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Metal-organic frameworks (MOFs) have received notable attention owing to their structural diversity,
permanent porosity, and high surface areas. In addition to these properties, MOFs made of rare-earth
(RE) metals have the potential to be used in photoluminescent applications, where photoluminescence
is dictated by the identity of the metal ion and organic linker that are used to construct the RE-MOF. In
this study, we investigate the photoluminescent properties of RE-UiO-66 by synthesizing and
characterizing mono-, bi-, and tri-metallic analogues of RE-UiO-66 (RE = Tb(n), Eu(n), and Gd()), with
the aim of designing a MOF with white light emitting properties. Additionally, as a proof of concept, the
new Tb:Gd: Eu-UiO-66 MOF is used as a surface coating on a UV light emitting diode (LED) to give a
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Introduction

The development of energy efficient lighting technologies
is important for reducing global electricity consumption, and
thus greenhouse gas emissions." As such, the replacement of
traditional, low energy efficiency lighting sources such as
incandescent and fluorescent lamps, is required for mitigating
the global energy crisis.> As one of the most promising solu-
tions, light emitting diodes (LEDs) have gained interest due to
their relatively long lifespan,® high energy efficiency,”” and
accessibility to a wide range of colours and temperatures.® By
tuning the colour and temperature of specific phosphors, white
LEDs (WLEDs) can be produced and used for applications in
solid state lighting and displays.*’

Currently, there are three popular strategies for the produc-
tion of WLEDs; (i) utilizing multiple LED chips, where each
chip emits red, green, and blue (RGB) light that is mixed to give
white,* (ii) coating UV-LED chips with phosphors that absorb
UV light and emit triple wavelength RGB,*® (iii) coating blue
LED chips with phosphors that absorb a portion of blue light,
and emit green and red."'® When designing a material for
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approach ii, the Commission International de I'Eclairage (CIE)
chromaticity diagram is often used to determine and compare
the colour purity of the RGB emitting phosphor.™* Two coordi-
nates from the visible region are calculated, where pure white is
defined as x, y = 0.33, 0.33.

Significant effort has gone into the development of new
white light (RGB) emitting materials including the study of
organic molecules or polymers,'*** metal-doped materials,*"®
metal complexes,'® and nanomaterials as phosphors.’”*® In the
solid-state, pure organic molecules and polymers are prone to
luminescence quenching, posing a challenge for long term
lighting applications.”® On the other hand, inorganic phos-
phors have higher efficiencies and longer lifetimes relative to
organic phosphors, but often suffer from challenges related to
solution processability.>

Metal-organic frameworks (MOFs) are a class of coordination
polymers that are comprised of inorganic metal nodes and organic
linkers, forming 2- or 3-dimensional network structures.”'>® MOFs
have the potential to combine the advantageous properties of both
traditional organic and inorganic phosphors. Currently, only a
handful of white light emitting MOFs have been reported in the
literature,””>* with some emitting from the organic component,*
inorganic component,® both metal and organic components,”® >
and others requiring doping with coordination compounds,
perovskites,*” or rare-earth (RE) elements.”” MOFs comprised of
RE elements commonly have trivalent RE ions as part of their metal
node, with the nodes separated from each other by organic linkers,
preventing self-quenching and photobleaching,**~° and thus mak-
ing RE-MOFs interesting candidates for WLEDs." In particular, RE-
MOFs comprised of multinuclear cluster nodes®" allow for the
incorporation of multiple RE ions at high concentrations, but with
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Fig. 1 Structure of RE-UiO-66 depicting the REg cluster with the H,BDC
linker forming the fcu net with the tetrahedral cage (pink spheres) and
octahedral cage (gold sphere).

ordered separation, giving rise to a high degree of colour tunability
in these materials.

