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ABSTRACT: An important aspect in the research and
development of white light-emitting diodes (WLEDs) is
the discovery of highly efficient phosphors free of rare-
earth (RE) elements. Herein we report the design and
synthesis of a new type of RE-free, blue-excitable yellow
phosphor, obtained by combining a strongly emissive
molecular fluorophore with a bandgap modulating co-
ligand, in a three-dimensional metal organic framework.
[Zng(btc),(tppe),(DMA),] (btc = benzene-1,3,5-tricar-
boxylate, tppe = 1,1,2,2-tetrakis(4-(pyridin-4-yl)phenyl)-
ethene, DMA = dimethylacetamide) crystallizes in a new
structure type and emits bright yellow light when excited
by a blue light source. It possesses the highest internal
quantum yield among all RE-free, blue-excitable yellow
phosphors reported to date, with a value as high as 90.7%
(Aex = 400 nm). In addition to its high internal quantum
yield, the new yellow phosphor also demonstrates high
external quantum yield, luminescent and moisture stability,
solution processability, and color tunability, making it a
promising material for use in phosphor conversion
WLED:s.

T oday, white light-emitting diodes (WLEDs) are gradually
replacing incandescent and fluorescent lamps as a result of
their lower energy consumptions, higher efficiencies, and longer
lifetimes. Common approaches to fabricate WLED:s include: (a)
multichip combination, where three primary colored LED chips,
namely red, green, and blue (RGB) diodes are used to generate
white light,1 and (b) phosphor conversion (PC), in which white
light is produced from the combined emissions of a phosphor
coated on and excited by an LED chip. The combinations can be
either a yellow-emitting phosphor on a blue LED chip,”* a
multicomponent phosphor (e.g, mixture of red-, green-, and
blue-emitting material) on a UV (or near UV) chip,* or a white-
emitting phosphor on a UV chip.>® Most commercially available
WLED products are PC-, rather than RGB-based, as the latter
type is far more expensive. Among various PC-LEDs, both RGB
and white phosphors require the use of a UV chip, which is
associated with certain drawbacks, such as lower theoretical
efficacy compared to blue chip WLEDs, higher input energy and
cost, and possible leak of UV radiation.” WLEDs made of a blue
chip coupled with yellow phosphor are preferred for their
apparent advantages, when considering these factors,”® but the
disadvantage is their relatively low color rendering index (CRI)
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and high correlated color temperature (CCT) as a result of
deficiency in red emission.” At the present time, almost all
commercial phosphors are rare-earth (RE)-doped oxides,
sulfides, oxysulfides, oxynitrides or nitrides; the RE metals,
such as europium, terbium, and yttrium, are essential ingredients
in these phosphors and play a crucial role in controlling their light
color and quality.>'°~"* However, as the demand of RE elements
continues to increase in almost all high-tech applications, their
potential supply risks and sharply raised prices (an increase of 4—
49 fold from 2001 to 2011) have pushed the search for alternative
RE-free phosphors to a level of high importance.'*

Metal organic frameworks (MOFs) have attracted tremendous
attention due to their potential in various applications.">~>° The
first RE-free, white-emitting MOF phosphor was reported in
2009,*' followed by several subsequent studies on various
MOFs,**™> however all of these materials suffer from low
internal quantum yields (IQY, defined as the ratio of the number
of photons emitted to the number of photons absorbed),
typically <20%. Other noteworthy examples include Eu**- and
Eu**-doped yellow-emitting homoleptic imidazolates®® and
white-emitting [La(mbdc)(stp)] (mbdc = isophthalate, stp =
4-(2,2':6' 2"-terpyridin-4’-yl)benzenesulfonate)*” as well as
several LnMOFs that emit white light,m_31 but all contain RE
elements and must be excited by UV or near-UV light.

