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Chapter 1 Photochemistry in Metal-Organic Framework:

Emissive, Switchable and Degradable MOF



1.1. Introduction

A photo-induced response is one that occurs upon the absorption of light. In
photochemistry, there are three typical photoresponses—photoluminescence, isomerization, and
photolysis (Scheme 1.1). As a subcategory of photoluminescence, fluorescence has been widely
used in applications such as fluorescent labelling,12 chemical sensors,?4 and fluorescent lamps.56
Another type of photoluminescence is phosphorescence, which has a special property in that the
glow is slower after irradiation, which suggests potential applications in areas that require delayed
emission, such as glowing toys, stickers, and paintings.”8 Apart from photoluminescence, light-
induced interconversion during isomerization is a matter of both fundamental and applied interest
for other major applications, including molecular switches, photoswitchable ion transportation,
photo-responsive micelles, and liquid crystals.®12 Photoirradiation can also be destructive, as
indicated by the photodegradation of photolabile compounds or photoremovable protection groups,

and can therefore be applied in photocages, sensors, synthesis, and molecular release.13-15

Luminescence

Irradiation

Scheme 1.1. Three typical photo-induced res ponses.



One of the major challenges in using standalone photoresponsive molecules, however, is
that, to be functional, most of these molecules must be dissolved in a solution, which makes them
difficult to transfer into or adjust in other systems.16 A solid solution must be found that provides
rigidity, portability, and accessibility, while maintaining their intrinsic molecular properties.
Porous materials can be defined as any materials that have pores, including organic, polymer, and
inorganic materials, with pore sizes varying from nanometer- to millimeter-scale. A unique type
of inorganic solid framework, constructed of metal ions or nodes connected via organic linkers, is
the metal-organic framework (MOF), which is one candidate for incorporating photoresponsive
molecules.1”.18 MOFs possess intrinsic advantages such as porosity, a large internal void space and
surface area, and an abundance of metal/ligand choices and combinations.1°-22 When a fluorescent
chromophore is incorporated with an MOF, it can either generate stronger emissions23.24 or glow
at a different wavelength via a charge transfer process between the ligands and metal centers2>%
or an energy transfer process from antenna chromophores to acceptor components.2’ Its tunable
wavelength suggests the potential use of photoemissive MOFs in applications such as luminescent

sensors, light emitting devices (LEDs), and fluorescent probes for nitroaromatic explosives.28-30

Unlike photoemissive materials, light-induced isomerization makes compounds such as
azobenzene (AB) derivatives a unique type of functional material. Spiropyran and diarylethene
derivatives also undergo ring opening and closure upon exposure to light, usually accompanied by
photochromic color change. Incorporating spiropyran into an MOF can lead to reversible
framework color change,3! and using diarylethene derivatives as MOF struts can induce local
framework movement.32-34 More broadly, AB can be introduced into an MOF as guest molecules,
linker side chains, or backbone struts, which leads to changes in the MOF pore size,3®> CO,

adsorption alternation,3¢ or framework shrinking.3” Whereas we observed no framework change



by the irradiation of AB-bipyridine-ligands-based silver complexes3® or MOFs,3° we did see a
dramatic emission increase from that of the apo ligand. As these chromophores behave variously
as linkers, linker side chains, and guest molecules, together with the different phenomena observed
for different molecules, more research in this areais needed to reveal details of the process and

mechanism responsible for the behavior of photoswitchable components in MOFs.

Whereas photoisomerization is non-destructive, although it can sometimes cause local
framework changes, photolabile compounds undergo decomposition when exposed to light, and
this property makes them excellent candidates for controlled metal release, as well as fluorescent
metal probes, biochemical process sensors, and photo-switches for drug release.13.15.4041
Photolabile compounds can serve as MOF linker side chains in the synthesis of novel MOF
structures that cannot be easily obtained via de novo synthesis,*243 thus providing a novel and
uniqgue method for the preparation of unapproachable MOFs. We believe that photodegradable
MOFs can be constructed using ligands that decompose upon irradiation, but the lack of
appropriate ligands and a solvothermal condition in MOF synthesis makes it difficult to obtain a
photolabile framework. Although previous authors have reported observing a certain amount of
photo-induced degradation of MOFs37 and covalent organic frameworks (COFs)** constructed

using AB derivatives, degradation induced by AB isomerization remains debatable.

Whereas there are numerous reviews of MOFs regarding their luminescence property, a
comprehensive summary of photoemissive, photoswitchable, and photodegradable MOFs is
lacking. In this paper, we first introduce various luminescence phenomena of emissive MOFs,
including ligand-centered emission, charge-transfer-based emission, and an antenna effect. We
then explore the behaviors of the photoswitchable components in MOFs. Lastly, we discuss

photodegradable MOFs that comprise several photolabile compounds.



1.2. Photoemissive MOF
1.2.1. Ligand-centered Emission.

As fluorescent sensors, photoemissive MOFs always possess channels or pores with large
diameters, which allows analytes diffusing in and sensed, with high sensitivity and fast response. 30
Even when the pores are blocked by framework interpenetration, MOF surface can still serve as
interaction sites, due to its large surface area.*>46 Besides efficient conversion of UV radiation to
visible light, emission wavelength of MOFs can be tuned by perturbing ligand electronic states via
metal coordination (Scheme 1.2), making them great candidates for light emitting devices such as

fluorescent lamps and plasma display panels.30

Coordl

Em

Quench

f\

Paramagnetlc
r No Em

Scheme 1.2. Schematic representation of ligand-centered emission in MOFs. There are three different mechanisms,
solely ligand-based, metal center coordination influenced, and paramagnetic metal ion quenched. “EX” stands for
excitation, “Em” stands for emission, “Coordi” stands for coordination and “Paramagnetic” stands for paramagnetic

metal ions.



The most straightforward strategy of making a luminescent MOF is to construct the
framework with an emissive ligand. Linker-centered luminescent MOFs are made of conjugated
organic compounds absorbing in UV and visible region, and the excitation of ligand usually
happens through singlet-singlet transition.3® In a typical linker-based emission, the emission
energy of MOF is similar to the ligand.47-0 For example, 2,4,6-tris(4-pyridyl)-1,3,5-triazine (TPT)
strongly emits a blue light at 469 nm, and four MOFs composed by this ligand emits in solid state

between 465-478 nm, which can be clearly attributed to ligand-centered emission.51

While most ligand-centered MOFs emit in similar wavelength their ligand analogues, a
redshift or blueshift is not uncommon, usually with a little wavelength difference.52-54 For example,
free 1,3,5-benzenetricarboxylic acid (BTC) ligand emits at 370 nm, and two BTC MOFs (Zn and
Cd) emit at longer wavelength, 410 and 405 nm, all in solid state form.5> The redshifts can be
attributed to ligand-centered electronic transitions perturbed by coordination to metal ions, and the
difference emission energy between the two MOFs mentioned may be due to different coordination
environment around the two metal ions. In addition, metal coordination influence can be huge if
metal ions are paramagnetic such as copper(ll), which canlead to a quench of the ligand-centered
emission (Scheme 1.2).51 The reason could be the non-radiative decay from mixed

fluorophore/metal nn*/dd state to wn* state of the organic fluorophore. 6

Not only small bathochromic or hypsochromic shift of emission wavelength, when
fluorescent ligands are rigidified in MOFs, they also emit at similar intensity comparing to ligands.
However, molecule such as tetraphenylethylene is an exception, of which the fluorescence in
solution can be quenched by fast rotation of its aromatic rings and twisting of the C=C bond, while
incorporating the compound into a rigid matrix can lead to strong emission, due to decreasing of

non-radiative decay by restricting the rotation of the phenyl rings.23 Interestingly, we discovered



that typically non-emissive azobenzene (AB) derivatives could be fluorescent when frozen in a
solution, due to trans-cis isomerization (non-radiative decay) locking by strong intramolecular
hydrogen bonding.5” We further revealed embedding AB chromophores in Ag* coordination
polymer could dramatically enhance the degree of radiative decay and lead to a strong pinkish
emission at room temperature, in which both intramolecular hydrogen bonding and metal
coordination contribute.3® DFT calculations in our work proves strong polymer luminescence

arises from n* excited state being stabilized below the mterstitial nmt* excited state.

1.2.2. Ligand-to-Metal-Charge-Transfer (LMCT).

While ligand-centered MOF gives similar emission as its ligand, making emission
wavelength tunable is always desirable in luminescent materials, especially for their use in light
emitting devices such as LEDs. Different from ligand-centered emission, in a typical ligand-to-
metal-charge-transfer (LMCT) phenomenon, emission arises from a charge-transfer transition and
the emission energy is always different from the ligand (Scheme 1.3).58-60 When molecular orbitals
of ligand are full, charge transfer may happen from the ligand molecular orbitals to d-orbitals of
metal or metal clusters, which are empty or partially filled. For example, in a MOF containing mix
ligands of benzene-1,4-dicarboxylic acid (H,BDC) and benzene-1,3,5-tricarboxylic acid (HsBTC),
the polymer’s major emission redshifts from the ligands emission (370 nm) to 430 nm, while
showing a shoulder peak at 370 nm. While the shoulder peak emission can be attributed to the
ligand n«<— 7* emission, the major emission canbe attributed to the charge-transfer transition.2> In
addition, the absorbance spectra show a hypsochromic shift of polymer from the two ligands,
which may be attributed to metal-ligand coordination leading 7*«—n transition perturbed by Zn?*.

Although charge transfer emission, including an M-L or L-M emission, requires the metal center



is oxidizable or reducible, the zinc could be viewed as Zn-O cluster, qualifying it as an electron

acceptor.61
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Scheme 1.3. A simplified schematic electronic structure diagramshowing LMCT and MLCT process in MOFs.

LMCT efficiency can be strongly affected by a second linker binding to metal, a co-
crystallize compound, a counterion or a different coordination environment of metal ions. Six zinc
MOFs with trimesic acid as ligand have been reported, with different amino alcohols added, either
as co-crystallize solvent or a second linker.52 As reported, trimesic acid emits at 380 nm, and a
MOF composed by this ligand and Zn2* emits at 405 nm, showing LMCT phenomenon. However,
three other MOFs co-crystallized with different amino alcohols show very weak emissions, which
can be attributed to charge transfer process being prohibited by the presence of co-crystallize
reagents, through strong hydrogen bonding interactions. More interestingly, when two different
amino alcohols were coordinated to Zn2* ions, one MOF showing LMCT with emission red-
shifting to 430 nm, and the other MOF showing no emission at all. Although the reason is not
revealed by the authors, it suggests LMCT charge transfer process can be influenced by various
factors including metal-ligand coordination environment, co-crystalized solvent and different

counter ions.



The emission wavelength from LMCT was found to be tuned by the number of guest water
molecules. A luminescent MOF was reported showing strong fluorescence at 380 nm, redshifted
from the ligand at 348 nm.53 The LMCT induced redshift can be moved towards red light region
gradually, with steadily loss of water molecules after being heated at different temperatures, and
the emission varies from UV (380 nm) to visible light (430 nm). Different from solvatochromism
of which solute showing different color in solvents with different polarity, this unique phenomenon
can be caused by the absorbance of excitation UV by water molecules and anions, and LMCT
process perturbed by hydrogen bonding interactions between water molecules, encapsulated BF 4
and SiFg2- anions and MOF ligands. The original crystal has abundant lattice water and anions, the
remove of which decreases hydrogen bonding interactions and thus decrease the influence on
LMCT. More interestingly, re-hydration of the dehydrated MOF shifts wavelength back,

indicating resumed H-bond interaction and LMCT perturbance.