The archetypal MOF, Zr-UiO-66, has been reported in numer-
ous studies for its robust structure,*>** high surface area,**** and
porosity.”® More recently, we reported RE analogues of UiO-66
comprised of REs—cluster nodes bridged by 1,4-benzenedicarbo-
xylate (BDC?") linkers (Fig. 1).*” Given that Eu(m) and Tb(m) ions
emit red and green light, respectively,"®*® and BDC*>~ emits in the
blue region,>® we hypothesized that the RE-UiO-66 platform would
be ideal for the design of a white light (RGB) emitting MOF. In
addition to emitting blue light, the BDC*~ linker in RE-UiO-66
plays a key role in the sensitization of the RE metals via the
antenna effect.”’™® Herein, we evaluate the photoluminescent
behaviour of mixed metal RE-UiO-66 analogues (RE = Tb(um),
Eu(m), and Gd(m)) by tuning the ratio of RE ions to give bi- and
tri-metal REs—nodes, ultimately leading to the formation of a
white light emitting MOF.
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Results and discussion

RE-UiO-66 analogues with mono- (Tb(um), Gd(m), Eu(m)), bi-
(Gd:Eu, Tb:Gd, Tb:Eu) and tri-metal (Tb:Gd:Eu) nodes are
synthesized using a RE(NO3);-xH,O precursor (see Table S1 for
details, ESIT) with the ditopic linker H,BDC in the presence of a
fluorinated modulator, 2,6-difluorobenzoic acid (2,6-DFBA), in
N,N-dimethylacetamide (DMA). In order to confirm the bulk
crystallinity and phase purity of all mono-, bi-, and tri-metal RE-
UiO-66 analogues, powder X-ray diffraction (PXRD) data were
collected. As can be observed in Fig. 2a and Fig. S1 (ESIt), all
reflections are consistent with the expected fcu topology of RE-
UiO-66. N, adsorption-desorption analysis of bi- and tri-metal
RE-UiO-66 show reversible Type I isotherms (Fig. 2b and Fig. S2,
ESIT), as expected for RE-UiO-66, with an experimental Bru-
nauer-Emmett-Teller (BET) surface area of 930 m* g~ * for the
tri-metal Tb:Gd : Eu-UiO-66 analogue (Fig. 2b). Diffuse reflec-
tance infrared Fourier transform spectroscopy (DRIFTS) of Tb:
Gd : Eu-UiO-66 confirms the presence of some 1;-OH and/or
terminal ~-OH groups in the RE¢-cluster nodes (Fig. S3, ESIf),
however it should be noted that there is the possibility for p;-
OH and p;-F ligands due to the use of a fluorinated modulator
during the MOF synthesis.>” Indeed, the '’F-NMR spectrum
(Fig. S4, ESIT) of a digested sample of Tb:Gd : Eu-UiO-66 dis-
plays a peak at approximately —165 ppm. This peak is assigned
to HF and has been observed in other cluster-based RE-MOFs
containing p;-F bridges.’® Scanning electron microscopy (SEM)
micrographs reveal the expected octahedral morphology of
Tb:Gd:Eu-UiO-66 with an average crystallite size of 21 pm
(Fig. 3). Additionally, energy dispersive X-ray spectroscopy
(EDS) shows a homogeneous distribution of Tb(m), Gd(m),
and Eu(m) ions (Fig. 3, Fig. S5, ESIt), suggesting that all three
RE ions are incorporated in the individual crystallites of the
MOF. After several attempts at producing a white light emitting
MOF, through systematically varying the ratio of Tb:Gd:Eu,
the ideal ratio was found to be 1.5:4.1:0.4. The incorporation
of RE ions in RE-UiO-66 with this molar ratio is confirmed by
inductively coupled plasma-mass spectrometry (ICP-MS) (see
Table S2 for ICP-MS data on all bi- and tri-metal analogues,
ESIt). Finally, to unequivocally confirm the presence of the
three RE(m) ions in the tri-metal RE-UiO-66 crystallites, single
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Fig. 2 (a) PXRD pattern of synthesized Tb: Gd : Eu-UiO-66 and the simu-
lated pattern, and (b) nitrogen sorption isotherm of Tb: Gd : Eu-UiO-66.
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Fig. 3 SEM micrographs and EDS mapping of Gd:Eu:Tb-UiO-66.

