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ABSTRACT: Luminescent metal-organic frameworks (MOFs)
are of interest for sensing, theranostics, dosimetry, and other
applications. The use of lanthanoids in MOF metal nodes allows
for intrinsic metal-based luminescence. In this work, a facile
route for modulating the photoluminescent and radiolumines-
cent properties of Tb(Ill)-based MOFs is reported. By using
Tb(III)-cluster nodes as X-ray attenuators, and organic linkers
with varying excited state energies as sensitizers, MOFs with
metal-based, linker-based, and metal+linker-based photo- and
radioluminescence are reported.

Luminescent materials are of interest for sensing,! secu-
rity,2 bioimaging,3 solid-state lighting,* and other applications.
Radioluminescent (RL) materials, in particular, emit light upon
excitation with ionizing radiation. Radioluminescence arising
from X-ray excitation is of interest for applications in dosime-
try,5 theranostics,6 and security.” RL materials can be catego-
rized as inorganic or organic.8 In pure inorganic materials, ra-
dioluminescence is a property of the host material, with high Z
elements used to attenuate X-rays through the photoelectric ef-
fect to give luminescence. In contrast, radioluminescence of or-
ganic materials arises from individual molecules, and the low Z
nature of these materials results in inherently low X-ray ab-
sorption efficiencies. Thus, inorganic RL materials tend to have
higher light output, while organic RL materials have more op-
portunity for color tunability through functional group modu-
lation.%

Metal-organic frameworks (MOFs) are porous, often crys-
talline, materials10-13 that have the potential to bridge the prop-
erties of traditional inorganic and organic RL materials. The
metal nodes in MOFs can either be ion!4 15, chain,!é 17 or clus-
ter-based18 19 with varying nuclearity, geometry, and connec-
tivity. By controlling the identity of the metal node and organic
linker, MOFs with tuneable luminescent properties can be ob-
tained.20. 21 To date, the majority of reported RL MOFs utilize
high-Z metal nodes for X-ray attenuation, and organic linkers
as the emitting species. 5 6 2225 More recently, lanthanoid-
based MOFs comprised of metal ion nodes have been shown to
demonstrate metal-based radioluminescence.26.27

Herein, we report the photoluminescent and radiolumines-
cent properties of three lanthanoid cluster-based MOFs, Tb-

Ui0-66 (Figure 1a)28, Tb-CU-10 (Figure 1b),29 and the novel Th-
CU-27 (Figure 1c), which demonstrate metal-based, linker-
based, and metal+linker based radioluminescence, respec-
tively. The presence of multinuclear cluster nodes in these
MOFs allows for strong X-ray attenuation while the varying tri-
plet state energies of the linkers result in drastically different
photo- and radioluminescence spectra. A comparison of their
photophysical properties is presented, including an evaluation
of radiation hardness up to 200 Gy.

Th-CU-27 H,TCPB

Figure 1. Structures and organic linker component of (a) Tb-
Ui0-66, (b) Tb-CU-10, and (c) Th-CU-27.
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Figure 1. Powder X-ray diffractograms of (a) Tb-Ui0-66, (b) Tb-CU-10 and (c) Tb-CU-27.

Three Tb(III)-MOFs were chosen for the present study ow-
ing to the variation in triplet excited state energy (T1) of the
structural organic linker. Tb-Ui0-66, Tb-CU-10, and Tb-CU-27
are formed using 1,4-benzenedicarboxylic acid (H2BDC),
1,3,6,8-tetrakis(p-benzoate)-pyrene (H4TBAPy), and 1,2,4,5-
tetrakis(4-carboxyphenyl)benzene (H4TCPB), which have Ti
energies of 25 641,30.31 16 938,32 and 21 589 cm-1,33 respec-
tively (Figure S1). Given that these linker energies are higher,
lower, and resonant with the 5D4 state of Tb(III) (20 490 cm-1),
in conjunction with the high density of Tb(III) ions in the metal
cluster nodes, we anticipated a range of photoluminescent and
radioluminescent properties across the series. Tb-Ui0-66 and
Tb-CU-10 have been previously reported by our group,28 29 and
Tb-CU-27 is a novel MOF that is a structural analogue of Y-shp-
MOF-5.34 Tb-Ui0O-66 is a lanthanoid analogue of the archetypi-
cal Zr-Ui0-66, which is comprised of hexanuclear clusters
bridged by ditopic linkers to give the fcu topology (Figure 1a).
Tb-CU-10 and Th-CU-27 are isoreticular and comprised of Tho-
cluster nodes bridged by tetratopic linkers giving rise to the
shp topology (Figure 1b,c).

