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ABSTRACT OF THE DISSERTATION

Luminescent metal-organic frameworks for chemical sensing and solid-state lighting

ZHICHAO HU

Dissertation Director:

Jing Li

Luminescent metal-organic frameworks (LMOFs) 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. Utilizing this ligand-based emission, the applications of LMOFs to chemical
sensing and solid-state lighting are explored.

LMOFs’ tunable porosity (non-porous LMOFs are not the focus of this study) and
easy-to-functionalize surface enable them to selectively capture targeted analytes. By
monitoring the changes in their optical emission profiles caused by strong guest-host
interactions, the accurate identification of analytes is achieved. The electron and energy
transfer mechanisms which govern the fluorescence signal transduction are also studied by a
combination of experimental and computational (density functional theory or DFT)
approaches.

LMOFs are also strong candidates as rare-earth-free phosphors for solid-state

lighting. The immobilization of molecular chromophores into rigid LMOF backbones

11



inhibits the non-radiative decay caused by ligand rotation, vibration, and torsion, therefore
enhances the quantum efficiency of the resulting compounds. The prescreening of the
electronic properties of molecular chromophores through a computational (DFT) method
facilitates the design of LMOF phosphors with desired emissions.

Overall, LMOFSs’ applications to chemical sensing and solid-state lighting are studied;

the sensing mechanisms and principles of designing LMOF phosphors are also addressed.
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1. Introduction

Metal-organic frameworks (MOFs) are a class of fascinating materials that are both
fundamentally important and technologically relevant. They have been extensively studied
for their rich structural chemistry'> and potential applications in numerous areas,”’ including
but not limited to, gas storage,g’m gas separation,“’ls heterogeneous catalysis,l(”zo chemical

21-25 : : : : 26-30
” optoelectronics (ferroelectronics, non-linear optics, and LEDs), energy

sensing,
storage and conversion (batteries and solar cells), drug delivery and bio-imaging.””” MOFs, as
indicated by the name, are crystalline solids constructed via self-assembly of single metal
cations (primary building unit or PBU) or metal clusters (secondary building unit or SBU)
and organic ligands having multiple binding sites, forming one, two, or three dimensional
extended coordination networks.*’ The organic ligands often contain aromatic or conjugated
T moieties that are subject to excitation, giving rise to optical emission or
photoluminescence (PL) upon irradiation. In addition, the metal components can also
contribute to photoluminescence, in which case lanthanides" or various inorganic clusters*
“ are often involved. Naturally, these properties of luminescent MOFs (LMOFs) can
potentially be used for real-world applications. The PL in LMOFs can be utilized
conveniently; often it does not require the fabrication of thin films, which, while proven
possible in some cases, can be challenging with respect to the general pool of these
materials.***

Given the nearly limitless choices of metal and ligand combinations, MOFs thrive on
structural diversity and tunable chemical and physical properties. The intrinsic permanent
porosity in a large number of MOFs further enables the adsorption of guest molecules and

therefore enhances host-guest interactions, since the pore size and shape, chemical

composition and surface environment within the pores can be finely controlled, and



therefore, the selective seizing of certain guest molecules is often times achieved. This merit
of MOFs is the foundation of many well explored applications, especially in gas storage and
separation. Additionally, the perturbation from adsorbed guest molecules can alter LMOFs'
photoemission profiles, making them excellent candidates for chemosensing. The
immobilization of molecular chromophores into rigid LMOFs inhibits non-radiative decay
involving ligand rotation, vibration, and torsion, potentially enhancing the overall
fluorescence of the resulting compounds; this anchoring effect is the foundation for LMOF-
based phosphors.

1.1. The Origin of Luminescence in LMOFs

Luminescence can be defined as the emission of light upon absorption of energy under the
condition that the energy source is not heat based, which refers to incandescence.”*>**
There are two main types of luminescence: fluorescence, which is a spin-allowed radiative
transition from the lowest singlet excited state S, of the fluorophore to its singlet ground
state Sy; and phosphorescence, which refers to the spin-forbidden radiative transition from
the triplet state T, to ground state S,.*"****" Photoluminescence initiated by photo-excitation
is one type of luminescence that is the major focus of this study.” Luminescence in MOFs

generally arises from the building components: conjugated organic ligands and/or metal ions

or clusters, although in some cases adsorbed guest molecules may also contribute to the
emission. Organic linkers with aromatic moieties or extended 7 systems are commonly used
in the construction of porous MOFs due to their rigid molecular backbone. The w electrons
in these linkers contribute greatly to luminescence, which can be classified as linker based
luminescence or ligand to ligand charge transfer (LLCT). As the organic fluorophores are
immobilized in an ordered arrangement and in close proximity with one another in a MOF

structure, the nature of their intermolecular communication can be altered resulting in



photoemissions that are different from their free form.” Ligand to metal charge transfer
(LMCT) and metal to ligand charge transfer (MLLCT) are also common among d' transition
metal based MOFs: LMCT is often observed in Zn (II) and Cd (II) compounds,’” while
MLCT is generally seen in Cu (I) and Ag (I) compounds.*™* It should be noted that these
mechanisms are not mutually exclusive; more than one emission pathway can coexist in a
competitive manner with another. Metal-centered luminescence is often found in lanthanide
MOFs. Strongly photon absorbing linkers with efficient intersystem crossing are preferred in
constructing lanthanide LMOFs because they ensure the delivery of excitation energy from
their triplet excited states to the emissive states of lanthanides through an antenna effect.”*

1.2. Utilizing the Optical Signals of LMOFs

The permanent porosity of many MOFs makes them stand out as a unique family of
functional materials. Their intrinsically porous structures harbor nearly all of the major
applications developed for this material class, many of which take advantage of the
adsorption of guest molecules within the cavity of the framework. The capture of guest
molecules in the pores allows them to be in close proximity with the organic walls or metal
centers of the host structure, and thus, readily interact with the MOF. The perturbation
induced by these guest molecules can alter multiple aspects of the physicochemical
properties of the captor, including light absorption and emission profiles. Color change that
is visible to the naked eye is arguably the most preferred signal for sensing, simply because it
does not require instrumentation and represents the most convenient method of detection.
In some cases, performing an exchange of solvent guest molecules will shift the emission
energy and tune the color of the compound. Identification of a guest molecule can be
realized by utilizing a guest-dependent color change. Some ionic species are also known to

. . . . 5 -
have a similar colorimetric effect.”>”’



For LMOFs, in principle any change in their spectroscopic characteristics can
potentially be used as a sensing signal, while the most commonly observed change is the
fluorescence intensity. Depending on the electronic nature of the molecule being detected
(also referred to as the analyte), either quenching or enhancement of the luminescence can
occur. This can be attributed to either electron transfer or energy transfer between the
analyte molecule and the LMOF, or a combination of the two.*”" Nitroaromatics, which
are exemplary explosives or explosive-like molecules, are known as strong quenchers owing

59,61,62,67 . : 2+ 2+ 2+
PSP Paramagnetic metal ions, such as Mn™", Co™", Ni"", and

to their high electron affinity.
Cu®", are also capable of quenching fluorescence since they can induce LMCT and relax the
excitation energy through a non-radiative pathway.”"**” On the other hand, electron rich
species, such as benzene and its derivatives with electron donating substituents, can enhance
fluorescence of certain systems (most common among ligand-based emissions), possibly due
to their ability to donate an electron from an excited state to the LUMO or conduction band
(CB) of the LMOF.%"""

Another method of luminescence sensing is “turn-on” detection, where the capture
of an analyte molecule results in the shift of an emission peak or a new emission peak
(typically in the visible range) evolving from a previously dark background.” "™ For example,
the selective binding of analyte molecules can trigger a strong emission of an originally low-
emitting or non-emitting MOF, which is known as guest induced emission.” Focusing on
the shifting of emission peaks or the evolution of a new peak has several advantages: first,
monitoring the evolution of a new emission peak is more sensitive than comparing the
changes in emission intensity of the same peak, which may translate to lower detection limits.

Second, intensity change of an emission is not always specific; molecules of similar electronic

properties tend to affect intensity in a similar fashion. For example, nitroaromatics can all act



as strong quenchers, and as such, judging solely by the changes in fluorescence intensity is
often insufficient for identifying the individual nitroaromatic species. However, the host
material can be designed to have strong interactions with a particular analyte molecule
resulting in an additional energy shift of the emission peak. With the aid of this additional
signal, more accurate identification of analyte molecules can be achieved. The guest-host
chemistry involved in these processes is intriguing, and understanding this interaction is
fundamental and vital to designing LMOFs with high selectivity and sensitivity for sensing
applications.

Confinement of ligands (molecular chromophores) in rigid LMOFs inhibits or
reduces ligand rotation, vibration, and torsion, molecular motions related to non-radiative
decay; this anchoring effect could potentially enhance the overall fluorescence of the
resulting compounds. Another benefit of the immobilization of molecular chromophores
into LMOPFs is increased thermal stability, as LMOFs are found more thermally robust then
their constituent ligands. LMOFs are feasible candidate as new generation solid-state
phosphors.

