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Tb and Eu in MOF-76: Elucidating the Mechanisms
Responsible for the Divergent Excellent and Poor

Photoluminescence Quantum Yields

Dejing Meng, Tonghan Zhao,* Dmitry Busko, Arzu Cosgun Ergene, Bryce S. Richards,

and lan A. Howard*

Metal-organic frameworks (MOFs) have emerged as promising hosts for
lanthanide ions owing to their ability to sensitize the lanthanides and provide
a rigid topology while still permitting interactions with guest species. Among
these lanthanide MOFs, MOF-76 is a noteworthy example composed of
1,3,5-benzenetricarboxylic acid (H;BTC) and lanthanide ions. In this study, a
high photoluminescence quantum yield (®;, ) of 91% for Tb-based MOF-76
(Tb-MOF) is reported, while the efficiency of Eu-based MOF-76 (Eu-MOF) is
over five times lower. A potential circumvention of the poor performance of
Eu3* is energy transfer from Tb** to Eu®*, but it is found that although energy
transfer is efficient the @, of the Eu>* remains low. The study investigates
the cause of the lower quantum yield in Eu-MOF by ruling out possible factors
such as crystal size, guest solvent molecules, and energy transfer from or
back to the linker. None of these are significant loss mechanisms, leading to
conclude that the MOF-76 ligand unfortunately leads to fast non-radiative
deactivation of the Eu** excited state. The results suggest that MOF-76 is an
excellent host for Tb3* ions, but exploration is required for MOF linkers to
simply access the potentially excellent emission efficiency of Eu* ions.

1. Introduction

Metal-organic frameworks (MOFs) belong
to a class of porous and crystalline materi-
als that are assembled from organic ligands
and metal ions.'?] Due to their abundant
and adjustable structures and properties,
MOFs have been increasingly investigated
as functional materials in various fields.
Their potential applications include drug
delivery,>*l catalysis,[>>7] sensors,!” !l as
well as gas adsorption and separation./12-14]
MOFs comprised of lanthanide ions (Ln**)
and organic ligands-herein referred to
as Ln-MOF-are an intriguing subclass of
MOF materials with complex and diverse
topologies.[21>1] Ln** jons possess several
advantages over transition metal ions which
are common to construct the MOF struc-
ture, such as higher coordination num-
bers, abundant coordination geometries,
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and unique electronic transitions result-

ing from the presence of 4f electrons.

On the other hand, the limited absorption
coefficients of Ln** ions in the UV and visible spectral region still
restrict many of the potential applications of Ln** ions.!'”"18] How-
ever, in the Ln-MOF structure, organic ligands can serve as sensi-
tizers by absorbing energy and transferring it to Ln** ions, which
will act as acceptors. This process is commonly referred to as the
“antenna effect”.['92!] Furthermore, through the manipulation of
energy transfer and integration of various emission components
(including different Ln** ions), Ln-MOFs can achieve tunable
emission properties, including white-light emission.[?>%] Con-
sequently, the incorporation of Ln metals as trivalent cations in
the design and synthesis of MOFs has gained considerable atten-
tion in recent years.

MOF-76 (Ln) is a highly explored Ln-MOF that is constructed
using trivalent Ln3* ions and benzene-1,3,5-tricarboxylate
(H;BTC) ligands with 1D channels. It has garnered signifi-
cant attention due to its luminescence, stability, and porosity.
Specifically, Tb** and Eu’* ions are two of the most important
luminescent activators, which have been regarded as attractive
for usage as visible luminescent materials owing to their strong
green and red emission.[?*-28] Tb-based MOF-76 (Tb-MOF) was
first reported by Rosi et al. in 2005.! In 2016, Yan and his
colleagues successfully synthesized Tb- and Eu-based MOF-76
(Tb-MOF and Eu-MOF) with high photoluminescence quantum
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Figure 1. Diagram of synthesizing MOF-76 (Ln) structure. In Tb- or Eu-based MOF-76, upon excitation by UV light, the excited BTC could sensitize Ln*
jons through energy transfer (ET), leading to efficient emission from Tb3* or Eu3* ions. The hydrogen atoms are omitted in the structure.

yields (®p;) of ~72.3% and 55.6%, respectively.**! Microrod-
shaped MOF-76 was synthesized by Yan et al. in 2017.31 The
@, of Eu-MOF was found to be 25.9%, while that of Tb-MOF
was 58.8%. The reported @, of MOF-76 exhibits a significant
difference between Tb** and Eu’* ions as the activators despite
using the same organic ligand. Among these reports, Tb-MOF
possesses higher @, than Eu-MOF, but there is no deep re-
search to explore the reason. Therefore, further investigations
are required to understand and improve the emission efficiencies
of Tb** and Eu’*-based MOF-76.