As stated above, guest molecules and framework trapped ions can play a significant role in
emission wavelength and efficiency during LMCT process. And it is also worth to note that LMCT
and linker-centered emission are not mutually exclusive, as several literatures report the co-
existence of the two mechanisms.2552.64.65 | MCT was proved to be a powerful method in designing
luminescent MOFs emitting in different energies; however, there are lack of researches on
predicting the process. A recent report shows that LMCT can be predicted by using density
functional theory (DFT).%6 In the study, the authors compared six metal nodes in UiO-66
framework and found that LMCT was only favorable in cerium-centered MOF, due to the low-
lying empty Ce?#* 4f orbitals. They further revealed that the efficient separation of photogenerated
charges through LMCT was the reason for high photocatalytic activity in Ce4* MOFs. This work

not only provides a novel way of foreseeing LMCT process, but also offers new method to design



efficient photocatalysts utilizing LMCT for better charge separation. Although still debated,
LMCT was found to be a critical process determining the photocatalytic activity on hydrogen

evolution by d® metal-organic frameworks, since electronic origin is the key part.67-70

1.2.3. Metal-to-Ligand-Charge-Transfer (MLCT).

While LMCT stands for electronic transition from an organic linker-localized orbital to a
metal-centered orbital, MLCT is the opposite process (Scheme 1.3), with charge transitioning from
a metal-centered orbital toa ligand-centered orbital. MLCT is frequently observed in d1° Cu(l) and
Ag(l) based MOFs. Comparing to the redshift of wavelength in LMCT, MLCT can be either
blueshift or redshift. For example, a Cu(l) MOF with 4-hydroxypyridine-2,6-dicarboxylate as
ligand emits at 398 and 478 nm, blueshifting from its free ligand green emission (526 nm),
indicating a MLCT process from Cu-3d to O-2p and N-2p orbitals.”? Moreover, when additional
metal (Ag*) is presented in the structure, the emission shifts back to green (515 nm), suggesting a
linker-centered luminescence originated from m«—mn* transition of the organic linker, instead of
MLCT. The reason is not specified by the authors, but the Cu-L-Ag connection could favor a
charge transfer from ligand-centered orbitals to silver-center orbitals, following electronic
transition from Cu(l)-centered orbitals to ligand orbitals, meaning MLCT effects could be

cancelled out by the following LMCT.

A large redshift of Mn(ll)-centered MOF has been reported.26 Comparing to the blue
emission of ligand at 440 nm, the MOF exhibits strong red fluorescence at 726 nm, which is a
huge redshift caused by MLCT from Mn(ll) ions to nitrogen and carboxylate-oxygen donors of
imidazole ligand. Along with the long-lived emission lifetime of 0.3 ms, the system provides a
new method to obtain luminescent MOFs for light-emitting diode devices. Both LMCT and MLCT

can be applied for a tunable emission wavelength, making luminescent MOFs more suitable as
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probes, sensors, or emitting candidates. Not like numerous researches on MLCT in rare metal
complexes,’>75 the charge transfer process in MOFs is still undeveloped and further data is needed

to better understand the process and mechanism.

1.2.4. Lanthanide Luminescence and Antenna Effect
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Scheme 1.4. Schematic representation of Jablonski diagramshowing the basic photophysical processes of organic

linkers, combined with energy migration and emission in lanthanide M OFs.

Strong, visible and long life-time emission, as well as large Stokes’ shift, is essential for
developing light-emitting devices, lasers, lighting and displays, photonic devices and biological
imaging reagents. With a gradual filling of 4f orbitals, lanthanide ions exhibit narrow and
characteristic 4f-4f transitions, so they can emit with a broad range, from ultraviolet (UV)to visible
and near-infrared (NIR) region, which serves them as great candidates for emitting and optical
applications.”6-78 However, lanthanide ions suffer from weak light absorption and low quantum
yields due to forbidden f-f transitions implied by Laporte’s parity selection rule.”® This problem
can be overcome by complexation of lanthanide ions and linkers with strong absorbing ability. 8-
83 The coupling between linkers and metal ions allows direct energy transfer from linker excited

states to metal energy levels, which is also known as sensitization or antenna effect. There are
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typically three steps for lanthanide sensitization. Firstly, organic linker chromophores absorb

energy and get excited. Secondly, energy is transferred to metal ions from linker excited states.

Thirdly, lanthanide emits with high intensity.

For antenna effect to be effective, the lowest triplet state of organic linkers should be

located at an energy level above the energy level of the lanthanide ions (Scheme 1.4). The

preference of Eu(lIl) and Tb(lll) based MOFs over other long-wavelength emissive MOFs such

as Er, Gd and Nd, is determined by the intrinsic red and green color of first two, and their strong

coupling to organic linkers.84-86 For example, isostructural lanthanide (Sms3*, Eus*, Gd3*, Ths*,

Dy3*) MOFs have been reported and strong emissions are only observed in Eu3* and Th3* MOFs.87
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Another example shows efficient sensitization has been achieved by coordinating
thiophenyl-derivatized carboxylic acid to Eud* and Tbh3* ions and forming MOFs with intensive

luminescence in visible and near-infrared region, respectively.89

Recently, a series of bimetallic MOFs with different Eu3*/Th3* ratios have been reported,
showing extraordinary sensing activities for both metal ions and volatile organic compounds
(VOCs).88 As shown in Figure 1.1A, emission wavelength can be tuned by adjusting the ratio of
two metals, and emitting colors can be varied gradually from red to green. Moreover, Eug 47 Tho e3-
MOF was incorporated into a polymer film and exhibited fingerprint quenching outcomes by
different metal ions in aqueous solution and different VOCs in vapor. The two-dimensional
decoding maps were based on different quenching performance on Eu3* (616 nm) and Th3+ (547

nm) emissions, as shown in Figure 1.1 Band 1.1 C.

In addition, energy transfer has also been observed between two different lanthanide ions.
In hetero-lanthanide MOF containing Thb3* and Eu3*, Th3* canalways serve as sensitizer for Eud*,
leading to enhanced emission of Eu3* and quenched emission of Th3*, which can be evidenced in
previous reports.®%-°1 It is worth to note that in lanthanide MOFs with antenna chromophore, even
though luminescence of metal ions is enhanced by the linker sensitization, the inefficiency of

energy transfer process could still make the overall quantum yield low.30

1.2.5. Emission from MOF Guests
Although not fully explored comparing to other luminescent MOFs, guests such as
fluorescent dyes and lanthanide ions can be encapsulated into MOF channels to emit, instead of

serving as MOF backbones (Scheme 1.5). This approach bypasses synthetic problems encountered
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when incorporating fluorescent components as framework struts and can still serve the system as
a fluorophore in solid state instead of in solution. For example, the strong emission of lanthanide
ions can be easily quenched by water molecules, but encapsulating them into MOF channels via
dimethylammonium cation exchange can produce emissive MOFs behaving well in aqueous
system.%2 Comparing to Ln-centered MOFs, this method not only provides a technique of making
water friendly lanthanide MOFs suitable for biological environments, but also gives an easy post-
synthetic approach to obtain MOFs encapsulating different lanthanide ions (Th3*, Sm3+, Eu3*, Yhb3*)

and emitting various colors.

EnT
\ g“
B organic linker @ Lnion

Scheme 1.5. Schematic representation of lanthanide-centered MOF emission showing antenna effect and the
encapsulation of dyechromophores, along with the photophysical processes of excitation (Ex), energy transfer (EnT)

and emission (Em).
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In addition, by using post-synthetic cation exchange method, different lanthanide ions can
be easily mixed into MOFs and mixed emission or a white light can be obtained. This has been
evidenced by introducing Eus*and Yb3*into a MOF with carbazole-based ligand, and by adjusting
ratio of the two Ln ions a white light emission can be obtained.®® Similarly, co-doping of Eus* and
Yb3*into a blue-emitting MOF can produce coatings on a LED light and give red, green and white
emissions, by varying the ratio of two metal ions.2* The energy transfer process from organic
ligand sensitizer embedded in MOFs to encapsulated lanthanide ions are also proved to be efficient.
Interestingly, lack of energy transfer from framework sensitizer to encapsulated Ln ions has also
been observed, and the systems show discrete emissions from the framework and Ln ions,
respectively.®49 The authors claim no effective overlap in excitation spectra could lead to the no

apparent energy transfer process.

Other than physically absorbed into framework, Ln ions canalso be introduced into MOFs
by postsynthetic modification via coordination. Reported by a same group, MOF-253 was prepared
with 2,2°-bipyridine-5,5’-dicarboxylic acid as organic linker, showing strong coordination ability
at the bipyridine N sites.%-98 Eus*, Th3*, Yb3*and Sms3* can be brought into framework via
coordiantion bond between Ln ions and the bipyridine, with the aid of another ligand. All of the

MOFs show unique luminescence with high quantum yield.

Analogously, by encapsulating organic chromophores into MOFs can reproduce the
emission of the guest molecule. A large channel (24.5 A x 27.9 A) MOF has been prepared and
the channel allows encapsulation of a large dye rhodamine 6G and emits strongly in orange-red
region.?® More interestingly, when an organic dye perylene was introduced to channels of a
lanthanide MOF, emission from the dye and antenna induced Ln emission after energy transfer

can be observed simultaneously.1% The introducing of guest molecules into MOFs provides amore
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tunable way of designing and synthesizing luminescent MOFs with different emission wavelengths,
for applications in molecular recognition, guest sensing, lighting and displaying devices and

biomedical imaging.

1.3. MOF with Photoswitchable Components

1.3.1. Photoswitchable Compound as Linker Sidechain

v

s organiclinker ® metal cluster

_/—. photoswitchable part guest

Scheme 1.6. Schematic illustration showing sidechain photoswitchable compound acting as photo-triggered s witches,
controlling theuptake capacity of guest molecules.

Photoisomerization can be defined as structure change of a compound induced by light
irradiation. There are two types of photo-induced isomerization including trans-cis conversion
(such as azobenzene and stilbene) and open-closed ring transition (such as spiropyran and

diarylethene). Due to the reversible isomerization upon irradiation with different wavelength or
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thermal treatment, photoswitchable compounds have been utilized in numerous fields, especially

in molecular gates,12.101 photochromic switches,?1.192 and metal ion chelators.103.104

While more and more interest has been shown in MOFs as storage containers for gases and
drug molecules, the demand of a photo-controllable switch on the system has surged a lot.35:37.105
Photoswitchable compound azobenzene (AB) and its derivatives are preferable over other
photochromic compounds, since the large structural change between trans and cis isomers makes
AB more suitable as molecular switches.106-108 For example, AB was coupled onto the aromatic
ring of terephthalic acid, from which a framework isostructural to MOF-5 was synthesized and its
CO; adsorption ability was characterized.®® The MOF adsorbs a significant amount of CO, with
AB in trans formation, and upon UV irradiation, a decreasing in CO, uptake is observed, due to
the channel blocking by trans—cis photoisomerization (Scheme 1.6). High CO, uptake can be
resumed when treated with heat, due to the cis isomer converting back to trans, losing channel
blocking ability. In addition, the reversible alternation of MOF CO, uptake can be repeated many
cycles, by irradiation and thermal treatment. The alteration of CO, adsorption capacity has also
been observed on other AB MOFs.109-111 The dangling AB side chain provides a novel method of
inserting photoswitches into MOFs, which could be utilized for other gases, such as H,, N, and
hydrocarbons. Similarly, larger guest molecule butanediol is loaded into a MOF channels, on top
of which layers containing AB as linker side chains grow, acting as a big cap for the loaded
guests.105 Upon irradiation, the trans—cis isomerization allows top layer channel to open and

release butanediol.

However, trans—cis isomerization does not always lead to a lower guest uptake. In aMOF
reported with a large channel size, dandling AB isomerization to cis doesn’t display blocking

effects anymore, since the framework allows guest uptake in both trans and cis forms.112
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Interestingly, the dipole—dipole interaction between host and guest plays an important role instead.
For a more polar guest butanediol with a dipole moment of 2.58 D, the cis form MOF shows 20%
more guest uptake comparing to trans. Inaddition, the dipole moment of AB changes from 0 D in
transto 3.2 D in cis, which suggests dipole-dipole interaction is critical. On the other hand, hexane
with 0.08 D diploe moment shows no change of guest uptake upon irradiation. Furthermore, by

examining several other guests with different dipole moments, the authors make a solid statement

that dipole-dipole interaction is the major factor determining gas adsorption capacities.

Figure 1.2. Encapsulation and photo-induced release of rhodamine B cargo from AB functionalized MOF capped by
B-CD, (A) original MOF, (B) MOF loaded with rhodamine Band capped by B-CD, (C) photo-induced guest release,

adaptedandreproduced fromref. 108.