1.3. The Advantages of LMOFs as Sensory Materials

LMOFs are often compared with organic conjugate polymers when evaluating their
performance as sensory materials. Their crystalline nature, diverse and easily modifiable
structures and topology, permanent porosity, systematically tunable band gaps and electronic
structures, and a wide range of physicochemical properties all highlicht some of their
advantages. Most notably, the sustainable pores within LMOFs provide a natural habitat for
guest molecules. The capture of guest molecules within the pores not only increases the
chances of guest-host interactions, but also pre-concentrates the guest molecule, which may

be responsible for sensitive detection.”* In addition, functional groups within the



framework, such as Lewis acidic or basic sites in the ligands, and/or open metal sites, further
promote preferred analyte binding for selective detection. Thirdly, the electronic properties
of an LMOF structure may be fine-tuned. For example, given the same metal center and
network connectivity, band gaps can be varied by changing the size of the SBU and the
degree of conjugation of the organic linkers.” Needless to say, changes to a framework's
metal centers or their connectivity also lead to changes in band gaps and atomic
compositions of the valence band (or HOMO) and/or conduction band (or LUMO). Such
tunability is crucial for sensing applications as it directly relates to the optical absorption and
emissions properties. Fourthly, immobilization of organic linkers in a rigid framework can
potentially reduce non-radiative relaxation caused by free rotation and vibration of the linker,
and therefore lead to stronger emissions.””® Aggregation induced emission (AIE) is a perfect
example: a low-emissive linker when in a dilute solution may exhibit strong fluorescence
upon assembly into a rigid MOF structure.” Furthermore, MOFs generally have relatively
high thermal-stability, and it is not uncommon for them to remain crystalline at a few
hundred degrees Celsius. Fluorescent conjugate polymers typically lose their emission at
elevated temperatures, especially upon melting or glassifying. Several MOFs have been
reported to maintain their fluorescence at relatively high temperatures, and thus it becomes
possible to utilize their fluorescence when a specific analyte's binding requires an elevated
temperature.”* Last but not the least, compared to amorphous materials, the highly ordered
crystalline samples of MOFs allow precise and easy identification and characterization of
their structures (e.g. by X-ray diffraction methods), making them perfect systems for
investigating structure-property correlations and host-guest interactions. This merit has
significant implications in both applications and fundamental studies. Overall, LMOFs have

great potential as a unique class of sensory materials.



In order to fully explore the virtues of LMOFs as sensory materials, rational design,
control, and construction of their structures become a necessity. The existing gas and
hydrocarbon adsorption studies are among the most valuable assets for MOF based
applications, and have profound significance in designing sensors with superb performance.
When screening existing LMOFs as potential sensors, priority should be given to those that
selectively adsorb targeted analytes. Precision for the adsorption of an analyte molecule is
usually achieved through the accurate construction of a desired pore on the molecular
level.”*" Size exclusivity is the most intuitive selection rule, where only molecules slimmer
than the pore can be captured. Thus, controlling the pore size is seemingly the most obvious
first step to consider when designing LMOF based sensors. The porosity of MOFs provides
such a versatile platform to work with, and is subject to various chemical manipulations.
Many physicochemical properties within the porous environment, such as hydrophobicity,
polarity, polarizability, acidity and proton affinity, can be finely-tuned. By controlling the
chemical environment of the pore, selective capture of targeted molecules can often be
achieved. For instance, the incorporation of Lewis basic site (LBS) facilitates the attraction
of metal ions” and the acidic 2,4,6-trinitrophenol (TNP)®. Earlier study also demonstrated
the utilization of open metal site (OMS) for sensing small molecules.” In a recent case, the
effective detection of NH;is realized by the preferential binding of this guest molecule at an
OMS.™ In another case, anion recognition is attained through the hydrogen bonding
between analyte and terminal solvent molecule.” The electronic properties of LMOFs are
also crucial with respect to their sensing behaviors. Electron and/or energy transfer between
an LMOF and an analyte are the main reasons for a fluorescent response, and as such,
rational design of a LMOF should aim at promoting these features. The introduction of

highly conjugated linkers in a framework is expected to better attract aromatic or conjugated



analytes through m-7 interactions.” The relative orbital energies of the CB (or LUMO) of
LMOFs can be tailored by incorporating electron-donating or electron withdrawing groups
into the ligands.*® In terms of energy transfer, it has been demonstrated that the overlap
between the emission spectrum of an LMOF and the absorption spectrum of a specific
analyte induces a dramatic decrease in the fluorescence intensity of the LMOF.” The real-
world use of LMOF sensors demands superb sensitivity and selectivity. As more and more
LMOF sensors are being discovered, it is foreseeable that precise identification of a targeted
analyte may eventually become possible by a cross-referencing method employing a series of
LMOFs selected from a large library of sensory materials.

1.4. The Advantages of LMOFs as Phosphors

The vast majority of current commercially available solid-state phosphors, such as YAG:Ce™,
predominantly reply on rare-earth elements. However, due to the increasing demand of these
elements in many other high-tech applications, their prices have increased up to 49 times
from 2001 to 2011. Utilizing ligand-based emission, LMOFs are strong candidates as
substitutes for rare-earth-based phosphors. As potential phosphors, luminescent MOFs
(LMOFs) have several intrinsic advantages: The diverse building components available for
the construction of LMOFs offer various sources of fluorescence, which makes it possible
to design phosphors independent of rare-earth elements or elements with adverse
environmental impacts (such as cadmium and selenium) — the former are the essential
ingredients in current commercially available inorganic phosphors, and the latter are the key
components in quantum-dot based phosphors. The synthesis conditions for LMOFs are
much milder than those for solid-state inorganic phosphors; the fabrication process only
requires moderate heating or even no heating (e.g. reactions at room temperature), which

conserves energy from the very beginning of their life cycle. Anchoring organic



chromophores into the rigid MOF backbone effectively inhibits or reduces non-radiative
decay as a result of ligand rotation, vibration, and torsion, potentially enhancing the overall
fluorescence of the resulting compounds. An added bonus is that LMOFs are often more

thermally stable than their constituent ligands.

2. LMOFs as Chemical Sensors

2.1. The Direct Detection of Explosive and Explosive-like Molecules

2.1.1. Introduction

The selective and rapid detection of chemical explosives is of increasing importance in areas
such as homeland security, civilian safety and environmental protection. From
nitroaromatics to nitroaliphatics, chemical explosives encompass diverse groups of

compounds.”  Among them, high explosives such as RDX (1,3,5-trinitroperhydro-1,3,5-

87,88

triazine) have extremely low vapor pressure (4.6x10” torr or 6x10° ppb) and thus,

effective detection of these species in the vapor-phase remains one of the most challenging
tasks. Optical sensing is a common detection method, in which a luminescent active material
is used and detection is achieved by changes in its optical signal response’”. Fluorescent
conjugated polymers represent a group of such materials.” Their detection is typically based
on fluorescence quenching. Often, analytes with similar electronic properties lead to similar

61,6

responses. ’ For instance, electron deficient molecules as a group can act as fluorescent

59
quenchers.’

As a new class of crystalline porous materials, metal-organic frameworks (MOFYs)

21,23

have been investigated for their fluorescent properties” in addition to other applications

21,43,90 : 13,14,91-93 : :
7 gas storage and separation, > However, it was until very recently

such as catalysis,
that MOFs were exploited for explosive detection.” We reported the first study

demonstrating that highly fluorescent MOF Zn,(bpdc),(bpee) (or RPM3-Zn, bpdc = 4,4-
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biphenyldicarboxylate; bpee = 1,2-bis(4-pyridyl)ethylene) is capable of fast, sensitive, and
reversible detection of trace vapors of explosive and taggant.”*” Subsequently, we carried
out a more systematic study on [Zn,(oba),(bpy)] (oba = 4,4-oxybis(benzoate); bpy = 4,4-
bipyridine) that covered a broad range of analytes with different electronic properties.”” We
discussed the general response mechanism for MOF based sensors and offered possible
explanations for the effect of electron-withdrawing (or electron-donating) groups on the
fluorescence quench (or enhancement) behavior of aromatic analytes.

Despite recent progress on utilizing MOF-based sensors, no experimental work has
been reported on their detection of RDX vapors to date. It is also important to mention that
the majority of the current detection methodologies focus on the fluorescent intensity
change (quenching/enhancing), which may be efficient in identifying analytes from different
categories, but will be unable to distinguish analytes having similar properties (e.g. various
nitroaromatics). Emission frequency (wavelength) shift may result from very strong analyte-
sensor interactions (e.g. formation of an exciplex during excitation process) and is strongly
structure dependent.””” This phenomenon has hardly been explored for MOF sensory
materials. Factoring in the frequency shift parameter can potentially add a new dimension to
the detection map, and can form a powerful tool in effectively identifying and differentiating
analytes on a two-dimensional (2D) basis. Herein we demonstrate this strategy with a new
dynamic and microporous MOF and a closely related analogue as sensory materials with

drastically enhanced selectivity and sensitivity for a variety of high explosives including RDX.
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©
Figure 1. Crystal structure illustration of [Zn,(ndc),P]. a) Ball and stick model of the paddle-
wheel SBU (Zn: aqua; O: red; N: blue; C: grey). b) Space-filling model demonstrating two-
fold interpenetration. ¢) Simplified overall 3D framework with 1D channels along the s-axis.
2.1.2. Results and Discussion

Single crystals of [Zn,(ndc),(bpe)]-2.5DMF-0.25H,0 (LMOF-161) (ndc = 2,6-
naphthalenedicarboxylate; bpe = 1,2-bis(4-pyridyl)ethane; DMF = N,N’-dimethylformamide)
were grown under solvothermal conditions. The crystal growth of LMOF-161 was
controlled by adjusting the pH of the reaction mixture. Neutral or basic conditions did not
favor the formation of LMOF-161. High quality pure phased crystals of LMOF-161 can
only be acquired under acidic conditions. The crystal structure of LMOF-161 was
determined by single crystal X-ray diffraction method (Table 1). The structure is built on a
Zn,(ndc), paddle-wheel secondary building unit (SBU, Figure 1a) which connects to four
identical units to form a two-dimensional net. The net is further bridged by the pillar bpe
ligands to form a three-dimensional network. Two of such networks interpenetrate to result
in the final structure (Figure 1b-c) containing one-dimensional channels. A closely related
structure, [Zn,(ndc),(bpee)]- 2.25DMF-0.5H,0 (LMOF-162), was synthesized according to
the literature method." Both compounds exhibit dynamic structure change (Figure 2 and
Figure 3) upon removal of guest molecules (Figure 4) which is likely due to the absence of
100

specific interaction between the two interpenetrated frameworks.