In this study, we successfully synthesized Tb-MOF with a high
@, of 91% using a microwave-assisted method that is known
to deliver MOF powders in an efficient manner.?>33] However,
when we used Eu* ions as activators, the @, of Eu-MOF was
found to be only 16% which was significantly poorer than that
of Tb-MOF. We then investigated the factors affecting the @, of
Eu-MOF, including crystal morphology, guest solvent molecules,
and energy transfer between Ln** ions and BTC ligands. None
of these majorly increased the Eu** quantum efficiency, leading
us to suggest that the Eu** had a faster non-radiative deactiva-
tion in the MOF-76 than Tb**. This conclusion was further sup-
ported by our studies of mixed Tb**: Eu** MOFs wherein en-
ergy transfer from highly efficient Tb** to Eu** took place. We
noted that in 2019 when Redel et al. fabricated heteroepitaxial
Tb—Eu-BTC MOF film composing Eu-BTC on the top of Tb-BTC
through a layer-by-layer approach, wherein the spatial separa-
tion of the Tb*" and Eu?* ions suppressed their mutual energy
transfer.>*! However, here with a random distribution of Tb3*+
and Eu** through the network we clearly observed the quench-
ing of Tb*" emission and decrease in its lifetime due to the en-
ergy transfer to Eu**. The hybrid Tb-Eu-MOF was constructed
by mixing Tb** and Eu** precursors during the synthesis pro-
cess. It was discovered that the emission color, intensity, and life-
time can be tuned by varying the concentration ratio to Tb** and
Eu’". In an optimized situation, the @, of Eu** increased to 28%
through the efficient energy transfer from Tb**. However, it was
still far lower than that of a pure Tb-MOF. Our results prove that
the BTC ligand and MOF-76 are an excellent choice for Tb**, but
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other hosts should be explored to enhance Eu** performance in
terms of @p,; .

2. Results and Discussion

2.1. Preparation and Characterization of MOF-76 (Tb and Eu)

The formation process of MOF-76 (Ln) is schematically shown
in Figure 1. The lanthanide precursors (salt of Tb** or Eu’*)
and BTC were dissolved in N, N-dimethylformamide (DMF), and
deionized water (DI water) mixed solution in a microwave glass
vessel. The vessel was then placed in a microwave reactor and
heated to 80 °C for 2 h. Following the reaction, the products were
washed with ethanol three times and dried in the air. The result-
ing samples were referred to as Tb-MOF and Eu-MOF, respec-
tively. According to the previous literature, the central Ln** jons
in the structure of MOF-76 were seven-coordinated by six oxygen
atoms from the carboxylate groups of BTC ligands and one dis-
torted water molecule. *) The identical powder X-ray diffraction
(PXRD) patterns (Figure 2a) of the as-synthesized Tb-MOF and
Eu-MOF materials indicated that they were isostructural com-
pared with the simulated pattern.®! However, the size of the
Eu-MOF crystals was markedly smaller, which was evident from
the broader PXRD peaks. This was verified by scanning elec-
tronic microscopy (SEM), as shown in Figure 2b,c, which demon-
strated that Tb-MOF and Eu-MOF have different morphologies
and sizes. The particles of Tb-MOF exhibit rod-like and plate-like
structures with a normal length of ~10 um. On the contrary, the
particles of Eu-MOF were composed of aggregated fibers without
a specific shape, and the length of isolated fibers was measured
to be ~1 pm.