Different from de novo synthesis, a post-synthetic method was reported by coupling
azobenzene to amine groups on a MOF ligand via covalent bond.113 Irradiation with UV leads to
an increase in the CH,4 adsorption capacity and exposure to visible light shows the opposite effect.
Although the authors mention the reason cannot be specified due to limited data, what they
observed is not in line with the dipole-dipole interaction theory in which cis AB with higher dipole
moment displayed less uptake of nonpolar CH,4.112 More research in this area is desired to further

explore how trans and cis isomers influence uptake capacity of guest molecules. The use of AB as
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gate for control release of dye molecule has also been reported.3> The channel size of the MOF can
be increased from 8.3 A to 10.3 A upon irradiation due to trans—cis conversion, allowing loaded

propidium iodide dye to be released.

Similarly, rhodamine B has been loaded into a AB functionalized UiO-68 MOF capped by
B-cyclodextrin (B-CD).1% Surface AB can form a supramolecular complex with 3-CD, which
serves as a gatekeeper to prevent rhodamine B from releasing out. Since B-CD shows a much
higher binding affinity toward trans-AB than the cis form, the formation of cis isomer upon
irradiation would push B-CD away from MOF surface and open the gate to release the cargo, as

shown in Figure 1.2.

Different from gating effect of AB, MOF composed by a diarylethene-based linker can
display photochromic color change.2! The original MOF crystal is colorless when diarylethene is
in ring-open form, and upon UV irradiation, the ring closes and crystal color turns to red. However,
unlike diarylethene ligand displaying reversible color change between red and colorless upon
irradiation in different wavelength of light, visible light irradiation cannot shift MOF crystal back
to its original color. This interesting phenomenon has been explored by digesting diarylethene
MOF and testing its photoactivity. The after-digesting mixture resumes its reversible
photochromism, suggesting local coordination environment in framework could suppress
diarylethene ring-open reaction. The same research group discovered another diarylethene MOF
showing reversible photochromism between colorless and blue color, and interestingly the ring
close step can be driven by UV while the ring open step can only be achieved by thermal
relaxation.3® The authors attribute the phenomenon to the formation of photo-inactive atropisomer
asthiophene groups adopt a photoinactive orientation, which provides an insight local environment

in MOF can play an important role in their photochromism activities.
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1.3.2. Photoswitchable Compound as Guest Molecule

-

Scheme 1.7. Scheme showing a framework structural change is induced by trans-cis isomerization of encapsulated

azobenzene guest molecules.

Besides being incorporated as dangling groups on MOF linkers, photoswitchable
molecules can be directly encapsulated into MOF channels, a more straightforward way of
introducing photoactive components. It has been reported that the isomerization of encapsulated
components can induce framework structural change and alter MOF application in different
directions (Scheme 1.7).114 For example, azobenzene was introduced into MOF structures and their
isomerization ability within solid framework has been compared.!® Interestingly, encapsulated in
the reported three MOFs upon UV irradiation, two of them show 30% tran—-cis isomerization,
while the third one shows no obvious cis isomers, according to high resolution IR spectroscopy.
After comparing channel size of MOFs, the authors claim that limited tran—-cis isomerization in
the third MOF is attributed to the smaller MOF pore size, prohibiting azobenzene from isomerizing.
Another report shows an interesting phenomenon that when a MOF is fully loaded with
azobenzene molecules, no isomerization can be observed, and when part of the guest is desorbed,

isomerization-induced gating effect can be seen.116 In addition, the gating effect is reversible upon

20



exposure to a different wavelength of light and can be utilized as a switch to regulate gas

permeability and H,/CO, separation ability, similar to gatekeeper role as MOF linker sidechains.

Although less studied, diarylethenell” and spiropyani® molecules have also been reported
encapsulating inside MOF channels. Yellowish MOF crystals can transform to red color upon UV
irradiation and return to yellow upon visible light exposure, due to the photochromic property of
incorporated diarylethene molecules.11” The presence of diarylethene inside MOF pores instead of
attaching on the surface can be evidenced by the irradiated crystals showing linear dichroism. This
also provides a novel way of distinguishing whether a guest molecule attaching on MOF surface
or diffusing into MOF channels. In addition, trying to resolve the structure with diarylethene in
the framework via SXRD doesn’t work, due to inhomogeneous filling, as well as positional
disorder of the guest, although residual density was observed within MOF channels. This suggests
the difficulty of obtaining high quality SXRD data for MOFs capturing guest molecules, since
comparing to solvent molecules, photoactive guest molecules are generally bigger and the
distribution of them in MOF channels is less homogeneous than solvent guests like H,0, methanol,

or DMF. The partially filled electron densities hinders perfectly solving crystal structures.

Via a two-step post-synthetic method, spiropyran molecules have been synthesized inside
MOF channels, with carboxylates coordinating to metal centers.118 The synthesis method using
MOF as a carrier is creative, as the molecule cannot be synthesized following a typical synthetic
way outside MOF. Upon irradiation or thermal treatment, reversible isomerization between
spiropyran and merocyanine can be observed in MOF and UV irradiation can lead to an increasing
of CO, uptake. This report provides a novel method of de novo synthesizing spiropyran molecule
inside MOF channels, displaying photo-induced gas adsorption capacity change, which may

inspire other light-responsive MOFs utilizing similar approaches. In addition, the synthetic method
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may be applicable to other compounds which cannot be synthesized following traditional synthetic
ways. Different from a post-synthetic modification, spiropyan has also been successfully
embedded into different MOFs via a vapor-phase process (Figure 1.3).11° The report discovers that
when encapsulating in three different MOFs, namely MOF-5, MIL-68(In), and MIL-68(Ga), the
chromophore displays different colors, due to various polarity environments inside the three MOF
channels. Upon irradiation, colors changes are observed for the MOFs, accompanied by
isomerization from spiropyran to merocyanine form. In addition, colors can shift back to original

upon heat treatment, making the photochromic change reversible.

Figure 1.3. Isomerization of spiropyran and encapsulation of one spiropyran derivative in MIL-68(In), showing

reversible color changes, upon irradiation or heat treatment, adapted and reproduced from ref. 119.



1.3.3. Photoswitchable Compound as Backbone Linker.

Scheme 1.8. Scheme showing unfavourability of trans—cis isomerization of AB derivatives whenembedded as MOF
backbone struts, and only local movements are allowed.

The isomerization of azobenzene can be restricted if additional stabilization from the
structure hold the molecule in place, such as hydrogen bonding and metal complexation (Scheme
1.8).38,57.120 However, “breathing” behaviors were observed on MOFs composed by azobenzene
derivatives.37.121 Hill et al. confirmed the isomerization of azobenzene moieties as metal-organic
framework linkers is restricted by observing no structural change in PXRD patterns before and
after irradiation. However, they have seen structural oscillations upon UV irradiation by using
time-resolved FTIR spectroscopy, observing C-C-C and C-C-N bending in azo core,
corresponding to peak intensity increasing at 550 cm-=1.37 Time-resolved FTIR provides a novel
way of monitoring localized structural movements within a rigid framework while PXRD or

SXRD techniques are not supportive.

While it is difficult for azobenzene components to isomerize embedded in a solid
framework since they must overcome framework confinement effect,122.123 ring open and close

transformations of diarylethene molecules can be more approachable. A UV-induced buff to blue
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color change was observed in a dithienylethene based MOF, and the color transformed back to
buff upon exposure to visible light.3* The reversible MOF color change can be attributed to
reversible open-ring and closed-ring transformation of the ligand, evidenced by similar absorbance
change of ligand and MOF, shifting from UV to visible region upon UV irradiation. This report
provides a novel way of forming photochromic MOF materials. In addition, a low-energy CO,
release can be achieved with high CO,desorption capacity upon UV irradiation, and the desorption
capacity can be modulated by varying irradiation wavelength. Although no other evidence
provided, the authors claim the controllable CO, desorption behavior is attributed to local
framework movements caused by transitions between open-ring and closed-ring conformers of

dithienylethene ligand.

The same group reported another diarylethene metal-organic framework as a separation
photo-switch for C,H,/C,H,4 separation.32 Separation factor for the two gases decreases a lot upon
UV irradiation, and can resume when exposed to visible light. This switchable behavior is
explained by density functional theory (DFT) calculations showing host-guest interactions
between MOF and guests were alternated during light irradiation. DFT calculations also suggest a

local ring opening in diarylethene ligand is more achievable than alternating whole MOF skeleton.

As far as we know, spiropyran linker based MOFs have not been reported; however,
amphiphilic random copolymer complex containing a spiropyran ligand was described.12* The
complex displayed reversible photochromic color change upon irradiation with different

wavelength of light, and a good cycling performance was also observed.
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1.4. Photodegradable MOF

As there are more and more applications incorporating photoresponsive components into

metal-organic frameworks, it is rational to explore a further step that whether photo-induced

transformation can achieve larger impacts by destroying local or entire framework (Scheme 1.9).

On the other hand, MOFs are in great demand as drug delivery systems, due to their high drug

loading ability based on high internal void space,12-127 and their big potential of forming

biocomposites with enzymes, oligonucleotides, viruses and cells.128-130 However, MOF cargo

delivery systems can experience slow releasing of encapsulated reagents.131-134  and thus

acceleration of release speed is always desired.

mmmmmm photolabilelinker
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Scheme 1.9. Scheme showing degradation of MOF caused by photo-induced decomposition of photolabile linkers.

The degradation process is irreversible.
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Although local framework movement has been observed by diarylethene ring opening and
closing in MOFs with diarylethene chromophores as backbone linkers,3234 the framework change
is minimal and MOF skeleton is retained. Azobenzene derivatives have also been inserted as MOF
backbone linkers and the photo-induced isomerization can lead to MOF degradation. For example,
a recent report found that cargo release speed from an azobenzene dicarboxylate based MOF could
be accelerated by white light irradiation.13> In addition, by using a higher power light source, drug
release rate can be further enhanced. However, the observation of MOF degradation in dark
suggests decomposition already happens in the absence of light, and more evidence is desirable to
confirm photo-induced isomerization of azo core leads to MOF destructuring. A reversible local
framework change was also reported due to the reversible trans-cis isomerization of azobenzene
linker.37 The authors utilized their system to test CO, adsorption capacity and found the reversible
framework change could reversibly control the gas’s capture and release. Although evidences such
as FTIR was provided, azobenzene derivatives are difficult to isomerize when incorporated into a
solid framework.57:.120 Therefore, further exploration in this areais necessaryto reveal whether and
to what extent AB isomerization can happen in a rigid framework, and how the isomerization

would affect guest capture and release performance.

MOFs were reported to be instable when exposed to acidic conditions, or strongly
coordinating molecules, due to linker protonation and displacement respectively. Although this can
be impediments in some fields, utilization of MOF degradation was found to be useful in drug
delivery systems.!3¢ While many literature use natural acidic conditions in the cell cytoplasm
compartments or lysosomes,!37-138 an outside trigger can be more valuable when the natural trigger

is infeasible or nefficient.
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Photodecarboxylation was found to be the major mechanism of metal ion releasing from
various complexes.!3%:140 However, similar phenomenon is rarely found in MOFs. A post-synthetic
linker sidechain decarboxylation was reported to obtam a MOF with phenolic linker, which is not
approachable by de novo synthesis.!#! In the work, ortho-nitrobenzyl ligand was incorporated into
the framework as photolabile linker, the photolysis of which yielded phenolic group. This is a
significant novel method since the preparation of MOF with uncoordinated hydroxy groups is very
rare due to strong coordination ability of OH groups. Although high quality crystals after
irradiation cannot be obtained, NMR results and simulations confirmed the photolysis efficiency
is between 55-83%. The same group has also used similar approach to prepare MOFs with
hydroxy and catechol moieties using post-synthetic photo-chemical deprotection technique.®> A
local structural change was observed on a benzothiadiazole-derived MOF, as its non-chelated
ligand wing went photo-induced decarboxylation.'#> Moreover, the N, and NH; gas adsorption
capacity of MOF was changed after the exposing to UV light, which provides a novel

photoirradiation route of modulating MOF adsorption capacity.