Table 1. Single crystal data for LMOF-161

Compound [Zn,(ndc),(bpe)]-2.5DMF-0.25H,0 (LMOF-161)
Formula C43.50H43N4.50011 25215

M 939.56

Crystal system Monoclinic

Space group C2/m

a/A 17.2783(14)

b/A 19.6504(14)
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c/A 16.1383(13)
o/° 90.00
B/° 93.623(2)
v/° 90.00
v, A’ 5468.4(7)
Z 4
Temperature (K) 100(2)
. (Mo Koymm'™ 0.929
D, g/cm’ 1.141
Reflections collected 36375
R1“[1 > 25(I)] 0.0731
wR2"[I > 25(])] 0.2231
Goodness-of-fit 1.087
CCDC No. 911294

ﬂRl:Z|Fo_Fc|/Z|Fo|
RS w(E, - EL ]/ w2

1400

LY R

U-. : .luu.n.h_...i.-._..a_.__._._

10 20 30 40 50
Two-Theta (deg)

Intensity (Counts)

Figure 2. Powder X-ray diffraction (PXRD) patterns of outgassed sample LMOF-161" (top)
and as made sample LMOF-161 (middle) compared with the simulated pattern from single
crystal data (bottom).
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Figure 3. PXRD patterns of outgassed sample LMOF-162’ (top) and as made sample
LMOF-162 (middle) compared with the simulated pattern from single crystal data (bottom).
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Figure 4. Thermogravimetric profiles of LMOF-161 (a) and 162 (b) under nitrogen flow.

Fluorescence measurements were performed on both compounds LMOF-161 and
162. Compared to their constituent ligands, the emission peaks of both LMOFs shift to
lower energy region (Figure 5 and Figure 6). All detection experiments were carried out in
vapor phase, under dynamic process, and set up as previously described, targeting two

groups of analytes®”

and a number of other molecules. The electron deficient analytes
(nitroaromatics, Group A) act as fluorescence quenchers, greatly reducing the fluorescence
intensity of the MOFs after exposure. The electron rich analytes (Group B), on the other

hand, enhance the fluorescence intensity of the MOFs. Fluorescence was also measured on a

number of nitroaliphatics (Group-C) and other small molecules or solvents.
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Figure 5. Optical absorption spectrum of LMOF-161 (red solid). Fluorescent emission of
LMOF-161 (black solid), ndc (blue dashed), and bpe (blue dashed). Excitation wavelength
was 300 nm. All measurements were carried out on solid samples.

1.4 800

1.2 700
5 600
g .
5 500 3
S o8 s
5 400 Z
2 06 2
L) 300 g
= £
2 0.4 200
~

0.2 100

0 0
100 200 300 400 500 600 700

Wavelength (nm)

Figure 6. Optical absorption spectrum of LMOF-162 (red solid). Fluorescent emission of
LMOF-162 (black solid), ndc (blue dashed), bpe (blue dashed). Excitation wavelength was
300nm. All measurements were carried out on solid samples.

Interestingly, an emission frequency shift was observed for both structures LMOF-

161 and 162, indicative of strong analyte-MOF interactions. As stated above, this property is
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very attractive and useful in terms of signal transduction: the evolution of peak placement at
a specific wavelength is easily tracked and monitored, especially for high explosives such as
RDX. Because of its exceedingly low vapor pressure at room temperature, detection of this
explosive in vapor phase based on fluorescence intensity change is extremely challenging.
Furthermore, analytes of similar chemical nature often affect the fluorescence intensity of
the sensory material in a similar fashion. For example, DMNB (2,3-dimethyl-dinitrobutane)
and RDX (1,3,5-trinitroperhydro-1,3,5-triazine) can both quench the fluorescent emission of
LMOF-162 to a very similar extent. It is therefore almost impossible to unambiguously
distinguish the two analytes solely by the change in their fluorescence intensity. However, in
conjunction with fluorescence intensity change, the evaluation of emission frequency shift
introduces a new and powerful variable for sensing data analysis and processing. When
taking into consideration both factors, an analyte can be described as a point (emission peak
shift, fluorescent intensity change) on a two-dimensional (2D) Cartesian coordinate system
(emission peak shift, fluorescent intensity change). Thus pin-pointing an analyte on a 2D

map becomes possible.
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Figure 7. A 2D (color coded) map of analyte recognition of 2. Data were taken after 5
minutes of exposure to analyte vapor at room temperature. Group-A (circle), Group-B
(square), Group-C (triangle) and solvents (diamond).

Both MOF structures were examined for their ability to fingerprint analytes on a 2D
map. Both fluorescence intensity change and emission frequency shift are plotted in Figure 7
for compound LMOF-162 after 5 minutes exposure to a variety of analyte vapors. All
analytes selected in this study, including high explosives (e.g. RDX, TNT), explosive taggant
(DMNB), analytes of Groups A, B, and C, are well spread on the 2D map and can be
uniquely identified. Control experiments on a blank analyte or use of a single ligand as

sensory material did not produce any notable response. Compared to our previous study on

[Zn,(oba),(bpy)],” a rigid MOF with very similar chemical composition and porosity, for
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which no luminescence frequency shift was observed when exposed to the same groups of
analytes, it is clear that the specific structural conformation of the two flexible MOFs is
crucial for the observed analyte-framework interactions. In addition, the recyclability of
sample LMOF-162 was also examined. For a given analyte, LMOF-162 exhibits excellent

reversible sensing ability (Figure 8).
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Figure 8. Recyclability test on LMOF-162. Fluorescence was recovered by applying vacuum
to the sample for 3 minutes followed by DMF vapor curing for 6 minutes. Nitromethane
was used as a model analyte. Analyte vapor exposure time was 5 minutes. Red bar: emission
of sample before exposure. Blue bar: emission after exposure to nitromethane for 5 minutes.

In-situ infrared (IR) absorption spectroscopy measurements were carried out to
characterize the interaction of selected analytes nitrobenzene, nitrotoluene (Group A) and
benzene, toluene (Group B) with LMOF-162. Upon adsorption of analyte molecules into
the MOV, the clear absorption features of the most prominent modes, including phenyl C-C

stretching mode v, and nitro-group N-O stretching bands v and v,, reveal that these guest

molecules adopt a well-defined arrangement within the framework pores (Figure 9). The red

shift of the v,,band in adsorbed benzene and toluene (compared to the free gas molecules)

suggests the weakening of phenyl bonds, which could be due to withdrawal of electron
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density from the phenyl ring m orbitals as a result of their interactions with LMOF-162 as
predicted in previous study of metal benzene complexes."”"'”” For nitrobenzene and
nitrotoluene with a large electron affinity, the mode of interest is the nitro (-NO,) stretching
bands, which are expected to redshift after receiving an electron to the LUMO orbitals of
neutral molecules.'™'" The v, ((NO,) and v,0NO,) modes in adsorbed nitrobenzene and
nitrotoluene redshift by -24, -9 and -23 cm’, and -20 cm from their gas phase values
(Figure 9), indicating an electron-density redistribution from LMOF to adsorbed analytes.
These observed shifts provide additional evidence for our proposed model that the
fluorescence quenching/enhancing effects in LMOFs can be explained by the donot-
acceptor electron transfer mechanism.” Several other factors, such as the vapor pressure and

reduction potential of the analytes, also affect the fluorescent response.
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Figure 9. Difference spectra of benzene, toluene, nitrobenzene and nitrotoluene upon
adsorption into LMOF-162 at RT and equilibrium vapor pressures of analytes, referenced to
the blank LMOF-162. The black dashed lines correspond to the analytes bands; The blue
dashed lines correspond to LMOF-162 and indicate the perturbation of absorption bands of
LMOF-162. (Courtesy of Dr. Kui Tan)
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To understand the nature of emission frequency shift, we also performed theoretical
calculations on LMOF-162 with two selected analytes, nitrobenzene (NB, Group-A) and
nitromethane (NM, Group-C). Using molecular dynamics methods, we obtained simulated
structures of NB@LMOF-162 and NM@LMOF-162. An ab initio method (Gaussian 03) was
employed to calculate the blue shifted bands observed in emission peaks.'” Since the LUMO
of the analytes are lower in energy than the CB of LMOF-162, the interaction between the
analytes and LMOF-162 pushed the CB up, leading to a small increase in the band gap and
thereby a blue shift in the PL. emission (Figure 10). Further, the extent of such an interaction
is stronger for NM@LMOF-162 than for NB@LMOF-162, and hence a larger blue shift
was observed for the former than for the latter. Clearly, LMOFs with different structures
have different energy levels, and the extent of their interactions with different analytes

varies.'"

NM@LMOF-162

LMOF-162
CB 0.476eV

0.035eV

Figure 10. Schematic diagram showing the changes in the VB and CB of LMOF-162 when
exposed to nitrobenzene (NB) and nitromethane (NM). (Courtesy of Dr. Chong Zheng)
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We anticipate that for suitable MOF sensory materials, such 2D maps can be
generated for accurate and effective recognition and identification of a large number of
analytes, particularly those that show similar quenching/enhancement behavior and are

generally difficult to identify otherwise.

Figure 11. SEM images of LMOF-162 by solvothermal synthesis (top, scale bar 100 um) and
surfactant assisted method (bottom, scale bar 10 pm).

For practical applications, a short response time is one of the most important
parameters to consider. We demonstrated in the case of RPM3-Zn that decreasing particle
size can substantially shorten the response time.” Aiming at more rapid detection by the title
compounds, we adapted a surfactant-assisted method'”” to reduce their particle size. As
shown in Figure 11, bulk samples synthesized by solvothermal reactions have an average size

of approximately 50-120 pm. Utilizing the hexadecyltrimethyl-ammonium bromide (CTAB)

assisted synthesis, we successfully downsized the particles to around 1-5 pm. The
fluorescence sensing ability of small sized particles of LMOF-162 was tested on DMNB,
TNT and RDX. For a given emission frequency shift, the response time was improved by 4-

5 times.
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2.1.3. Conclusions

In summary, a new porous and flexible MOF structure LMOF-161 was synthesized and
structurally characterized. The fluorescent properties and sensing performance of this
compound and its structural analogue LMOF-162 were investigated. These compounds
exhibit a unique response towards analytes of interest, including high explosives such as
TNT and RDX. Strong analyte-framework interactions generate a fluorescence signal in two
dimensions: emission intensity change (quenching or enhancement) and frequency shift.
Utilizing both wvariables in signal transduction enables the construction of a 2D map on
which specific analytes can be unambiguously identified. Overall, the strategy described here
would be of great assistance in developing high-performance MOF based sensors.