Tb-Ui0-66, Tb-CU-10, and Tb-CU-27 are synthesized under
solvothermal conditions using Tb(NO3)3-xH20, a fluorinated
modulator, and the respective organic linker. The phase purity
of each MOF is confirmed by powder X-ray diffraction (PXRD)
using simulated patterns as a comparison (Figure 2, Figure S2).
Single-crystal X-ray diffraction (SCXRD) of the novel Th-CU-27
shows a disordered nonanuclear metal cluster node that is 12-
connected (Figure S3), and an overall shp topology (Figure 5S4,
S5), similar to that observed in Y-shp-MOF-5,34 and Tb-CU-
10.29 SCXRD of Tb-UiO-66 reveals the expected 12-connected
hexanuclear metal cluster node and fcu topology (Figure S6).
Scanning electron microscopy (SEM) micrographs of Th-CU-27
and Tb-CU-10 show hexagonal-shaped crystallites of 120 um
and 240 pum, respectively (Figure S7a,b) and Tb-Ui0-66 show
octahedral crystallites of 25 um (Figure S7c). Nitrogen sorption
studies of Tb-Ui0-66, Tb-CU-10, and Tb-CU-27, show reversible
Type-l isotherms (Figure S8) with calculated BET surface areas
and pore diameters of 840 m2/gand 10 A, 1665 m2/g and 11 4,
and 1365 m2/g and11 A, respectively. Diffuse reflectance infra-
red Fourier transform spectroscopy (DRIFTS) (Figure S9), 1H-
NMR spectroscopy (Figure S10), and thermogravimetric analy-
sis (TGA) (Figure S11) of Tb-CU-27 are consistent with a for-
mula of DMA[Tbo(u3-X)12(p3-0)2(TCPB)3]-DMF where X = OH
or F. We previously reported formulas of DMAz[Tbs(us-
OH)s(BDC)s] for Tb-Ui0-6628 and DMA3[Tbo(us-OH)12(us-
0)2(TBAPy)s(2-FBA)2]-(DMF)(2-HFBA) for Tb-CU-10.2° A re-
cent study35 suggested the possibility that the ps-OH groups in

RE cluster-based MOFs synthesized using fluorinated modula-
tors may be ps-F, which is difficult to distinguish crystallo-
graphically. As such, we have included the corresponding sin-
gle-crystal X-ray structures with ps-F and ps3-OH in all cases
(see SI for details).

The photoluminescence emission spectrum of Tb-Ui0O-66
upon 355 nm excitation exhibits characteristic emissions of
Tb(IIT) corresponding to the 5Da = 7F345,6 transitions, respec-
tively (Figure 3a). Although the BDC?- linker and Tb(III) are
both excited at 355 nm (Figure S12), Tb-UiO-66 exhibits no flu-
orescence or phosphorescence from the BDC? linker, owing to
the energy of its triplet state (25 641 cm-1) relative to the 5D4
level of Tb(IIT) (20 490 cm-1).30,31 Efficient intersystem crossing
(ISC) and population of the T1 state of BDCZ is expected to be
facilitated by the heavy atom effect, resulting in strong sensiti-
zation of Tb(III) emissions via the antenna effect in Tb-UiO-66.
The decay time of the 5D4 — 7Fs transition (545 nm) of Th-UiO-
66 upon 355 nm excitation is 1048.6 + 6.93 us (Figure S13),
which is typical for Tb(III) 4f-4f transitions. 36-38

The radioluminescence emission spectrum of Tb-Ui0O-66
under 50 kVp, 80 pA unfiltered X-ray excitation (Au target) also
exhibits characteristic Tb(III) emissions and no linker emis-
sion. Of all three MOFs, the radioluminescence intensity of Th-
Ui0-66 is the most intense (Figure 3d, Figure S14), indicative
of high X-ray attenuation by the hexanuclear Tb(III)-clusters
coupled with the highly efficient sensitization of Tb(III) from
the triplet state of BDC2-. The density and Zesr of the material
(Figure S15, Table S1),39 and lack of metal-to-ligand energy
transfer (ET) facilitate strong X-ray attenuation and strong
Tb(1II)-based radioluminescence. As a control, all MOF starting
materials were mixed in ratios similar to those found in each
MOF, and no radioluminescence was observed, confirming that
the multinuclear cluster node and overall network structure
are required for efficient radioluminescence emission to occur
(Figure S16).