The photolabile components in post-synthetic deprotection are exclusively on linker
sidechains, and so far, there is no literature reporting using photolabile ligands as MOF backbone
struts. It is predictable that when a backbone linker is photolabile, local or full framework
decomposition can be achieved upon exposure to light. This might be less attractive from a MOF
synthesis perspective; however, the approach could yield photolabile MOFs, acting as promising
candidates for controlled molecule release and drug delivery systems. Revealed from a recent
report, MOF MIL-88B can be encapsulated in photocleavable capsules, through the addition of
modulator in MOF synthesis and the following interfacial polymerization.!4> UV-induced

photolysis of photolabile ortho-nitrobenzyl oligomer in the polymer shell leads to gradual release
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of MOF particles into outside solution, which increases the catalytic activity of
tetramethylbenzidine oxidation. We envision that without sophisticated modulator addition and
polymerization, a photolabile compound with modulator ability (carboxylates) can be directly

attached to MOF surface by coordination to surface metal clusters.

1.5. Conclusions

Although photoresponsive MOFs have been explored extensively with regards to MOF
luminescence, tuning of emission wavelength, photoswitches alternating gas adsorption capacities,
reversable photochromic color change and photo-induced cargo release, various glitches remain
unsolved. One of the less researched areas is fluorophore emission enhancement induced by
rigidifying in a solid framework. The believed reason is chromophore motion restricted by
coordination to metal ions; however, this statement is debatable and the mechanism behind is not
clearly proposed or proved. Photo-induced structural change can serve MOF as photoswitches for
gas adsorption and azobenzene derivatives are attractive candidates as MOF struts to initiate the
structural change. Although several studies report local framework change or MOF degradation
caused by AB isomerization, the evidence is not fully convincing and we observe no obvious trans-
cis mterconversion in solid frameworks. Photo-induced MOF degradation could be another hot
topic which is less addressed. A photo-degradable MOF made of photolabile ligands is a more

promising drug delivery system for controllable and efficient drug release.
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2.1. Introduction

Azobenzene (AB) undergoes trans—-cis isomerization when irradiated, and cis—trans
isomerization thermally or upon exposure to a different wavelength of light. Since light absorption
depends on the conjugated =m-orbital system, ring substituents change the photoisomerization
process and the optical properties of the AB chromophore. The S,«S, of aminoazobenzene (aAB)
shifts to longer wavelengths, which typically leads to an overlap with the S;<S; transition.1-3 As
we previously reported, AzoAMoP (1, 22-bis[N,N-(2-pyridyl)methylldiaminoazobenzene)
exhibits overlapping S,«<—Sp and S;<Sy transitions with a Ama at 490 nm and 30-fold higher
emission than AB at 77 K. Furthermore, AzoAMOoP undergoes minimal trans—-cis isomerization
due to intramolecular hydrogen bonding between the anilino protons and the pyridyl and diazene
nitrogen atoms.4 Hydrogen bonding imposes an energetic barrier that prevents the aryl rings from
adopting the prerequisite collinear conformation necessary for isomerization via the concerted

inversion mechanism.

To further develop the photochemistry of these unique aAB derivatives, we replaced the
pyridine ligand of the aminomethylpyridine groups with a series of hydrogen bond acceptors, and
changed the linker between the amine and pyridine to an ethylene.> Investigations with the small
library of compounds suggested that reproducing the structure-induced photophysical properties
observed with AzoAMoP would be difficult with a standalone AB chromophore. This study
included the report of AzoAEoOP (2, 2,2"-bis[N,N"-(2-pyridyl)ethyl]diaminoazobenzene), which
utilizes a pyridine ligand and an ethylene spacer. With AzoAMoP and AzoAEoP in hand, we
reasoned that the using a 3-pyridyl (meta) or 4-pyridyl (para) pyridine ligand in the existing
aminoazobenzene scaffold would allow retention of the hydrogen bonded anilino-hydrogen-

diazene core, while orienting the pyridine nitrogen atoms on a trajectory favorable for coordinating
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metal ions. Since the low temperature emission of AzoAMoP was attributed to hydrogen bonding
and from being embedded in a frozen solvent glass, we hypothesized that integrating the aAB
chromophore into coordination polymers would restrict non-radiative decay pathways sufficiently

to produce emissive systems at ambient temperature.

2.2. Experimental Section

2.2.1. General Procedures. All reagents were purchased and used without further purification.
The 2,2’-diaminoazobenzene (DAAB) synthon was prepared as previously described.® Toluene,
dichloromethane (CH,CL), dichloroethane (DCE) and diethylether (Et,O) were sparged with
argon and dried by passing through alumina-based drying columns. All chromatography and thin-
layer chromatography (TLC) were performed on silica (200-400 mesh). TLCs were developed by
using CH,Cl, or solvent mixtures containing CH,Cl,, ethyl acetate (EtOACc), hexanes, or methanol
(CH30H). 1H and 13C NMR spectra were recorded with a 500 MHz Bruker Biospin NMR
instrument. Chemical shifts are reported in ppm relative to tetramethylsilane (TMS). FT-IR spectra
were recorded using Bruker Optics FT-IR spectrometer equipped with a Vertex70 attenuated total
reflection (ATR) accessory by collecting 1024 scans over a scan range from 4000 to 400 cm-! at 4
cm® resolution. Thermogravimetric analysis (TGA) measurements were carried out on a TA
Instruments Hi-Res TGA 2950 Thermogravimetric Analyzer from room temperature to 800 °C
under nitrogen atmosphere at a heating rate of 10 °C/min. LC/MS was carried on a Single
Quadruple, Agilent Technologies 1200 series LC system. High resolution mass spectra were
obtained at the University of Notre Dame mass spectrometry facility using microTOF instrument
operating in positive ionization mode. Melting-point information was obtained using a

Hydrothermal Mel-Temp instrument.
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2,2'-Bis[N,N’-(2-pyridyl)methyl]diaminoazobenzene (1, AzoAMOoP). AzoAMoP was
synthesized as previously reported* with minor modifications. DAAB (0.640 g, 3.02 mmol), 2-
pyridinecarboxaldehyde (0.600 mL, 6.31 mmol) and 3 A molecular sieves (0.940 g) were
combined in CH,CL (30 mL) and stirred for 24 h at room temperature. Sodium
triacetoxyborohydride (NaBH(OAC)3,1.34 g, 6.32 mmol) was added, and the mixture was stirred
at room temperature for 24 h. The reaction mixture wasdiluted with water (20 mL), and the product
was extracted into CH,ClL (3 x 40 mL). The combined organic layers were dried over sodium
sulfate (Na;SO,4), and the solvent was removed. Flash chromatography on silica (24:1
EtOAc/MeOH) vyielded an orange-red powder (387 mg, 32.5%). Analytical data matched

previously reported values.*

2,2'-Bis [N,N'-(2-pyridyl)e thyl]diaminoazobenzene (2, AzoAE0P). AzoAEOP was synthesized
as previously reported® with minor modifications. DAAB (0.640 g, 3.02 mmol) and 2-
vinylpyridine (316 pL, 2.93 mmol) were combined in CH3OH (3 mL) and acetic acid (AcOH, 10
mL). The reaction mixture was stirred for 3 h at 45 °C before a second potion of 2-vinylpyridine
(632 uL, 5.86 mmol) was added. After stirring for 24 h at45 °C, the reaction mixture was cooled
to room temperature, diluted with 10 mL of water, and the pH was adjusted to ~8 with ammonium
hydroxide (NH;OH). The product was extracted into EtOAc (3 x 50 mL), the combined organic
materials were dried over Na,SO,, and the solvent was removed. Flash chromatography on silica
(CH,CL/CH30H, 25:1) gave AzoAEOP (448 mg, 35.1%) as a dark red solid. Analytical data

matched previously reported values.>

2,2'-Bis [N,N'-(3-pyridyl)methyl]diaminoazobenzene (3, AzoAMmP). DAAB (0.640 g, 3.02
mmol), 3-pyridinecarboxaldehyde (600 pL, 6.39 mmol) and 3 A molecular sieves (0.940 g) were

combined in DCE (30 mL) and stirred for 24 h at room temperature. NaBH(OAc)3 (1.34 g, 6.32
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mmol) was added and the reaction mixture was stirred at room temperature for 24 h. The reaction
mixture was diluted with water (20 mL), and the product was extracted into CH,Cl, (3 x 40 mL).
The combined organic layers were dried over sodium Na,SO,, and the solvent was removed. Flash
chromatography on silica using EtOAc/hexanes (2:1) and EtOAc/CH3;OH (20:1) yielded
AzoOAMMP as a dark red solid (532 mg, 44.7%). Diffusion of Et,O into an CH3CN solution of
AzoAMmP provided orange-red blocks suitable for X-ray analysis. TLC R¢ = 0.30 (silica,
EtOAC/CH3OH, 49:1). Mp = 158-159 °C. 'H NMR (500 MHz, CDCl3) & 8.65 (s, 2 H), 8.53 (d, J
= 4.9 Hz, 2 H), 8.43 (s, 2 H), 7.67 (d, J = 7.8 Hz, 2 H), 7.55 (dd, J = 8.0, 1.6 Hz, 2 H), 7.25 (t, J
= 6.2 Hz, 2 H), 7.19 (t, J= 7.8 Hz, 2 H), 6.76 (t, J = 7.6 Hz, 2 H), 6.70 (d, J = 8.4 Hz, 2 H), 4.50,
(s, 4 H). 13C NMR (125 MHz, CDCl) 6 149.1, 149.0, 143.0, 136.6, 134.8, 134.3, 131.7, 127.3,
123.6, 116.8, 112.0, 44.7. FT-IR (neat, cm) 3302.0, 3062.1, 3030.0, 2991.1, 2880.2, 2617.1,
2056.7, 1498.0, 1476.3, 1465.2, 1419.9, 1309.2, 1247.5, 1199.2, 1153.9, 1122.6, 1025.9, 1041.0,
906.9, 787.0, 748.0, 706.7, 601.8. HRMS (+ESI) calculated for MH* 395.1979 and observed

395.1980.

2,2'-Bis [N,N'-(4-pyridyl)me thyl]diaminoazobenzene) (4, AzoAMpP). DAAB (0.640 g, 3.02
mmol), 4-pyridinecarboxaldehyde (600 uL, 6.37 mmol) and 3 A molecular sieves (0.940 g) were
combined in DCE (30 mL) and stirred for 24 h at room temperature. NaBH(OACc)3 (1.34 g, 6.32
mmol) was added and the reaction mixture was stirred at room temperature for 24 h. The reaction
mixture was diluted with water (20 mL), and the product was extracted into CH,Cl, (3 x 40 mL).
The combined organic layers were dried over Na,SO,4, and the solvent was removed. Flash
chromatography on silica using CH,Cl,/CH3OH (10:1) yielded AzoAMpP as a red orange solid
(474 mg, 39.8%). Slow evaporation of chloroform (CHCI) provided orange-red needles suitable

for X-ray analysis. TLC R¢=0.20 (silica, CH,CL/CH3;0H, 24:1). Mp = 160-161 °C. IH NMR (500

52



MHz, CDCly) & 8.58 (d, J =5.7 Hz, 4 H), 8.55 (s, 2 H), 7.63 (dd, J = 7.9, 1.6 Hz, 2 H), 7.33 (d, J
= 6.0 Hz, 4 H), 7.19 (t, J= 7.7 Hz, 2 H), 6.79 (t, J = 7.6 Hz, 2 H), 6.61 (d, J = 8.5 Hz, 2 H), 4.54
(s, 4 H). 3C NMR (125 MHz, CDCL) § 150.2, 148.2, 143.0, 136.6, 131.8, 127.3, 122.0, 116.9,
112.1, 46.1. FT-IR (neat, cm) 3358.0, 3111.4, 2892.3, 2130.1, 1734.2, 1652.8, 1615.2, 1528.5,
1492.4, 1415.2, 1370.5, 1312.1, 1300.9, 1244.1, 1289.1, 1206.4, 1148.1, 1124.5, 1045.8, 1016.7,
987.5, 941.5, 883.6, 804.2, 740.7, 666.3, 620.0. HRMS (+ESI) calculated for MH*+ 395.1979 and

observed 395.1985.

