig.2|Magnetic field effect (MFE) on triplet-triplet pair eigenstate energies
and triplet fusion rate for three different values of the intertriplet exchange
coupling. a-c, MFE on the eigenstates of TT pairs with different intertriplet
exchangeinteractions:/=0 peV (a),/=-6.1 peV (b) and/=-100 peV (c). d-f,

MFE on the normalized triplet fusion rates that are proportional to singlet
characteristics of TT pairs for/= 0 peV (d),/=-6.1 peV (e) and /= -100 peV (f).
When there is no exchange interaction (a,d), the singlet-like TT pair population is
modulated by the intratriplet dipole-dipole interaction and Zeeman interaction.
These are Merrifield-type MFE characteristics, as the model assumes/= 0. When
astrong exchange interaction is present (c,f), each eigenstate represents the

total spin states of TT pairs. The fusion rate increases when quintet states mix
withsinglet states near the avoided level crossings. When the exchange coupling
iscomparable tointratriplet dipole coupling (b,e), each state is not a pure spin
state, but contains adominant spin character. The fusion rate increases near

the avoided crossing of singlet-dominant and quintet-dominant states. The
resonance positions deviate from their expected doubling of the field strength,
as modulated by the relative sign of D and /. Note that these calculations assume
asingle crystal with zero-field splitting parameter D = 8.5 peV, whereas the
experimental MFE curve was obtained from polycrystalline materials. Note also
that/is afunction of TT separation, as described in Fig. 1.

atypical molecular zero-field splitting parameter, D, for triplet excitons
is D=10 peV (refs.'*), whereas the intertriplet exchange interaction
canbe ontheorder of /=10 meV between nearest neighbours'®. Unless
the applied magnetic field is strong (u;B =), it will not overcome the
intertriplet exchangeinteractionsinclosely spaced TT pairs, breaking
the first design rule. Further, even if the singlet and quintet TT states
are coupled by applying astrong magnetic field, the spin mixingis slow
relative to exciton hopping or fluctuation of the exchange interaction
(Fig. 1c), breaking the second rule. For SQ splitting ~D, the transi-
tion time fiti/D = 200 ps, which is slower than typical hopping ratesin
organic semiconductors™,

The Merrifield model typically used to describe fusion and fis-
sion MFEs in molecular solids does not consider exchange splitting.
Indeed, the Merrifield MFE observed under moderate fields (~0.1T)
is generated within widely spaced TT pairs with /= O that can rapidly
collapse to an exciton while preserving their total spin. Conventional
molecular materials under high magnetic fields (>2 T), however, exhibit
non-Merrifield behaviour, including sharp resonances in the MFE of
singlet fission” 2 In these studies, the applied magnetic field over-
comes the exchange splitting in more closely spaced TT pairs, thereby
enabling mixing between singlet and quintet TT states. The observed
effectsare more pronounced at low temperatures, consistent with the
additional expectation that triplet hopping should also be retarded for
effective spin mixing. To date, only very weak exchange features have
been observed atroom temperature, and solely under a high magnetic
field, thatis, above 2 T.

To achieve effective SQ coupling in TT states at room tempera-
ture under a moderate magnetic field (<0.2 T), we seek to exploit the
unique structural properties of metal-organic frameworks (MOFs).
These are microporous crystalline materials based on organic and inor-
ganic building blocks?>%. The porous structure of MOFs enables the

incorporation of spatially separated triplet sensitizing molecules that
become part of a highly ordered crystal structure. Because thereis an
enormouslibrary of possible linkers, MOFs offer a vast compositional
and structural platform for studying triplet-fusion-based upconversion
processes. Such processes haveindeed been demonstrated in several
MOFs?~*° with a particular focus on upconversion performance and
applications.

Most relevantly, evidence of upconversion from MOFs with large
unit cells***° implies that MOFs may support triplet fusion from a
distanced TT pair where the exchange interaction is comparable to
the zero-field splitting (Fig. 1e). The MOF structure can also be used to
engineer the triplet hopping rate, which competes with triplet fusion
byseparating the TT state. Finally, the MOF structure can suppress fluc-
tuations in the exchange coupling during SQ mixing. The intertriplet
exchangeinteractionis determined by the orbital overlap between the
triplets, suchthat it canbe dynamically modulated by molecular vibra-
tions™ or exciton hopping. Indeed, whereas molecular solids are held
together by weak Van der Waals interactions that give rise to various
low-frequency phonons®, linkers in MOFs are rigidified by stronger
coordination bonds to the metal centres. Simulations show that MOFs
reduce low-frequency phonons® and torsional vibrations®*. These
vibronic and hopping restrictions enable stronger coupling between
singlet and quintet TT states and minimize efficiency losses due to
the competing process of separating TT states back to independent
triplets.