2.2. The Indirect Detection of a Non-volatile Explosive

2.2.1. Introduction

The detection of energetic materials has attracted much attention over the past
decade.”""* RDX as a common explosive in terrorist activities, is of great current interest
due to the enormous difficulty in its detection.'” First, the vapor pressure of RDX is
extremely low (6 ppt or 4.6x10” torr).””'" This issue is compounded by the presence of
binders and other components, which reduces the weight percent of the explosive molecule
and further decreases the vapor pressure. Furthermore, it is estimated that the vapor
pressure of the explosive molecule can be reduced by a factor of 1000 in the presence of
wrapping or packing materials.'” Finally, the unfavorable reduction potential and the
absence of an aromatic ring in RDX further diminish its capability to interact with a sensory
material, making its effective detection extremely challenging.”"*!"" A feasible alternative to
identifying the explosives is to detect volatile species in their headspace, such as plasticizers,

stabilizers, solvents and degradation products, which may make easier targets.”''""'"?
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Figure 12. SBU of (a) LMOF-201 and (b) LMOF-202; (c) Illustrations of the connectivity of
ligands (green) to the Zn core (aqua) and (d) a single cage of the framework; (e) The overall
3D structure of LMOF-202 viewing along the a axis. Colour code: White (H), Orange (C),
Blue (N), Red (O), Aqua (Zn).

LMOFs made their debut as explosives sensors very recently.””*” In comparison to
conjugate polymers, LMOFs are unique in the following aspects: high crystallinity, intrinsic
porosity, and systematically tunable pore surface.””'**!"'"*!'° Engineering these factors can
significantly enhance the selectivity and sensitivity of a LMOF material towards a specific
target. The first study on explosive detection utilizing a LMOF material, LMOF-111 (or
RPM3-Zn, Zn,(bpdc),(bpee)), showed that it is capable of very fast, sensitive, and reversible

detection of DMNB and DNT in the vapor phase.”” Following this work, a more

systematic investigation on LMOF-121 or Zn,(oba),(bpy) uncovered the excited state
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electron transfer mechanism for LMOF based sensors.”” More recently this subject has been

74,117

expanded to a number of different LMOFs, for the detection of small molecules and

55,118,119 66,70-72,85,120-124

ionic species, as well as explosive species. In the cases of explosive
sensing, the detection has always been directly of the explosives and/or explosive-like
molecules. Herein, we strategically target a solvent (cyclohexanone) that is used in the

recrystallization of RDX and inevitably co-exists in the explosive product, as a way of

indirect yet faster and easier detection.
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Figure 13. PXRD patterns of outgassed sample LMOF-201" (blue), diethyl ether washed
sample (cyan), and as-made sample LMOF-201 (red) compared with the simulated pattern
from the single crystal data (black).
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Figure 14. PXRD patterns of outgassed sample LMOF-202" (blue), dichloromethane washed
sample (cyan), and as-made sample LMOF-202 (red) compared with the simulated pattern

from the single crystal data
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Figure 15. Thermogravimetric profile of LMOF-201 (blue) and LMOF-201" (burgundy)

under nitrogen flow.
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Figure 16. Thermogravimetric profile of LMOF-202 (blue) and LMOF-202’ (burgundy)
under nitrogen flow.

2.2.2. Results and discussion
LMOF-201  (Zn,(ofdc),(bpy)-2.5DMF-1.25H20, ofdc =  9-oxo-9H-fluorene-2,7-

dicarboxylate) and LMOF-202 (Zn,(hfdc),(bpy)-xDMA, hfdc = 9H-fluorene-2,7-
dicarboxylate, DMA = N,N’-dimethylacetamide) were synthesized using solvothermal
method. Single crystal X-ray diffraction revealed both structures are three-dimensional (3D)
frameworks built on Zn,(Rfdc), (R = O or H) paddle-wheel secondary building unit (SBU),
as shown in Figure 12 (

Table 2 and Table 3). Each SBU is connected to four identical units to form a two-
dimensional (2D) 4* net. The adjacent 2D layers are further bridged by bpy ligands giving
tise to a 6 coordinated uninodal net with the Point symbol of {4'>-6’} and Vertex symbol of

[4.4.4.4.4.4.4.4.4.4.4.4.6,.6,.6,]. Two of such 3D networks interpenetrate to yield the overall

structure. The compounds can be activated at 120 °C under vacuum overnight (LMOF-201

and LMOF-202’). Although constructed from similar ligands, the two compounds differ
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drastically in porosity: While both compounds experience certain degree of structure change
upon activation, LMOF-201" is nearly nonporous in comparison to LMOF-202’ as a result

of a larger substitution group on the carboxylate. The BET surface areas are 24 m®/ g and

136 m*/g, respectively.

Table 2. Single crystal data for LMOF-201

Compound [Zn,(ofdc),(bpy)]-2.5DMF-1.25H,0 (LMOF-201)
Formula CirsHioNy 50137520,
M 1024.58
Crystal system Monoclinic
Space group P2(1)/c
a/A 13.8166(7)
b/A 21.7847(12)
c/A 20.1414(11)
o/° 90.00
g/° 103.312(1)
v/° 90.00
v, A? 5899.5(5)
Z 4
Temperature (K) 100(2)

A (Mo Ko) A 0.71073
D, g/cm’ 1.154
Reflections collected 59805
R1“[I > 26(])] 0.0822
wR2"[1 > 26(D)] 0.2006
Goodness-of-fit 1.017
CCDC number 979464

ﬂRl:Z|F0_FC|/Z|F0|
WR2= S w(E, - EE ]/ wE D

Table 3. Single crystal data for LMOF-202 based on the SQUEEZE model

Compound [Zn,(hfdc),(bpy)] xDMA (LMOF-202)
Formula C,)H,,N,O4Zn,

M 791.39

Crystal system Monoclinic

Space group C2/c

a/A 33.559(7)

b/A 22.171(4)

c/A 19.706(4)

o/° 90.00

B/° 124.022(3)

v/° 90.00
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Vv, A’ 12152(4)
Z 8
Temperature (K) 295(2)
A (Mo Ka) A 0.71073
D, g/cm3 0.865
Reflections collected 50481
R17[I > 20(I)] 0.0436
wR2 [1 > 26(1I)] 0.1239
Goodness-of-fit 1.002
CCDC number 979466
‘RI=Y |F-F /3 F,]

WR2= SIw(E, - B )]/ w(E )]

Energy (eV)
Energy (V)

Enecrgy (V)
£ s

Figure 17. Calculated density of states (DOS) for LMOF-202 using Extended Hiickel
method. The solid curve denotes the total DOS. The shaded arearefers to the contribution
from hfdc (left), bpy (middle), and Zn (right) respectively. The dashed horizontal line
denotes the Fermi level. (Courtesy of Dr. Chong Zheng)
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Figure 18. An illustration of molecular orbital energy levels of LMOF-121, LMOF-202, and
analytes computed at BALYP/SDD (on Zn), 6-31+G*(on H, C, N, O).
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Figure 19. A comparison of fluorescence enhancement after 10 s exposure of LMOF-121
and LMOF-202’ to the vapors of ketones.
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Figure 20. A 2D colour coded map of ketones based on the fluorescence response of
LMOF-202".

The PL response towards ketone vapors was evaluated on activated solid samples.
Both compounds display band-gap emission in the blue/green region primarily due to LLCT.
Density of states (DOS) calculations on LMOF-202 revealed that the maximum of valance
band (VB) consists mostly of bpy while the minimum of conduction band (CB) is largely
made of the hfdc (Figure 17)."*>'** A series of chain and cyclic ketones were included in this
study. Ketones have high-lying lowest unoccupied molecular orbitals (LUMOs) which are far
above the conduction bands of LMOFs (Figure 18)."” Upon excitation, they act as strong
electron donors and therefore enhance the fluorescent emission of LMOFs.”” The
experimental observation of the interaction between LMOF-202’ and the saturated vapor of
ketones supports this prediction: the fluorescence intensity of LMOF-202" was enhanced
significantly after only 10 seconds of exposure (with the exception of acetone, Figure 19).
Note that upon exposure to ketone vapors, the emission maximum of LMOF-202" shifted to

higher energy, a strong evidence of exciplex formation.” Taking emission peak wavelength
g gy, g P g P g
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and intensity changes into account, each ketone can be pin-pointed on a 2D map as shown
in Figure 20. To further testify that detecting cyclohexanone is a feasible method to
indirectly identify RDX, a LMOF-202’ was exposed to a RDX sample recrystallized in
cyclohexanone and its PL signals monitored over a time period. A considerable
enhancement in it emission intensity was observed (more than 12% within 15 minutes). A
control experiment on an excessively dried (in vacuum oven for 72 hours) RDX gave no PL
response (Figure 21 and Figure 22). Therefore the residue cyclohexanone is a proven easier
target than RDX itself. Besides being able to rapidly identify ketones, another merit of
LMOF-202" is its resistance to interferences from other molecules: common solvents and

representative aromatics barely affect its emission (Figure 23).

0 sec
450 - ——900 sec
400
350
300
3
& 2504
> 1
2 200+
]
=
= 1504
100
50 4
0 T T ¥ T ) 1
400 500 600 700

Wavelength (nm)

Figure 21. PL emission spectra of LMOF-202’ (black) and the same sample after 900 s
exposure to dry RDX (red) at room temperature.
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Figure 22. PL emission spectra of LMOF-202’ (black) and the same sample after gradual
exposure to a RDX sample freshly recrystallized in cyclohexanone at room temperature.

