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Developing rare-earth element (REE) free yellow phosphors that can be excited by 455 nm blue light will

help to decrease the environmental impact of manufacturing energy efficient white light-emitting diodes

(WLEDs), decrease their cost of production, and accelerate their adoption across the globe. Luminescent

metal–organic frameworks (LMOFs) demonstrate strong potential for use as phosphor materials and

have been investigated intensively in recent years. However, the majority are not suitable for the current

WLED technology due to their lack of blue excitability. Therefore, designing highly efficient blue-

excitable, yellow-emitting, REE free LMOFs is much needed. With an internal quantum yield of 76% at

455 nm excitation, LMOF-231 is the most efficient blue-excitable yellow-emitting LMOF phosphor

reported to date. Spectroscopic studies suggest that this quantum yield could be further improved by

narrowing the material's bandgap. Based on this information and guided by DFT calculations, we apply

a ligand substitution strategy to produce a semi-fluorinated analogue of LMOF-231, LMOF-305. With an

internal quantum yield of 88% (lem ¼ 550 nm) under 455 nm excitation, this LMOF sets a new record for

luminescent efficiency in yellow-emitting, blue-excitable, REE free LMOF phosphors. Temperature-

dependent and polarized photoluminescence (PL) studies have provided insight on the mechanism of

emission and origin of the significant PL enhancement.
1. Introduction

White LED (WLED) bulbs are a cost- and energy-efficient solid
state lighting (SSL) technology that make up an increasing share
of the global lighting market. The US Department of Energy
estimates that WLEDs will comprise 84% of the US lighting
market by 2030, reducing light energy consumption by 261
terawatt-hours per year, or 40% of the annual lighting energy
consumption, which in turn accounts for approximately 6% of
the total US energy consumption.1,2 Globally, lighting accounts
for 15% of all energy used, and while government regulations
will likely phase out inefficient incandescent lighting in some
areas over the next several years, WLED bulbs must continue to
compete with cheaper incandescent bulbs in much of the
world.3 Decreasing the cost of WLED bulbs will speed their
global adoption, resulting in signicant energy savings. In
addition, switching to phosphor materials that are more
logy, Rutgers University, 123 Bevier Rd,

rutgers.edu

ational Laboratory, Berkeley, CA 94720,

ESI) available. CCDC 1946919. For ESI
other electronic format see DOI:
environmentally benign is equally important. One possible
method to achieve these goals is through the development of
low-cost and rare-earth-element (REE) free phosphors.
Currently, the most cost-effective WLED design is comprised of
a blue-emitting LED chip, coated with a blue-excitable REE
based yellow phosphor or multicomponent phosphors; the
combination of blue light from the chip and yellow light from
the phosphor coating produces white light. This is known as
a phosphor-converted WLED, or PC-WLED. The yellow phos-
phor used in commercial devices is mainly YAG:Ce—a cerium-
doped yttrium aluminum garnet. However, cost and supply
risks for yttrium and cerium may continue to rise due to the
high and increasing demand of these REEs in many high-tech
devices, and mining the REEs is environmentally very
damaging.4,5 Developing new, REE free phosphor materials can
both provide new cost exibility to WLED bulbs and reduce the
environmentally hazardous mining operations.

Metal–organic frameworks (MOFs) are crystalline materials
composed of metal ions linked into a framework by organic
ligands with multiple binding sites. These framework struc-
tures are generally porous and possess highly tunable charac-
teristics, and the properties of a given MOF depend not only on
the properties of the metal and ligand molecules used to
construct it, but also on the connectivity, topology, and inter-
action between framework elements that comprise the
This journal is © The Royal Society of Chemistry 2020
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structure. Due to this tunability, MOFs have been explored for
a wide variety of applications, including gas storage and sepa-
ration, catalysis, medical imaging, drug delivery, sensing, toxin
adsorption, and energy efficient lighting.6–17

Luminescent metal–organic frameworks (LMOFs) are one of
the most promising candidate materials as new phosphors.
Their luminescence can arise from a variety of mechanisms and
interactions within the structure. Emission can be centered on
ligand molecules, metal ions, occur via charge or energy
transfer between different ligands or between ligands andmetal
ions, and involve guest molecules located within the porous
framework.18 These various mechanisms provide multiple ways
to inuence luminescence in MOFs,19 and are part of the reason
why LMOFs are such attractive phosphors. One effective
strategy for designing an LMOF phosphor is through a chro-
mophoric ligand approach, in which an organic chromophore
with desirable emission properties is converted into a ligand
molecule which can be built into a MOF.20 The inclusion of
a ligand into a rigid framework can oen improve quantum
yield through immobilization/rigidication of the chromo-
phore, which reduces or eliminates vibrational and rotational
pathways leading to nonradiative exciton recombination.21,22

