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Two dense inorganic—organic frameworks were prepared using the intrinsically luminescent
organic ligand 9-fluorenone-2,7-dicarboxylic acid (H,FDC) in combination with the alkaline earth
metals calcium and strontium. Ca(FDC)(H»,0), (1) and Sr(FDC)(H»0)s-2H,0 (2) were prepared
hydrothermally and both adopt three-dimensional framework structures. They absorb strongly
between 380 and 460 nm and show broad visible emission with peaks at 503 and 526 nm, respectively.
Structure 1 shows a quantum yield at room temperature of 7.8% which increases to 15% at —196 °C,
while structure 2 shows a room temperature quantum yield of 2.8%, increasing to 3.3% at —196 °C.

Introduction

Solid state lighting in the form of white light-emitt-
ing diodes (LEDs) is poised to replace incandescent and
mercury-containing fluorescent lighting in the near future.'
Today’s commercial devices use InGaN in combination
with a yellow phosphor, typically Ce’"-doped yttrium
aluminum garnet.> > This combination of blue and yellow
is inexpensive and efficient but has poor color-rendering
properties. Consequently, there has been an extensive search
in the past decade for new phosphor materials that have
broad emissions in the green, yellow, and red spectra.®
Ideally, a solid state lighting phosphor will have be excited
in the blue or near-UV and emit broadly in the green-to-red
regions to create a broad spectrum white light similar to
blackbody radiation.” Thermal stability of the emitted light
color and intensity is also critical as the temperature inside
an LED device can reach over 100 °C.® The vast majority of
newly reported compounds are rare-earth doped oxides’ "
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and nitrides.'*'> Alternatively, while much work has been
carried out on electroluminescent materials (OLEDs) for
displays, organic photoluminescent materials are unlikely to
meet the stability requirements for lighting applications. We
present here an intermediate approach to phosphors for
solid state lighting, using inorganic—organic (hybrid) fra-
mework structures that are more commonly associated with
applications like gas storage and catalysis. Hybrid frame-
works are typically more stable than organic materials and
have certain advantages over inorganics.

The field of hybrid framework research has grown rapidly
in the past two decades due to the discovery of materials that
exhibit a wide range of structural diversity'® and physical
phenomena.'”'® A recent review profiled hybrid structures
for luminescence, listing potential applications as sensors,
scintillators, and nonlinear optical materials."” Solid state
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lighting was not considered as a potential application, prob-
ably because very few luminescent inorganic—organic papers
give details of the excitation and quantum yield data that is
critical for lighting efficiency.

Luminescence from hybrid structures can exist in seve-
ral forms. The most common involves an antenna-like
process in which the organic ligand absorbs incident
energy and there is charge transfer to a luminescent metal
species. Photoluminescence can also arise from direct
metal excitation in which the organic ligands act as
spacers to reduce cross-relaxation and quenching. Both
of these approaches are typically seen with rare-earth ions
and have long been utilized in coordination com-
pounds.”® Rare-earth-based luminescence from well-
defined f — f transitions in Eu’" and Tb>" give sharp
emission peaks. This type of photoluminescence is useful
for display applications and is found in some fluorescent
tube devices; however, to achieve true blackbody quality
color rendering, phosphors with broad emission spectra
and, ideally, color tunability are required.?"** Ce**- and
Eu’"-containing inorganic phosphors are commonly
used for lighting as they provide broad emission bands
from d — f transitions, their emission color can be tuned
by ligand field effects,>>** and the excitation of their
dipole-allowed transitions aligns with the emission wave-
lengths of InGaN LEDs.