100 ~

&

2>

‘»

| o

9

£ 50+

c

Rl

7

2

S

L

£

S

c

@©

< 04

O :

05, S0cy, Yty <., Fosgy Yoty Yoty Ve, yy Mots, Moy s, e Oy Oony O, i,
ey "G Vo, Wiy Dng ke YOn Oh He, O g, g, e e e
19/70/7 /70/7@ e /)7@’6 (] @'Ofe @/)/e *'9/7 C‘e’a/ '70/ / /)e (5] I)ee
e W3, ’70,,@ ’70,,@ One 0 )
@/),e,)
0/76

Figure 23. A summary of the emission intensity change of LMOF-202" after exposure to
analytes for 10 s at room temperature.
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Figure 24. IR absorption spectra of activated (top) LMOF-202" and (bottom) LMOF-121"
reference to KBr pellet under N, purge. (Courtesy of Dr. Kui Tan)
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Figure 25. IR absorption spectra of vapor phase analytes from top to bottom: acetone, 2-
octanone, cyclpentanone, cyclohexanone. (Courtesy of Dr. Kui Tan)
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Figure 26. IR absorption spectra of adsorbed ketone molecules: acetone, 2-octanone,
cyclopentanone, cylcohexanone in LMOF-202" (top) and LMOF-121" (bottom) referenced
to IR spectrum of blank LMOF samples respectively. The spectra were recorded after
exposing LMOF samples to vapors for 3 min. (Courtesy of Dr. Kui Tan)

Table 4. Relative intensities of v(C=0) bands for the ketone molecules adsorbed in LMOF-
202’and LMOF-121".
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V(€=0) LMOF-202’ LMOF-121’
Acetone 1.098 1.000
2-Octanone 1.238 0.7013
Cyclopentanone 1.330 0.4137
Cyclohexanone 1.043 0.2133

All bands are

normalized to in-plane 4,4-bipy ring deformation mode &

LMOF-202" and 1078 cm™' for LMOF-121". (Courtesy of Dr. Kui Tan)
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Figure 27. (a) IR spectra of adsorbed acetone in LMOF-202’ (left) and LMOF-121" (right)
under N, purge as a function of time. (b) Integrated areas of v(C=O) band of adsorbed
acetone decrease as a function of time. Blue, LMOF-121; red, LMOF-202". (Courtesy of Dr.

Kui Tan)
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Figure 28. Time-dependent IR spectra of adsorbed 2-octanone, cyclopentanone and
cyclohexanone in LMOF-202"under N, purge. Blue, data recorded within 0.5 min; red, after
5.4 min. (Courtesy of Dr. Kui Tan)

In-situ infrared spectroscopy indicates that ketone vapors are captured by LMOF-
202’, with the appearance of several new features specifically associated with ketones such as

the v(C=0), v, ,(CH,) and v(C-C) bands. These bands are red shifted from their positions in

as,s

the free ketones by ~20 to ~30 cm™ upon adsorption into LMOFs (Figure 25 and Figure 26).
The adsorption of larger ketone molecules such as 2-octanone, cyclopentanone, and
cyclohexanone significantly perturbs the skeleton vibrational modes of LMOF-202’; as seen

in red shifts of the stretching modes of the carboxylate group v, (COO) and of the phenyl

as,s

1ing V0> as shown in Figure 5 (for reference, the IR spectra of original LMOFs are shown
in Figure 24). In contrast, the perturbations induced by the inclusion of acetone into LMOF-
202> are much weaker, suggesting a weaker interaction with this framework. This is
consistent with the observation that acetone diffuses out of LMOF-202’ much faster than

other longer chain and cyclic ketones (Figure 27 and Figure 28). Therefore, the notably low

response in fluorescence intensity of LMOF-202’ to acetone vapor is attributed to the
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weaker interaction (i.e. affinity) of this small sized molecule with the framework. (IR data

was collected by Dr.

Normalized Kubelka-Munk Function

Kui Tan.)
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Figure 29. Optical adsorption spectra of solid samples of LMOF-121, LMOF-201, and

LMOF-202.
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Figure 30. (a) Emission spectra of ketones (solid lines) at A, = 300 nm and UV absorbance
of LMOF-121" (dashed blue) and LMOF-202’ (dashed burgundy). (b) UV absorbance of

DNT (dashed blue) and emission spectra of LMOF-121" (solid blue, A, = 280 nm) and
LMOF-202’ (solid burgundy, A, = 300 nm).

Although LMOF-201" and LMOF-202” have very similar band gaps (Figure 29), their

responses to ketone vapors are distinctly different. LMOF-201" is quite inert to ketones, as

its fluorescence intensity was barely affected upon exposure to ketone vapors. In this case,

porosity differentiates the two: The intrinsic pores within the LMOF-202" facilitate the

diffusion and accumulation of analytes, and the confined analytes interact more readily with

the sensory material, resulting in enhanced response. This does not apply to LMOF-201" as it

is nearly nonporous.
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Figure 31. Heat of adsorption of acetone in LMOF-121 (red) and LMOF-202 (black).

The role of electron transfer (short-range) process in the change of fluorescence of a
LMOF under excitation has been well examined in numerous studies concerning chemical
sensing and explosive detection. Yet energy transfer, a long range process vital to the
mediation of the fluorescence response, has only been scarcely explored. In the case of
LMOF-202’ large spectral overlaps were found between its absorption spectrum and the
emission spectra of ketones. A large portion of emitted photons from ketones are re-
adsorbed by LMOF-202” which contributes significantly to the enhancement of its emission.
To address the impact of energy transfer, LMOF-121 was selected for comparison. The
porosity (surface area) of LMOF-121" is similar to that of LMOF-202’,but the absorption
spectra of the two are very different: LMOF-121" has a notably higher band gap (~ 4.0 eV,
Figure 29) and absorbs in a higher energy region (Figure 4a) than LMOF-202" (band gap: ~
2.5 eV). With the same exposure time (10 seconds), the fluorescence enhancement of
LMOF-121" is generally much less than that of LMOF-202’ (Figure 19, with a clear

exception of acetone). This observation can be partially attributed to the very small spectral
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overlap between the absorption spectrum of LMOF-121" and the emission spectra of
ketones, limiting the emission enhancement due to the energy transfer effect. On the other
hand, large spectral overlaps are attained between the absorption spectrum of LMOF-202
and the emission spectra of ketones, contributing substantially to the enhancement of PL
emission. The exception in the case of acetone may be explained by both IR and adsorption
studies. The high compatibility between the pore size of LMOF-121" and the molecular size
of acetone leads to a particularly strong guest-host interaction, and consequently acetone
molecules are adsorbed and held much more strongly in LMOF-121" than in LMOF-202
(Figure 27). This is confirmed by the heat of adsorption (Qst) values calculated from acetone
adsorption isotherms, which are ~70-80 kJ/mol for LMOF-121" and only ~50-51 kJ/mol
for LMOF-202’ (Figure 31). The adsorption/interaction of larger ketones in LMOF-121" is
much limited compared to LMOF-202" due to its small pore size (Figure 26 and Table 4),

and thereby much lower PL responses (Figure 19).
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Figure 32. (a) Quenching of the fluorescence of LMOF-121 upon the incremental addition
of DNT (10 uL, 0.01 M aliquot). (b) Stern-Volmer plot of LMOF-121 showing the
quenching efficiency of DNT. (c) Quenching of the fluorescence of LMOF-121 upon the
incremental addition of lower concentration DNT (10 pL, 0.001 M aliquot). (d) Detection

limit determined from (c): DNT = 4.98 pM or 0.91 ng/mlL, from this point on, a steeper
slope is observed.
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Figure 33. (a) Quenching of the fluorescence of LMOF-202 upon the incremental addition

of DNT (10 uL, 0.01 M aliquot). (b) Stern-Volmer plot of LMOF-202 showing the
quenching efficiency of DNT.

The energy transfer mechanism is more recognized in fluorescence quenching where

the emission spectrum of sensory material overlaps with the absorption spectrum of
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analyte.”***'"*® To compare the effect of energy transfer on the fluorescence quench response
of LMOF-202 and LMOF-121, fluorescence titrations of DNT (2,4-dinitrotulene) were
petformed on 0.4 mg/mL suspensions of LMOF in DMF respectively (Figure 32 and Figure
33). The Stern-Volmer (SV) equation, I,/I = K_-[Q] + 1, was employed to evaluate the
quenching efficiency of two LMOFs, where I is the initial fluorescence intensity without the
quencher, I is the fluorescence intensity with the addition of the quencher, [Q] is the molar
concentration of the quencher, and Ksv is the quenching constant. For LMOF-121 a K, of
1.1 x 10* M was obtained, which is comparable to the best performance of reported
polymer sensors.'” Using LMOF-121, the detection limited for DNT is estimated to be 4.98
UM or 0.91 pg/mlL. (Figure 32). For LMOF-202, a smaller K value is obtained, 4.6 X 10> M
' (Figure 33). This difference is due to both electron and energy transfer effects:
Electronically, LMOF-121 has a higher CB than that of LMOF-202, thus favoring electron
transfer to DNT at excited state (Figure 18). Considering energy transfer, LMOF-121 is
more sensitive towards DNT because its emission spectrum overlaps much more strongly
with the absorption spectrum of DNT than that of LMOF-202. Such spectral overlap is
essentially nonexistent for the latter (Figure 30b) and the quenching effect relies solely on
electron transfer.

2.2.3. Conclusions

In summary, two new and closely related members of the LMOF family, LMOF-201 and
LMOF-202, were synthesized and structurally characterized. Engineering one of the ligand
with different functional groups has led to distinct porosity of the two compounds, which
drastically affects their sensing performances. The effective detection of high explosive RDX
with extremely low vapor pressure is achieved by an indirect route via fast and highly

sensitive sensing of a ketone vapor that inevitably co-exists in the explosive product. The IR
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spectroscopic and guest sorption studies show that LMOF-121 interacts more strongly with
acetone than with cyclic ketones as a result of size compatibility. On the other hand, LMOF-
202 adsorbs other ketones more strongly than LMOF-121. The effects of electron and
energy transfer processes on both fluorescence enhancement (by ketones) and quenching (by
DNT) have been elucidated for LMOF-202, by comparing to LMOF-121 with similar
porosity but different electronic structure. Tuning the porosity and electronic properties
specifically towards a detection target can significantly improve sensitivity and selectivity.
Such strategy can be very helpful in designing highly efficient sensory materials.