A good example of the effectiveness of this strategy is LMOF-
231, or Zn2(tcbpe) (H4tcbpe ¼ 1,1,2,2-tetrakis(4-(4-carboxy-
phenyl)phenyl)ethene).21 The blue-excitable, yellow-emitting
chromophore ligand H4tcbpe was designed by starting from
the known AIE-active tetraphenylethene (tpe) core and using
DFT calculations to as a screening method to identify molecules
with the appropriate electronic structure for yellow emission.
LMOF-231 boasts an impressive quantum yield of 76% under
455 nm blue excitation. However, despite being the highest
quantum yield reported for an LMOF phosphor with properties
appropriate for use in a PC-WLED, the commercial phosphor
YAG:Ce has a higher quantum yield of 96% at the same excita-
tion energy. And despite being reported in 2015, no further
performance improvements have been made in LMOF phos-
phors for PC-WLEDs. More signicant spectroscopic investiga-
tions of energy transfer and other optoelectronic processes in
MOFsmay provide the opportunity to deepen our understanding
Scheme 1 Synthesis of H4tcbpe (R ¼ H) and H4tcbpe-F (R ¼ F).

This journal is © The Royal Society of Chemistry 2020
of luminescence mechanisms in these materials, and provide
opportunities to further enhance performance.23–25

In this work, photoluminescence (PL) spectroscopy is used to
probe the luminescence mechanism in LMOF-231, and DFT
calculations are used to identify a secondary ligand with the
appropriate electronic structure to improve the LMOF's photo-
luminescence quantum yield (PLQY). Based on the information
from these spectroscopic and theoretical studies, a ligand
substitution strategy is used to incorporate this secondary
ligand into LMOF-231, creating LMOF-305, which sets a new
record for LMOF based PC-WLED yellow phosphors with an
internal quantum yield (IQY) of 88% under 455 nm excitation
and an ideal emission peak of 550 nm, and polarized PL spec-
troscopy is used to validate the emission mechanism.

2. Experimental
2.1 Materials and synthesis

All materials were used as received from Sigma Aldrich. The
chromophoric ligands H4tcbpe and H4tcbpe-F were synthesized
using a previously reported method with some modications
(Scheme 1), as was LMOF-231.21,26

LMOF-305 was synthesized solvothermally. H4tcbpe
(0.0305 g, 0.0375 mmol), H4tcbpe-F (0.0332 g, 0.0375 mmol),
and Zn(NO3)2$6H2O (0.149 g, 0.400 mmol) were dissolved in
a glass vial with dimethylacetamide (DMA, 2 mL). The resulting
solution was heated in a reaction oven at 120 �C for 24 hours,
aer which the product was collected via ltration as large,
slightly yellow translucent crystals. Solvent exchange was per-
formed by immersion in approximately 15 mL ethyl acetate for
24 hours, with the solvent being refreshed every two hours for
the rst eight hours, aer which the sample was heated under
vacuum at 50 �C overnight to give the outgassed product with
approximately 58% yield with respect to H4tcbpe.

2.2 Single crystal structure determination

The selected crystal was mounted on MiTeGen® loops in Par-
atone oil on a Bruker D8 diffractometer equipped with
a PHOTON100 CMOS detector and Oxford Cryosystems
Chem. Sci., 2020, 11, 1814–1824 | 1815
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Cryostream 800 plus, on beamline 11.3.1 of the Advanced Light
Source at LBNL. A sphere of data were collected at 100 K using
Bruker APEX3 soware27 in shutterless mode with u rotations at
xed 4 values at l ¼ 0.7749 Å, from a channel cut silicon [111]
monochromator. The intensity data were integrated and
corrections applied with SAINT v8.34a,28 absorption and other
corrections were made using TWINABS 2012/1.29 Dispersion
corrections appropriate for this wavelength were calculated
using the Brennan method in XDIP with in WinGX.30 The
structures were solved with a dual space method with SHELXT
2014/4 and rened using SHELXL 2014/7.31 Once the renement
had converged, SQUEEZE was used to mask the electron density
in the pores.32