Tb-CU-10 exhibits a broad, featureless emission band at
525 nm upon excitation at 355 nm (into the So — Si bands of
TBAPy#, Figure S12) and upon X-ray excitation (Figure 3b).
This broad emission band is characteristic of pyrene-based
emission, with no features of Tb(III) emission observed. The
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Figure 2. Photoluminescence (left) and radioluminescence (right) emission spectrum of (a) Tb-Ui0-66, (b) Tb-CU-10, and (c) Th-
CU-27. Photographs of (1) Tb-CU-10, (2) Tb-CU-27 and (3) Tb-UiO-66 under UV (left) and X-ray (right) excitation. (e) CIE diagram
of the photoluminescence (P) and radioluminescence (R) coordinates for each MOF.

triplet state of TBAPy* is significantly lower energy than the
5D4 level of Tb(III), near 16 938 cm-1.32 It has been previously
demonstrated that the use of ligands with low energy triplet
states in Tb(III) coordination compounds leads to quenching of
Tb(III) luminescence.40-43 Thus, the lack of Tb(III) emission in
Tb-CU-10 is attributed to quenching from the pyrene linker.

The observed photo- and radioluminescence emission of
Tb-CU-10, centered at 525 nm, is strongly red-shifted com-
pared to the free linker (420 nm),** a commonly observed fea-
ture of excimer emission in pyrene-based MOFs.45-47 Previous
studies demonstrate that excimer formation in MOFs is favora-
ble when the center-center distance between pyrene units is in
the range of 8.8 - 11 A, and the measured distance in Tb-CU-10
is 11 A, in agreement with previous findings.*6 Furthermore,
the pyrene-pyrene and pyrene-phenyl torsional angles are
known to play a role in excimer formation,+ where Tb-CU-10
exhibits torsional angles of 60 and 59° for pyrene-pyrene and
pyrene-phenyl, respectively. These angles are similar to NU-
1000 (60 and 50°), which is known to exhibit excimer emis-
sion.*6

The weak linker-centered singlet excimer emission from
Tb-CU-10 suggests efficient ISC and population of the linker tri-
plet state may occur in the presence of Tb(III). This is corrobo-
rated by previously observed singlet oxygen production in this
MOF, which is reliant on the population of the triplet state of
the linker.29 To further prove the role of the heavy atom effect
on quenching the singlet excimer emission of the MOF, we syn-
thesized Y-CU-10 and observed radioluminescence emission in
the same position, but of significantly greater intensity (Figure
S17). Since Y(III) is not considered a heavy atom compared to
Tb(III), the rates of ISC are expected to be significantly reduced
and thus singlet-state excimer emission becomes more favora-
ble, resulting in the observed higher intensity.

The emission spectrum of Tbh-CU-27 upon 355 nm excita-
tion exhibits emission from both the TCPB#~ linker and Tb(III)
(Figure 3c). Owing to the strong absorption bands of TCPB*

and Tb(III) at 355 nm (Figure S12), and the potential for sensi-
tization between TCPB4~ and Tb(III), photoluminescence is ob-
served from both metal and linker components. As observed
with Tb-UiO-66, the population of the T1 state of the linker
leads to T1 — Tb(III) ET and Tb(III) emission. The strong emis-
sion at 420 nm is attributed to the S1 — So emission of TCPB*4"
(28 169 cm1),33 which suggests inefficient ISC to the T state,
favoring radiative recombination*8 and indicating that the S1 —
T1 - Tb(III) ET pathway may not be the most prominent route.
Interestingly, the lifetime of the 5D4 — 7Fs transition of Tb(III)
upon 355 nm excitation was found to be 53.1 + 0.08 ps (Figure
S$13), which is relatively short for this transition.36-38 Since the
emission of TCPB4~ overlaps with the 5D4+ — 7Fs transition at
545 nm, and has a short decay time (on the order of ps-ns), the
lifetime of the 5D+ — 7F3 transition of Tb(III) at 621 nm was also
measured. The decay time of this transition was found to be
51.6 + 1.13 ps, which is similar to the 5D4 — 7Fs transition, and
is still unexpectedly short for a Tb(III) decay time (Figure S13).
A decreased decay time is associated with the introduction of a
de-excitation pathway of the 5Ds state, which can be under-
stood when one considers that the triplet state of TCPB4~ is
known to reside at 21 589 cm-133 resonant with the 5D4 level of
Tb(1II), resulting in efficient back ET from Tb(III) to TCPB4".
Back ET from the 5D4 state of Tb(III) is known to occur when
the ligand triplet state energy is below 22 300 cm-l, as is the
case here.49