Here we report the design and synthesis of a new RE-free
yellow phosphor made of MOF, [Zng(btc),(tppe),(sol),]. The
compound emits intrinsic yellow light upon excitation with blue
light with exceptionally high quantum efficiency. Recent studies
by us and others reveal that emission of luminescent MOFs
(LMOFs) comprised of Group 12 metals (e.g, Zn) and
fluorescent ligands typically involves ligand-based electron
transfer or ligand-to-ligand charge transfer (LLCT) pro-
cesses.””>* The LMOFs often show significantly enhanced
photoluminescence (PL) with respect to the constituting ligands
themselves,***>*® and the shift in emission energy (if any) is
usually <15 nm compared to that of the ligand.>**”>® In order to
obtain highly efficient RE-free, blue-excitable yellow phosphors,
our strategy is to construct zinc-based LMOFs using highly
emissive fluorophore ligands, such as tppe (1,1,2,2-tetrakis(4-
(pyridin-4-yl)phenyl)ethane, Figure 1A). At room temperature,
tppe emits strong green light (500 nm) with a relatively high IQY
(57.2%, Ao, = 400 nm),* making it a suitable linker candidate.
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Figure 1. The (A) tppe and (B) btc ligands. (C) Primary and (D)
secondary building units. (E) Polyhedron drawing illustrating overall
connectivity. (F) Topological net of 1. (G) 1D channels in the
framework viewed along the g-axis. (H) Framework viewed along the b-
axis.

However, to achieve yellow emission, a decrease in the HOMO—
LUMO gap (also referred to as “bandgap” when emphasizing the
nature of the infinite network of the MOFs, as an analogue of
pure inorganic compounds) of the resulting LMOF with respect
to that of tppe is required. We have accomplished this through a
bandgap modulation approach, using 1,3,5-benzentricarboxylate
(btc, Figure 1B) as a co-ligand. Our theoretical calculations
employing density functional theory (DFT, see Supporting
Information, SS) indicate that btc has a LUMO energy that is
lower than that of tppe. This will most likely result in a reduced
band gap of the LMOF built on the two ligands (Figure 2A).
Solvothermal reactions of Zn(NO;)-6H,0, tppe, and btc in
dimethylacetamide (DMA) produced needle-shaped yellow
crystals (70% yield). The compound crystallizes in the triclinic
crystal system, space group P-1 (Table S1), and has the general
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Figure 2. Optical properties of 1a compared to tppe and YAG:Ce?*. (A)
Schematic presentation of orbital energies for tppe (left), btc (middle),
and 1la (right) calculated by DFT method. (B) Optical absorption
spectra of tppe (dotted line, pink) and 1a (solid line, navy blue). (C)
Optical excitation (left) and emission (right) spectra of tppe and la.
Excitation: tppe (dotted line, pink) and 1la (solid line, navy blue)
monitored at 500 and 540 nm, respectively. Emission: tppe (dotted
lines, black and red, excited at 360 and 400 nm, respectively); 1a (solid
lines, black, red, blue, and green, excited at 360, 400, 420, and 440 nm,
respectively). (D) Optical excitation (left) and emission (right) spectra
of 1a and YAG:Ce* (type 9800, Global Tungsten & Powders Corp.).
Excitation: 1a (navy blue) and YAG:Ce®* (dark red), monitored at 540
nm. Emission: 1a (green) and YAG:Ce** (pink) excited at 440 nm.

formula [Zng(btc),(tppe), (DMA),]-9DMA-12H,0(1).* The
structure is a new type of three-dimensional (3D) network with
2-fold interpenetration. The framework is built on two different
building units: a primary building unit (PBU, Figure 1C), and a
paddle-wheel-based secondary building unit (SBU, Figure 1D).
The PBU is comprised of a tetrahedrally coordinated Zn**,
connected to two nitrogen atoms (from two different tppe
ligands) and two oxygen atoms (from two carboxylate groups of
two different btc ligands); the distance of Zn®** to the other
uncoordinated oxygen atoms that share the carboxylates is 2.6
and 2.7 A, which is too long to be considered as bonds when
compared to typical Zn—O bond lengths (~2.0 A) found in
MOFs.*""* The two Zn®* atoms in the SBU each bond to four
carboxylate oxygen atoms from four different btc linkers and an
oxygen atom from a DMA molecule. The two types of building
units are connected by btc linkers, forming a 3D net (Figure 1E),
and two such identical nets interpenetrate to give rise to the
overall 3D framework (Figure 1F). The framework possesses a
1D channel along the a-axis (Figure 1G) with a cross section of
6.5 X 6.6 A%, measured as the closest distance between the two
carbons on opposite sides of the internal wall, excluding van der
Waals radius. Viewed along the b axis, the organic linker tppe is
stacked along crystallographic (bc) plane (Figure 1H). The total
solvent accessible volume after removal of the guest molecules is
3886.7 A® per unit cell, or 44.1% as calculated by Platon, from
which a pore volume of 0.437 cm®/g is calculated.*> The DMA
molecules act as both the terminal ligands (coordinated to the
metal centers of the SBU) and as guest molecules. H,0
molecules act as guest molecules and are hydrogen bonded to the
carboxylate groups that are not coordinated to Zn and to each
other. The point symbol of the framework is {6"2.8"4}2{6"2.8}-
4{6"4.8"2}S, with a 4-nodal net topology.