2.3 Physical characterizations

A Rigaku Ultima IV diffractometer was used to collect all powder
X-ray diffraction (PXRD) data. Data collection was performed at
room temperature using Cu Ka radiation (l ¼ 1.5406 Å), scan-
ning across a 2q range from 3� to 35� with a scan speed of 2�

2q min�1 and a step size of 0.2�. A TA Instruments Q5000 was
used to perform thermogravimetric analyses (TGA) of all
samples. Samples were loaded into a Pt pan and heated under
constant N2 ow (20 mL min�1) from 30 �C to 600 �C, with the
temperature increasing at a constant rate of 10 �C min�1. SEM
images were obtained using a Zeiss Sigma Field Emission SEM
with Oxford INCA PentaFETx3 EDS system.

2.4 Photoluminescence characterizations

Steady-state PL emission and excitation spectra were collected
from dry powder samples using a Varian Cary Eclipse spectro-
photometer at room temperature. Diffuse reectance data were
collected at room temperature using a Shimadzu UV-3600
spectrophotometer. Internal quantum yield was measured at
room temperature for dry powder samples with a Hamamatsu
C9220-03 spectrophotometer, using a 150 W Xenon mono-
chromatic light source and integrating sphere. Polarized pho-
toluminescence measurements were carried out in reection
mode of an inverted uorescence microscope (Zeiss, AxioVert),
using a 470 nm (�20 nm) excitation light and a 515 nm long-
pass lter in the collection path. The excitation and emission
passed thought the same microscope objective and a dichroic
mirror was used to separate the excitation light from the
emission light. Single crystals of LMOF-305 were positioned
with their c-axis perpendicular to the excitation and collection
directions. Polarizers were added to the excitation and collec-
tion paths to analyze the polarization of the emitted light from
the crystal. Polarization bias in the equipment was quantied
using an amorphous conjugated polymer sample to give an
instrument correction factor. Subsequently, the polarized PL
spectra from LMOF-305 crystals were corrected for polarization
bias in the measurement using the instrument correction
factor.

2.5 Lifetime measurements

Temperature-dependent photoluminescence lifetime measure-
ments were carried out in the solid state using powder samples
1816 | Chem. Sci., 2020, 11, 1814–1824
that had been pressed into pellets on a cryostat (Cryo Industries
of America, Inc., Model 6NSVT Variable Temperature Optical
Top-Loading Nitrogen Cryostat) and temperature controller
(Cryo-con 32B Temperature Controller). A pulsed laser excita-
tion wavelength of 440 nm was employed with a laser repetition
rate of 10 kHz or 20 kHz. The PL emission was collected from
the sample by a convex lens and directed through a 550� 44 nm
band-pass lter to an APD detector for luminescence decay
measurements. The PL lifetime decay data were recorded using
the time-correlated single photon counting method via a Time-
Harp 260 Nano (PicoQuant) with down to 1 ns resolution. The
PL lifetimes of the samples at different temperatures were
extracted by tting the PL decay curves with second-order
exponential decay functions.
2.6 Density functional theory (DFT) calculations

DFT calculations were performed on Gaussian 09, using the
B3LYP3 hybrid functional and DGDZVP basis set.33–38 The
geometries of all ligand molecules were optimized, with
a frequency calculation performed aer geometry optimization
to conrm that the calculations resulted in a true minimum.
3. Results and discussion
3.1 Structure and luminescence mechanism of LMOF-231

LMOF-231 or Zn2(tcbpe) is composed of a zinc-carboxylate
chain forming an innite secondary building unit running in
the c direction, with each tcbpe4� ligand linking four of these
chains linked together. The Zn2+ ions display a distorted tetra-
hedral geometry, with each ion bound to oxygen from four
different ligand molecules, and the ligand molecules organized
into close-packed columns running in the c direction (Fig. 1).

Within each ligand, the dihedral angles of the four phenyl
rings connected to the ligand's central ethenyl moiety vary. Two
phenyl rings bonded to one of the ethenyl carbons have dihe-
dral angles of 42.2� relative to the central ethene, while the two
phenyl rings bonded to the other ethenyl carbon have dihedral
angles of 58.7� (Fig. 1). Each ligand is symmetrically related to
its neighbors above and below it in the column through an
inversion center; this results in the neighboring phenyl rings on
different ligands being arranged in an edge-face-edge fashion,
with close H–H interactions (atom–atom distances of approxi-
mately 2.4 Å) preventing signicant rotation of the phenyl rings
in the structure (Fig. 1). Additionally, DFT calculations indi-
cated that the lowest energy conguration of a single ligand
molecule has ethene-phenyl dihedral angles of 49.4�. The
observed displacement from that value supports the identi-
cation of rigidifying H–H interactions.