The radioluminescence and photoluminescence emission
spectra of Tb-CU-27 are markedly different (Figure 3c). Upon
X-ray excitation, the linker emission is less intense than the
emission from Tb(III), which is in contrast to what is observed
upon UV excitation. The different emission properties can also
be visually observed (Figure 3d,e), where the MOF exhibits pre-
dominately blue photo- and green radioluminescence. This can
be explained by considering the efficiency of X-ray attenuation
of the Tb(III) clusters vs. the linkers. Low-energy X-ray photons
are efficiently attenuated by high-density, high-Zes materials,
thus the structure of a cluster-based MOF has regions of high
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Figure 4. Radioluminescence intensity vs. applied X-ray
dose of (a) Tb-Ui0-66, (b) Tb-CU-10 and (c) Th-CU-27.

(Tb(IIT) metal clusters) and low density/low Zefr (pores and
linkers), and it can be inferred that the majority of the incoming
radiation is attenuated by the Tb(III) clusters. This is evidenced
by strong Tb(IlI) radioluminescence and suggests the weak
linker-based radioluminescence is due to secondary excitation.
This postulation was confirmed by evaluating the radiolumi-
nescence spectrum of free TCPB4~ (Figure S18) where no radi-
oluminescence was observed.

In order to assess the structural integrity of each MOF after
extended doses of X-ray irradiation, radiation hardness meas-
urements were performed on activated MOFs. Doses up to 200
Gy were delivered to the MOFs to evaluate their stability (Fig-
ure 4). Tb-UiO-66 was found to be radioresistant, exhibiting a
10 % loss of its radioluminescence intensity after exposure up
to 200 Gy at a dose rate of 30 Gy/min (Figure 4a). The bulk
crystallinity of Tbh-Ui0-66 remains intact (Figure S19a), alt-
hough the BET surface area (Figure S20a) was found to de-
crease by approximately 24 % (from 840 to 640 m2/g), which
is consistent with previous observations related to the gradual
collapse of this MOF after activation.28 Tb-CU-10 and Th-CU-27
were found to be highly radioresistant with minimal changes in
radioluminescence intensity as a function of applied dose (Fig-
ure 4b,c). The bulk crystallinity of Tb-CU-10 and Tb-CU-27 re-
mains intact after exposure to X-ray doses of 200 Gy (Figure
S19b,c), and the BET surface areas only decreased by 5 % (from
1630 to 1540 m2/g, Figure S20b) and 9% (995 to 900 m2/g,
Figure S20c), respectively.

In summary, three luminescent Tb(III)-cluster-based MOFs
are reported, where the photoluminescent and radiolumines-
cent behaviour arises from a combination of the multinuclear
cluster nodes and judiciously chosen organic linkers. Each MOF
demonstrates a different emission profile which is attributed

to the differences in energies of the T1 state of the organic link-
ers. Tb-UiO-66 possesses strong Tb(III)-centered photo- and
radioluminescence, Tb-CU-10 demonstrates weak excimer
linker-based photo- and radioluminescence, and Tb-CU-27
shows linker and metal-based photo- and radioluminescence.
In addition, all three MOFs remain stable upon X-ray irradia-
tion with doses up to 200 Gy. This study highlights the utility of
cluster-based MOFs in attenuating X-rays to produce radiolu-
minescent materials, and the importance of the role of linker
triplet state energies in modulating the photo- and radiolumi-
nescence properties of Tb(IlI)-based MOFs.
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