2.3. The Detection of Mycotoxins

2.3.1. Introduction
Mycotoxins are secondary metabolites produced by certain fungi that infect and proliferate
on diverse food commodities. Mycotoxins contaminate 25% of the global food crops each

year, leading to the loss of 1 billion metric tons of food products annually.” In the U.S.

131

alone, the economic damage caused by mycotoxins approaches $1.5 billion per year.” Many

of these naturally occurring toxins are teratogenic, mutagenic, and carcinogenic which pose

significant adverse health effects on human beings and animals.'”

Aflatoxins (AFs) mainly produced by Apergillus flavus and Apergillus parasiticus are one

of the most dominant mycotoxins worldwide."”

AFs contaminate a wide variety of
important agricultural commodities including corn and tree nuts.” There are four major
AFs: B, B,, G,, and G,; AFB, is one of the strongest known natural carcinogens. AF-
poisoning leads to the development of live cirrhosis or liver cancer (hepatoceluar
carcinoma)."” Ochratoxin A (OTA) produced by Aspergilius ochracens and Penicillinm verrucosum,

is another common mycotoxin which is hepatotoxic and nephrotoxic.'”’
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Figure 34. (a) The primary building unit showcasing a tetrahedrally coordinated Zn center. (b)
A segment cut along the c axis featuring a hexagonal cage. (c) Ligand simplification: bpdc as
a 2-c node and tppe as a 4-c node. (d) Simplified framework with 3-fold interpenetration and
distorted hexagonal channels along the c axis. (C: grey, N: blue, O: red, and Zn: aqua; H is
omitted for clarity.)

The chemical stability of most mycotoxins enables their survival through various
food manufacture processes such as baking and cooking at elevated temperatures, which
make the prevention of their entrance into the food chain extremely difficult.””® Therefore,
monitoring mycotoxins in human foods and animal feeds is crucial to ensure food safety.
For example, the U.S. Food and Drug Administration (FDA) establishes AFs tolerant level

137

for corn and peanut feeds intended for finishing beet cattle as 300 ppb.”" Current mycotoxin
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detection methods focus on the use of antibodies, aptamers, immunoassays, and modern
instruments (such as chromatograph and mass spectroscopy), which are proven effective.
However they share some common drawbacks, such as high cost and complex sample
preparation, which makes them less available to developing countries, places most prone to
mycotoxin contaminations.'” Therefore the development for convenient cost-effective

mycotoxin detection method has significant impact on global food safety.

Table 5. Single crystal data of LMOF-241 based on the SQUEEZE model

Compound LMOF-241
Formula C,1H,,N,O,,Zn,
M 1877.85
Crystal system Monoclinic
Space group c2
a/A 44.091(2)
b/A 25.4060(14)
c/A 17.1248(9)
a/* 90
B/° 91.176(4)
v/° 90
V/A’ 19178.7(17)
Z 4
Temperature/K 260(2)
A (radiation wavelength)/ A 0.7749
D (g/cm’) 0.650
Reflections collected 83865
R1“[I > 206(I)] 0.0598
wR2" [I > 25(])] 0.1463
Goodness-of-fit 0.983
CCDC No. 1006120
‘Ri=Y |F-F|/Z]|F,|

" wR2= Y [w(E- B2/ wE)]"

Optical sensing utilizing the change in fluorescence readout induced by sensor-
analyte interactions is a powerful detection method."” The choice of sensor material is the
core to achieve effective detection of targeted analyte.'” LMOFs are well explored for

chemical sensing as their tunable porosity and easy-to-functionalize surface are feasible
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platforms to promote strong guest-host interactions.''*** Here we demonstrate for the first

time the use of a new LMOF for mycotoxin detection.
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Figure 35. (a) The excitation (dotted blue) and emission (solid red) spectra of LMOF-241 in
DCM. (b) Emission spectra of LMOF-241 with the incremental addition of AFB, in DCM.

(c) The Stern-Volmer cutves acquired at A, = 340 nm and A, = 410 nm (insert) for AFB,
(red dot), AFB, (orange triangle), AFG, (green dimand), and OTA (blue square).

2.3.2. Results and Discussion

LMOF-241 or Zn,(bpdc),(tppe)-S (S = guest solvent molecules) crystalizes in the monoclinic
crystal system with space group C2 (Table 5). Each Zn*" coordinates to two monodentate
carboxylates from bpdc ligands and two pyridine groups from tppe ligands (Figure 34a). A
hexagonal cage containing 12 Zn centers, 8 bpdc ligands, and 2 tppe ligands proliferates
along the c axis to form a channel; the edge-sharing channels expands into a 3 dimensional
framework. The overall structure of LMOF-241 contains 3 interpenetrated frameworks with
distorted hexagonal channels along the ¢ axis. If bpdc is simplified as a 2-c node and tppe as
a 4-c node, the overall structure is a 2-nodal (4,4)-c net (mog type) with Point symbol

{4-6"8},{4%6>8%} (Figure 34c and d). There are currently 12 reported MOF structures with

3 fold interpenetrated mog type topology according to the ToposPro database.'”’ If tppe is
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simplified as two 3-c nodes, the overall structure is a 2-nodal (3,4)-c net (jeb type, or bbe-
3,4-Cmmm, derived from mog) with Point symbol {6’} {6>8}.*'" To the best of our
knowledge, only 1 out of the 8 reported jeb type MOF structures has a 3-fold

2 However the topology of LMOF-241 is unusual because of its non-

interpenetration.
centrosymmetry: two structural groups not related by any symmetry operations form 3 (2+1)

interpenetrated nets.
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Figure 36. SV curves for AFB, (a) and AFB, (b).
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Figure 37. (a) Limit of detection of AFB, determination. (b) is a zoom-in of (a).

LMOF-241 exhibits ligand-based emission in the blue region (Figure 35a).
Mycotoxin detection was achieved by monitoring the PL. of LMOF-241 before and after the
addition of anaylte. AFB, and AFB, quench the PL intensity of LMOF-241. A representative
PL titration curves for AB, are shown in Figure 35b. AFG, and OTA at low concentrations
enhance the PL intensity of LMOF-241; as the concentrations pass certain thresholds, the
PL intensity starts decreasing. The Stern-Volmer (SV) equation, I./I = K [Q] + 1, where To
is the initial emission peak intensity, I is the emission peak intensity after the addition of
analyte, [Q] is molar concentration of the analyte (quencher), K is the quenching efficiency,
was used to quantitatively evaluate the performance of LMOF-241 as mycotoxin sensor. For
AFB, and AFB, at low concentrations, the I /T is linearly proportional to concentration
respectively with a y intercept 1; the slope is the K. For AFB,, K, is 54227 M, which is 1.8
times of that of AFB, (32436 M), which indicates the strong selectivity of LMOF-241 to

AFB, (Figure 36). The detection limit for AFB, is 15 ppb (Figure 37). The SV curves for
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AFG, and OTA bend downwards first at low concentration region, and this trend is
reversed after certain concentration thresholds. Compared to OTA, AFG, is more efficient
in enhancing and quenching the emission intensity since the falling and rising of slopes are
steeper. The threshold concentration from enhancement to quenching of AFG, is lower than
that of OTA. In addition to intensity change, AFG, causes a blue shift of the emission peak
and OTA causes a red shift. Such turn-on and turn-off responses are unique fingerprints of

these two mycotoxins.
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Figure 38. Calculated frontier orbital energies for LMOF-241 (fragment model) and analytes
at BALYP/DGDZVP.
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Figure 39. (a) Molar absorptivity of AFB1 (dotted red), AFB, (dotted orange), AFG, (dotted
green), and OTA (dotted blue), and the emission specttum of LMOF-241 in DCM (A, =
340 nm). (b) Excitation spectra (dotted lines) and emission spectra (solid lines, A, = 340 nm)
of AFG, (green), and OTA (blue) in DCM with intensity normalized to concentration.

The quenching of LMOF-241’s emission by AFB, and AFB, is likely due to an

electron transfer mechanism that we previously discussed for LMOF-based sensors.®*""7* As
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shown in Figure 38, upon excitation, electrons can transfer from the conduction band of
LMOF-241 (S5 and above) to LUMOs of AFB, and AFB,, then non-radiatively relax to their
HOMOs. It is also possible according to Hao e7 a/, that electrons can directly transfer from
the valence band of LMOF-241 to the LUMOs of analytes, facilitated by the guest-host
interactions (such as 7-T interaction and hydrogen bond).'* In any case, a sufficient amount
of excitation energy is needed to overcome the energy barrier for electron transfer. For
example, with A, = 340 nm, efficient quenching is achieved; with A, = 410 nm the SV curve
becomes flat as shown in the insert of Figure 35. However, the electron transfer mechanism
alone could not explain LMOF-241’s selectivity towards AFB, over AFB,. To better
understand LMOF-241’s selectivity, the energy transfer aspect should also be considered.
The spectral overlap between the absorption of analytes and the emission of LMOF-
241 is very limited which hinders the energy transfer from LMOF-241 to AFB, and AFB,
(Figure 39a)."*" But the absorption of AFB, and AFB, align almost perfectly with the
excitation energy fed to the analyte-sensor system (i, = 340 nm). This indicates both AFB,
and AFB, compete with LMOF-241 for excitation energy, while AFB, is a stronger
competitor as its molar absorptivity is greater than that of AFB,. AFG, and OTA could also
share the excitation energy with LMOF-241. Unlike AFB, and AFB,, AFG, and OTA relax
the excitation radiatively, which may be the reason for emission enhancement of LMOF-241
at low analyte concentrations. AFG, is more capable of absorbing the excitation energy
(higher €) and the subsequent emission (higher emission intensity) than OTA, which could

explain AFG, causes a more rapid enhancement.
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Figure 40. An illustration of the formation of a series of LMOFs with the paddle-wheel type
SBU.