The average layer spacing between ligands within these
stacks, determined by simplifying the tcbpe ligand into a 2D
rectangular surface with its corners dened by the four
carboxylate carbons and measuring the distance separating
these surfaces, is 5.4 Å. And since the ligands are arranged in
a tilted fashion, the closest centroid–centroid distance between
phenyl rings in neighboring ligands is 5.93 Å, which is distant
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) A single tcbpe molecule coordinated to eight Zn2+ ions, with the pink-colored phenyl rings having a dihedral angle of 42.2� with
respect to the central ethene, and the blue colored phenyl rings having dihedral angles of 58.7� with respect to the central ethene. (b) A segment
of LMOF-231's infinite secondary building unit, which runs parallel to the c axis. (c) A section of LMOF-231 viewed along the b axis, showing
a single column of tcbpe ligands linking four zinc-carboxylate chains parallel to the c axis. Pink-colored phenyl rings indicate an ethene-phenyl
dihedral angle of 42.2�, while blue-colored phenyl rings indicate an ethene-phenyl dihedral angle of 58.7�. (d) The complete structure of LMOF-
231 viewed along the c axis. (e) The structure of LMOF-231 viewed along the b axis using a space-fillingmodel to illustrate the tight packing of the
ligand molecules. (f) The central tetraphenylethene cores from three neighboring tcbpe ligands within a column, illustrating the edge-face-edge
arrangement, with green lines showing close H–H interactions. Pink-colored phenyl rings indicate an ethene-phenyl dihedral angle of 42.2�,
while blue-colored phenyl rings indicate an ethene-phenyl dihedral angle of 58.7�. Hydrogen have been omitted from Fig. 1a, c, and d for clarity
(Zn ¼ blue, O ¼ red, C ¼ grey, H ¼ white).
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enough to prevent signicant pi–pi interactions that could lead
to quenching.39

LMOF-231 emits yellow light at 550 nm under both blue and
UV excitation, with an IQY of 96% and 76% under 420 and
455 nm excitation, respectively.40 Given the scale of Stokes shi,
it is apparent that the absorbance of both 420 and 455 nm
This journal is © The Royal Society of Chemistry 2020
photons excites an electron from the ground state to a higher
energy state than the state involved in emission, aer which the
electron rapidly relaxes to the emissive state. As the emission
energy (Fig. S2†) is independent of the excitation wavelength, it
is clear that electrons excited by both 420 nm and 455 nm relax
to the same state before emitting (Fig. 2).
Chem. Sci., 2020, 11, 1814–1824 | 1817
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Fig. 2 (a) Schematic illustrating a possible fluorescence mechanism for the more efficient “higher-energy pathway” in LMOF-231 following
absorbance of a 420 nm photon. (b) Schematic illustrating a possible fluorescence mechanism for the less efficient “lower-energy pathway” in
LMOF-231 following absorbance of a 455 nm photon. (c) Schematic demonstrating a possible fluorescence mechanism in a dual-ligand MOF
composed of both tcbpe and a functionalized tcbpe with an offset HOMO–LUMO, in which absorbance on a 455 nm photon on one ligand is
followed by electron transfer to a neighboring functionalized tcbpe ligand with lower-lying HOMO/LUMO energy levels. (d) Schematic
demonstrating a possible fluorescence mechanism in a dual-ligand MOF composed of both tcbpe and a functionalized tcbpe with an offset
HOMO–LUMO, in which absorbance on a 455 nm photon results in direct excitation from the non-functionalized ligand (tcbpe) to the func-
tionalized ligand, injecting an excited electron directly in to the “higher-energy pathway”.
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The only clear difference between excitation at 420 nm and
excitation at 455 nm is the energy level of the orbital that the
excited electron resides immediately aer absorbance of the
photon, which is higher for the 420 nm photon. However, the
fact that absorbance of the 420 nm photon resulted in emission
with a higher quantum yield suggests that the “higher energy
pathway” through which it decays is more efficient than the
“lower energy pathway” available to the 455 nm photon (Fig. 2).