Upon standing in air for a period of time (a few days), 1 was
slowly converted to 1a, in which most or all DMA molecules are
replaced by water, as confirmed by the single crystal data and
elemental analysis (see SI, Sections S1, S4). The optical
absorption and PL excitation and emission spectra of powder
samples of both tppe and 1a were measured at room temperature
(Figure 2B,C). The estimated HOMO—LUMO and VB—CB
(VB: valence band, CB: conduction band) energy gaps of tppe
and la are ~2.69 and ~2.38 eV, respectively, based on their
optical absorption spectra collected at room temperature (Figure
2B). The decrease in the bandgap of la is a result of btc
modulation and is consistent with the orbital energies obtained
by DFT calculations performed on the individual ligands (tppe
and btc) and a fragment of MOF (Figures 2A and SS). These
values are also in full accordance with their emission energies.
The free tppe ligand emits green light (500 nm) when excited at
360—400 nm, which is due to intramolecular 7—7z* transitions,
while free H;btc does not emit in visible region. Upon excitation
at the same wavelength (400 nm), compound 1a emits yellow
light with an emission maximum at ~540 nm and an IQY of
90.7%, a significant increase compared to 57.2% for free tppe
(Table 1). To the best of our knowledge, this value is the highest
among all RE-free and blue-excitable yellow phosphors reported
to date. While the highest emission intensity of 1a is achieved at
an excitation wavelength of 350 nm (monitored at 4,,, = 540 nm,
Figure 2C), it is worth noting that the excitation intensity is
relatively flat from its max to ~450 nm, indicating the material
can be excited effectively by a range of light sources, including
blue light. Indeed, the IQY obtained at excitation wavelengths
deeper into the visible region is 72.9, 67.9 and 63.9%, at 420, 440,
and 450 nm, respectively. The large emission red-shift of 1a
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Table 1. Quantum Yield Values of tppe and Compound 1a at
Various Conditions

1QY (%)
do =400 Ao =420 A, =440  A,=450 Ay,
sample nm nm nm nm nm
tppe 572 + 0.6 402 £ 1.0 332+ 1.1 321+13 500
la 90.7 + 0.7 729 £ 0.5 67.9 + 0.6 63.9 +0.2 540
TF@ 88.8 + 0.6 - 653 +0.2 62.6 + 0.1 540
1a“
TF((I?7 86.8 + 0.6 - 634 + 1.0 60.4 + 0.2 540
1a
EQY (expressed as % of IQY, %)
Jo= 400 Ag=415 Ay =440 A =455 e
sample nm nm nm nm (nm)
la 96.0 95.3 914 84.7 540
temperature-dependent PL¢ (decrease in intensity, + 1.0%)
80 100 120 140 150 160 A,
sample °C °C °C °C “C °C (nm)
TE@1a (A, = 00 00 00 =30 =35 —60 540
440 nm)

“Teflon protected sample after being heated at 120 °C for 12 h and
subsequently cooled to room temperature. “Teflon protected sample
after being heated at 150 °C for 12 h and subsequently cooled to room
temperature. “After being heated at indicated temperature for 12 h and
subsequently cooled to room temperature.

compared to tppe is a result of incorporating btc as a bandgap
modulator, which leads to a decrease in the bandgap energy and
corresponding emission (Figures 2A,C and SS and Table S2).
Based on a number of recent reports on similar MOF systems,
the strong PL enhancement of la can be attributed to the
immobilization of tppe in the MOF backbone which effectively
reduces nonradiative decay due to molecular vibration and
rotation.*****> The external QYs (EQY, defined as the ratio of
the number of photons emitted to the number of incident
photons) of 1a were measured on a QE2000 system (see SI for
details) and are listed in Table 1. At 400, 415, 440, and 455 nm,
they account for 96%, 95.3%, 91.4% and 84.7% of the IQY values,
respectively, indicating high absorption efficiency of the
compound (nearly 100%).