crystals of the tri-metal RE-UiO-66 suitable for single crystal
X-ray diffraction (SCXRD) were grown and the X-ray diffraction
data collected. As can be seen in Fig. S6 (ESI}), upon UV light
irradiation, the MOF crystals emit a cool white colour. When
the same ratio of Tb:Gd: Eu obtained by ICP-MS was used to
solve the crystal structure of tri-metal RE-UiO-66, adequate wR,
values were obtained (Table S3, ESIT). As such, the combination
of white light emission observed from the single crystals
(Fig. S5, ESIf) and the crystal structure solution showing
acceptable wR, values when solved with Tb(m), Gd(m), and
Eu(m), further confirms the presence of the three RE(m) ions
and the expected ratio of 1.5:4.1:0.4 for Tb:Gd: Eu.

Eu(m) and Tb(m) ions emit from their °D, and D, states,
which have energies of 17250 and 20500 cm ™", respectively.>®
Tb(m) emission can be sensitized via the antenna effect through
energy transfer from the triplet excited state (T;) of an organic
ligand to its *D, state (20 500 cm '), whereas Eu(m) emission can be
sensitized through energy transfer to its °D, state (17250 cm™ ),
or higher lying °D; states (°D; = 19000 cm ', and °D, =
21450 cm').°® As such, sensitization of both Tb(m) and Eu(m)
via the antenna effect requires a linker with T; energy of at least
22350 cm " according to Latva’s rule.”>® If the T; energy of the
linker is too close to the acceptor state of the lanthanoid, energy
back-transfer to the linker can occur, leading to quenching of the
lanthanoid emission.’® Alternatively, if the T, energy of the linker is
too high (>26 000 cm™"), there will be inefficient energy transfer to
the lanthanoid.®*> BDC*™ has a T, energy of 25641 cm™*,>° which
is sufficient for sensitizing both Eu(u) and Tb(um) emission. Given
that Eu(m) and Tb(u) ions may be present in the same REq-cluster
of RE-UiO-66, and therefore 3.92 A apart, energy transfer from
Tb(m) to Eu(m) is also possible.”® Tb(m) ions give rise to green
emission with sharp emission bands at 489, 544, 582 and 617 nm,
Dy — "Fey5.4,3 as can be seen in Tb-UiO-66 (Fig. S7a, ESIT). Eu(m)
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ions give rise to red emission with sharp emission bands at 590,
615, 655, 696 nm, °D, — 'F, 53, as can be observed in Eu-UiO-66
(Fig. S7b, ESIt). Eu-UiO-66 also exhibits a broad blue emission with
moderate intensity spanning 350-500 nm corresponding to the
singlet state (S;) emission of the BDC>~ linker and suggesting that
energy transfer from the BDC>™ linker to Eu(m) does not occur with
100% efficiency.

In order to increase the contribution of the blue linker
emission in RE-UiO-66 to generate a white light emitting
MOF, a RE(u) ion with high energy 4f excited states is required
to further supress the linker T, to RE(m) energy transfer path-
way in RE-UiO-66. Given that Gd(m) has very high energy 4f
excited states (>32 000 cm '), strong BDC>~ linker emission is
observed in Gd-UiO-66, giving rise to a broad band centered at
425 nm in the blue (Fig. S7c, ESIt). The excited state energy,
energy transfer pathways, and emissive states in RE-UiO-66
analogues can be visualized in Fig. 4. The BDC>~ linker acts
as the light harvester, with absorbance spanning 200-400 nm
(Fig. S8a, ESIT). When excited into this absorption band, the
excited singlet state of the linker is generated. Owing to the
presence of heavy RE(m) ions, intersystem crossing (ISC) occurs
and gives rise to the T; state of BDC>". This is followed by non-
radiative energy transfer, or the antenna effect, from the BDC>~
T, state to the 4f excited states of RE(m) ions. Owing to the
energy of the T, state of BDC’>~, energy transfer to both Eu(m)
and Tb(u) is possible, whereas energy transfer to the 4f states of
Gd(m) is not possible.