There are slight differences between the photoluminescent
lifetimes of LMOF-231 under 380 nm (UV) and 440 nm (blue)
excitation, supporting the existence of these two pathways
(Table 1). The average amplitude weighted lifetime for LMOF-
231 is approximately 4.14 ns under UV excitation and 3.81 ns
under blue excitation—with the total decay being the sum of
two processes (s1 and s2). However, under UV excitation, the
faster s1 process is more signicant, while the slower s2 domi-
nates under blue excitation. Additionally, both s1 and s2 are
approximately 1 ns slower under UV excitation than under blue
excitation.

This suggests that the quantum yield of LMOF-231 under
455 nm excitation could potentially be improved by altering the
Table 1 Room temperature excited state lifetime data for LMOF-231

Excitation
Average amplitude
weighted s s1 (ns) s2 (ns)

UV 4.14 ns 3.02 (56.3%) 5.59 (43.7%)
Blue 3.81 ns 1.98 (35.6%) 4.80 (64.4%)

1818 | Chem. Sci., 2020, 11, 1814–1824
material's electronic structure such that absorbance of a 455 nm
photon activates the “higher energy pathway”, mimicking
absorbance of a 420 nm photon. One possible way to accomplish
this is through an adapted bandgap modulation approach,41 in
which a functionalized tcbpe ligand with an offset HOMO–
LUMO energy gap relative to the non-functionalized ligand is
introduced into the LMOF as a secondary ligand to create a new
dual-ligand MOF. This could achieve the desired change in one
of two ways. If the ligandwith higher-lying HOMO–LUMO energy
levels is excited by a 455 nm photon, that excited electron could
be transferred to the ligand with the lower-lying HOMO–LUMO
energy levels at a higher energy state than was possible in the
original absorbing ligand (Fig. 2c). Alternatively, absorbance of
a photon may directly excite an electron between the primary
and secondary ligands, with the offset HOMO–LUMO gaps of the
two permitting the 455 nm photon to directly excite the electron
into the “higher energy pathway” (Fig. 2d). As the hole will likely
remain located in the higher-lying HOMO of the originally
excited ligand, emission would need to occur between the two
ligands. Experimentally, these two mechanisms can be distin-
guished by their optical bandgaps; for the rst mechanism, the
optical bandgap will be identical to native LMOF-231, while in
the second mechanism, a decreased optical bandgap would be
observed for the dual-ligandMOF. In either case, this interligand
emission (Fig. 2c and d) would likely occur simultaneously with
intraligand emission from both the primary and secondary
ligands (Fig. 2b).

However, for bandgap modulation with a functionalized
tcbpe as a secondary ligand to be effective, the luminescence
This journal is © The Royal Society of Chemistry 2020
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process in the modulated LMOFmust involve electron or energy
transfer between the primary and secondary ligands. Given the
close spacing between neighboring tcbpe ligands within LMOF-
231 and the electron-rich aromatic core of the ligand, it was
hypothesized that the luminescence process may involve
interactions between neighboring ligands. This suggests that
bandgap modulation would be an effective strategy, as long as
the functionalized tcbpe ligand replace some of the non-
functionalized tcbpe ligands without disturbing the overall
framework structure.

3.2 Development of secondary ligand

Density Functional Theory (DFT) calculations were used as
a screening method to identify the functionalized tcbpe-analogue
with the appropriate electronic structure, and the version of tcbpe
uorinated at the ortho position relative to the carboxylate was
found to meet the design requirements. Calculations indicated
that this ligand, 1,1,2,2-tetrakis(4-(3-uoro-4-carboxy-phenyl)
phenyl)ethane or H4tcbpe-F, possessed HOMO and LUMO
energy levels that are approximately 0.23 and 0.22 eV lower than
those of H4tcbpe, respectively. This is ideal, as the offset energy
levels in combination with a multi-ligand excitation process
should allow the ligand to function as a bandgap modulator for
excitation, while the nearly identical HOMO–LUMO energy gap
should limit changes to the emission wavelength.

Following synthesis, spectroscopic study indicated that the
electronic properties of the uorine-functionalized ligand were
consistent with the relevant calculations. Diffuse reectance
data indicated that the two ligands had nearly identical optical
bandgaps, and their excitation and emission spectra were
nearly identical as well (Fig. 3).