Intertriplet exchange interaction and triplet
fusion MFE

To elucidate the role of the exchange coupling in triplet fusion, we
calculate the MFE on a triplet pair’s nine eigenstates with different
exchange coupling and corresponding triplet fusionrates, in analogy
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Fig. 3 | Portions of the structures of NU-1000 and NU-901, a triplet sensitizer,
and their photophysical properties. a-e, Structure of NU-1000 (a), NU-901
(b), oxo-Zr,SBU (c), H,TBAPy (linker) (d) and PtOEP (triplet sensitizer) (e). Note
the unique placements of the ligand molecules in the MOFs that are distinct
from molecular solids. PtOEP molecules are incorporated into the large pores
ofthe MOFs. f, Photoluminescence spectra of NU-1000, NU-901 and PtOEP. Blue
andred curves represent NU-1000 fluorescence (Fl.) and phosphorescence
(Ph.), respectively. Yellow and purple curves show NU-901 fluorescence and
phosphorescence spectra, respectively. The PtOEP phosphorescence (green
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curve) is higher in energy than those of either MOF, ensuring efficient Dexter
energy transfer from PtOEP to the MOFs. g, Schematic of the triplet-fusion-based
photon upconversion process in the NU-1000:PtOEP system. h, The upconverted
emission spectrum of NU-1000:PtOEP excited withaA =532 nm laser. i, Pump-
power dependence of upconverted emission exhibiting a slope change from 2
to1.Suchapower dependence transition is observed when the dominant decay
mechanism for triplet excitons shifts from afirst-order process to TT fusion,

and coincides with maximizing the upconversion efficiency. The upconversion
threshold intensity is 35 mW cm™.

with the calculations for singlet fission?’. The Merrifield model was
used with the spin Hamiltonian of equation (1).

H =gugB - (S, +52) + D (S + %) o
1
+E(Sh + S — S5~ $) — S, - S,

Thefirsttermisthe Zeemaninteractionwhereg, iy, Band Sare the
g-factor, Bohr magneton, magnetic field and spin operators, respec-
tively. The second and third terms are the intratriplet dipole-dipole
coupling, and D and E are zero-field splitting parameters. The fourth
termis the intertriplet exchange interaction where / is the exchange
constant. Other weak spininteractions, such as hyperfine coupling, are
ignored™. A detailed procedure is described in Supplementary Note 1.

The exchange interaction substantially affects the MFE shape,
as shown in Fig. 2. When there is no applied field and no exchange
coupling in the TT state (Fig. 2a,d), the intratriplet dipole coupling
generates three spin states that contain singlet characteristics. Weak
Zeemaninteractions mix the singlet character into more states, thereby
increasing the fusion rate. However, only two states contain singlet

characteristics under strong Zeeman interactions, slowing the fusion
rate under stronger applied magnetic fields'.

When the exchange coupling ismuch stronger than the zero-field
splitting, eigenstates are pure spin states (Fig. 2c,f). Zeeman interac-
tions do not change the distribution of singlet character unless astrong
resonant magnetic field isapplied to match the SQ splitting. Asshown
in Fig. 2f, under resonant conditions, singlet and quintet states can
be mixed near the avoided level crossings, resulting in a faster fusion
rate to the singlet exciton. The second resonance occurs atamagnetic
field strength double that of the first resonance, which helps identify
exchange coupling. Also, the level-crossing features appear at a high
magnetic field because of the strong exchange interaction. Note that
the mixing between singlet and triplet states is symmetry-forbidden
unless the system has asymmetry-breaking factor.

In a MOF, the exchange interaction can be much weaker because
of the large spatial separation between the organic linkers. When the
exchange coupling is comparable to the intratriplet dipole interac-
tion (Fig. 2b,e), eigenstates are not pure spin states because of the
zero-field splitting, but they contain a large portion of a spin char-
acter due to the exchange interaction. Unlike the case of negligible
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Fig. 4 |Magneticfield effects on upconverted emission. a, NU-1000:PtOEP has
an unique MFE with two additional distinct peaks around 0.14 and 0.33 T.

b,c, NU-901:PtOEP (b) and a physical mixture of H,TBAPy:PtOEP (10 wt%) (c)
show the conventional MFE for triplet fusion, confirming the critical role of

structure in NU-1000 for enabling anomalous MFE behaviour with
NU-1000:PtOEP. Error bars are the standard deviation of the mean and
are averaged from five, seven and four independent sweeps fora,bandc,
respectively.

exchange splitting, the initial rate increase with applied magnetic
field is not due to a combination of the zero-field splitting and weak
Zeemaninteraction. Instead, there are two peaks from the spin mixing
betweenasinglet-dominant TT state and quintet-dominant TT states.
Notethattherateincrease occurs atalow magnetic field. Also, the two
resonances do not occur with the expected doubling of magneticfield
strength. Depending on the relative sign and magnitude of Dand/, the
resonances may be observed closer or further apart. This unique MFE,
distinct from the Merrifield curve, can confirm the spin mixing from
the exchange interaction.