2.2. Luminescence Properties of Tb-MOF and Eu-MOF
As for Figure 2d,e, the excitation spectra of Tb-MOF and Eu-MOF

exhibited similar strong bands originating from BTC organic lig-
and absorption 295 nm. Based on Reinhoudt’s empirical rules,
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Figure 2. Characterization of Tb-MOF and Eu-MOF. a) The identical powder X-ray diffraction (PXRD) patterns of Tb-MOF and Eu-MOF. SEM images
of b) Tb-MOF (scale bar: 20 pm) and c) Eu-MOF (scale bar: 2 um). The excitation and emission spectra of d) Tb-MOF and e) Eu-MOF. f) Quantum
yields (®p ) of Tb-MOF and Eu-MOF before and after activation. Tb-MOF: excitation: 295 nm, emission: 545 nm; Eu-MOF: excitation: 295 nm, emission:

615 nm.

for efficient energy transfer, ligands should have a gap between S,
and T, (AE,) that is larger than 5000 cm™!, and the energy of the
T, state of the ligand should exceed the excited state of the Ln3*
ion (AE,) by more than 3000 cm~1.3738] We estimate the singlet
energy level using the absorption spectrum of BTC (Figure S1,
Supporting Information), the absorption edge is ~297 nm in-
dicating that BTC molecules can absorb energy to excited elec-
trons to the S, state up to this wavelength. Therefore, the relative
lowest absorption energy level, the S, state, is estimated to be at
33 670 cm™!. In addition, we got the T, state at 25 100 cm™! ac-
cording to the previous published paper. We note that these are
very rough estimates and coupling with the structure could af-
fect the precise placement of these levels. In both Tb-MOF and
Eu-MOF systems, the energy gap satisfies these rules (as shown
in Figure S2, Supporting Information), indicating that the energy
could be transferred from BTC ligands to Tb** or Eu’*. It is worth
noting that the BTC ligand exhibited a significantly higher triplet
state energy (T}, 25 100 cm™!) compared to the emitting states
of Tb** (°D,, 20 810 cm™!) and Eu** (°D,, 17 830 cm™!).3%4%) In
that case, the ligands acted as light-harvesting chromophores and
transferred the energy to Ln** ions whereas back-transfer from
the Ln3* ion to the ligand was expected to be negligible (this ex-
pectation is experimentally confirmed later). No emission from
the ligands was observed in the Tb-MOF or the Eu-MOF as shown
in Figure 2d,e. The photoluminescence spectrum of Tb-MOF
exhibited the characteristic transitions of the Tb** ion at 488
(°D,—"F;), 545 (°D,—’F.), 582 (°D,—~’F,), and 623 (°D,—"F,)
nm. As for the Eu-MOF, the emission peaks of the Eu** ion were
observed at 591, 616, 652, and 700 nm, which were ascribed to the
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SD,—’F,, °Dy—’F,, °Dy—’F,, and *D,—’F, characteristic tran-
sitions, respectively.

Although the BTC ligands both in Tb-MOF and in Eu-MOF
acted as light-harvesting chromophores and transferred energy
to the Ln** ions, the quantum yields of Th-MOF and Eu-MOF
showed a significant difference, as seen in Figure 2f. Thus, the
@, of Tb-MOF was 91%, a really high efficiency among the cur-
rent reported MOF-76 materials (Table S1, Supporting Informa-
tion). This excellent efficiency confirms that MOFs should be fur-
ther considered as solid-state hosts for Ln** ions. At the same
time, the ®, of Eu-MOF was only 16%, which was over five-
times lower than Tb-MOF. Further investigation was necessary
to understand why the ®@;; of Eu** was lower than Tb*" and to
identify potential methods to improve the ®,; of Eu’*. Initially,
several potential hypotheses were put forward on factors influ-
encing the energy transfer: 1) size and morphology; 2) back en-
ergy transfer from Eu®* to BTC ligand (unexpected but need to
be verified); and 3) the presence of solvents in Eu-MOF leading
to luminescence quenching of the Eu’*.

The morphological characteristics were revealed by the SEM
images (Figure 2b,c). It is commonly understood that the sur-
face area of materials diminishes as their size and dimensions
increase, leading to a marked reduction in defects.334142] De-
fects within the material facilitate the formation of quenching
centers that promote the nonradiative recombination process
and consequently reduce the luminescence. The dissimilar mor-
phologies and sizes of Tb-MOF and Eu-MOF were attributed
to variances in their respective precursors. According to previ-
ous reports, sodium acetate can function as a capping agent and
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modulate the size of MOF-76.) In addition to the carboxylic
groups of BTC ligands, Ln** ions also can coordinate with acetate
groups, consequently, the competitive coordination between BTC
and acetate governs the rates of nuclei formation and crystal
growth. The participation of acetate groups in the reaction accel-
erates the formation of crystal nuclei while decelerating the rate
of crystal growth, ultimately leading to a reduction in the size
of MOF-76. Also, some Ln** still partially coordinated by acetate
may be incorporated into the network and introduce defects.