2,2'-Bis[N,N’-(4-pyridyl)e thyl]diaminoazobenzene (5, AzoAEpP). DAAB (0.640 g, 3.02 mmol)
and 4-vinylpyridine (316 pL, 2.96 mmol) were combined in CH3OH (3 mL) and acetic acid (AcOH,
10 mL). The reaction mixture was stirred for 3 h at 45 °C before a second potion of 4-vinylpyridine
(632 pL, 5.91 mmol) was added. After stirring for 24 h at45 °C, the reaction mixture was cooled
to room temperature, diluted with 10 mL of water, and the pH was adjusted to ~8 with NH4OH.
The product was extracted into EtOAc (3 x 50 mL), the combined organic materials were dried
over Na,SOy, and the solvent was removed. Flash chromatography on silica using CH,Cl,/CH3;0H
(15:1) yielded AzoAEpP as a red orange solid (500 mg, yield 39.1%). Slow evaporation from
toluene/ethanol (1:1) provided orange-red needles suitable for X-ray analysis. TLC R = 0.35
(silica, DCM/CH3OH, 10:1). Mp = 149-150 °C. H NMR (500 MHz, CDCly) & 8.51 (d, J = 4.4
Hz, 4 H), 8.06 (s, 2 H), 7.32 (dd, J = 8.0, 1.6 Hz, 2 H), 7.24 (t, J = 7.8 Hz, 2 H), 7.17 (d, J = 4.7
Hz, 4 H), 6.79 (d, J = 8.4 Hz, 2 H), 6.74 (t,J = 7.5 Hz, 2 H), 3.57 (q, J = 6.4 Hz, 4 H), 2.97 (t, J
= 6.9 Hz, 4 H). 13C NMR (125 MHz, CDCl) 6 150.0, 148.1, 143.0, 136.4, 131.6, 127.2, 124.1,
116.3, 111.7, 42.9, 34.8. FT-IR (neat, cm?) 3205.4, 3046.8, 2917.4, 2851.4, 2171.9, 2330.4,
1601.0, 1565.1, 1509.1, 1458.6, 1321.6, 1204.0, 1147.8, 1072.3, 1042.8, 836.7, 785.9, 368.8.

HRMS (+ESI) calculated for MH* 423.2292 and observed 423.2270.
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{[Ag(Az0AMO0P)](CF3SO3)}n (AgAAMOP). AZoAMOP (25.4 mg, 64.4 umol) in toluene (1.8 mL)
was added dropwise to a toluene solution (1.8 mL) of silver trifluoromethanesulfonate (AgOTT,
16.6 mg, 64.6 umol). Upon stirring the reaction mixture for 30 min, an orange-red solid slowly
precipitated. CH3CN (1 mL) was added to re-dissolve the precipitate, and the reaction mixture was
stirred at room temperature for 2 h and filtered. Slow evaporation provided orange rectangular
plates suitable for X-ray analysis. FT-IR (neat, cm1) 3361.6, 3069.5, 2904.1, 2324.2, 1981.4,
1597.2, 1581.2, 1493.6, 1466.0, 1436.7, 1371.0, 1322.3, 1285.2, 1240.9, 1219.3, 1159.1, 1107.3,
1075.2, 1052.2, 1028.3, 991.5, 888.3, 823.5, 755.2, 699.3, 633.5. Elemental analysis calcd. for
Co7H25AgFsN703S (AgAAMOP-CH3CN): C 46.79%, H 3.61%, N 14.15%; Found: C 46.50%, H
3.90%, N 14.53%. TGA shows a 0.7% weight loss between 60-120 °C, which may correspond to

absorbed solvent. Decomposition occurs at 175 °C.

{[Ag(AzoAMmMP)]CF3SOz}n (AgAAMMP). AZoOAMMP (25.4 mg, 64.4 umol) in toluene (1.8 mL)
was added dropwise to a toluene solution (1.8 mL) of AgOTf (16.6 mg, 64.6 umol). Upon stirring
the reaction mixture for 30 min, an orange-red solid slowly precipitated. CH3CN (1 mL) was added
to re-dissolve the precipitate, and the reaction mixture was stirred at room temperature for 2 h and
filtered. Slow evaporation of the filtrate at room temperature provided crystals in orange-red
blocks suitable for X-ray analysis. FT-IR (neat, cm?1) 3230.2, 3076.0, 2941.6, 2889.8, 2362.8,
2314.7, 2165.8, 1982.2, 1862.7, 1739//.6, 1603.8, 1578.9, 1507.0, 1437.0, 1431.2, 1370.4, 1297.1,
1265.5, 1265.3, 1254.3, 1148.0, 1024.0, 1051.3, 941.1, 741.7, 612.6, 612.3. Elemental analysis
calcd. for CosH24 5AgF3N6O4.5S (AGAAMMP - 1.5H,0): C 44.29%, H 3.64%, N 12.40%; Found: C

44.01%, H 3.31%, N 12.02% The TGA shows no weight loss before decomposition at 177 °C.

{[Ag(AzoAMPpP)]NOsz}n (AgAAMPpP). AzoAMpP (10.0 mg, 25.4 umol) was dissolved in 2.5 mL

CH3OH/CH3CN (1:4) mixture with a few drops of DMF. The solution was added dropwise to an
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CH3;CN solution (0.5 mL) containing silver nitrate (AgNOs, 45 mg, 27 pmol) and
tetrabutylammonium hexafluorophosphate (n-BusPFs, 11.0 mg, 0.0284mmol). The reaction
mixture was stirred 30 min to precipitate an orange-red solid. The solid was isolated by filtration,
dissolved in 2 mL of a 1.1 mixture of CH3OH/CH3CN, and for 2 h stirred at room temperature.
The mixture was filtered and slow evaporation provided orange-red blocks suitable for X-ray
analysis. FT-IR (neat, cm1) 3516.5, 3484.4, 3262.2, 2862.0, 2826.4, 1942.1, 1639.4, 1613.5,
1610.4, 1454.6, 1454.6, 1445.0, 1322.0, 1207.8, 1206.6, 1155.8, 1100.9, 1069.1, 1028.0, 963.3,
889.5, 765.7. Elemental analysis calcd. for C,4H2,N703Ag (AgAAMPpP): C 51.03%, H 3.90%, N
17.37%; Found: C 50.92%, H 4.01%, N 17.43%. TGA shows a 3.6% weight loss between 60-

120 °C, which may correspond to absorbed solvent. Decomposition occurs at 154 °C.

[Ag(AzoAEOP)]NO3 (AgAAEO0P). AzoAEOP (30.0 mg, 71.1 umol) in DCM (1 mL) was added
dropwise into an CH3CN solution (1 mL) of AgNO3 (12.0 mg, 70.6 umol) and n-BusPFs (28.0 mg,
72.3 umol). The reaction mixture was stirred 30 min to precipitate an orange solid. The solid was
isolated by filtration, dissolved in 2 mL of a 1:1 mixture of CH3;OH/CH3CN, and stirred at room
temperature for 2 h. The mixture was filtered and slow evaporation provided orange-red blocks
suitable for X-ray analysis. FT-IR (neat, cm1) 3247.2, 3049.8, 2911.3, 2863.4, 2324.7, 2164.5,
2051.2, 1981.6, 1903.6, 1604.1, 1566.1, 1497.9, 1482.5, 1439.3, 1423.7, 1375.0, 1322.0, 1284.7,
1249.4, 1221.3, 1177.2, 1156.4, 1129.0, 1105.9, 1084.8, 1064.8, 1044.1, 1025.4, 1004.8, 959.6,
038.5, 882.3, 846.5, 825.4, 800.5, 762.5, 752.0, 738.4, 647.8, 616.5. Elemental analysis calcd. for
C6H27N7035Ag (AgAAEOP-0.5H,0): C 51.93%, H 4.53%, N 16.30%; Found: C 51.84%, H

4.43%, N 16.13%. The TGA shows no weight loss before decomposition at 166 °C.

{[Ag(AzoAEpP):]PFe}n (AGAAEpPP). AzoOAEpP (30.0 mg, 71.1 umol) in DCM (1 mL) was added

dropwise into an CH3CN solution (1 mL) containing AgNO3 (12.0 mg, 70.6 umol) and n-BusPFg
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(28.0 mg, 72.3 umol). The reaction mixture was stirred 30 min to precipitate a yellow solid. The
solid was isolated by filtration, dissolved in 2 mL of a 1:1 mixture of CH3OH/CH3CN, and stirred
at room temperature for 2 h. The mixture was filtered and slow evaporation provided orange-red
blocks suitable for X-ray analysis. FT-IR (neat, cm) 3426.5, 3068.1, 2861.8, 2360.3, 2324.7,
2050.9, 1981.4, 1604.0, 1564.4, 1501.5, 1464.6, 1430.7, 1316.2, 1240.8, 1223.5, 1211.6, 1183.9,
1154.6, 1123.0, 1104.1, 1079.5, 1066.5, 1028.6, 939.4, 880.9, 847.3, 823.3, 800.0, 760.1, 740.8,
615.2. Elemental analysis calcd. for Cs,Hs;N12FsPAg (AgAAEpPP): C 56.89%, H 4.77%, N 15.31%;
Found: C 56.72%, H 4.48%, N 15.02%. TGA shows a 0.7% weight loss between 60-120°C, which

may correspond to absorbed solvent. Decomposition occurs at 197 °C.

2.2.2. Collection and Reduction of X-ray Data

X-ray Crystallography. Structural analysis was carried out in the X-Ray Crystallographic Facility
at Worcester Polytechnic Institute. Crystals were glued on tip of a glass fiber or were covered in
PARATONE oil on 100 um MiTeGen polyimide micromounts and were mounted on a Bruker-
AXS APEX CCD diffractometer equipped with an LT-II low temperature device. Diffraction data
were collected at room temperature or at 100(2) K using graphite monochromated Mo—Ka
radiation (A =0.71073 A) using the omega scan technique. Empirical absorption corrections were
applied using the SADABS program.” The unit cells and space groups were determined using the
SAINT+ program.” The structures were solved by direct methods and refined by full matrix least-
squares using the SHELXTL program.® Refinement was based on F2 using all reflections. All non-
hydrogen atoms were refined anisotropically. Hydrogen atoms on carbon atoms were all located
in the difference maps and subsequently placed at idealized positions and given isotropic U values
1.2 times that of the carbon atom to which they were bonded. Hydrogen atoms bonded to oxygen

atoms were located and refined with isotropic thermal parameters. Mercury 3.1 software was used
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to examine the molecular structure. Relevant crystallographic information is summarized in

Table 2.1 and Table 2.2, and the 50% thermal ellipsoid plot is shown in Figures 2.1-2.5.

Powder X-ray diffraction. PXRD data were collected on a Bruker-AXS D8-Advance
diffractometer using Cu-Ka radiation with X-rays generated at 40 kV and 40 mA. Bulk samples
of crystals were placed in a20 cm x 16 cm x 1 mm well in a glass sample holder, and scanned at
RT from 3° to 50° (20) in 0.05° steps at a scan rate of 2°/min. Simulated PXRD patterns from
single crystal data were compared to PXRD patterns of experimental five AzoAXXxP silver

complexes, to confirm the uniformity of the crystalline samples (Figure 2.17).

2.2.3. Spectroscopy

General Spectroscopic Methods. Solution UV-Vis absorption spectra were acquired in 1.0 cm
quartz cuvettes at room temperature and recorded on a Thermo Scientific Evolution 300 UV-Vis
spectrometer with inbuilt Cary winUV software. Steady-state diffuse reflectance UV-Vis spectra
were obtained on the same instrument with Harrick Praying Mantis diffuse reflectance accessory
(Harrick Scientific Products) and referencedto magnesium sulfate. Solution emission spectra were
recorded on a Hitachi F-4500 spectrophotometer with excitation and emission slit widths of 5 nm.
The excitation source was 150 W Xe arc lamp (Ushio Inc.) operating ata current rate of 5 A and

equipped with photomultiplier tube with a power of 400 V.

