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Figure 50. (a) Optical absorption spectra of H,tcbpe, LMOF-231, and LMOF-231". (b)
Excitation spectra of H,tcbpe (black dotted) and LMOF-231 (red dotted). Emission spectra
of H,tcbpe (black solid) and LMOF-231" (red solid) at A., = 455 nm. (c) Emission spectra of
H,tcbpe, LMOF-231", and solvent exchanged LMOFs. Solvent abbreviation: ethyl acetate
(EA), acetophenone (AP), N,N’-diethylformamide (DEF). All emission spectra were
acquired with A, = 455 nm.

Figure 51. Excitation (dotted line) and emission (solid line) spectra of LMOF-231" (red) and
YAG:Ce™ (black)

Table 11. Photophysical properties of H,tcbpe and LMOF-231
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bulb or plate, as shown in Figure 53. The luminous efficacy of the PC-WLED (bulb type,
455-460 nm, 5 mm chip, 20 mA, 3V) is as high as 58.9£1.5 Im/W, which is above the
current thresholds for LED directional lamps (40 Im/W) and omnidirectional lamps (50
Im/W) with less than 10 W input power set by the US EPA’s ENERGY STAR program.'”
To mimic an actual LED assembly where the phosphor is encapsulated in a
transparent plastic shell and test its thermal stability, we sealed the activated powder sample
in Teflon (TF@LMOF-231"). A thermal-gravimetric analysis on LMOF-231 indicates the as-

made sample loses its solvent content near 160 °C, and the structure maintains its integrity

until near 460 °C. Heating TF@LMOF-231" at different temperatures for 12 h has minimum
effect on its emission, as the decrease in emission intensity is within 15% after heat
treatment from 100 to 160 °C (Table 11). Thus LMOF-231’, resistant to elevated
temperatures, makes a great phosphor candidate for WLEDs.
3.1.3. Conclusions

In summary, we have designed and synthesized a new AIE-type chromophore,
H,tcbpe. The immobilization of H,tcbpe into a rigid framework structure shifts the emission
of the resulting compound (LMOF-231") further into the yellow region with increased IQY
and very high EQY, rivalling that of the commercially available YAG:Ce’*. The thermally
stable, rare-earth-free LMOF-231" can be mounted upon various type of surfaces through
solution-mediated processes. With all the above merits, this material has great potential as a
yellow phosphor for use in PC-WLEDs. Studies on other MOF phosphors built on high
performance AIE-type ligands and their derivatives to achieve further enhanced and

systematically tunable emission are currently under way.



82

4. Conclusions

My graduate research revolves around a class of inorganic-organic hybrid materials, namely
MOFs. MOFs are crystalline solids constructed via self-assembly of metal cations and
organic ligands. The organic ligands often contain aromatic moieties that are subject to
excitation, giving rise to optical emission upon irradiation. My primary research interests are
exploring the ligand-based emissions in MOFs and studying their applications to chemical
sensing and solid-state lighting.

The detection of hazardous chemicals such as explosives and toxins plays a crucial
role in anti-terrorism operations, and therefore has significant impact on homeland security
and civilian safety. LMOFs are excellent candidates for chemosensing because their unique
structural features, such as tunable porosity and easy-to-functionalize surface, promote
strong guest-host interactions. By monitoring the changes in LMOFs’ optical emission
profiles caused by adsorbed guest molecules, the accurate identification of analytes can be
achieved. I also use DFT computations to study the nature of analyte-sensor interactions.

LMOFs can be used as highly efficient rare-earth-free phosphors in PC-WLEDs as
well. A common way to fabricate a PC-WLED is to coat a blue-emitting LED with a yellow
phosphor such as YAG:Ce’". Since the price of the crucial component of commercially
available phosphors, rare-carth elements, has drastically increased over the past decade, the
development of rare-earth-free phosphors becomes increasingly urgent. LMOFs are feasible
platforms for developing rare-earth-free phosphors, as we could achieve exceptionally high
quantum yields with ligand-based emission. Through our experience, the anchoring effect of
LMOFs could increase the quantum yield and thermal stability of their constituent molecular
chromophores. With DFT computations, we are able to predict and survey the emissions of

molecular chromophores, which allows us to construct LMOFs with desired emissions.
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Overall, my research is centered on LMOFs and their applications to chemical
sensing and solid-state lighting. I also study the electronic properties of luminescent

materials and guest-host interactions from a theoretical perspective.