Ligand-based emission, where closed-shell metal ions
act to stabilize an intrinsically luminescent organic, is less
common. A few hybrid structures showing this type of
ligand-centered luminescence have been described,?*?
but all of them report excitation wavelengths in the UV
and emission wavelengths that peak around 420 nm.
Since a large portion of the emission lies out of the visible
range, such materials are clearly not suitable for solid
state lighting applications. However, in the case of the
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zinc—stilbene system, the excitation and emission were
tunable in the UV and blue, respectively.**

Here, we present the photoluminescent properties of
9-fluorenone-2,7-dicarboxylate in combination with cal-
cium and strontium. These inorganic—organic frame-
work materials exhibit broad, ligand-based emission
that can be tuned by changing the cation. The quantum
yields are enhanced relative to the ligand alone due to the
conformation rigidity of the hybrid structure. These new
materials possess many of the properties required for a
phosphor for solid state lighting.

Experimental Methods

Synthesis. 9-Fluorenone-2,7-dicarboxylic acid (H,FDC) was
obtained from Trans World Chemicals and used without further
purification. All other reagents were obtained from Sigma-
Aldrich. Hydrothermal reactions were carried out in 23 mL
PTFE lined Parr brand autoclaves using deionized water.

Preparation of Na,FDC. The sodium salt of FDC (Na,FDC)
was prepared by combining equimolar amounts of NaOH and
H,FDC in water. The solution was stirred overnight and
evaporated to dryness on a hot plate. The crude product was
refluxed in ethanol for 1 h, separated by filtration, and dried
under vacuum at room temperature. The sodium salt shows high
water solubility at room temperature whereas the acid was only
sparingly soluble in water.

Preparation of CaFDC. Ca(FDC)(H,0), (1) was prepared
from 0.05 mmol of calcium acetate, 0.05 mmol Na,FDC, and
5SmL H»O. The mixture was stirred, sealed in an autoclave, and
heated to 150 °C for 2 days before cooling to room temperature.
Tiny yellow needle crystals were recovered by filtration and
washed with water and acetone. Phase pure powders in greater
yield were prepared by reacting equimolar amounts of calcium
acetate and H,FDC in water hydrothermally at 150 °C. CHN
analysis performed by the Marine Sciences Institute Analytical
Laboratory at UCSB found 52.65% C, 2.91% H; calculated
52.63% C, 2.94% H.

Preparation of SrFDC. Sr(FDC)(H,0)s-2H,O (2) was pre-
pared from 0.05 mmol strontium acetate, 0.05 mmol H,FDC,
0.05 mmol imidazole, and 5 mL H>O. The mixture was stirred,
sealed in an autoclave, and heated to 180 °C for 2 days before
cooling to room temperature. Small yellow plate crystals were
recovered by filtration. Although imidazole was not incorpo-
rated into the structure, its presence was required to obtain
single crystal products. Phase pure powders were prepared by
reacting equimolar amounts of strontium acetate and H,FDC
hydrothermally at 180 °C. CHN analysis found 40.75% C,
3.12% H; calculated: 37.54% C, 4.20% H.

Structure Determination. All structures were determined using
single crystal X-ray diffraction. Data collection for 1 was per-
formed on beamline 11.3.1 at the Advanced Light Source
at Lawrence Berkeley National Laboratory (A = 0.77490 A).
A crystal was mounted on a Kaptan loop using paratone-N oil
and placed in a LN, cryostream at 100 K. Data were collected
using a Bruker goniometer and APEX II detector. Data integration
and corrections for Lorentz and polarization effects were per-
formed using Bruker SAINT version 7.56a.>> SADABS was used
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Table 1. Crystal Data for 1 and 2

1 2
formula CaC,507H,, Sr,C30017H54
MW (g/mol) 342.31 833.75
system monoclinic triclinic
space group P2, P
a(A) 7.5411(16) 8.578(2)
b(A) 6.6118(14) 11.836(3)
¢ (A) 27.999(6) 15.626(4)

o (deg) 90 72.437(4)

p (deg) 97.065(3) 78.722(5)

y (dceg) 90 85.437(4)
V(AY) 1385.4(5) 1483.1(7)

zZ 4 2

o (g/em®) 1.641 1.867

wu (mm™ ) 0.613 3.683
measurement temp (K) 100 298
radiation source synchrotron Mo Ko
radiation 4 (A) 0.7749 0.71073

scan mode omega omega
absorption correction SADABS SADABS
solution method SHELX, |F? SHELX, |F?
26 range (deg) 2.97-29.36 4.834—-51.953
data/restraints/parameters 5824/440/130 5902/487/21