3.3 Structure of LMOF-305

The multivariate LMOF-305 or Zn2(tcbpe)0.8(tcbpe-F)0.2 was
synthesized solvothermally with a 1 : 1 molar ratio for H4tcbpe
and H4tcbpe-F. The resulting single crystals grew up to 2 mm
long, in bloom-like bunches of rectangular crystals. Both PXRD
and single crystal analysis conrmed that inclusion of the
tcbpe-F ligand did not alter the crystal structure or phase of the
Fig. 3 (a) Absorbance-analogue Kubelka–Munk function for H4tcbpe
H4tcbpe-F at 550 nm emission, and emission spectra (solid line) for H4t

This journal is © The Royal Society of Chemistry 2020
LMOF. As shown in Table S1,† LMOF-305 crystallizes in the
same space group as that of LMOF-231 with the same metal and
ligand arrangement, except the distribution of ligand, where
20% of the tcbpe in LMOF-231 (Fig. 1) is replaced by tcbpe-F in
LMOF-305. To determine stability under storage conditions,
PXRD and QY data was measured on a sample of LMOF-305 that
had been stored under air in ambient conditions for two
months; the results are summarized in ESI Section S3.†

Fragments of multiple crystals were analyzed using SEM-EDS
to ensure that the distribution of tcbpe-F within the LMOF was
homogenous (Fig. 4). The elemental analysis data conrmed
that, although the synthetic ratio between H4tcbpe and
H4tcbpe-F was 50 : 50, the resulting LMOF-305 crystal was
composed of approximately 80% H4tcbpe and 20% H4tcbpe-F.
This was consistent with the single crystal data, which yielded
a 20% occupancy of F atoms at the relevant crystallographic site.

Despite the relatively low loading of the uorinated ligand
into the LMOF, the replacement of 20% of the tcbpe ligands
with tcbpe-F leads to a structure in which approximately 50% of
the remaining non-functionalized tcbpe ligands have one
neighboring tcbpe-F ligand either above or below within the c-
oriented ligand stacks. This assumes that two tcbpe-F ligands
rarely neighbor each other, which is reasonable given the low
functionalized ligand loading level and the fact that attempts to
further increase the percentage of H4tcbpe-F within the struc-
ture were not successful, which is likely due to steric crowding
around the zinc-carboxylate chain in the presence of multiple
uorinated ligands. This is consistent with the thermal stability
of LMOF-305 as measured by TGA, which was slightly reduced
relative to LMOF-231 and would be expected in the event that
the inclusion of the uorine increased steric strain near the
zinc-carboxylate building unit (Fig. 4c). TG analysis also indi-
cated that less solvent was present within the LMOF pore, which
is consistent with the presence of uorine slightly decreasing
the available space (Fig. 4c).
3.4 Optical properties of LMOF-305

Following the successful inclusion of H4tcbpe-F into the Zn2(-
tcbpe) framework at 20% occupancy to give LMOF-305, the
and H4tcbpe-F. (b) Excitation (dotted line) spectra for H4tcbpe and
cbpe and H4tcbpe-F under 455 nm excitation.
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Fig. 4 (a) PXRD patterns of LMOF-231 (red) and LMOF-305 (blue) overlaid with the simulated PXRD pattern of LMOF-231 (black). (b) SEM-EDS
images of fragments from three different LMOF-305 crystals, mounted on graphite tape, showing the distribution of C, Zn, N, O, and F atoms
within the samples. (c) Thermogravimetric (TG) curves for LMOF-231 (red) and LMOF-305 (blue).
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material's optical bandgap decreased by approximately 0.3 eV
based on diffuse reectance measurement, and the absorption
intensity at 455 nm increased signicantly (Fig. 5a). The
1820 | Chem. Sci., 2020, 11, 1814–1824
excitation spectrum similarly redshied to increase coverage at
455 nm, while changes to the emission spectrum were minor, as
desired (Fig. 5b). Most importantly, the quantum yield of LMOF
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) UV-vis absorbance analogue Kubelka–Munk function derived from diffuse reflectance for LMOF-231 (red) and LMOF-305 (blue). (b)
Excitation (dotted) and emission (solid) spectra for LMOF-231 (red), LMOF-305 (blue), and the commercial phosphor YAG:Ce (black). Excitation
spectra were monitored at 550 nm emission, and emission spectra were collected under 455 nm excitation.
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305 under 455 nm excitation increased to 88%, a 12% increase
over that of LMOF-231 (76%) under the same excitation energy.

Given that the emission is almost the same for the two
LMOFs yet the Stokes shi is much smaller for the dual-ligand
LMOF-305 (Fig. 5b), the density of electronic states at energies
near the lowest tcbpe LUMO state must be enhanced either due
to reduction in motion of the ligands, which is consistent with
the expected steric inuence of tcbpe-F on the framework SBU
as discussed previously, or due to additional tcbpe-F states that
are very close in energy to the tcbpe LUMO.