Working towards a white light emitting (RGB) RE-UiO-66
analogue, bi-metal analogues of the MOF were first studied to
gain information about the antenna effect in mixed-metal
RE-UiO-66. In Gd:Eu-UiO-66 (Fig. S9a, ESIT), the blue emission
(Zem = 350-500 nm) from the linker is more intense than that
observed for Eu-UiO-66 (Fig. S7b, ESI}), relative to the Eu(u)
emission. This demonstrates that the presence of Gd(m) leads
to less efficient energy transfer from the BDC>™ linker T, state
to the Eu(m) °D,, °D; and °D, states, in comparison to that
observed in Eu-UiO-66. Tb:Gd-UiO-66 (Fig. S9b, ESIt) on the
other hand, exhibits the same photoluminescence emission
spectrum as Tb-UiO-66 (Fig. S7a, ESIf), meaning that the
presence of Gd(m) does not significantly alter the efficiency of
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Fig. 4 Jablonski diagram depicting excited state energy levels and the
possible energy transfer pathways for the BDC2™ linker and Eu(m), Tb(i),
and Gd(in).
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Fig. 5 (a) Photoluminescence emission spectrum of Tb: Gd : Eu-UiO-66, (b) the CIE diagram and (c) Tb: Gd : Eu-UiO-66 on the LED flashlight with UV-

LED chip (4 = 310 nm).

energy transfer from the BDC>~ linker T; state to the Th(ur) *D,
state. The photoluminescence emission spectrum of Th:Eu-UiO-
66 (Fig. S9c, ESIT) has a weak blue emission (4en, = 350-500 nm)
from the linker, in contrast to Tb-UiO-66 and Tb:Gd-UiO-66,
which suggests that the addition of Eu(m) decreases the effi-
ciency of energy transfer from the BDC*~ linker Ty state to the
Th(m) °D, state, or where it's possible that energy transfer from
Tb(m) to Eu(m) might be playing a role. Both Eu(u) and Tb(m)
transitions are observed in the emission spectrum of Tb:Eu-UiO-
66 with an overlap of the °D, — “F; transition of Tb(m) and
°D, — ’F, transition of Eu(m), hence displaying emission in the
blue, green, and red regions.

Given that green, blue, and red emission is observed in Tb-
UiO-66, Gd-UiO-66, and Eu-UiO-66, respectively, as well as in
the bi-metal RE-UiO-66 analogues, we reasoned that a judicious
mixture of Tb:Gd: Eu should give rise to white light emission.
Indeed, the tri-metal RE-UiO-66 analogues composed of Tb(iu),
Gd(m), and Eu(m) (Tb : Gd : Eu-UiO-66), demonstrate strong blue
emission from the linker, narrow green emission from Tb(ur),
and narrow red emission from Eu(u) (Fig. 5a) when excited into

Th:Gd:Eu-UiO-66
he= 312 1M

Intensity

5h

400 500 600 700 800
Wavelength (nm)

Fig. 6 Photoluminescence emission spectrum of Tb: Gd : Eu-UiO-66 as a
function of time under ambient conditions, irradiated at 312 nm.
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the BDC?~ linker at 312 nm (Fig. S8 and S10, ESI{). Tuning the
composition of Tb:Gd:Eu to 1.5:4.1:0.4 in the hexanuclear
cluster gives a distribution of green, blue, and red emission
simultaneously, giving rise to white-light emission with the CIE
1931 color coordinate of x = 0.3103, y = 0.3901, corresponding
to a cool white colour and correlated colour temperature (CCT)
of 6287 K (Fig. 5b). Tb:Gd:Eu-UiO-66 shows a quantum
yield of 11.4% (Fig. S11, ESIt), similar to that observed for
other photoluminescent and white light emitting RE-MOFs.**%*
Additionally, the trimetallic RE-MOF displays average lifetimes
of 22.5 (478 nm), 34.9 (543 nm), and 16.2 ps (613 nm), for the
°D, — "Fg emission from Tb(m) ions, D, — “F;5 emission from
Th(m) ions, and overlapping *D; — ’F; emission from Tb(u)
ions with D, — ’F, emission from Eu(m) ions, respectively
(Fig. S12 and Table S4, ESIt). When compared to the single-
metal Tbh-UiO-66, which has an emission lifetime on the order
of 1000 pus (°D, — ’Fs)°® the trimetallic Tb:Gd: Eu-UiO-66
displays a lower average lifetime, which suggests energy trans-
fer from Th(m) to Eu(m) is occurring in the trimetallic MOF.%*°°