Ri/wR> [I > 20()]
R/WR; (all data)

goodness of fit

8.19%/21.84%
8.56%/22.22%
1.046

5.71%/18.06%
10.13%/13.00%
1.029

to perform an absorption correction.>® The high brightness syn-
chrotron source allowed for the analysis of very small crystals.
Data were collected for 2 on a Siemens SMART-CCD diffracto-
meter at UCSB equipped with a normal focus, 2.4 kW sealed tube
X-ray source (Mo Ka radiation, 4 = 0.71073 A) operating at
45 kV and 30 mA and integrated with Bruker Saint version 6.02.%
Suitable single crystals were selected under a polarizing microscope
and glued to a glass fiber, and a hemisphere of intensity data was
collected at room temperature. SADABS was used to perform an
absorption correct and both structures were then solved by direct
methods and difference Fourier synthesis and were refined against
|F? using the SHELXL software package.’®’ Details of the
structure determination are shown in Table 1. All extinction
coefficients refined to within three esd’s of zero and were therefore
removed from the refinement. Non-hydrogen atoms were refined
anisotropically. Riding hydrogens were assigned to the carbon
atoms on the FDC ligands. Hydrogen atoms on the water mole-
cules were found in the Fourier difference map and were refined
isotropically. Hydrogen atoms were restrained to chemically
appropriate positions, resulting in increased residual error.

Powder diffraction data were collected at the Advanced
Photon Source synchrotron X-ray beamline 11-BM at 4 =
0.589183 A for 1 and on a Bruker D8 with Cu Ko source for 2.
Models were refined to the data using GSAS and EXPGUIP®*
to confirm purity of the bulk sample (see the Supporting Information).

Room temperature photoluminescence spectra were collected
on a Perkin-Elmer LS55 spectrometer using finely ground
powders mounted behind a quartz window. Quantum yield data
were collected on solid samples mounted on quartz slides in
silicone resin. The samples were placed within an integrating
sphere and excited with a 405 nm laser. Temperature-dependent
emission spectra were collected using the same 405 nm excitation
and a LN, cooled cryostat in combination with an Acton
Research spectrometer.
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Figure 1. Asymmeteric unit of 1.

Results and Discussion

Structures. The structure of Ca(FDC)(H»0), (1; Figure 1)
consists of isolated CaOg octahedra linked through FDC
ligands as seen in Figure 2a. Each octahedron connects to
four FDC ligand oxygen atoms and two coordinating water
molecules, while each dicarboxylic acid oxygen atom of the
FDC ligand is bound to a different metal. The octahedra
arrange in sheets which are pillared by FDC ligands to form a
three-dimensional structure (Figure 2b) without porosity.
The ligands are zr-stacked with the ketone groups aligned.
Obtaining high quality crystals of 1 was very difficult, but
with the use of synchrotron radiation we were able to obtain
a satisfactory structure that was consistent with the powder
X-ray diffraction and thermal gravimetric analysis results.