Triplet-fusion-based upconversionin NU-1000

To verify our proposed model for triplet fusion in MOFs, we have
selected two pyrene-based materials, NU-1000 and NU-901. As shown
in Fig. 3, the two materials are made from the same organic ligand,
tetrakis(p-benzoic-acid)pyrene (H,TBAPy), and secondary building
units (SBUs) of similar metallic composition. However, the two MOFs
have different crystal structures: NU-1000 is mesoporous and bears
csq topology®, whereas NU-901 is microporous with scu topology*®.
Notably, the excitons in NU-1000 can be confined around the small
triangular pore, while excitons in NU-901 can travel in the a-b plane,
as shown in Fig. 3a,b. Naturally then, NU-1000 and NU-901 differ in
their triplet hoppingrates, allowing us to interrogate the effect of the
lifetime of the TT state on the efficiency of SQ coupling.

NU-1000 is an archetypal MOF with excellent stability* and vari-
ous attractive properties® *., Its organic linker is attractive for our
purposes because it hasapyrene core. Thetripletlevelin pyreneis close
to half ofits singlet; photon upconversion hasbeen demonstrated with
pyrene and its derivatives***’. To determine the triplet energy level of
NU-1000 and NU-901, we measured their phosphorescence spectra
at 80 K. As shown in Fig. 3f, the phosphorescence emission peak of
NU-1000is1.9 eV, substantially lower than the singlet emission at 3.0 eV.
In contrast, NU-901 has a singlet level of 2.5 eV and a triplet of 1.9 eV.
To generate triplet excitons in the two MOFs, we used platinum octa-
ethylporphyrin (PtOEP) asatriplet sensitizer. Its triplet level of 2.0 eV
is higher than that of the MOFs, ensuring an efficient Dexter energy
transfer from PtOEP to the MOFs. The schematic illustration of the
upconversion processis summarizedin Fig. 3g. Due to thelarge pores
of the MOFs, PtOEP molecules can be inserted into the MOFs without
destroyingthe overall structure (see Methods for sample preparations).

NU-1000:PtOEP crystals show upconverted blue emission when
excited with a 532 nm green laser (Fig. 3h). The excitation power
dependence of the upconversion shows a quadratic-to-linear transi-
tion, asignature of TT annihilation-based upconversion (Fig. 3i). The
transition intensity is 35 mW cm™. As a benchmark, total solar

irradiance is100 mW cm2under AML.5 conditions and the partial solar
irradiance fora A1=20 nmwindow centred atA=530 nmis3mW cm™.
The photoluminescent quantum yield (PLQY) ¢, external quantum
efficiency EQE, and the efficiency of singlet-state generation from
absorbed photon pairs, (pUC - normalized to the PLQY of the MOFs, is
P =2.1%+0.1% and 0.26% + 0.09%, EQE in the range of 2.5 x103% to
3.7x10°%and 1.0 x 10™*%t0 3.1 x10%, and ®}c ;intherange of 0.54-
1.8% and 0.14-0.45% for NU-1000 and NU-901, respectively (Methods
and Supplementary Note 2). These efficiencies are among the highest
demonstrated by MOF-based upconversion in a solid-state system**,
and compareto ¢uc . =2.46%inahighly optimized green-blue multl
layer structure based on small-molecular-weight thin films*
‘puc =12.7% in a polymer-based system sensitized by PtOEP*, and
‘puc ,=1.6% in a quantum-dot-sensitized infrared-to-visible
structure*’*S,

Singlet-quintetresonanceinNU-1000

To investigate the detailed spin dynamics of triplet fusion in MOFs,
we measured the upconverted emission intensity under an external
magnetic field. Remarkably, NU-1000:PtOEP shows an anomalous
MFE curve with two additional distinct peaks (Fig. 4a), which diverges
fromthe conventional Merrifield-type behaviour of molecular solids.
Highlighting the differences between the two MOFs, triplet fusion in
NU-901 follows the Merrifield-type MFE (Fig. 4b), suggesting that the
origin of the anomalous MFE observed for triplet fusion with NU-1000
liesinits unique structural features.

Two additional control experiments confirm the origin of the
anomalous behaviourin NU-1000. First, we measure the MFE of upcon-
version for a thin film made from a physical mixture of H,TBAPy ligand
and PtOEP (10 wt%). Asshown in Fig. 4c, this mixture does show upcon-
version that nevertheless follows the regular curve shape conform-
ing to the Merrifield model. Second, the use of a different sensitizer,
palladium octaethylporphyrin (PAOEP), also leads to upconversion
uponinsertionin NU-1000, and the fusion MFE of NU-1000:PdOEP also
generates the abnormal MFE with the same peak positions (Supplemen-
tary Fig. 2). Altogether, these data demonstrate that the anomalous
behaviour of NU-1000 is independent of the sensitizer, but strictly
arises because of the particular spatial arrangement and separation
of TBAPy* ligands within NU-1000.