To examine the morphology effect, Eu** precursor was
changed from europium acetate to europium nitrate, and sub-
sequently, Eu-MOF_02 was synthesized, which exhibited simi-
lar morphology to Tb-MOF as evidenced by SEM imaging and
PXRD results (Figure S3, Supporting Information). Despite the
much-increased crystal size, the resulting ®;; of Eu-MOF_02 was
merely 18% resembling that of the sample synthesized using eu-
ropium acetate. Therefore, it can be concluded that morphology-
related defects were not the primary factor contributing to
the low @, .

At room temperature, essentially no fluorescence or phospho-
rescence emissions of a ligand part of Eu-MOF were observed
in the steady-state emission spectrum. This indicated that en-
ergy transfer from the ligand to the Ln** ion was efficient, but
if there was a significant back energy transfer, we might not see
it as the phosphorescence emission at room temperature could
be also quite low. As to pure BTC ligands, it was easy to observe
their fluorescence and phosphorescence emission at room tem-
perature (Figure S4b, Supporting Information). There were two
emission peaks around 368 and 566 nm in the steady-state spec-
trum. Being detected with a time-gating delayed detector mode,
wherein emission was only recorded 0.1 to 10 ms after an excita-
tion pulse, only the peak at 544 nm was observed in the spectrum,
verifying the presence of the triplet level at this wavelength that
was consistent with the previous report.[}] If there was back en-
ergy transfer in Eu-MOF, the energy would reach the triplet state
of ligands. It would have been possible to detect the phospho-
rescence emissions at low temperatures due to the restriction of
vibration of ligands which was beneficial to the radiative emis-
sion from the triplet state.[**#6] We measured the temperature
dependence of the photoluminescence spectra and no phospho-
rescence of BTC was detected in the emission spectra of Eu-MOF
or Tb-MOF when the temperature was varied from 98 to 293 K
(Figure S4, Supporting Information). Consequently, it inferred
that the low @}, was not linked to back energy transfer (as ex-
pected based on energetic considerations).

Turning to consider the presence of coordinated solvent in
MOEF-76, which could influence the stronger deactivation of lumi-
nescence for Eu*" ions than Tb** ions.[*] As the water molecules
typically serve as quenching agents for lanthanide luminescence
due to the stretching vibration of hydroxyl groups, 244 it was
crucial to consider the influence of the water-containing solvent.
To explore the correlation between low @, and solvent trapped
in the MOF channels, a thermogravimetric analysis (TGA) curve
was initially examined (presented in Figure S5, Supporting Infor-
mation). Based on the TGA curves, Eu-MOF exhibited two ther-
mal weight loss stages. The first stages of weight loss correspond
to the evaporation of solvents located in the channels of Eu-MOF.
The inflection point ~100 °C reasonably corresponds to the boil-
ing points of water. The evaporation of DMF was not observed,
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likely because DMF has been exchanged out during the ethanol
washing process. The second weight loss state (%550 °C) is at-
tributed to the collapse of framework under high temperatures.
Subsequently, based on this analysis, the Tb-MOF and Eu-MOF
samples were put into a vacuum oven at 150 °C for 24 h to re-
move the residual solvents. However, whereas the photolumines-
cence spectra exhibited only a minimal variation after activation,
as depicted in Figure S6 (Supporting Information), the activated
MOF samples exhibited lower @, values. The @, of activated
Tb-MOF reduced to 48%, while for activated Eu-MOF, the @,
decreased down to 8% (Figure 2f). Hence, we can exclude the co-
ordinated water as the contributing factor to the observed low ®p;
of Eu-MOF. The ®;; was the best in the as-synthesized form and
activation just reduced ®p; .

Based on these results, we suggested that the low ®;; ob-
served in Eu-MOF was mainly due to a low intrinsic quantum
yield (@, g,) of Eu*t. The ®,,, 5, can be calculated by using the
measured luminescence lifetime = and the radiative (or natural)
lifetime 7y, as given in Equation (1).'] The 7y, as defined, is not
influenced by any factors such as energy transfer and quenching.

T
(Dlnt—Eu = T_ (1)
R

The radiative lifetime 7 of Eu** can be calculated using Equa-
tion (2) via the emission spectrum of Eu-MOF.