The structure of Sr(FDC)(H,0)s:-2H,0 (2; Figure 3)
consists of edge-sharing SrOg polyhedra that form one-
dimensional chains (Figure 4a). These chains are linked
in-plane by the carboxylic acid groups of the FDC ligand
to form a sheet, and the sheets are in turn bridged by the
FDC to form an extended three-dimensional framework
without porosity, seen in Figure 4b. The strontium atoms
in the chains are arranged in pairs of two Srl atoms
followed by two Sr2 atoms, with atom—atom distances
of Sr1—Srl 4.5674 A, Sr1—Sr2 3.9935 A, and Sr2—Sr2
4.0966 A. The Srl polyhedra is completed by two co-
ordinating water molecules, three bridging water mole-
cules, and three oxygen atoms from carboxylic acid
groups on the ligand. The Sr2 polyhedra consists of one
coordinating water, one bridging water, and six oxygen
atoms from the ligand. Two zeolitic water molecules sit in
the pore space. One of the four dicarboxylic acid group
oxygens on each FDC ligand is uncoordinated. The
ligands s-stack less perfectly than those of structure 1,
with the ketone groups alternating in direction. Bonding
arrangements of the ligand with respect to the adjacent
metals are shown in Figure 5, where it can be seen that
there is more structural rigidity for the calcium containing
framework as all of its dicarboxylate oxygens are bound
to metal cations.

Luminescence. Room temperature excitation and emis-
sion curves of H,FDC, 1, and 2 show broad emission that
is yellow for the ligand itself, blue-shifted into the green
for the calcium structure, and red-shifted into the orange
for the strontium structure (Figure 6). The excitation
curve of H,FDC (Figure 6), measured at A, = 500 nm,
shows strong peaks near 390 and 440 nm and then
decreases sharply. The accompanying emission curve,
measured at Ao, = 440 nm, shows a broad emission
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Figure 2. (a) Sheet of isolated CaO octahedra of 1 with hydrogen atoms omitted for clarity viewed down the ¢ axix. (b) Extended structure viewed down the

¢ axis.

Figure 3. Asymmeteric unit of 2.

centered at 515 nm. The excitation curve of 1 (Figure 6),
measured under the same conditions, is mostly constant
into the blue and drops sharply at 460 nm. The emission
curve, measured at Ao, = 440 nm, peaks at 503 nm with
a long tail into the red. Similarly, the excitation of 2
(Figure 6) drops sharply at 460 nm and the emission peaks
at 526 nm. Prior work has shown the emission quantum
yield and color of the nonfunctionalized molecule 9-fluore-
none to be solvent dependent.*” Kobayashi and Naga-
kura found shifts in both the singlet and triplet state
positions of 9-fluorenone depending on the polarity of the
solvent.*! Changing the band structure of the extended
network by altering cation choice and atomic arrange-
ments could well be creating a solvent-like effect which
would account for the change in emission color. Alter-
natively, differences in interligand interactions could
account for the shift.

The room temperature quantum yield (QY) of 1 was
measured at 7.4%, 2 at 2.8%, and the ligand H,FDC at
2.4%. The value for the ligand is similar to the range reported
for 9-fluorenone in acetonitrile at 2.7—3.4%%%% Addi-
tionally, we see significantly more overlap of the excitation
and emission spectra in Figure 6 for 2 and H,FDC than in 1.
This spectral overlap could indicate increased reabsorption
and be a cause of the lower QY for 2. Concentration
quenching could not be directly evaluated as any substitution
of the chromophor with an optically nonactive ligand would
alter the structure and thus distort the results. However, we
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82, 2304-2309.
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(42) Murphy, R. S.; Moorlag, C. P.; Green, W. H.; Bohne, C.
J. Photochem. Photobiol. A: Chem. 1997, 110, 123-129.

(43) Singer, L. A. Tetrahedron Lett. 1969, 12, 923-926.

expect decreased concentration quenching as compared to a
dense oxide phosphor system do to the increased isolation
of the ligands by their inclusion in the framework struc-
ture. Nevertheless, the ligand to ligand separation of
3.5 A is still short enough that we expect some energy
migration between the emission centers, although in the
crystal structure there is no bonding along this distance.
In light of the high concentration of emitters, the 7.4%
quantum yield in 1 is remarkable.