Importantly, the MFE curve of NU-1000 can be explained by the
weak exchange interaction proposed in our model above. Asshownin
Fig.1le, the porous MOF structure is expected to offer aweak exchange
coupling that allows sufficient time for SQ mixing. Indeed, areasonable
fit for the MFE curve is obtained with the Johnson-Merrifield model*
using the spin Hamiltonian in equation (1), as shownin Fig. 4a. This fit
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is calculated by combining the MFE of non-exchange-coupled triplet
pairs (Fig. 2d) and the weak exchange-coupled pairs (Fig. 2e). Three
parameters determine the three peak positions of the anomalous curve,
and the fit gives D =8.50 peV, £ =-1.17 peV and /= —6.1 peV. Notably,
the zero-field splitting parameters obtained by electron paramag-
netic resonance match the resonance peak position (Supplementary
Fig.3). Otherfitting parametersareks,.,=1.0 x10®s™, k., =1.7 x 108s™,
Ksj.0=5.0x10 s and k_ ., =3.3 x 10° s " where k;and k_, are the fusion
and dissociation rates from a TT pair. For NU-901 (Fig. 4b) and the
ligand (Fig. 4c) MFE calculations, similar zero splitting parameters were
used with/=0. The only major differenceis k_;, whichis 5.0 x 108 s for
NU-901 and 1.0 x 10 s for the ligand. Details of the calculations are
described in Supplementary Note 1.

The absence of resonant peaks in the MFE for fusion with NU-901
confirms that confined excitons are needed to ensure that spin mixing
can compete effectively with triplet hopping and exciton formation.
Excitons in NU-901 can migrate ad infinitum in the a-b plane via the
first nearest-neighbour (NN) hopping (Fig. 3b), whereas excitons in
NU-1000 are confined to triangular motifs of the first NN interactions,
andrequire the second, muchmore distanced, NNinteraction to travel
further in the a-b plane (Fig. 3a). The hopping rate for this more dis-
tanced NNinteractionis calculated by constrained density functional
theory (CDFT) tobethree orders of magnitude slower thanthe first NN
hopping rate (Supplementary Note 3). Therefore, triplet excitons in
NU-1000 are effectively localized, making unproductive triplet diffu-
sion less competitive with SQ mixing. Indeed, Monte Carlo simulations
of triplet-pair trajectories support anenhancementinthe effectiveness
of spin mixing for the triplet pairin NU-1000 relative to the TT statein
NU-901 (Supplementary Note 3 and Supplementary Fig. 4).

The CDFT calculations of intertriplet exchange coupling sup-
port that the observed resonance peak originates from the first NN
interactionsin NU-1000. Whereas the first NN interaction might be of
the same order of magnitude as the experimental value, the second
NNinteractionis much weaker. For example, the PBEO functional pre-
dicts the NN and the second NN exchange couplings to be 18 peV and
0.017 peV, respectively (Supplementary Note 4). Because the first NN
interactions are theimmediate precursor to fusion, quintet TT states
can be mixed effectively with singlet TT states and be harnessed for
optical upconversion.

Theresonance peak observed from NU-1000 at the low magnetic
field of only 0.14 T provides experimental proof of aroute that utilizes
quintet states in optical upconversion. Although the experimentally
absorbed photoluminescence (PL) increase at the resonance is only
approximately 2% when accounting for the background Merrifield
MFE, further optimization of the MOF structure is likely to improve
the efficiency by engineering key parameters such as the fusion rate,
hopping rate, decoherence time and the zero-field splitting. Indeed,
as discussed in Supplementary Note 5 and Supplementary Fig. 5, the
efficiency can potentially increase by 65% when the kinetic parameters
are tuned.

In conclusion, the SQ TT state resonances in NU-1000 demonstrate
that, in contrast to their molecular and polymeric counterparts, MOFs
enable precise engineering of interexciton exchange coupling and spin
dynamics. MOFs thus offer particular promise for controlled access
and coupling to quintet states, which have beenrarely studied despite
theirimportance in multiexciton processes such as exciton fission and
fusion. Not least, these results demonstrate that the unconventional
structure and immense structural and compositional tunability of
MOFs provide a compelling platform for elucidating detailed mecha-
nisms of multiexcitonic processes.

Online content

Any methods, additional references, Nature Research reporting
summaries, source data, extended data, supplementary informa-
tion, acknowledgements, peer review information; details of

author contributions and competing interests; and statements of
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$41563-022-01368-1.

References

1. Schulze, T. F. & Schmidt, T. W. Photochemical upconversion:
present status and prospects for its application to solar energy
conversion. Energy Environ. Sci. 8, 103-125 (2015).

2. Huang, L. et al. Designing next generation of photon
upconversion: recent advances in organic triplet-triplet
annihilation upconversion nanoparticles. Biomaterials 201,

77-86 (2019).

3. Ravetz, B.D. et al. Photoredox catalysis using infrared light via
triplet fusion upconversion. Nature 565, 343-346 (2019).

4. Kondakov, D. Y. Triplet-triplet annihilation in highly efficient
fluorescent organic light-emitting diodes: current state and future
outlook. Philos. Trans. R. Soc. A 373, 20140321 (2015).