Emissionand Quantum Yield Determination. Steady-state emission spectra were recorded on
a Hitachi F-4500 spectrophotometer with excitation and emission slit widths of 5 nm. The
excitation source was 150 W Xe arc lamp (Ushio Inc.) operating at a current rate of 5 A and
equipped with photomultiplier tube with a power of 400 V. Quantum yields in the solid state were

determined in triplicated following published procedures using Na,SO, as the reference.® 10
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Analyte Detection by Emission. A 100 uM suspension, with respect to AzoAEpP units, of
AQAAEDpP in toluene (2 mL) was prepared, and the emission spectra was recorded (Aex = 523 nm).
Upon the addition of eachaliquot of analyte, the mixture was equilibrated by stirring for 30 min
before recording the emission spectra. The emission response to all analytes was measured by
integrating the emission band between 550-800 nm. Pyridine was added from a 2 mM stock
solution in toluene in three equal portions, to obtain final concentration of 33, 67, and 100 uM,
and the emission was measured. After the third addition, the solvent and pyridine were removed
by sparging with N, gas, and the resulting crystalline material was re-suspended in 2 mL of toluene
and stirred for 30 min before re-measuring the emission. The emission loss and restoration steps
were repeated in triplicate with single analyte additions to reach 100 uM pyridine. When excess
pyridine was added (500 uM), the emission completely disappeared, and could not be restored.
Measurements for N-methylmorpholine (NMM) were acquired using analogous procedures, were
eachaddition provided a final concentration of 100 uM NMM. Measurements with imidazole were
acquired similarly, but emission loss was irreversible. Measurements with dimethylamine (DMA)
were acquired similarly except toluene was replaced with THF, and the DMA concentration after
each switching cycle was 10 uM. After each DMA addition, the emission was restored by the
addition of aliquots of 1.58 mM nitric acid (12.7 pL, 20.1 nmol) to achieve a final H* concentration

of 20 uM.

2.3. Synthesis and Structure

Using the synthetic protocols for preparing AzoAMoP and AzoAEoP, we prepared three

additional aAB-bipyridy ligands AzoAMmMP (3, 2,2"-bis[N,N'-(3-
pyridyl)methyl]diaminoazobe nzene), AzoAMpP (4, 2,2"-bis[N,N-(4-
pyridyl)methyl]diaminoazobe nzene) and AzOAEpP (5, 2,2"-bis[N,N'-(4-
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pyridyl)ethyl]diaminoazobenzenee) from the common DAAB scaffold (2,2"-diaminoazobenze ne,
6) building block (Scheme 2.1). Collectively, we referto the aABs as AzoAXxP compounds where
“X” represents the variable components. The m-pyridyl ligand containing the ethylene linker
(AzoAEmP) has not been accessed yet owing to difficulty obtaining a stable and reactive synthon.
AzOAEOP and AzoAEpP are prepared via a Michael reaction with the corresponding vinylpyridine;
however, the vinyl group becomes a poor Michael acceptor with the nitrogen atom in the meta-
position. The anilino nitrogen atom also appears to be a weak nucleophile as reactions with 3-(2-
bromoethyl)-pyridine or 2-(pyridin-3-ylethyl 4-methylbenzenesulfonate failed to produce the
desired product. Attempts to prepare AzoAEmP by reductive amination with 2-(pyridin-3-
yl)acetaldehyde also proved unsuccessful owing to difficulty isolating sufficient quantities of the

aldehyde precursor.

The five ligands can be viewed collectively as a library of extended bipyridine ligands
where each pyridine ligand can coordinate a different metal ion to form an extended network.
Fortuitously, all five AzoAXxP ligands are highly crystalline in the solid state, and therefore could
be subjected to crystallographic analysis. The two pyridine nitrogen atoms of AzoAMoP are 8.37
A apart; however, the pyridine lone pairs engage in hydrogen bonding with the anilino hydrogen
atom, which orients the potential coordination sites inward. In preliminary screenings, we observed

that AzoAMOoP did not appear to coordinate metal ions like Zn2*, presumably because the
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Scheme 2.1. Synthetic protocols for preparing five AzoAXxP ligands. Reagents and conditions: (a)
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thermodynamic stability of the hydrogen bonds. We reasoned that a thermodynamically stable,
kinetically inert metal-ligand bond could provide accessto a metal complex with AzoAMoP by
shifting the equilibrium from hydrogen bonding to metal ligand bonding toward complex
formation. Ag* appeared to be agood candidate for coordination polymer formation based on other
successful investigations,11-1> as well as the stability of Ag-—pyridine bonds.16 We further
speculated that the photoactivity of Ag* might provide access to additional functionality in the

resulting AB materials.

The other four AzoAXxP derivatives do not exhibit hydrogen bonding with the pyridine
lone pairs, so ostensibly the ligands could bind metal ions more like typical bridging bipyridine
derivatives. Two-coordinate metals with bridging bipyridine ligands are rarel’-19 except for Ag*.1%
13,20, 21 The two AzoAXXP derivatives containing methylene linkers, AzoAMmP and AzoAMpP,
can rotate at the azobenzene—anilino C—N bond, anilino-methlyene N-—C bond and methylene—
pyridine C—C bond. The two AzoAXxPs with ethylene linkers, AzoAEoP and AzoAEpP, can also
rotate about C—C ethylene bond. The multiple degrees of freedom suggest our ligands might go

through noticeable reorientation during the formation of Ag* complexes or polymers.

Although not absolutely predictive, the geometric structure of Ag* metal organic polymer
chains depends on the pyridine substitution pattern, the directionality of the pyridine lone pairs,
and the conformational freedom of the ligand. Solvent and anion interactions also can impact the
extended macromolecular structure. In bipyridine ligands containing ortho pyridine nitrogen
atoms, the lone pairs tend to face inward in the apo form, but often reorient during polymerization
process to minimize crowding between the side chain and the Ag* binding site, which often results
in zigzag silver chain structures.?.22 |n meta- and para-pyridine bipyridine ligands, the lone pairs

tend to face outward, and therefore do not necessarily need to undergo structural rearrangement in
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Figure 2.1A. Preparation of AgAAMoP showing the thermal ellips oid representation diagramof AzoAMoPand
AgAAMoPat the 50% probability level and selected atomlabels. Hydrogenatoms except for thoseengaged in
intramolecular hydrogen bonds are omitted for clarity. The triflate anion and a non-coordinating CH;CN solvent
molecule are omitted for clarity. AgA AMoPwas prepared in tolueneusing AgOTfas thesilver source usinga slow
ligand exchange process with CH;CN. During the polymer formation, theazo N—Cand anilino—methylene N-C
bondsrotate by 180° and 81°, respectively. 2.1B. Thermal ellipsoid representation diagramat the 50% probability
level of the expandedhelical polymer chain. Hydrogen atoms, triflate anions and CH3CN solvent molecules are

omitted for clarity.

two-coordinate Ag* structures. Some meta-bipyridine derivatives exhibit minimal reorientation,?3

or asymmetric changes on one half of the molecule.2! In more rigid meta- and para-bipyridine
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ligands, linear geometries are more common because of partly or completely restricted

movement.24 25

Based on the structural trends with other bipy derivatives,?:: 22 we hypothesized that the
pyridine nitrogen lone pairs in AzoAMoP would flip outward to accommodate Ag* coordination
if the intramolecular hydrogen bonds were disrupted. We prepared the AzoAMoP complex using
protocols designed to gradually deliver Ag* through ligand exchange with CH3CN.13 A
[Ag(AzoAMoP)]* complex precipitates immediately from toluene solution, but re-dissolves upon
addition of CH3CN. Slow evaporation of CH3CN leads to nitrile—pyridine ligand exchange, and
the formation of a AGAAMOP coordination polymer, which was isolated as well-defined orange
crystals. Compared to the structure of the apo ligand, the azo N—C and anilino—methylene N-C
bonds in the Ag* polymer with AzoAMOP ligand are rotated by 180° and 81° respectively (Figure
2.1). This rearrangement orients the two pyridine rings perpendicular to the azo core but retains
inward-facing pyridine nitrogen lone pairs in the formation of a helical structure where each Ag*
is coordinated by a pyridine nitrogen atoms from each of two different AzoAMOoP ligands. Ag*
binding increases the length of the hydrogen bonds between the anilino hydrogen atoms and the
diazene lone pairs of DAAB core by approximately 0.4 A, and introduces a slight asymmetry in
the two halves of the molecule. The core N=N bond decreases slightly from 1.28 A to 1.26 A
owing to the decrease in hydrogen bonding (Table 2.1). Although the changes in hydrogen bonding
might suggest a less rigid and therefore less emissive azobenzene chromophore, we expected that
the metal complexation and crystal packing interactions would offset the loss of intramolecular

forces.
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Compared to AzoAMoP, AzoAMmP and AzoAMpP exhibit more conformational freedom,
since both lack hydrogen bonding between the anilino hydrogen atoms and pyridine nitrogen atoms.
The point-to-point distance between the two pyridine nitrogen atoms distances are 15.96 A and
16.52 A respectively, but unlike linear bridging analog like 4,4’ -bipyridine, the effective distance
obtained by projecting one pyridine nitrogen on a plane containing the other pyridine is shorter,
14.76 A and 14.70 A, respectively. We calculate the effective distance by combining the offset
between the two pyridine ligands in the y and z direction where the x-axis is defined by a line
going through one pyridine nitrogen atom through its para carbon atom, and defining the xy plane
by that pyridine ring. The y and z offset distances are therefore the displacement from a linear
bipyridine ligand (e.g. 4,4°-bipyridine) from the defined x-axis. So for AzoAMmP the pyridine
nitrogen atoms are offset from linearity by 5.41 A (y) and 2.12 A (z), and AzoAMpP has more
displacement along the y trajectory (6.70 A), but a shorter deviation in the z direction (1.79 A). In
contrast to AzoAMoP, the pyridine lone pairs in both AzoAMmP and AzoAMpP point away from
the diazene core to afford extended bipyridine derivatives more reminiscent of the bridging ligands
found in coordination polymers. Structural changes in meta- and para-bipy derivatives are
typically minimal during Ag* complex formation due to limited or no orientational freedom.21. 23-
25 Based on these trends, we expected the AGQAAMmMP and AgAAMPpP polymers, where the
pyridine nitrogen atoms face outward in the apo ligands, would likewise undergo minimal

structural changes.

AgAAMMP was synthesized by identical procedures used to prepare AGAAMOoP. Due to
limited solubility of AzoAMPpP ligand in toluene however, the solvent was replaced with a 1:4
mixture of CH3;OH/CH3CN and a minimal amount of DMF, and AgOTf was substituted with

AgNO3;. To obtain x-ray quality crystals, anion metathesis with n-BusPFg was used to replace the
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NOj3-anion with PFs. Compared to the structure of the apo ligand, the azo N—C bonds in the Ag*
polymer with AzoAMmP and AzoAMpP ligands are rotated by 180° (Figure 2.2 and Figure 2.3),
which is identical to the azo N-C bond rotation observed during the formation of AQAAMOoP. This
reorients the two pyridine rings, but retains outward-facing pyridine nitrogen lone pairs in the
formation of a linear or zigzag chain where each Ag*is coordinated by a pyridine nitrogen atoms

from each of two different AzoAMmP or AzoAMpP ligands.

A

+Agt

Figure 2.2 A. Preparation of AgAAMmP showing the thermal ellipsoid representation of Azo AMmP and AgA AMmP
atthe 50% probability level and selected atomlabels. Hydrogen atoms except for those engaged in intramolecular
hydrogenbonds are omitted for clarity. The triflate anion is removed for clarity. AgAAMmP was prepared in toluene
using AgOTfas the silversourceusing a slow ligand exchange process with CH3CN. During the polymer formation,
the azo N—C bonds rotateby 180°. 2.2B. Thermal ellipsoid representation diagramat the 50% probability level of

the expandedhelical polymer chain. Hydrogen atoms, triflate anions are omitted for clarity.
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The DAAB core in AzoAMmP and AzoAMpP exhibit nearly identical the hydrogen bond
lengths, 2.33 and 2.34 A respectively; however Ag* binding produces different changes in the three

derivatives containing a methylene spacer. Unlike AgAAMOP, the hydrogen bond length between

Figure 2.3A. Preparation of AgAAMpP showing the thermal ellips oid representation of Azo AMpP and AgAAMpP
at the 50% probability leveland selected atomlabels. Hydrogen atoms except for those engaged in intramolecular
hydrogenbonds are omitted for clarity. The PFs anionis removed for clarity. AgAAMpPwas prepared in
CH3OH/CH;CN (1:4) using AgNOs as thesilver source. Subsequent anion exchange with n-BusPFs in CH;CN
provided x-ray quality crystals. During the polymer formation, the azo N-Cbonds rotate by 180°. 2.3B. Thermal
ellipsoid representation diagramat the 50% probability level ofthe expanded zigzag polymer chain. Hydrogen

atoms, PFs anions are omitted for clarity.



the anilino hydrogen atoms and the diazene lone pairs decreases. While the hydrogen bonds in
AgAAMPpP (2.02 A) are symmetric, AJAAMMP contains a longer (2.12 A) and shorter (1.96 A)
bond that are both contracted compared to the apo-ligand. While AgAAMOoP exhibited some
asymmetry in the hydrogen bond length, the difference is much more pronounced in AGQAAMmMP.
As expected, the increased hydrogen bonding interaction results in the opposite effect on the N=N

bond lengths, which increases slightly from 1.27 A to 1.28 A for both coordination polymers.