Temperature dependent emission spectra show an in-
crease in emission intensity with no color shifting on
cooling from room temperature to —196 °C for both
H,FDC and 1 (Figure 7). The temperature dependent
emission intensity of 2 was largely constant on cooling
and decreased at temperatures above 100 °C. The extra-
polated temperature dependent QY data is shown in
Figure 8. At —196 °C, the QY is of 1 is 15%, approxi-
mately double its value at room temperature. This de-
crease in quantum yield is an effect of thermally generated
phonon modes providing nonradiative decay pathways
for excitons. Theory would predict an inverse-S type
curve where at low temperatures the phonon modes are
frozen and at high temperatures the phonon modes are
saturated, with a transition range at intermediate temp-
eratures.** The curves for H,FDC and 1 suggest that the
measured temperature range falls within the intermediate
transition range. The relative stability but lower absolute
values in the QY of 2 suggest that it lies within the fully
saturated region and further cooling would produce an
increase in intensity. If 2 is in the fully saturated region of
the curve, then in addition to thermal quenching there
must also be some amount of concentration quenching;
otherwise, theory would predict a lower nonradiative
recombination rate and thus higher quantum yield.**
Further, the increased spectral overlap from broadened
bands at increased temperatures leads to an increase in
spectral overlap and thus a temperature dependent in-
crease in concentration quenching.

The stability of the temperature dependent emission
properties is important as the junction temperature of blue
LEDs can reach over 100 °C, particularly in the new high
power, high brightness device designs. A reduced emission

(44) Yen, W. M.; Shionoya, S.; Yamamoto, H. Phosphor Handbook;
CRC Press: Boca Raton, 1998; pp 35—47.
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Figure 4. (a) One-dimensional edge sharing SrOg chains in 2. (b) Extended structure.
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Figure 5. (a) Bonding arrangement of 1. (b and ¢) Bonding arrangement
of 2.
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Figure 6. Emission and excitation spectra of H,FDC, 1, and 2 (as labeled)
at Aoy = 440 nm, Ae,, = 500 nm.

intensity with temperature would lead to a blue-shift and
intensity decrease in the output light. Vibrational studies
and wider temperature ranges were not within the scope
of this research but would further elucidate the behavior of
this system.

We propose that the increased brightness of 1 with
respect to H,FDC may be a result of the covalent bonding
to a metal network providing far more structural rigidity
than the hydrogen bonding of an organic crystal or even
the more flexible arrangements of a cross-linked polymer.
That the quantum yield of 1 is roughly 3 times that of 2
may be explained by the rigidity provided by the increased
carboxylate-oxygen bonding seen in Figure 5, where each
dicarboxylate oxygen is bound to a Ca in (1) while one of
every four dicarboxylate oxygen atoms in 2 is unbound. The
increased ligand sr-stacking in 1 may also be strengthening the
rigidity and enhancing luminescence.

[T ke o]
R

Relative Intensity

L L
500 600 700 500 600 700
Emission Wavelength (nm)

500 600 700

Figure 7. Temperature dependent emission spectra (1.x = 405 nm) of
H,FDC, 1, and 2 (as labeled).

(1)

154

Quantum Yield (%)

L L L :
-goo -100 0 100 200
Temperature (°C)

Figure 8. Temperature dependent QY of H,FDC, 1, and 2.

It has been reported that increased s-stacking leads
to a reduction in quantum yield for conjugated polymers
because of increased aggregate formation and thus increased
nonradiative cross-relaxation between ligands.*>~*’ The
theoretical analysis of Cornil et al. considered cofacial
dimers of stilbene molecules and found that the molecular
orbitals of the dimer pair begin to delocalize with a chain
spacing below 5 A.* The FDC units in 1 are separated by
3.5 A with an interplane angle of 2°. However, we see an
enhancement of the quantum yield in 1 over both H,FDC
and 2 where the ligand units are more staggered. We
consider it unlikely that orbital degeneracy between the
ligand units is as important in 1 as it is in the conjugated

(45) Amrutha, S. R.; Jayakannan, M. J. Phys. Chem. B 2006, [10,4083—
4091.