5. Weiss, L. R. et al. Strongly exchange-coupled triplet pairs in an
organic semiconductor. Nat. Phys. 13, 176-181 (2017).

6. Tayebjee, M. J. Y. et al. Quintet multiexciton dynamics in singlet
fission. Nat. Phys. 13, 182-188 (2017).

7. Congreve, D. N. et al. External quantum efficiency above 100% in
a singlet-exciton-fission-based organic photovoltaic cell. Science
340, 334-337 (2013).

8. Wu, M. et al. Solid-state infrared-to-visible upconversion
sensitized by colloidal nanocrystals. Nat. Photonics 10, 31-34
(2016).

9. Einzinger, M. et al. Sensitization of silicon by singlet exciton
fission in tetracene. Nature 571, 90-94 (2019).

10. Merrifield, R. E. Diffusion and mutual annihilation of triplet
excitons in organic crystals. Acc. Chem. Res. 1, 129-135 (1968).

1. Merrifield, R. E. Theory of magnetic field effects on the mutual
annihilation of triplet excitons. J. Chem. Phys. 48, 4318-4319
(1968).

12. Merrifield, R. E. Magnetic effects on triplet exciton interactions.
Pure Appl. Chem. 27, 481-498 (1971).

13. Wallikewitz, B. H., Kabra, D., Gélinas, S. & Friend, R. H. Triplet
dynamics in fluorescent polymer light-emitting diodes. Phys. Rev.
B 85, 22-25 (2012).

14. Boorstein, S. A. & Godierman, M. Theory for zero-field splittings in
aromatic hydrocarbons. Ill. J. Chem. Phys. 39, 2443-2452 (1963).

15. Smith, M. B. & Michl, J. Singlet fission. Chem. Rev. 110, 6891-6936
(2010).

16. Musser, A. J. & Clark, J. Triplet-pair states in organic
semiconductors. Annu. Rev. Phys. Chem. 70, 323-351(2019).

17.  Suna, A. Kinetics of exciton-exciton annihilation in molecular
crystals. Phys. Rev. B1,1716 (1970).

18. Mikhnenko, O. V., Blom, P. W. M. & Nguyen, T.-Q. Exciton diffusion
in organic semiconductors. Energy Environ. Sci. 8, 1867-1888
(2015).

19. Wakasa, M. et al. What can be learned from magnetic field effects
on singlet fission: role of exchange interaction in excited triplet
pairs. J. Phys. Chem. C. 119, 25840-25844 (2015).

20. Yago, T., Ishikawa, K., Katoh, R. & Wakasa, M. Magnetic field effects
on triplet pair generated by singlet fission in an organic crystal:
application of radical pair model to triplet pair. J. Phys. Chem. C
120, 27858-27870 (2016).

21. Ishikawa, K., Yago, T. & Wakasa, M. Exploring the structure of an
exchange-coupled triplet pair generated by singlet fission in
crystalline diphenylhexatriene: anisotropic magnetic field effects
on fluorescence in high fields. J. Phys. Chem. C 122, 22264-22272
(2018).

22. Bayliss, S. L. et al. Site-selective measurement of coupled spin
pairs in an organic semiconductor. Proc. Natl Acad. Sci. USA 115,
5077-5082 (2018).

Nature Materials | Volume 21| November 2022 | 1275-1281

1280


http://www.nature.com/naturematerials
https://doi.org/10.1038/s41563-022-01368-1
https://doi.org/10.1038/s41563-022-01368-1

Article

https://doi.org/10.1038/s41563-022-01368-1

23. Yaghi, O. M. et al. Reticular synthesis and the design of new
materials. Nature 423, 705-714 (2003).

24. Ferey, G. Hybrid porous solids: past, present, future. Chem. Soc.
Rev. 37,191-214 (2008).

25. Batten, S.R. et al. Terminology of metal-organic frameworks and
coordination polymers (IUPAC Recommendations 2013). Pure
Appl. Chem. 85, 1715-1724 (2013).

26. Gharaati, S. et al. Triplet-Triplet annihilation upconversion in a
MOF with acceptor-filled channels. Chem. Eur. J 26, 1003-1007
(2020).

27. Ahmad, S., Liu, J., Gong, C., Zhao, J. & Sun, L. Photon
up-conversion via epitaxial surface-supported metal-organic
framework thin films with enhanced photocurrent. ACS Appl.
Energy Mater. 1, 249-253 (2018).

28. Rowe, J. M. et al. Sensitized photon upconversion in
anthracene-based zirconium metal-organic frameworks. Chem.
Commun. 54, 7798-7801(2018).

29. Park, J., Xu, M., Li, F. & Zhou, H. -C. 3D long-range triplet
migration in a water-stable metal-organic framework for
upconversion-based ultralow-power in vivo imaging. J. Am.
Chem. Soc. 140, 5493-5499 (2018).

30. Oldenburg, M. et al. Photon upconversion at crystalline organic—
organic heterojunctions. Adv. Mater. 28, 8477-8482 (2016).