The pyridine nitrogen atoms of AzoAEOP are separated by 15.04 A. While the pyridine
lone pairs face inward, the length of the ethylene linkers and ligand flexibility provide no a priori
reason to predict a reorientation would be required to coordinate Ag*. Using the identical
procedure used to prepare AGQAAMPpP, a discrete monomeric complex was obtained (Figure 2.4).
The single rotation about the azo C—N required to achieve this coordination geometry suggests
kinetic trapping of a 17-membered metallacycle instead of a polymer. To the best of our knowledge,
this is the largest Ag metallacycle formed from a bipy derivative to date. Large metallacycles with
pyridyl donor groups are relatively uncommon. Most analogously, 13-membered-ring

metallacycles of Pt and Pd,%6 and an 11-membered-ring metallacycle of Ag have been observed.22

The intramolecular hydrogen bonds in AzoAEoP may be a significant factor in the
preference for metallacycle formation instead of a polymeric structure. Two 2.36 A hydrogen
bonds between anilino hydrogen atom and the azo nitrogen atoms appear in apo ligand. When the
ligand rotates to close the metallacycle, the hydrogen bonding between one of the anilino hydrogen
and azo nitrogen is unavailable, and a new 2.07 A hydrogen bond forms between the same proton
and the other azo nitrogen atom. The hydrogen bonding in the upper half molecule remains
unchanged, but the distance increases slightly from 2.36 to 2.38 A. The shorter, stronger hydrogen

bond formed in AQAAEOP may provide athermodynamic driving force for metallacycle formation.
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Figure 2.4. Preparation of AgAAEoP showing the thermal ellipsoid representation of Azo AEoP and AgAAEoPat
the 50% probability leve and selectedatomlabels. Hydrogen atoms except forthoseengaged in intramolecular
hydrogenbonds are omitted for clarity. The PFs anionis removed for clarity. AgAAEoP was prepared in
CH3OH/CH;CN (1:4) using AgNOs as thesilver source with added n-BusPFs to provide x-ray quality crystals.
During the complex formation, one azo N—Cbond rotates by 180° while the otherremains stationary to forma 17-
membered ring. The two hydrogenbonds formed betweentwo anilino hydrogen atoms and the same azo N atomare

asymmetric with lengths 0f2.07 A and 2.38 A respectively.

Of the five AzoAXXP ligands, AzoAEpP most closely resembles a linear bridging ligand
like 4,4’-bipyridine. The point-to-point distance between the pyridine nitrogen atoms of 17.95 A
is the longest distance of all the AzoAXxP ligands, but the trajectory of the two pyridine groups is
linear and the aromatic rings are coplanar in the solid state. Linear bipyridines with long nitrogen-
nitrogen distances form both linear Ag+ polymers2: 27 and three-dimensional networks with 4-
coordinate Ag* sites.28: 29 The preference for 2-coordinate or 4-coordinate Ag* appears to correlate
with the reorientation ability and rigidity of the ligands as well as the distance between pyridine

nitrogen atoms.
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Although the pyridine ligands in apo-AzoAEpP are coplanar, rotation about the C—N bond
in the ethylene spacers results decreases the point-to-point distance from 17.95 A to 6.65 A. The

effective distance is obtained similarly as described above to yield y and z offset distances of 2.22

Figure 2.5A. Preparation of AgAAEpP showing the thermal ellipsoid representation of AzoAEpPand AgAAEpPat
the 50% probability level and selected atomlabels. Hydrogen atoms except for those engaged in intramolecular
hydrogenbonds are omitted for clarity. The PFs anionis removed for clarity. AgAAEpP was prepared in DCM using
AgNOs as the silver source with added n-BusPFs. The resulting precipitate was dissolved in CH3CN to yield x-ray
quality crystals fromslow solvent evaporation. During the polymer formation, the ethylene C—Cbonds rotate by
180° and ethylene-pyridine C—Crotates minimally. 2.5B. Thermal ellipsoid representation at the 50% probability

level of the three dimensional polymer chain. Hydrogen atoms and PFs anions are omitted for clarity.
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and 9.09 A, respectively. Each Ag* is four-coordinate with each pyridine coming from one of four
unique AzoAEpP ligands. We partially attribute the increased coordination to the reduced steric
requirements at the donor ligand site of the para-pyridine isomer. Each AzoAEpP ligand also
coordinates two separate Ag cations to form a three-dimensional infinite polymer with the distorted
tetrahedral Ag* sites (Figure 2.5B). The lack of steric hindrance at the coordination site of the
para-pyridine ligands appears to be an important prerequisite for three-dimensional polymer
formation with bipyridines. In previous Ag* polymers and three-dimensional networks with 4-
coordinate Ag* sites, most of the ligands undergo minimum or no reorientation.2> 27.29 Unlike these
linear bipyridine ligands, AzoAEpP exhibits a high degree of freedom, which allows optimization

of steric and electrostatic factors in Ag* complex formation.

2.4. Emission

AzO0AMOoP exhibits no measurable emission at room temperature, but emits when frozen
in a solvent glass at 77 K. The four additional AB compounds behave similarly. Although the
wavelengths vary, all the five compounds emit with a Ay between 566 nm and 610 nm (Table
2.2). Similar to AzoAMoP and AzoAEpP.*> none of the new AzoAXxP derivatives exhibit
significant evidence for photoisomerization upon irradiation. While quantitative measurements of
minimally emissive complexes are imprecise, qualitatively, AzoAEoOP and AzoAEpP exhibit
brighter emission than AzoAMmP and AzoAMpP. AzoAMoP appears to emit more weakly than

the other four derivatives.

To assess the photochemistry of the Ag* complexes, the emission of AgAAMOP,
AgAAMMP, AgAAMpP, and AgAAEpP were evaluated in toluene as suspensions of powdered
crystals. The four coordination polymers form semi-homogeneous dispersions in toluene that

remain suspended for several months. Similar to the free ligands, the emission Ama Occurs around
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600 nm for all the complexes (Table 2.2). In the solid state, the relative integrated emission
intensities reveal a nearly 30-fold brighter emission for the four-coordinate AgAAEpP complex
compared to the least emissive AGQAAMpP complex (Figure 2.6). Complex formation redshifts the
absorbance maximum of AzoAEpP from 502 nm to 594 nm with an emission peak centered at 641
nm (Figure 2.7). Similar to the absorbance, the emission of AGAAEpP redshifts 31 nm from that
of free AzoAEpP measured at 77 K, which is a greater a change than the other three polymeric
complexes. The luminescence response appears to validate the initial hypothesis that embedding

the AzoAXxP ligand in a solid state material increases the degree of radiative decay of the AB

excited state.

-

Normalized Emission Intensity

550 600 650 700 750 800
Wavelength (nm)

Figure 2.6. Solid state emission spectrum of the five AzoAXXP silver complexes (Lex 523 nm) showing the relative

intensities.
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The emission of AB in solution at room temperature is too weak to be detected by
conventional emission instruments because efficient non-radiative pathways for the decay of the
excited state exist.3% In many aromatic chromophores, the emission of a photon accompanies a
Si(nn*)—S, transition as the excited molecule returns to the ground state. In AB however, the
Sy(nn*)«—S, absorbance has the largest extinction coefficient, but a weakly absorbing interstitial
Si(nm*) state is present. While the photophysical processes remain an active area of

investigation,31-33 a rapid intersystem crossing to a vibrationally excited S;(nn*) state occurs after

508 White: 46 cami

Normalized Emission / Kubelka-Munk Function

300 400 500 600 700 800 900
Wavelength (nm)

Figure 2.7. Solid state diffuse reflectance (black) and solid state emission (Aex=523 nm, pink) spectra of AGAAEPP.
Inset: cuvettes containing a suspension of the complex crystals in toluene (100 uM) without irradiation (left), and

excited with 365 nm light (right).

Sy(nn*)«—S, absorbance. AB isomerization occurs via the concerted inversion pathway from the
S; state.3* 35 A modest increase in emission intensity can be observed in a frozen matrix when
relaxation pathways involving molecular motion are impaired.
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Radiative decay of AB can be increased by manipulating the frontier orbitals of the
chromophore as observed in 2-borylazobenzenes.36-3% Engaging the diazene lone pair in a dative
bond with a boron atom lowers the energy of the lone pair, or B—N bonding orbital, below the
diazene n—bond. Thus forming the nm* state would require promoting an electron into the half-
occupied, higher energy diazene m-orbital. The absence of the interstitial S;(n*) state removes the

optically forbidden S;(nm*)—S, transition and opens the S;(nm*)—Sy emission channel.

2.5. DFT Calculations

We hypothesized that introducing intramolecular hydrogen bonds betweenthe diazene lone
pair and anilio hydrogen atom might lead to a similar, albeit less drastic, change in the frontier
orbitals to those observed in 2-borylazobenzenes, and therefore increase radiative decay of the
excited state. This hypothesis was supported by or previous observations that an AzoAMoP
derivative lacking intramolecular hydrogen bonds had significantly weaker emission at 77 K that
was closer to the luminescence of AB under the same conditions.4 To further support the increased
emission hypothesis, we interrogated the ground state electronic structure of each ligand using
Density functional theory (DFT). In order to capture the structural impact of the solid-state
environment on the electronic structure for each ligand, unit cell vectors and atom positions were
determined using three-dimensional periodic boundary conditions before extracting a single
molecule for analysing the electronic structure, an approach we have previously applied to
luminescence metal-organic systems.4? The first ten excited states were computed vertically using

time-dependent DFT (TDDFT) for all the ligands.

The computational approach provides values that correlate closely with experimentally
measured absorption energies. As expected, the gap between the n and n* orbitals decreases

significantly going from AB to DAAB, but the order remains unchanged (Figure 2.8). The red-
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shifting of the m™* absorption maxima between AB and DAAB was calculated to be 0.95 eV, in
reasonable agreement with the experimental value of 1.23 eV. Likewise, the calculated and
experimental values for the five aAB showed reasonable agreement. The minimum and maximum
red-shifting of the nn* transition of the five aAB ligands were measured as 0.139 eV and 0.142 eV
with respectto DAAB. The equivalent red-shifts determined computationally were 0.250 eV and

0.294 eV, a similar spread to the experimental values shifted by approximately 0.1eV.

Since our series of modified aAB ligands are significantly more emissive in afrozen matrix
than AB and DAAB, we reasoned that the anilino substituent must induce further changes in the
frontier orbitals. In examining the frontier orbital energies, we observed that the pyridine moieties
induce a stabilization of the diazene-centered n-type orbital for the four aAB ligands (maximum
0.33 eV). This observation is in line with the expectation that the inductive effect of the pyridine
substituent results in a slightly more electron rich secondary anilino nitrogen atom, leading to a
slightly more stable n* orbital and making the diazene lone pairs somewhat better hydrogen bond
acceptors. AzoAMoP, which exhibits a relative orbital destabilization of approximately 0.44 eV,
provides an exception to this trend. AZoAMOP shows a reduced gap between the n and n™ orbitals
compared to the other four derivatives. We attribute this difference to the additional hydrogen
bonding provided by the pyridine substituent, reducing the interaction between the diazene lone
pair and the anilino hydrogen atom. In contrast, introducing a meta/para nitrogen atom within the
pyridine unit or an ethylene spacer increases the distance between the nitrogen donor atom and the
diazene core, rendering this interaction negligible and yielding a net stabilization of the lone pair,
as is seenin the other four derivatives. The lack of emission in solution, and subsequent increase
in a frozen matrix, is also consistent with hydrogen bonding as a key contributor to the emission

behavior. The restricted motion at low temperature would be expected to lead to a stabilization of
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the hydrogen bonds, and, in turn, the energy levels of the frontier orbitals, that would not

necessarily occur in solution.