I
1 = Aypo n <ﬂ> ()

TR Ivp

where, n represents the refractive index of the medium, Ay
is the spontaneous emission probability for the °D,—’F, transi-
tion in vacuo-where, according to previous reports, has a value
of 14.65 s™'—and Iy, /Iyp is the ratio of the total area of the
corrected Eu** emission spectrum to the area of the °D,—’F,
band.*! Here the n was assumed to be 1.4, and the calculated
@, Value was 26% which is in reasonable agreement with the
measured value (especially considering the cubic dependence on
the approximated n). Therefore, our findings suggest that the
primary reason for the low ®;, of Eu-MOF was likely the low
intrinsic quantum yield of Eu** in the BTC framework. In the
next section, we investigated whether this low intrinsic quantum
yield was due to concentration quenching (i.e., transfer amongst
Eu’" ions until a bad site with fast nonradiative deactivation was
found).

2.3. Preparation and Characterization of Hybrid Tb-Eu MOF

In order to improve the quantum yield of Eu-MOF, hybrid Tb-
Eu MOF was considered due to the high ®,; of Tb-MOF. Perhaps
energy transfer from Tb** to more isolated Eu** could help the
®@,, of the Eu** by decreasing the energy transfer between Eu*
ions and turning off the concentration quenching. A series of hy-
brid Tb-Eu MOF were synthesized by varying the proportion of
Eu* to Tb** ions in the synthesis solution. The resulting sam-
ples were named in Tb-Eu-MOF_01 (Tb**: 95%, Eu**: 5%), Tb-
Eu-MOF_02 (Tb**: 90%, Eu’*: 10%) and Tb-Eu-MOF_03 (Tb**:
85%, Eu**: 15%). The accurate ratio of Tb** and Eu’" ions in
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Figure 3. Characterization of hybrid Tb—~Eu MOF materials. a) The normalized photoluminescence (PL) emission spectra of hybrid Tb—Eu MOF. b) The
CIE image of Tb-MOF, Eu-MOF, and hybrid Tb—Eu MOF materials. c) The PXRD patterns of hybrid Tb—Eu MOF. d) Time-resolved luminescence spectra
of Tb3* ions monitored at 545 nm. Excitation: 295 nm, a 395 nm long pass filter was put between the sample and detector.

hybrid MOF structures can be seen in Table S2 (Supporting In-
formation). Upon synthesis of the hybrid Tb-Eu-MOF, charac-
teristic emission peaks of both Tb** and Eu’* ions were ob-
served in the emission spectra, as shown in Figure 3a. The emis-
sion peaks of Tb*" ions decreased gradually with the increasing
percentage of Eu** ions in the hybrid MOF, indicating possi-
bly the energy transfer from Tb** to Eu*. In addition, the color
of the hybrid MOF materials was tuned from green via yellow
to orange-red at an increase in the concentration of Eu** ions
in the host matrix within the MOF-76 structure (Figure 3b). As
to the PXRD, the diffraction peaks of hybrid Tb-Eu-MOF were
coincident with simulated MOF-76 which means these hybrid
MOF were isostructural compared with the simulated pattern
(Figure 3c). However, according to the morphology studies by op-
tical microscopy (Figure S7, Supporting Information), the sizes
and morphologies of the hybrid Tb-Eu MOF particles changed
along with the increase of Eu** percentage. When the Eu’* per-
centage was low (Tb—Eu-MOF_01), the morphology of the parti-
cles was similar to that of Tb-MOF. As the Eu?* percentage in-
creased to 10% in Th-Eu-MOF_02, more rod-like particles with
smaller sizes were observed. When the Eu** percentage reached
15% in Tb—Eu-MOF_03, the size of particles decreased signifi-
cantly.