Appendices

List of Abbreviations

ACQ aggregation-caused quenching

AlE aggregation induced emission

AP acetophenone

bdc-NH, 2-aminoterephthalate

bdc-OH 2-hydroxyterephthalate

bpdc 4,4-biphenyldicarboxylate

bpe 1,2-bis(4-pyridyl)ethane)

bpee 1,2-bis(4-pyridyl)ethylene

bpy 4,4-bipyridine

BuCN butyronitrile

BZ benzene

CB conduction band

CIE Commission International de I’Eclairage

Cl-BZ chlorobenzene

CTAB hexadecyltrimethyl-ammonium bromide

DEF N,N’-diethylformamide

DFT density functional theory

DMA N,N’-dimethylacetamide

DMF N,N’-dimethylformamide

DMNB 2,3-dimethyl-dinitrobutane

DNT 2,4-dinitrotoluene

DOS density of states

EA ethyl acetate

EQY external quantum yield

Et-BZ ethylbenzene

H,tbip 5-(tert-butyl)isophthalic acid

H,tcbpe 44" 4™ 4" (ethene-1,1,2,2-tetrayl)tetrakis
(|1,1'-biphenyl]-4-carboxylic acid

Htcpe tetrakis(4-carboxyphenyl)ethylene

hfdc 9H-fluorene-2,7-dicarboxylate

HOMO highest occupied molecular orbital

1QY internal quantum yield

IR infrared

LBS Lewis basic site

LED light-emitting diode

LLCT ligand to ligand charge transfer

LMCT ligand to metal charge transfer



LMOF luminescent metal-organic framework

LUMO lowest unoccupied molecular orbital

mDNB 1,3-dinitrobenzene

MeCN acetonitrile

MLCT metal to ligand charge transfer

MOF metal-organic framework

NB nitrobenzene

ndc 2,6-naphthalenedicarboxylate

NE nitroethane

NM nitromethane

NP I-nitropropane

NT 2-nitrotoluene

oba 4,4 -oxybis(benzoate)

ofdc 9-oxo0-9H-fluorene-2,7-dicarboxylate

OMS open metal site

PC-WLED phosphor-converted white light-emitting
diode

p-DNB 1,4-dinitrobenzene

PL photoluminescence

PXRD powder X-ray diffraction

Q. heat of adsorption

QY quantum yield

RDX 1,3,5-trinitroperhydro-1,3,5-triazine

TF Teflon

TNP 2,4,6-trinitrophenol

TNT 2,4 6-trinitrotoluene

TO toluene

tpe tetraphenylethylene

VB valence band

WLED white light-emitting diode

YAG:Ce™* Yttrium Aluminum Garnet doped with

Cerium
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Notes on Computation

The electronic properties of LMOFs and analytes were evaluated using DFT computations
on Gaussian 09 (Chapter 2.1 on Gaussian 03).">"”” A hybrid functional, B3LYP is most
frequently used throughout the study. Through our experience, B3LYP is efficient at
locating the true minimum on a potential energy surface. For small molecules (non-metal),
the 6-31+G* basis set is recommended. More polarization functions can be added if the

system contains substantial amount of long pair electrons; more diffusion functions can be
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added if the system contains negative charges. However, neutral systems should be used
when possible as computation on a neutral molecule is the most reliable. This means when
computing MOF fragments, the dangling bonds (usually carboxylates) should be terminated
by hydrogen or methyl groups to ensure a neutral fragment. If the system contains metal
elements, the full electron basis set, DGDZVP is recommended, as this basis set can be
applied to both metal and non-metal elements and runs fairly fast (does not take much
computation time). Basis sets with effective core potentials (ECP) such as SDD, LANL2DZ,
and LANL2TZ can be applied to metal elements as well. ECP basis sets are expected to
produce more accurate results (especially entropy and enthalpy), but they normally require
more computation time. A frequency calculation is recommended at the end of geometry
optimization for small molecules to ensure a true minimum (no imaginary frequency). If a
system is too large (e.g. a MOF fragment), single-point calculation is recommended to
roughly evaluate its electronic properties.

Computational results are only comparable if they are acquired under the same
functional and basis set. However, given a certain functional, when an ECP basis set is used
for metal elements, computational results are still comparable (e.g. evaluating molecular
orbital energy levels between a MOF fragment which contains both metal and non-metal
elements and an analyte which only contains non-metal elements) as long as the same basis
set is used for the non-metal elements. Another functional MOGL, less explored in this study,
might be useful for future studies as it is sensitive to weak interactions (e.g. evaluating MOF-
analyte interactions). But M06 family is arguably less efficient than B3LYP as it takes more
cycles to fully converge and seemingly produces flatter potential energy surface (hard to

locate minimum). The choice of functional and basis set should be based on a case-by-case
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