Table 6. Single crystal data of LMOF-212 based on the SQUEEZE model

Compound LMOF-212 or Zn,(htdc),(bpe)
Formula C,;H;;NO,Zn
M 408.71
Crystal system Orthorhombic
Space group P nna
a/A 18.533(2)
b/A 16.1422(18)
c/A 23.345(3)
a/* 90

g/° 90

v/° 90
V/A? 6983.9(14)
Z 8
Temperature/K 100(2)

A (radiation wavelength)/A 0.71073

D (g/cm’) 0.777
Reflections collected 59877
R1“[1 > 20(D)] 0.0528
wR2"[1 > 26()] 0.1667
Goodness-of-fit 1.105
Sample ID ZH3-74C

“Rl= ]
* wR2= Y [w(E,- F2) / w(E,)7]"?

Table 7. Single crystal data of LMOF-221 based on the SQUEEZE model

Compound LMOF-221 or Zn,(ofdc),(bpee)
Formula C,H,N,O,,Zn,

M 845.40

Crystal system Monoclinic

Space group P21/c



a/A 16.0925(18)
b/A 20.907(2)
c/A 21.242(2)
o/’ 90
B/° 104.912(2)
v/° 90
V/A 6905.8(13)
4 4
Temperature/K 150(2)

A (radiation wavelength)/A 0.71073
D (g/cm’) 0.813
Reflections collected 69833
R1“[I > 206(I)] 0.0365
wR2"[1 > 26(])] 0.0991
Goodness-of-fit 0.957
Sample 1D AB1-13B

62

‘Ri=Y|E-E|/X|F |
*wR2= Y [w(F, - F2) / w(E )"

Table 8. Single crystal data of LMOF-292

*wR2= Y [w(F,- F.2)7 / w(E )"

Compound LMOF-292 or Zn,(bdc-NH,),(bpee)
Formula Ca0.12H2353N4 7 Oy 720,
M 721.59
Crystal system Triclinic
Space group P-1
a/A 10.9081(2)
b/A 10.9133(3)
c/A 16.3061(4)
o/° 85.6950(10)
g/° 83.9700(10)
v/’ 74.5850(10)
V/A® 1858.70(8)
Z 2
Temperature/K 100(2)
A (radiation wavelength)/A 0.41328
D (g/cm’) 1.289
Reflections collected 11168
R17 [I > 20(D)] 0.0824
wR2" [I > 26(])] 0.2101
Goodness-of-fit 1.108
Sample 1D DB1-152A
“RI=Y |F.-F. |/ X|F,|
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To further assess LMOFs as AFB, sensors, a series of LMOFs with the paddle-wheel
type of SBU is proposed (some already synthesized by our group, Figure 40): LMOF-211 or
Zn,(ofdc),(bpe), LMOF-212 or Zn,(hfdc),(bpe), LMOF-221 or Zn,(ofdc),(bpee), LMOF-
222 or Zn,(hfdc),(bpee), LMOF-281 or Zn,(bdc-OH),(bpe) (bdc-OH = 2-
hydroxyterephthalate), =~ LMOF-282  or  Zn,(bdc-NH,),(bpe)  (bde-NH, = 2-
aminoterephthalate), LMOF-291 or Zn,(bdc-OH),(bpee), and LMOF-292 or Zn,(bdc-
NH,),(bpee). All of these LMOFSs are expected to share the same topology with 2-fold
interpenetration (6 coordinated uninodal net with the Point symbol of {4'*6’}). Single
crystal analysis was performed on LMOF-212, 221, and 292 (Table 6, Table 7, and Table 8).
LMOF-211, 221, 281, 282, 292 were tested for the detection of AFB,. Aliquots of AFB,
solution (0.32 mM in DMF) were added to 1 mL. LMOF suspension under constant stirring

(0.4 mg/mL in DMF). PL spectra were recorded before and after the addition of analyte.
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Figure 41. (a) The PL ttration curves of LMOF-211 with the addition of AFB, (A, = 300
nm). (b) The Stern-Volmer curve of LMOF-211.
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Figure 42. (a) The PL ttration curves of LMOF-221 with the addition of AFB, (A, = 300
nm). (b) The Stern-Volmer curve of LMOF-221.
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Figure 43. (a) The PL titration curves of LMOF-281 with the addition of AFB, (A, = 325
nm). (b) The Stern-Volmer curve of LMOF-281.
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Figure 44. (a) The PL ttration curves of LMOF-282 with the addition of AFB, (A, = 350
nm). (b) The Stern-Volmer curve of LMOF-282.
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Figure 45. (a) The PL titration curves of LMOF-292 with the addition of AFB, (A, = 350
nm). (b) The Stern-Volmer curve of LMOF-292.

Table 9. Summary of K  for AFB,

LMOF Sample ID Compound K,

211 AB1-38A Zn,(ofdc),(bpe) 36940
221 AB1-38C Zn,(ofdc),(bpee) 40829
281 AB1-34B Zn,(bdc-OH) ,(bpe) 22582
282 AB1-36B Zn,(bdc-NH,),(bpe) 10565
292 AB1-36A Zn,(bdc-NH,),(bpee) 27274

Preliminary PL titration data show that AFB1 quenches the emission of the selected

LMOFs (Figure 41 to Figure 45 and Table 9). LMOFs with larger pores generally are more

sensitive to AFB, as indicated by their respective K, values. For example, LMOF-211 and

221 were constructed of a larger ligand (fdc-based) than that of LMOF-281, 282, and 292

(bdc-based); and the K, value of LMOF-211 and 221 are greater than those of LMOF-281,

282, and 292.
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2.3.3. Conclusions

We have designed and synthesized a new compound, LMOF-241 and demonstrated for the
first time the use of this compound for myctotoxin detection. LMOF-241 is capable of
differentiating several major Aflatoxins and Orchratoxin A. LMOF-241 is most sensitive of
Aflatoxin B, with detection limit in the ppb level. We have also studied the the electronic
properties of LMOF-241 and selected analytes from a theoretical perspective. Possible
electron and energy transfer mechanisms are addressed. LMOF-241 has great potential for
effective mycotoxin detection. A preliminary study of a group of LMOFs with same
topology but different building units indicates that larger pores might facilitate the diffusion
of analyte and lead to greater sensitivity.

3. LMOFs as Phosphors

3.1. The Design and Characterization of a New LMOF Phosphor
3.1.1. Introduction

Light-emitting diodes (ILEDs), one of the main branches of solid-state lighting (SSL)
technology, have rapidly emerged in various lighting applications, owing to their higher
efficiency, longer lifetime, and lower energy consumption relative to incandescent and
fluorescent bulbs. White light-emitting diodes (WLEDs) are of particular importance
because of the high demand for general illumination and displays. The energy impact of
LEDs is profound: The U.S. Environmental Protection Agency (EPA) estimates that the
nation can save nearly $700 million per year on energy cost, if every household substitutes
just one incandescent lamp with an ENERGY STAR rated LED."*'* The U.S. Department
of Energy also acknowledges SSL as a significant climate change solution as this technology
could cut the nation’s lighting energy consumption by almost one half.'"*" In one of the

largest retrofitting projects in the US, New York City plans to replace all of its 250,000 street
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lights with LEDs, aiming at a 30% drop of greenhouse gas emission by 2017."** One way to
construct WLEDs is by the combination of three single-chip diodes, namely red, green, and
blue (RGB) LEDs. A drawback of this multi-chip system is its high cost. Another method is
coating phosphors on single-chip LEDs, which are also known as phosphor-converted
WLEDs (PC-WLEDs). For example, either a mixture of RGB or other multicomponent
phosphors or a white phosphor which emits throughout the visible region can be coated on
UV LEDs."*" Similarly, yellow phosphors can be excited by blue LEDs to produce white
light, such as the commercially available YAG:Ce’ coupled with blue LEDs."*"*
Considering the wide availability and low cost of blue LEDs, yellow phosphor based PC-
WLEDs are preferred.””” The vast majority of currently available yellow phosphors rely
heavily on the rare-earth elements.'” However, due to the increasing demand of these
elements in many other high-tech applications, their prices have increased by 4 to 49 times
from 2001 to 2011. For example, the prices of Y, Eu, and Tb, the three essential ingredients
of phosphors used in general lighting technologies have increased by 400%, 600%, and 1600%
respectively.'” The search for rare-earth-free yellow phosphors is becoming increasingly
urgent.'”!

Molecular aggregation often plays a key role in the PL properties of a phosphor.
Upon aggregation, the PL of a phosphor may be subject to aggregation-caused quenching
(ACQ) and/or aggregation-induced emission (AIE)."” Phosphors with AIE characteristics
are generally more appealing. In designing highly efficient yellow-emitting phosphors, our
strategy is to preselect an AIE type ligand with appropriate emission energy. We began by
evaluating the HOMO-LUMO energy gap (AE) of a series of conjugated organic ligands
with a focus on chromophores containing the tetraphenylethylene (tpe) core, which is a

162,16

typical AIE moiety.'"*'” As shown in Figure 46, varying the conjugation of organic
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chromophores can systematically tune AE. For example, H,tcpe (tetrakis(4-
carboxyphenyl)ethylene) (L,) is a reasonable starting point since its internal quantum yield
IQY) is as high as 47%.'** However, its emission is too close to blue (A, = 480 nm).” To
red-shift the emission peak, we decrease AE by increasing the arm length extended from the

tpe core (e.g. L, to Lg in Figure 46). Thus we synthesized the targeted ligand H,tcbpe (L),
4'4M 4" 4" (ethene-1,1,2,2-tetrayl)tetrakis ([1,1'-biphenyl]-4-carboxylic acid) which emits
near 540 nm.'”
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Figure 46. Estimated HOMO-LUMO energy gaps of ligands at BALYP/DGDZVP. AE is
normalized to the experimental value of L, (or Hjtcbpe) extrapolated from the diffuse
reflectance spectrum.