31. Arago, J. & Troisi, A. Dynamics of the excitonic coupling in organic
crystals. Phys. Rev. Lett. 114, 1-5 (2015).

32. Eggeman, A. S., Illig, S., Troisi, A., Sirringhaus, H. & Midgley, P. A.
Measurement of molecular motion in organic semiconductors
by thermal diffuse electron scattering. Nat. Mater. 12, 1045-1049
(2013).

33. Kamencek, T., Bedoya-Martinez, N. & Zojer, E. Understanding
phonon properties in isoreticular metal-organic frameworks from
first principles. Phys. Rev. Mater. 3, 1-16 (2019).

34. Shustova, N. B. et al. Phenyl ring dynamics in a
tetraphenylethylene-bridged metal-organic framework:
implications for the mechanism of aggregation-induced
emission. J. Am. Chem. Soc. 134, 15061-15070 (2012).

35. Mondloch, J. E. et al. Vapor-phase metalation by atomic layer
deposition in a metal-organic framework. J. Am. Chem. Soc. 135,
10294-10297 (2013).

36. Garibay, S. J., lordanov, I., Islamoglu, T., DeCoste, J. B. & Farha,

O. K. Synthesis and functionalization of phase-pure NU-901 for
enhanced CO, adsorption: the influence of a zirconium salt and
modulator on the topology and phase purity. CrystEngComm 20,
7066-7070 (2018).

37. Deria, P. et al. Perfluoroalkane functionalization of NU-1000
via solvent-assisted ligand incorporation: synthesis and CO,
adsorption studies. J. Am. Chem. Soc. 135, 16801-16804 (2013).

38. Deria, P, Yu, J., Smith, T. & Balaraman, R. P. Ground-state versus
excited-state interchromophoric interaction: topology dependent
excimer contribution in metal-organic framework photophysics.
J. Am. Chem. Soc. 139, 5973-5983 (2017).

39. Ahn, S. et al. Pushing the limits on metal-organic frameworks as
a catalyst support: NU-1000 supported tungsten catalysts for
o-xylene isomerization and disproportionation. J. Am. Chem. Soc.
140, 8535-8543 (2018).

40. VYu, J., Park, J., Van Wyk, A., Rumbles, G. & Deria, P. Excited-state
electronic properties in Zr-based metal-organic frameworks
as a function of a topological network. J. Am. Chem. Soc. 140,
10488-10496 (2018).

41. Zheng, J. et al. Selective methane oxidation to methanol on
Cu-oxo dimers stabilized by zirconia nodes of an NU-1000
metal-organic framework. J. Am. Chem. Soc. 141, 9292-9304
(2019).

42. Gray, V., Moth-Poulsen, K., Albinsson, B. & Abrahamsson,

M. Towards efficient solid-state triplet-triplet annihilation
based photon upconversion: Supramolecular, macromolecular
and self-assembled systems. Coord. Chem. Rev. 362, 54-71
(2018).

43. Zhao, W. & Castellano, F. N. Upconverted emission from pyrene
and di-tert-butylpyrene using Ir(ppy); as triplet sensitizer. J. Phys.
Chem. A110, 11440-11445 (2006).

44. Amemori, S. et al. Hybridizing semiconductor nanocrystals with
metal-organic frameworks for visible and near-infrared photon
upconversion. Dalton Trans. 47, 8590-8594 (2018).

45. Lin, T.-A., Perkinson, C. F. & Baldo, M. A. Strategies for
high-performance solid-state triplet-triplet-annihilation-based
photon upconversion. Adv. Mater. 32, 1908175 (2020).

46. Ogawa, T. et al. Donor-acceptor-collector ternary crystalline
films for efficient solid-state photon upconversion. J. Am. Chem.
Soc. 140, 8788-8796 (2018).

47. Wu, M., Lin, T.-A., Tiepelt, J. O., Bulovi¢, V. & Baldo, M. A.
Nanocrystal-sensitized infrared-to-visible upconversion in a
microcavity under subsolar flux. Nano Lett 21, 1011-1016 (2021).

48. Wu, M., Jean, J., Bulovi¢, V. & Baldo, M. A. Interference-enhanced
infrared-to-visible upconversion in solid-state thin films sensitized
by colloidal nanocrystals. Appl. Phys. Lett. 110, 211101 (2017).

49. Johnson, R. C. & Merrifield, R. E. Effects of magnetic fields on the
mutual annihilation of triplet excitons in anthracene crystals.
Phys. Rev. B1, 896-902 (1970).

50. Goldfarb, D. & Stoll, S. EPR Spectroscopy: Fundamentals and
Methods (Wiley, 2018).

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
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) 2022

Nature Materials | Volume 21| November 2022 | 1275-1281

1281


http://www.nature.com/naturematerials
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Article

https://doi.org/10.1038/s41563-022-01368-1

Methods

Materials

All reagents were purchased commercially and used without fur-
ther purification. PtOEP and PAOEP were purchased from Lumtec.
H,TBAPy was synthesized following literature® or purchased from
Sigma-Aldrich.