A comparison between 1a and a commercial yellow phosphor,
cerium-doped yttrium aluminum garnet (YAG:Ce’*) revealed
remarkable similarity in emission properties (Figures 2D, S6, and
S7). The Commission International de I'Eclairage coordinates of
1a (0.39, 0.57) are well within the yellow range and are very close
to those of YAG:Ce®* (0.41, 0.56) (Figure S6). The emission
spectra of the two are nearly identical (Figure 2D) at room
temperature. The dispersible nature of compound 1a in selected
solutions makes it possible to coat the samples on flexible
substrates, such as a rope or thin cotton strings, which is not
possible with traditional inorganic yellow phosphors such as
YAG:Ce*. We demonstrate this in Figure 3, where dispersed
samples of la were coated on thin cotton strings and then
illuminated under a 12 W blue LED lamp (emission range: 450—
470 nm, ABI LED Lighting Company); Figure 3A,C shows
coated/uncoated strings under daylight, and Figure 3B,D shows
the same string under the blue light.

A prototype WLED device was assembled using a 5 mm 455—
460 nm blue LED bulb, with sample 1a coated on the surface
(Figure 3E). The coating solution was prepared by dispersing
powders of 1a in ethyl acetate under ultrasonication for 1 h. The
blue LED bulb was then dipped into the suspension solution
several times until a thin and uniform film formed on the surface

Figure 3. (A—E) Images of dispersed sample 1a coated on thin cotton
strings and LED bulb. Top row: images of samples under daylight.
Bottom row: images of samples illuminated by a 450 nm blue LED.
(AB) 1a coated on a single cotton string. (C,D) A wound-up string with
the bottom half coated with 1a and the top half uncoated. (E) WLED
assembly. Left half: blue LED bulb before (top) and after (bottom)
being illuminated. Right half: the same blue LED coated by a dispersed
sample of 1a before (top) and after (bottom) being illuminated.

of the bulb; bright white light was generated when a 3 V bias was
applied. The luminous efficacy of the WLED device was
measured to be 47.4 1Im/W, well above the requirement of
commercial LED lamps (e.g, the minimum requirement for
small LED directional lamps 40 Im/W)*® and can doubtlessly be
improved upon, as the device was not optimized for perform-
ance.

To further verify the suitability of the material for potential use
in PC-WLEDs, stability measurements were carried out on la
and an assembly of 1a with Teflon film (TF@]1a, see Figure S8).
Compound 1a exhibits high moisture stability at room
temperature; a sample of 1a was left sitting in air for a period
>3 months, after which time a PXRD measurement verified the
material’s structural integrity (Figure S10). At excitation
wavelength of 455 nm, the IQY of 1a was measured as 58.1%
originally, and 57.6% after being exposed to air for 3 months, with
<1% decrease over this long period of time. Only a small decrease
in the emission intensity was observed upon continuous
irradiation of the sample under a UV lamp (365 nm) for 7
days (Figure S12). The thermal stability of 1a and TF@1a was
examined at various temperatures. Thermogravimetric analysis
(Figure S9) shows that la undergoes continuous weight loss
from room temperature to ~220 °C, then remains stable until
~300 °C, at which point the framework starts to decompose.
PXRD and PL data were collected after TF@1a was heated at
different temperatures for a given period of time (e.g,, 12 h),
which show the material is both thermally and optically stable up
to 180 °C (Figure S11). Decreases in PL intensity and IQY are
<3.5% and 6.7%, respectively, upon heating at 150 °C for 12 h
(Table 1).

Solvent exchange of 1a was carried out at room temperature by
soaking freshly as-made sample in various solvents for 2 days
(replacing once with fresh solvent), followed by PXRD structural
verification (Figure S13). PL emission spectra of the exchanged
samples show shifted emission wavelengths and varying
intensities (Figure S14).

In summary, we have designed and synthesized a new type of
yellow phosphor totally free of RE elements. This was achieved
by combining a highly emissive molecular fluorophore with a
bandgap regulating co-ligand into a MOF structure, thus tuning
the HOMO—-LUMO energy gap to attain desired excitation and
emission properties. The new yellow phosphor can be effectively
excited by a blue LED chip and assembled in a PC-WLED.
Compound 1a and selected solvent exchanged samples (1a-sol)
exhibit significantly enhanced emission compared to the
constituent ligand (tppe). To the best of our knowledge, the
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RT IQY of compound 1a (90.7% at 4., = 400 nm) is the highest
among all yellow emitting MOFs reported to date. In addition,
the high solution processability of this compound enables its
utility in flexible light fixtures. The exceptionally high perform-
ance of 1a and 1a-sol makes them promising candidates for use as
an alternate yellow phosphor in PC-WLEDs. The structure
design and bandgap modulation approach can be generalized and
applied to many other metal/ligand combinations.
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