In order to demonstrate the effect of tcbpe-F on the PL of
LMOF-305, three additional samples were prepared using
tcbpe : tcbpe-F molar ratios of 85 : 15, 90 : 10, and 95 : 5, and
their quantum yields were measured. Additionally, a physical
mixture consisting of 80% H4tcbpe ligand and 20% H4tcbpe-F
ligand—the ratio present in LMOF-305—was prepared and
optically qualied. As the tcbpe-F content of the LMOF samples
increased, the quantum yield under 455 nm excitation also
increased, and the physical ligand mixture showed no improve-
ment. These results, summarized in Table 2 below and in Fig. S3
and S4,† support the argument that an interaction between tcbpe
and tcbpe-F is responsible for LMOF-305's elevated quantum
yield, and that the specic arrangement imposed by the LMOF
framework is required to enable that interaction.

To further probe the emission mechanism, temperature
dependent photoluminescence lifetime data were collected for
Table 2 Quantum yield data for a physical mixture of 80 : 20
tcbpe : tcbpe-F, LMOF-305, and three LMOF samples prepared with
varying tcbpe-F amounts

Sample
Quantum yield
(455 nm ex.)

80 : 20 H4tcbpe : H4tcbpe-F 52%
LMOF-3050 (5% H4tcbpe-F) 57%
LMOF-30500 (10% H4tcbpe-F) 69%
LMOF-305000 (15% H4tcbpe-F) 83%
LMOF-305 (20% H4tcbpe-F) 88%

This journal is © The Royal Society of Chemistry 2020
the bulk ligands H4tcbpe and H4tcbpe-F, as well as LMOF-231
and LMOF-305, from 77 K to 295 K under 440 nm excitation.
Room temperature lifetime data for all four samples is pre-
sented below in Table 3, and the lifetime data at temperatures
ranging from 77 K to 273 K, as well as the luminescence decay
proles, are given in ESI Section S5.†

Both LMOF samples possessed similar average amplitude
weighted lifetimes of approximately 4 ns (3.81 ns for LMOF-231
and 3.98 ns for LMOF-305) at 273 K, with the total decay being
the sum of two processes (s1 and s2). LMOF-305 showed longer
lifetimes for s1 and s2, with s1 (3.05 ns) being 54% longer than
that of LMOF-231 (1.98 ns) and s2 (6.00 ns) being 25% longer
than that of LMOF-231 (4.80 ns). Despite this, the average
amplitude-weighted lifetimes were very similar because the
longer s2 lifetime was dominant in LMOF-231, while the shorter
s1 lifetime was dominant in LMOF-305.

Importantly, the lifetime behavior displayed by LMOF-305
under 440 nm excitation is very similar to the previously-
discussed lifetime behavior of LMOF-231 under 380 nm exci-
tation. This is strong evidence that inclusion of the uorinated
ligand helped push emission towards the more efficient
“higher-energy pathway”. It should also be noted that the life-
time of LMOF-305 is independent of excitation wavelength
(Fig. S8 and Table S6†), which further indicates that the lumi-
nescence mechanism for the material is identical for both blue
and UV photons, unlike LMOF-231.

A similar trend can also be observed when comparing the
lifetime of H4tcbpe and H4tcbpe-F; both the s1 and s2 processes
Table 3 Room temperature excited state lifetime data for LMOF-231,
LMOF-305, and the two ligands under 440 nm excitation

Sample
Average amplitude
weighted s s1 (ns) s2 (ns)

H4tcbpe 3.44 ns 2.11 (42.2%) 4.49 (55.8%)
H4tcbpe-F 3.57 ns 2.34 (50.5%) 4.83 (49.5%)
LMOF-231 3.80 ns 1.98 (35.6%) 4.80 (64.4%)
LMOF-305 4.05 ns 3.05 (66.2%) 6.00 (33.8%)

Chem. Sci., 2020, 11, 1814–1824 | 1821
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are slower at room temperature in H4tcbpe-F, but the relatively
faster s1 process plays a larger role in the uorinated ligand. This
suggests that the H4tcbpe-F ligand plays a relatively large role in
the emission from LMOF-305, despite the fact that it is present at
a much lower concentration than H4tcbpe, and is convincing
evidence that excitation energy moves to the H4tcbpe-F ligand
before emission. Furthermore, the fact that LMOF-305 has both
a higher quantum yield than LMOF-231 and slower excited state
decay processes indicates that the inclusion of H4tcbpe-F within
LMOF-231 weakens nonradiative excited state recombination.