Synthesis of NU-1000

The synthetic procedure was adapted from a reported literature
method, which involves using trifluoroacetic acid (TFA) as amodula-
tor for ensuring phase purity*>. ZrCl, (70 mg, 0.30 mmol) and benzoic
acid (2 g,16.38 mmol) were mixed in 6 ml diethlyformamide (DEF) and
sonicated until a clear solution was obtained. The resulting solution
was heated in an oven at 100 °C for 1 h, allowing for the formation of
zirconium nodes. H,TBAPy (40 mg, 0.06 mmol) was suspended in
4 ml DEF and heated in an oven at 100 °C for 1 h. After cooling down
to room temperature, H,TBAPy solution and TFA (40 pl, 0.52 mmol)
were added to the zirconium-node-containing solution. The result-
ing mixture was sonicated for 10 min, followed by heating in an oven
at120 °C for 24 h. Upon gradual cooling to room temperature (oven,
~8 h), light-yellow polycrystalline NU-1000-TFA was obtained, which
was collected by centrifugation (4 min, 3,500 r.p.m., 1,972 x g), and
washed with dimethlyformamide (DMF) (three times, 10 ml each,
soaked ~1 h between washes). The coordinated TFA was removed by
suspending NU-1000-TFA crystalsin 13 mI DMF, and 8 Maqueous HCI
(0.5 ml)wasadded. The mixture was heatedinan oven at100 °Cfor18 h.
After gradual coolingto room temperature, the polycrystalline powder
of NU-1000 was isolated by centrifugation, washed with DMF (three
times, 10 ml each), and then with acetone (three times, 10 ml each)
(soaked ~1 h between all washes). The resulting material was dried in
avacuumovenat 80 °Cfor1htoyield light-yellow NU-1000 crystals.

Synthesis of NU-901

The synthetic procedure was slightly modified from a literature
report®. Zr(acac), (97 mg, 0.2 mmol) and 4-aminobenzoicacid (1.51g,
11 mmol) were mixed in 4 ml of DMF in a 20 ml vial and ultrasonicated
for 30 min. The vial was heated in an oven at 80 °C for 1 h. Then,
H,TBAPy (40 mg, 0.06 mmol) was added and sonicated for 10 min.
Thevialwasincubatedinapreheated ovenat100 °Cfor 18 h, resulting
in yellow MOF crystals. The MOFs were isolated by centrifuge (5 min,
4,000r.p.m., 2,576 x g) and solvent exchanged with fresh DMF four
times (~15 mleach) followed by methanol three times (~15 ml). To acti-
vate, the MOFs were suspendedin12 mI DMF, and 0.5 ml of 8 Maqueous
HCl was added. The vial was heated in an oven at 100 °C for 18 h. The
powder was washed with DMF and acetone three times each. It was
activatedinavacuumovenat 80 °Cfor1hpriorto PtOEPincorporation.

Incorporation of guest molecules into MOFs and sample
preparation for optical measurements

First, 4 mg of PtOEP (or PAOEP) was dissolved in 1 ml of toluene in a
nitrogenglovebox. NU-1000 or NU-901 were soaked in the solution for
1week. The solutionwas stirred to accelerate the incorporation. Then,
4 mloftoluene was added to the solution, and the solution containing
NU-1000:PtOEP crystals was dropcasted on alinch quartz substrate.
The crystals were gently rinsed with toluene and dried. The sample
was encapsulated with an ultraviolet-curing epoxy (0G159-2, Epoxy
Technology) inanitrogen glovebox (0, < 0.1 p.p.m.,H,0 <0.1p.p.m.).
We also tested a reduced incorporation time. NU-1000 was soaked
in the solution for 30 min at 60 °C. The crystals were not rinsed with
toluene after the dropcasting. The anomalous magnetic field effect
was observed for both conditions.

PL measurement
The PLspectrumwas measured with aspectrometer (SP2300 and PIXIS
100, Princeton Instruments). The laser intensity was determined by a

powermeter (PM100A, Thorlabs) and a CMOS camera (DCC1545M,
Thorlabs). The NU-1000 phosphorescence spectrum was collected
at 80 K using a liquid-nitrogen-cooled cryostat. Two phase-locked
chopper wheels (MC2000B, Thorlabs) were used to collect a delayed
portion of the photoluminescence.

PLQY and upconversion efficiency measurement

The PLQY of the MOF-only samples, and upconversion efficiencies of
PtOEP-incorporated samples were measured inanintegrating sphere
(RTC-060-SF, Labsphere) following the method developed by de Mello
et al.**. As specified in this method, three measurement configura-
tions were carried out: (A) sample out of the sphere, (B) samplein the
spherebutnotdirectly excited by thelaser,and (C) samplein the sphere
and directly excited by the laser. The first-pass absorption (Abs) was
obtained via:

L¢
Abs =1-— E,

wherelL,, Lyand L. arethe measured laser powers normalized by pump
photon energy in configurations A, B and C as described above. The
PLQY canbe determined by:

_ PC—(].—AbS)XPB
L= Ln % Abs ’

where P, P; and P are the measured emission powers normalized by
emissive photon energy in configurations A, Band C.