In terms of photophysical properties, the lifetimes of Tb**
and Eu** ions were measured in hybrid Tb-Eu MOF, respec-
tively (Figure 3d; Figure S8, Supporting Information). As shown
in Figure 3d, the lifetimes of Tb** ions at 545 nm significantly
decreased from 1370 to 616 ps once the Eu** ions were intro-
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duced into the hybrid structure. With an increase in the Eu**
percentage to 10%, the lifetime of Th—Eu-MOF_02 decreased fur-
ther to 300 ps, and in Tb-Eu-MOF_03 (Eu**: 15%), it dropped to
238 ps. In contrast to the behavior observed for Tb** ions, the
lifetimes of Eu** ions at 616 nm almost remained unchanged
in the hybrid MOF structures (Figure S8, Supporting Informa-
tion). As the variation in the lifetimes of Tb** was observed in
the hybrid Tb-Eu MOF, thus the quenching of the Tb** emis-
sion can be attributed to the energy transfer mechanism from
the Tb-centered to the Eu-centered species.”!l And below we
used this to provide more information on the diffusion of ex-
cited states between Tb** ions. This energy transfer behavior
was further verified by excitation spectra. For the excitation spec-
tra of Eu-MOF and Tb-Eu-MOF_03, 700 nm was monitored be-
cause of the emission silence of Tb** ions at this wavelength. The
excitation spectrum of Tb—Eu-MOF_03 shows three additional
peaks at 351, 369, and 488 nm compared to Eu-MOF (Figure S9,
Supporting Information). On the other hand, those three wave-
lengths can directly excite Tb** ions, indicating the excited Eu**
ions in hybrid Tb—Eu MOF should be generated by energy trans-
fer from Tb** ions. However, the lack of change in the life-
time of Eu** in the hybrid Tb-Eu MOF compared to the pure
Eu-MOF indicates that concentration likely was not the cause
of the low @,

Stern—Volmer (S-V) analysis is a well-known technique for
studying luminescence quenching phenomena.[?33] The S-V
plot (Figure 4a) demonstrated a direct correlation between the
concentration of Eu** ions and the relative lifetimes of emitters
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Figure 4. Investigation of energy transfer in hybrid MOFs. a) The SV plot of Tb—Eu MOF. b) The energy transfer efficiency of Tb**+ to Eu* ions in hybrid
Tb—Eu MOF. c) The energy transfer diagram of hybrid Tb—Eu MOF. d) The quantum yields of hybrid Tb—-Eu MOF.

as evidenced by the linear relationship observed. In this case, the
SV equation be precisely described as:

k
Ky [Q] = T]:T_bEu -1 (3)

where Kgy is the S-V constant, [Q] means the concentration of
quencher (Eu*), k = 1/z, donates the transition rate, the sub-
scripts ,_p, and g, represent the hybrid Tb-Eu MOF and Tb-
MOF, respectively. The linear dependence allows suggesting that
the luminescent quenching was attributable to dynamic factors
alone.[3] Therefore, the changes in the luminescent property of
Tb** ions can be primarily attributed to energy transfer from
Tb** to Eu?* ions. The Kg, = 44.8 was obtained from the S-V
plot, and the diffusion length (I;,) of the excited state of the Tb**
ion was estimated by employing:

_[6Ky,
b=\ r (4)

where R’is the interaction radius that was assumed to be 0.5 nm
for the Tb-Eu MOF.1? Consequently, the diffusion length of the
Tb** excited state was calculated to be 6.5 nm, indicating the
transfer of energy from the excited state of Tb** to Eu** could
occur effectively.

Adv. Optical Mater. 2024, 2300867 2300867 (6 of 8)

As next, the efficiency of energy transfer (z;) from Tb** to
Eu’* can be calculated by:

et = % (5)

As depicted in Figure 4b, there was a gradual increase in np; at
a rise of Eu** ions concentration from 55% in Tb-Eu-MOF_01
to 83% in Tbh-Eu-MOF_03. In addition, we increased the per-
cent of Eu** ions to 20% and 30% which were named Tb-Eu-
MOF_04 and Tb—Eu-MOEF_05, and the #,; increased to 89% and
94% (Figure S10, Supporting Information). The collective energy
transfer pathways within the hybrid Tb—Eu MOF are illustrated
in Figure 4c. Given the high efficiency of #;; between Tb** and
Eu’* ions, the Eu** ions in the hybrid MOF system were expected
to exhibit enhanced emission efficiency. Unfortunately, the total
@, of hybrid MOF materials (presented in Figure 4d) decreased
from 43% to 34% to 30% along with the increasing percentage of
Eu’* ions in the hybrid MOF materials. The ®,, dropped to 20%
when the Eu** ions up to 30% among the hybrid MOF structure.
Therefore, too much dopant is not good at improving the total
®,, . Despite this, it was worth noting that ®,, as determined by
calculation of the ratio of Eu-MOF emission and hybrid emission,
was increasing somewhat and the maximum @, was achieved
in Tb-Eu-MOF_02 (28%). However, the average @, remained
consistent with the intrinsic value previously estimated. In ad-
dition, considering the lifetime of Eu3* and the intensity ratio of
>D,—’F, to °D,—’F, were almost unchanged, we concluded that
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the intrinsic quantum yield of Eu** was still low and relatively
unchanged when Eu** was diluted in Tb** MOF. Therefore, the
concentration quenching to energy transfer to poor sites in the
Eu-MOF was not the cause for the low ®,. Rather our results
suggest that the low ®;, must be due to non-radiative channels
that are intrinsically present at all Eu’* sites.