As discussed in Section 3.1, emission from LMOF-305 is ex-
pected to result from a combination of intermolecular
processes (electron transfer between tcbpe and tcbpe-F), and
intramolecular processes located in a single ligand molecule.
Polarized photoluminescence measurements were carried out
on LMOF-305 single crystals to investigate the relationship
between these processes.

When excitation light was polarized parallel to the c-axis of
the crystal, the PL emission intensity was found to be generally
lower in intensity compared to the PL emission when the
Fig. 6 (a) Non-polarized emission spectra from LMOF-305 under exc
crystallographic c axis. (b) Polarized emission spectra from LMOF-305 o
graphic c axis, produced under polarized excitation that was oriented pa
single crystal used in the polarized photoluminescence experiment inset
crystal orientation with the excitation source polarized parallel with (top
collect polarized emission spectra oriented parallel with (top) or perpe
emission polarization filters are independent, emission spectra were also
other; in the interest of saving space, these measurement geometries ar

1822 | Chem. Sci., 2020, 11, 1814–1824
excitation light was polarized perpendicularly to the c-axis
(Fig. 6a). This suggests that absorption is slightly stronger in the
direction perpendicular to the c-axis (i.e., almost parallel to the
a-axis). This may be because the conjugated ligands absorb
more strongly when light is polarized parallel to the ligand
chain which is oriented almost perpendicular to the c-axis. In
most cases, when the excitation light polarization was parallel
to the c-axis, the emission light was more strongly polarized in
the perpendicular direction (Fig. 6b). Therefore, the dominant
excitation and emission polarizations were orthogonal to one
another, which indicates electronic interaction between ligands
(intermolecular). However, when excitation light was polarized
perpendicularly to the c-axis, the results were less straight-
forward: in some cases the emission polarized along the c-axis
was strongest (i.e., the emission polarization was orthogonal to
the excitation polarization); in other cases the emission polar-
ized perpendicular to the c-axis was stronger or was completely
depolarized (Fig. S9†). These results suggest that the emission
originates from combinations of both intermolecular (tcbpe to
tcbpe-F) and intramolecular ligand excited states.
itation polarized parallel with (black) and perpendicular to (red) the
riented parallel with (green) and perpendicular to (blue) the crystallo-
rallel to the crystallographic c axis, with a photograph of a LMOF-305
in the upper right. (c) Diagram illustrating measurement geometry and
) and perpendicular to (bottom) the crystallographic c index, used to
ndicular to (bottom) the crystallographic c axis. As the excitation and
collected with the excitation and emission filters orthogonal to each
e not shown.

This journal is © The Royal Society of Chemistry 2020
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4. Conclusions

In order to develop LMOF-based phosphor materials capable of
competing with the commercial yellow phosphor YAG:Ce for
applications in PC-WLEDs, it is necessary to be able to obtain
a yellow-emitting LMOF with quantum yield comparable to
YAG:Ce under blue (455 nm) excitation. We have previously
synthesized LMOF-231, based on the chromophoric ligand
H4tcbpe. With a quantum yield of 76% (lex ¼ 455 nm), it
became the highest performing yellow phosphor among all
LMOFs reported to date. However, further improvement was
necessary to increase the material's competitiveness. To
address this, spectroscopic measurements were used to assess
the potential excitation mechanisms, and DFT calculations
were performed to help design a ligand that could be doped into
the LMOF-231 structure and function as a bandgap modulator.
The ligand H4tcbpe-F was synthesized, and spectroscopic
studies indicated that it possessed the qualities predicted by
DFT calculations; namely, reduced HOMO and LUMO energies
and a largely unchanged HOMO–LUMO energy gap. H4tcbpe-F
was successfully doped into LMOF-231 at 20% occupancy, and
the resulting LMOF-305 showed increased blue light absorption
and a signicantly higher quantum yield of 88.2% at 450 nm
excitation, the highest value among all yellow-emitting LMOF
phosphors reported to date. In addition, we conducted an in-
depth spectroscopic study employing temperature dependent
and polarized photoluminescence methods in order to investi-
gate and to gain a fundamental understanding of the PL
mechanism and the origin for strongly enhanced quantum yield
of this LMOF. This work serves as an example of how under-
standing luminescence mechanisms can guide the rational
design of materials with greatly improved performance.
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