To demonstrate a proof of concept white light emitting
device incorporating Tb:Gd:Eu-UiO-66, the MOF was coated
onto a UV-LED chip (4 = 310 nm) where the white light emission
can be visually observed (Fig. 5¢). To test the photostability of
Tb:Gd:Eu-UiO-66 under ambient conditions, the MOF was
irradiated at 312 nm and emission spectra were collected at
0,1, 2,3, 4,5, and 6 hours (Fig. 6 and Fig. S13, ESIt). Although
there are some minor intensity differences observed, in all
cases, the blue, green, and red emission bands are maintained,
demonstrating that the MOF continues to emit white light for
hours under ambient conditions.

Conclusions

In conclusion, the photoluminescent behaviour of RE-UiO-66
has been tuned through the generation of bi-metal and tri-metal
Tb:Gd:Eu analogues, ultimately leading to the formation of a
white light emitting MOF. The structure and phase purity of all
MOFs is confirmed by PXRD and nitrogen adsorption—

This journal is © The Royal Society of Chemistry 2023
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desorption analysis with the materials demonstrating high sur-
face area and porosity. The elemental composition of the bi- and
tri-metal analogues is determined by ICP-MS while SEM-EDS
confirms that the Tb(m), Gd(m), and Eu(m) ions are evenly
distributed throughout the MOF crystallites. A ternary system
(Tb: Gd: Eu-UiO-66) was found to be necessary for the genera-
tion of a white light emitting MOF and single crystals of the tri-
metal MOF are observed to emit white light, further confirming
that all 3 metal ions are present in individual crystallites. Finally,
as a proof of concept, Tb : Gd : Eu-UiO-66 was applied as a surface
coating on a UV-LED, giving rise to a device that emits a cool
white colour, with no significant photobleaching or photodegra-
dation observed within 6 hours.

Experimental
Synthetic procedures

RE-UiO-66 was synthesized through a solvothermal synthesis
where a suspension of RE(NO;);-xH,O (see Table S2 for details,
ESIt), terephthalic acid (0.171 mmol, 28.5 mg) and 2,6-
difluorobenzoic acid (2.78 mmol, 440 mg) was prepared in
8 mL of DMA in a 6-dram vial. The solution was sonicated
until all reagents dissolved and was placed in a 120 °C oven for
72 hours. Once out of the oven, the solution was cooled down to
room temperature before centrifugation and subsequent
removal of the DMA reaction solvent. The solid material was
then washed with fresh DMF (3 x 5 mL) over the course of
24 hours and later with fresh acetone (3 x 5 mL) over the course
of 2 days. The material was set to dry in a vacuum oven at 80 °C
for 1 hour and was then activated at 120 °C for 20 hours using a
Micromeritics Smart VacPrep instrument.

Single crystals of Tb:Gd:Eu-UiO-66 were synthesized
through a solvothermal procedure. For that, 0.0798 (35.6 mg),
0.2366 (104 mg), and 0.0246 mmol (10.8 mg) of Tb(NO;);-xH,0,
Gd(NO3);.xH,0, and Eu(NOj;);-xH,O, respectively, were
added to 25 mL of DMA, followed by the addition of formic
acid (15 mL), terephthalic acid (0.42 mmol, 70 mg) and
2,6-difluorobenzoic acid (5.69 mmol, 900 mg). After that, the
suspension was sonicated until all solids were dissolved
and aliquots of 4 mL were distributed in 6-dram vials. The
vials were then sealed and placed into a preheated oven at
140 °C for 96 h.

Characterization and photoluminescence data information
can be found in the ESL}
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