A 405 nm laser (maximum power, 4.5 mW; CPS405, Thorlabs)
was used to measure the PLQYs of the MOFs, while upconversion effi-
ciencies were measured by a 532 nm laser (maximum power, 4.5 mW;
CPS532, Thorlabs) excitation source. The laser beam was focused down
to a spot size similar to that of PL measurement. Emission from the
outputofthespherewasredirected and collimated by a90° off-axis par-
abolic mirror (MPDOOM9-FO01) before being focused onto a spectrom-
eter (SP2300 and PIXIS100, Princeton Instruments). Such aredirected
output setup allowed application of a shortpass filter (FESHO500,
Thorlabs) to exclude laser signal when capturing upconverted PL,
making it possible to increase the integration time and slit size of the
spectrometer to improve the signal-to-noise ratio of upconverted
PL. The upconversion efficiency (¢,c), defined as the fraction of the
number of upconverted photons to the number of absorbed photons,
canbe obtained by:

Puc =2 x EQE/Abs,

where EQE is the ratio of emitted upconverted photons to incident
pump photons. Accounting for reabsorptioninanintegrating sphere,
¢ucwas determined similarly to PLQY, thatis:

Pcyc — (1—AbSs3p0m) X Ppuc

Puc =2 X
Lps320m X AbSs3anm

Finally, the upconverted singlet-state yield (¢ ), defined as the
number ratio of upconverted singlet excitons to absorbed photon
pairs, was determined by:

Pucs = @uc/PLQY 4051m

Magnetic field effect measurement

A 532 nmlaser (maximum power, 4.5 mW; CPS532, Thorlabs) was used
astheexcitation source, and the laser beam was chopped and filtered
with a 532 nm bandpass filter. A silicon detector (818-UV, Newport)
measured upconverted emission intensity together with a lock-in
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amplifier (SR830, Stanford Research Systems). A 500 nm shortpass
filter and a 532 nm notchpass filter were placed in front of the detec-
tor to collect only the upconverted emission. An electromagnet was
switched between positive and zero magnetic fields every 20 s, and
the PL change was estimated from four cycles. The magnetic field was
recorded with a gaussmeter (HMMT-6J04-VF, Lakeshore). The four
cycles of measurement were repeated for different magnetic fields to
obtain Fig. 4a. The measurement was swept from a high field to a low
field,and the datain Fig.4aare an average of fiveindependent sweeps.
For NU-901:PtOEP, the PL change was estimated from three cycles, and
Fig.4bisanaverage of sevenindependent sweeps. The upconversion
emission of ligand:PtOEP is weak, so an intense laser (4 W; Verdi G18,
Coherent) was used. Toavoid the photodegradation of theligand, the
PL change was estimated from two cycles and Fig. 4c is an average of
fourindependent sweeps.

Electron paramagnetic resonance measurement

Electron paramagnetic resonance (EPR) spectroscopy was performed
on the MOF powders packed in 4-mm-outside-diameter thin-wall
quartz EPR sample tubes (Wilmad) on a Bruker EMX-Plus spectrom-
eter equipped with ER4119HS high-sensitivity X-band resonator at
9.37 GHz. The sample tube was encapsulated in a nitrogen glovebox
with an ultraviolet-curing epoxy (0G159-2, Epoxy Technology). Cryo-
genictemperature was achieved with a Bruker/ColdEdge 4 K waveguide
cryogen-free cryostat. Photoexcitation of the sample was performed
by illuminating the sample with a365 nmlight-emitting diode through
the oval windows on the resonator. Simulation of the EPR spectrum was
performed with the EasySpin® package in Matlab.

Energy-dispersive spectroscopy

Ex situ energy-dispersive spectroscopy elemental mapping was col-
lected at the MIT MRSEC (formerly the Center for Materials Science
and Engineering, or CMSE) on aJEOL 2010 FEG analytical electron
microscope equipped withan Oxford Instruments ULTIMMAX detector
at an operating voltage of 10 kV. The measurements were conducted
while the specimens were under a high vacuum. The specimens were
prepared by dropcasting the NU-1000/PtOEP or NU-901/PtOEP toluene
suspension onto a silicon wafer. The dropcast samples were gently
washed with toluene until no visible red colour of excess PtOEP came
offintherinses. For every sample, elemental mapping was carried out
two or three times on different randomly chosen areas.

Data availability
All data generated or analysed during this study are included in this
published article (and its Supplementary Information files).

Code availability

The computational codes used to calculate the spin Hamiltonian and
Monte Carlo models are available from the corresponding authors
upon reasonable request. The ab initio calculations of energies and
couplings were performed using Q-Chem (https://www.q-chem.
com/), with a modification to increase the number of digits that are
printed. Theresults are provided in this paper and its Supplementary
Information.
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