3. Conclusion

In conclusion, we synthesized Tb-MOF with a high ®;; more
than 90% and Eu-MOF with a rather low @, (only 16%) based
on BTC ligands. Thus, the material system was an excellent host
for Tb** but a poor one for Eu**. After conducting several exper-
iments to understand the poorer performance for Eu**, we have
excluded several factors such as morphology-related surface de-
fects, back energy transfer from Eu* to BTC ligands, and the
guest quenching in Eu-MOF channels. Additionally, concentra-
tion quenching was eliminated through the inclusion of various
small concentrations of Eu** in a Tb** MOF. The results there-
fore allowed us to conclude that the main reason for the low @,
of Eu-MOF is the limited intrinsic quantum yield of Eu** at each
Eu’* site in the framework. While MOF-76 has shown to be a fa-
vorable host for Tb** ions, additional investigation is necessary
to determine suitable MOF hosts for Eu** ions.

4. Experimental Section

Materials:  Terbium (I1) nitrate pentahydrate (Tb(NO3);-5H,0) and
europium (I11) acetate hydrate (Eu(OAc);-H,0) were purchased from
Sigma—Aldrich. Europium (l11) nitrate hexahydrate (Eu(NOj3);-6H,0) and
1,3,5-benzenetricarboxylic acid (H; BTC) were purchased from Alfa—Aesar.
N, N-dimethylformamide (DMF) was purchased from Merck KGaA.

Characterization: Ln-MOF (76) was synthesized by a microwave syn-
thesis reactor (Monowave 400). Powder X-ray diffraction patterns were ob-
tained using a D8 Phaser diffractometer (Bruker) at 40 kV for Cu Ka with
a scan speed of 10 s per step. Photoexcitation spectra were carried out
on Edinburgh FS5 spectrofluorometer with an internal Xe lamp excitation
source. Phosphorescence spectra and long-lived lifetime were also mea-
sured on Edinburgh FS5 spectrofluorometer using an internal microsec-
ond flashlamp (uF lamp) as illumination source. The time-resolved decay
for all samples were monitored at the characterized peaks (Tb3* at 545 nm
and Eu3* at 616 nm with a bandwidth of 5 nm). A long pass filter was set
between the sample and detector to block the scattering excitation light.
Equipped with an integrating sphere (15 cm diameter, Labsphere), the ab-
solute photoluminescence quantum yields and luminescence spectra were
performed on the AvaSpec-2048x64TEC spectrometer (Avantes BV) using
300 nm UV LED (Thorlabs Inc.) as the excitation source. The thermal stage
MHCS622 (Microptik BV) was used for the temperature-dependent pho-
toluminescence measurement. Optical microscope images were captured
by Keyence VH-Z500R. Thermogravimetric analysis (TGA) was carried out
at a heating rate of 10 K min~" under nitrogen protection on TGA/DSC 3+
(Mettler-Toledo) device. SEM images were acquired on a Zeiss SUPRA
60 VP microscope. Extinction spectra were obtained using an Agilent Cary
7000 UV-vis—NIR spectrophotometer. The ratios of Eu>*:Tb3*+ were tested
by Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES).

Synthesis of Ln-MOF (76) Materials by Microwave Reactors: Ln precur-
sors (0.28 mmol) and H;BTC ligands (0.1 mmol) were dissolved in a
mixed solution of DMF (8 mL) and deionized water (4 mL). The mixture
was transferred to a glass vessel and fixed it. Then the glass vessel was
placed into a microwave reactor at 80 °C with stirring 600 rpm for 2 h.
After the reaction, the solid products were collected by centrifugation. Fi-
nally, the products were washed with ethanol three times and then dried
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in air. The dried powders were fixed between two quartz plates waiting for
emission and quantum yield experiments.

Activation of Tb-MOF and Eu-MOF: The dried powder samples were
stored in a glass vial and put into a vacuum oven at 150 °C for 24 h. After
activation, the powders were fixed between the quartz plates for lumines-
cence measuring.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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