MOFs have been extensively  studied for  wvarious potential

8,9,13,14,17,3

C 9,116,163,166-169 :
applications. PHOIGSI0T® "The strong luminescence of a number of MOFs, and

especially their ability in immobilizing molecular chromophores, have further facilitated their
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possible use as phosphors.”>*'™ As potential phosphors, LMOFs have several intrinsic
advantages: The diverse building components available for the construction of LMOFs offer
various sources of fluorescence, which makes it possible to design phosphors independent
of rare-earth elements or elements with adverse environmental impacts (such as cadmium
and selenium) — the former are the essential ingredients in current commercially available
inorganic phosphors, and the latter are the key components in quantum-dot based
phosphors.'”" The synthesis conditions for LMOFs are much milder than those for solid-
state inorganic phosphors; the fabrication process only requires moderate heating or even no
heating (e.g. reactions at room temperature), which conserves energy from the very
beginning of their life cycle. Anchoring organic chromophores, especially the AIE-type, into
the rigid MOF backbone effectively inhibits non-radiative decay involving ligand rotation,
vibration, and torsion, potentially enhancing the overall fluorescence of the resulting
compounds.” Our recent studies on Zn-based LMOFs have revealed that PL emissions in
these structures are primarily ligand based or involve LLCT, depending on the number and
nature of the chosen ligands.”>"""*****'* Here, we assemble an LMOF using zinc (II) as
nodes and the highly luminescent near-yellow emitting chromophore, H,tcbpe, as linker.
Upon blue excitation, the resulting LMOF compound shows ligand-based yellow emission

with exceptionally high quantum yield.
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Figure 47. (a) A chain formed along the c axis containing alternating eight-membered rings.
(b) An illustration of the chain emphasizing the alternating rings. (c) The polyhedral
representation of the SBU as an infinite rod of edge-sharing tetrahedra. (d) The tcbpe ligand
simplified as a butterfly shape. (¢) The overall simplified structure of LMOF-231 showing
1D rod SBU and 1D open channel along the c axis. Color code: H (white in (d), omitted for
clarity in (a) and (c)), C (grey), O (red), Zn (aqua).

Table 10. Single crystal data of LMOF-231 based on the SQUEEZE model

Compound Zn,(tcbpe) ' xDMA (LMOF-231)
Formula C54H32082n2
M 939.53
Crystal system Monoclinic
Space group C2/c
a/A 36.929(5)
b/A 31.080(4)
c/A 11.8533(17)
o/’ 90.00
B/° 99.228(2)
v/° 90.00

v, A’ 13429(3)
Z 8
Temperature (K) 100(2)

A (radiation wavelength) A 0.7749
D, g/cm’ 0.929
Reflections collected 76786

R1“[I > 20(])] 0.0898
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wR2" [I > 26(])] 0.2803

Goodness-of-fit 1.058
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Figure 48. PXRD patterns of actived sample LMOF-231" (top), as-made sample LMOF-231
(middle), and simulated pattern from the single crystal data (bottom).
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Figure 49. Thermogravimetric profile of H,tcbpe (blue) and LMOF-231 (red) under nitrogen
flow.
3.1.2. Results and Discussion

Zn,(tcbpe)'xDMA  (DMA = N, N-dimethylacetamide) or LMOF-231 was
synthesized solvothermally (120 °C, 48 hours). It crystallizes in the monoclinic crystal system
with space group C2/¢ (Table 10). Each Zn (II) tetrahedrally coordinates to O atoms from
four different tcbpe ligands. All of the carboxylate groups are bidentate with each O atom
connecting a different Zn (II). Two Zn, two C, and four O atoms form an eight-membered
ring in a chair-boat confirmation, which differs from the boat-boat confirmation of the rings
in Zn(tbip) (H,tbip = 5-(ter-butyl)isophthalic acid).'” The rings alternate along the ¢ axis to
form a 1D chain (Figure 47a-c) that can be regarded as an infinite SBU. This type of rod-
shaped SBU effectively prevents framework interpenetration.™ Each tcbpe ligand bridges
four adjacent chains (rods) to afford the three-dimensional (3D) framework with 1D channel
along the ¢ axis, as shown in Figure 47. The overall structure is a new (3,6)-c net with Point
symbol {3°.4*8"9},{8’} (obtained from TOPOS).>'*" The framework is porous with a BET

surface area of 833 m*/g. LMOF-231 is thermally stable to 460 °C, making it more robust

than H,tcbpe which decomposes around 350 °C, as indicated by the thermogravimetric

analysis (Figure 49).
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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.
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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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Internal Quantum Yield (%)
Sample A, =420 nm | A, =440 nm | A, =455 nm | A, (nm)”’
H,tcbpe 70.3£0.1 63.2%0.1 62.310.1 540
LMOF-2371’ 95.1£0.2 81.310.1 76.4%0.2 550
TF@LMOF-231"“ | 92.240.1 ¢ 80.9£0.1 73.2%0.1 550
LMOF-231"DMA | 82.5%0.1 74.710.1 72.210.1 540
LMOF-231"DMF | 92.4%0.1 73.6%0.1 73.7£0.1 535
LMOF-231""DEF | 81.0£0.1 71.7£0.1 71.5%0.1 530
LMOF-231"-EA 93.940.1 81.1+0.6 76.310.1 545
LMOF-231-AP 72.1£0.1 68.0£0.1 60.310.1 540
External Quantum Yield (expressed as % of Internal Quantum Yield)
Sample A, =400 nm | A =415nm | A, =440 nm | A =455 nm | A, (nm)”’
LMOF-231 | 96.0 94.2 80.6 64.6 540
LMOF-231" | 96.5 96.0 93.3 88.7 550

Thermal stability ¢ (Decrease in Percent Intensity, +2%)
Sample 100 °C | 120 °C | 150 °C | 160 °C | A, (nm) *
TF@LMOF-231" | 1 2 10 15 550

“ Teflon protected sample in 120 °C oven for 12 h. "A_ = 455 nm. A, has a £2 nm
deviation. ‘ A, = 415 nm ¢ Sample under different temperatures for 12 h, A, = 455 nm.

Room temperature optical absorption, emission, and quantum yield measurements
were performed on both as-made and outgassed samples of LMOF-231 in air. With a 2.55
eV optical band gap, LMOF-231 exhibits ligand based emission in the near-yellow region.
The evacuation of LMOF-231 gives rise to the guest-free LMOF-231 with a lower band gap
of 2.30 eV (Figure 50). Susceptible to a wide range of excitation energy, the emission of
LMOF-231" falls right into the yellow region (Figure 51). The immobilization of the
H,tcbpe ligand into a rigid framework has two advantages: The rotation and torsion of
phenyl rings are further inhibited, leading to increased quantum yield (Table 11).'” The

emission peak is red shifted to 550 nm in the guest-free sample producing a more yellow
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color (Figure 50). The IQYs of the as-made and outgassed LMOF-231 measured at blue
excitation (A, = 420 nm) are 82.5% and 95.1%, respectively (Table 11), which rival that of

the commercial available phosphor YAG:Ce’" (IQY = ~95%) and are the highest among all
rare-earth-free blue-excitable yellow phosphors reported to date. In addition, high external
quantum yield (EQY) values are obtained (Table 11). For outgassed sample, the value is as
high as 96.5% of its internal QY when excited at 400 nm. This result indicates that the
material is a very efficient light absorber (close to 100% absorption). The Commission
International de I’Eclairage (CIE) coordinates (Figure 52) of LMOF-231" are (0.42, 0.54),

nearly identical to those of YAG:Ce’* (0.43, 0.54). The similarity of their emission properties

makes LMOF-231" a great candidate as a YAG:Ce’* substitute.

_~

08

Figure 52. CIE coordionates of YAG:Ce’", black dot, (0.43, 0.54), H,tcbpe, burgundy dot,
(0.39, 0.55), LMOF-231, pink dot, (0.39, 0.56), and LMOF-231’, red dot, (0.42, 0.54)

calculated from their emission spectra respectively (A, = 455 nm)

The emission color of LMOF-231" is tunable by incorporating different solvents in
its pores. To investigate the solvent effect, we studied the photo-physical properties of

several solvent exchanged samples. The solvent free form emits closest to yellow, while all
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solvents selected in this study unanimously shift the emission peak to the higher energy
region (Figure 50): N,N-diethylformamide (DEF) shifts the emission mostly dramatically by
20 nm; (ethyl acetate) EA has the minimal effect (within 5 nm). It is also worth mentioning
that solvent incorporation decreases the IQY, possibly due to non-radiative excitation
relaxation facilitated by solvent molecules. Therefore, the activation of LMOF-231 serves
two purposes: (i) driving the emission peak more towards yellow; (i) further boosting the
IQY of the LMOF (the first boost being the anchoring effect of the framework on the AIE
chromophore). We are currently working to find solvents or guest molecules which can shift
the emission towards lower energy or drastically change the overall emission profile, as

research of this aspect is fundamentally interesting.

Figure 53. (a) to (d). Blue LED bulb (455-460 nm, (a) and (b)) and plate (450-455 nm, (c)
and (d)), before and after coating with solution-processed LMOF-231" to create PC-WLEDs,
with the top and bottom rows corresponding to device states 'off' and 'on', respectively. (e)
A flexible ribbon coated with LMOF-231" under day light, and blue light (450-470 nm, LED

lamp, (¢”))

To further assess the performance of LMOF-231" as a yellow phosphor, we built
PC-WLED assemblies by coating commercially available blue LEDs with a solution
processed sample of LMOF-231". The solution processiblity of LMOF-231" allows the

application of this compound to different types of surfaces, accommodating either LED
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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.
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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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scenario. There are no perfect functional or basis set for every system. Computational results

should always be testified by experimental data if possible.

List of LMOFs
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LMOF-191
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Zn,(tcbpe)'xDMA

Zr (tcbpe), - zDMF

Zt (tcbpe), - zDMA

Zt (tcbpe), zDEF

Zn,(bpdc),(tppe)
[Zn(btc),(tppe),(DMA),]- IDMA-12H,0
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