(46) Amrutha, S. R.; Jayakannan, M. J. Phys. Chem. B2008, 112, 1119—
1129.

(47) Akcelrud, L. Prog. Poym. Sci 2003, 28, 875-962.
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J. Am. Chem. Soc. 1998, 120, 1289—1299.
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polymer chains or theoretical dimer systems. Moreover, it
is the cyclic dimerization possible in a more flexible
polymer chain that reduces quantum yield, a process
not expected in a rigid framework. A theoretical study
of oligo-fluorenes and fluorenones found that eximer
precursors were unlikely to form cofacial pairs in both
the parallel 1 and antiparallel 2 arrangements, and that
study did not include any steric hindrance of a rigid
framework to maintain interligand distances.*” Chen et al.
described two unique Zn(II)—norfloxin networks where
the more z-stacked arrangement showed nearly double
the QY of the tilted structure.?’ This is in contrast to
the findings of the work of Bauer et al. on zinc—stilbene
frameworks where cofacial dimers were shown to be
detrimental to quantum yield; however, those structures
were more flexible and the differences in the interactions
of the ligand with itself and the extended structure prevent
direct comparison.**

Thermal Stability. The first dehydration step of 1 is at
108 °C, and the first dehydration step of 2 begins around
70 °C. Detailed thermal gravimetric analysis in air and
N> of 1 and 2 are given in the Supporting Information.

Conclusions

A new approach to the development of solid state
lighting phosphors has been presented. Luminescent
molecules like fluorenone and its derivatives have long
been used in strictly organic applications where it has
been cross-linked into polymers®® and combined into
OLEDs.”! Similarly, the inorganic—organic framework
structure has been used with both metal centered and
antenna type structures with potential applications in
sensors and scintillators. This is the first report, to our
knowledge, of inorganic—organic frameworks based
upon this ligand. It is also the first example of a ligand-
centered luminescent framework that, in terms of excita-
tion and emission spectra, meets most of the requirements
for solid state lighting. The photoluminescence of both 1
and 2 can be excited in the near UV and blue, between
380 and 460 nm, and give broad emissions that peak at
503 and 526 nm, respectively. With FWHMs of around
90 nm, the emission broadness is comparable to those
of Ce*:YAG phosphors. In addition, the tunability
required for high performance phosphor materials is
provided by altering the structure. We do not yet have
enough unique structures to directly correlate the color
and quantum yield shifts with one or more of the pro-
posed mechanisms. Color shifts could arise from solvent-
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like effects of the network and interligand interactions.
Nonradiative losses in these compounds arise from thermal
quenching, concentration quenching, spectral overlap,
conformationally dependent interligand interactions,
and possible impurities below the levels of our detection
methods. Further investigations are being carried out to
more fully reveal which of these mechanisms are present
in these systems, a better understanding of which will
help guide further development of high quantum yield
phosphors.

The QY of 1 is three times that of the H,FDC itself,
demonstrating that the optical properties of an organic
ligand can be enhanced within a hybrid framework
structure. On the other hand, the fact that the QY of 2
is not very different from H,FDC shows that such
enhancement can be strongly dependent on the specifics
of the structure. There are, however, a number of generic
advantages of hybrid frameworks compared with in-
organic phosphor materials. For example, they require
much lower processing temperatures and do not depend
on expensive, rare-earth elements for luminescence. Also,
since they are solution processable, we expect that nano-
particles should be more readily synthesized and that they
will not suffer from the structural imperfections that
undermine the performance of inorganic nanoparticles.>
However, 1 and 2 still fall well short in terms of the
brightness and temperature dependent behavior require-
ments that are essential for commercial viability of a
phosphor. Nevertheless, our findings point to the real
possibility of finding high performance inorganic—
organic phosphor systems, especially if the frameworks
can be rendered more rigid than those described in the
present work. Such systems would have potential for use
in solid state lighting and other optical applications.
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