The electron donating pyridine moicties destabilize the 7 (HOMO) orbital for all ligands
with respect to the DAAB control molecule. This destabilization exceeds the stabilization of the
diazene lone pair orbital (LUMO), which results from hydrogen bonding between the diazene lone
pair and the anilino hydrogen atom (maximum 0.95 eV). AzoAMOoP again provides an exception,

where the n* orbitals are stabilized upon the addition of the pyridine substituents (0.52 eV). The

5 5
4 . 4 _
Tt . — art = P
: — — g
w S | _ .
34 e — 3
— — II‘ //
nm — an* | ‘ .
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Azo DAAB 1 2 3 4 5 Azo 6 7 8 9 10

Figure 2.8. Calculated singletexcitation energies (in eV) of AB, DAAB, AzoAMoP (1), AzZoAMmMP (2), AzoAMpP
(3), AzoAEOP (4), AzoAEpP (5) and ligands extracted from AgAAMOoP (6), AGQAAMmMP (7), AGAAMpP (8),
AgAAEOP(9), AgAAEDP (10) at PBE0/6-31+G(d,p) level of theory. The bright nn* state is shown in blue while the

darknzn* stateis in grey.

combination of these effects results in a general stabilization of the nn* excited state and
destabilization of the nn* state (Figure 2.8), causing an inversion of the emissive nz* and non-

emissive nz* states with respectto both AB and DAAB. As expected, this results in the removal
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of the lower-lying nz* state as a radiationless decay channel.3® Notably, the inversion of states is
the least pronounced in AzoAMOoP. In an absolute sense, the n* state still lies higher in energy
than the ™, but the small energy gap (0.04 eV) could permit internal conversion between these

two states, accounting for the lower emission intensity of AzoAMoP.

To generate emission at room temperature, we hypothesized that embedding the ligands in
coordination polymers would provide the requisite restrictions on molecular motion needed to
stabilize the diazene lone pair-anilino hydrogen atom hydrogen bond. Our hypothesis was
validated by the emission measurements on the Ag* systems. The 2.43 A diazene lone pair-anilino
hydrogen atom bond length in [Ag(AzoAMOoP)], is the longest of the four polymeric complexes,
and correlates with the lowest relative integrated emission intensity (Table 2.2). As the hydrogen
bond length shortens in [Ag(AzoAMmP)], (2.12 A) and [Ag(AzoAMpP)], (2.03 A), the relative
emission intensity increases. As our hypothesis predicts, [Ag(AzoAEpP).], has the brightest
emission and the shortest hydrogen bonds. In order to understand the effects of the structural
reorganization imposed by Ag* coordination on the frontier orbitals and excited states, the same
computation procedures were applied to the polymeric complexes. These calculations only capture
the structural effects of the Ag* coordination since a neutral ligand is extracted from the periodic,
solid state calculations; therefore, the model does not account for the electronic effects of Ag*

coordination.

While the trend between hydrogen bond length and emission intensity correlates as
expected, the computational results predict asmall energy gap between the n and ©* orbitals. Since
the structural reorganization of the anilino moieties after polymer formation causes only a slight
modulation in the lowest-lying excited states (Figure 2.8), the qualitative ordering of the states

remains unchanged with respect to the results obtained for the crystalline ligands alone.
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Interestingly, [Ag(AzoAEpP),], is over an order of magnitude more emissive than the other three

polymeric complexes, which indicates other contributing factors to the photophysical behavior.
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Figure 2.9. Steady-state emission and quantumyield determination of AGAAEpP. Reflectance fromthe sample and
sodiumsulfate are shown by red and black lines, respectively. Emission from the sample (enlarged by 50 times) is

marked by an arrow. The excitation wavelengthis 525 nm.

The calculations based on extracted ligands only capture structural effects imposed by
coordination to Ag*; therefore, while we are able to demonstrate a correlation between hydrogen
bond length and emission behavior across the series of materials, we cannot draw any conclusions
regarding the influence of Ag+ atoms or the crystalline environment on orbital or excited state
energies. Together, these results show that the enhanced luminescence observed in these
azobenzene derivatives could be based on the inversion of the aforementioned electronic excited

states relative to azobenzene, but no conclusions can be made concerning the differences in
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emission intensity observed upon the formation of silver complexes, or the differences in

luminescence intensity observed between different silver-based polymers.

2.6. Analyte Detection

AgAAEDP exhibits the brightest emission of all the Ag* coordination polymers with a
quantum yield of 0.8% (Figure 2.9). The other complexes have quantum yields of less than 0.1%,
and therefore the exact values are not reliable. We examined the emission response to the Ag*-
coordinating analytes pyridine, N-methylmorpholine, DMA and imidazole, which all have
nitrogen atoms as electron donors. When 5 equivalents of pyridine with respectto AzoAEpP units
is added to a suspension of AgAAEpP in toluene, no emission was detected; however, the
absorbance spectrum showed the presence of AzoAEpP. When a sub-stoichiometric amount of
pyridine was added, the coordination polymer emission decreased, and the absorbance spectrum
showed evidence for the release of some AzoAEpP. We suspected that pyridine was displacing
AzoAEpP pyridine ligands bound to the Ag* sites, which would cause the loss of extended
structure in the coordination polymer. The release of AzoAEpP, which is not emissive at room
temperature in solution, would produce an on/off switching behavior. To provide supporting
evidence for this signaling mechanism, the pyridine was removed by sparging the solution with
N2 gas. The recovery of emission after the evaporation and re-dispersion of the material in toluene
suggests the reassembly of the original AgAAEpP structure. The disassembly/reassembly process
also can observed by PXRD. Upon the addition of pyridine, the diffraction pattern indicates the
formation of amorphous material, and the reassembled material exhibits an identical spectrum to

the original coordination polymer.

The reversible structure disassembly process can be monitored by emission spectroscopy.

Initially, the emission spectrum of AgAAEpP exhibits features with maxima at 620 nm (Figure
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2.10A). Upon the addition of pyridine, the peak intensity decreases gradually, and correlates with
expected changes in absorbance from AzoAEpP. The pyridine removal process restores the
original spectrum characteristic of AGQAAEpP. This process is fairly robust, and can be repeated
with minimal loss of emission, with PXRD patterns (Figure 2.17) showing structure restoring after
pyridine removal and resuspension. After five cycles, the material retains 90% of the original
emission intensity (Figure 2.10B), and the slight erosion of the maximum response is likely due to
irreversible loss of structure, or incomplete removal of pyridine. NMM shows similar results to
pyridine. The boiling points of pyridine and NMM are 115.2 °C and 116 °C, respectively, so the

sparging with N, removes both the analyte and solvent (toluene, bp 111°C).

In contrast, when exposed to imidazole, the emission loss is not reversible. Although
imidazole displaces AzoAEpP from the coordination sphere of Ag* in the coordination polymer,
the lack of volatility (bp 256 °C) makes removal nearly impossible. A similar response occurs
upon treatment of AGAAEpPP with potassium bromide. The removal of Ag* through the formation
of insoluble halide complexes leads to an irreversible loss of emission and a UV spectrum

consistent with free AzoAEpP.

The ability to reversibly detectanalytes through changes in extended structure is not limited
to removal by evaporation. Addition of DMA leads to a loss of emission analogous to the response
to pyridine. The addition of dilute nitric acid causes the AGAAEpP to reassemble. This process
can also be repeated for multiple cycles without significant loss of absolute emission intensity
(Figure 2.10C). The emission loss and restoration process by adding and removing volatile
analytes like pyridine and NMM demonstrates the viability of a disassembly-reassembly process
for emission detection. While physical/electrostatic interactions are more common signal

transduction pathways,*-43 our system provides an alternative sensing mechanism driven by
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coordination events, but primarily demonstrates that the coordination polymer is required for the

AzoAXXP ligands to be emissive at room temperature.

2.7. Conclusions

Although ABs are not typically emissive, embedding AB chromophores in a rigid coordination
polymer can enhance the degree of radiative decay of the excited state. In the aAB ligands
investigated, both Ag* coordination and intramolecular hydrogen bonds contribute to the emission
enhancement; however, the hydrogen bonding introduces the majority of the change in the frontier
molecular orbitals. The stabilization of the nn* excited state below the interstitial nm* usually
involved in the non-radiative decay of the excited state leads to luminescence in both solid state
and crystalline samples dispersed in solvent. Our initial investigations suggest three-dimensional
networks are more emissive than linear coordination polymers, however, additional examples will
be required to confirm this hypothesis. The coordination polymers can be completely, or partially
disassembled by the addition of Ag*-binding analytes such as amines, and reformed after analyte
removal to provide a sensor-like system. This signal transduction mechanism differs from many
polymeric sensors, and will be investigated as an alternative approach to designing practical

luminescent probes.
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Figure 2.10A. Normalized emission response of AGAAEpP to pyridine. AGAAEpP (100 uM) was suspended in
toluene (black), treated with 100 uM pyridine (red), and redispersed in toluene after removing the solventand analyte
by sparging with N2 (blue). The response also shows stepwise decreases when incremental amounts of pyridine were
added to reach final concentrations 0of33 uM, 67 uM, and 100 uM. (inset). 2.10B. Normalized emission response of
AgAAEpP to multiple cycles of pyridine addition and removal. AQAAEPP (100 uM) was exposed to 100 uM of
pyridine followed by a sparging and redispersal process a total of 4 times. 2.10C. Normalized emission response of
AgAAEDP to multiple cycles of DMA addition and removal. AGAAEpPP (100 uM) was exposed to 10 uM of DMA

followed by an addition ofnitric acid to reach a final concentrationof20 uM H* a total of 4 times.

81



Table 2.1. Selected interatomic distances (A °) and angles (deg) for the five AzoAXXxP ligands.

Selected bond lengths Bond angles
N(3)-N(3)-C(12) 116.87(10)
N(3)-N(3) 1.2793(15) N(3)-C(12)-C(7) 126.89(11)
N(3)-C(12) 1.4127(16) N(2)-C(7)-C(12) 121.64(11)
AzoAMoP
C(12)-N(2) 1.3573(18) C(6)-N(2)-C(7) 123.93(11)
N(2)-C(6) 1.4434(18) N(2)-C(6)-C(5) 110.70(10)
N(1)-C(5)-C(6) 118.15(12)
N2-N2-C2 114.9(2)
N2-N21.268(3) N2-C2-C3 115.07(17)
AZOAMMP C2-N21.414(3) N1-C3-C2 119.75(18)
C3-N11.373(3) C3-N1-C8 122.48(17)
C8-N11.444(3) N1-C8-C4 113.39(17)
N1-N1 1.265(3) N1-N1-C7 115.08(18)
N1-C7-C12 115.58(15)
AZoOAMPpP
P C7/-N11.415(2) N2-C12-C7 119.91(15)
C12-N21.373(2) C12-N2-C1 122.46(15)
C1-N21.449(2) N2-C1-C2 115.93(16)
N1-N1-C1 115.48(18)
N1-N11.267(3)
N1-C1-C6 115.84(15)
C1-N11.408(2)
AZOAEOP N2-C6-C1 120.30(16)
C6-N2 1.354(2)
C6-N2-C7 124.91(17)
C7-N2 1.446(2)
N2-C7-C8 112.68(15)
C9-N3 1.340(2)
N3-C9-C8 117.21(17)
N2-N2-C7 117.2(3)
N2-N2 1.283(4)
7140803 N2-C7-C6 127.1(2)
N2-C7 1.4
AZOAEPP ®) N1-C6-C7 121.0(2)
N1-C6 1.358(3)
C6-N1-C5 125.0(2)
N1-C5 1.450(3)
N1-C5-C4 109.4(2)
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Table 2.2. Photophysical properties of AzoAXXxP ligands and coordination polymers.

Compound H-bond  distances | € [Mlemr!] | Apa (nm) | Empax Relative
NH---N=N(A) emission
Abs (nm) intensity
(RT)
AzoAMoP 2.046(15) 12334 495 6020 n.a.
AzoAMmP 2.33(3) 13729 497 6071 n.a.
AzoAMpP 2.34(2) 13702 495 6030 n.a.
AzoAEoP 2.36(2) 15874 501 6190 n.a.
AzoAEpP 2.00(3) 15195 502 6160 n.a.
AgAAMoP 2.43(3), 2.47(5) n.a. 440 600! 0.035
AgAAMmP 2.12(9), 1.96(2) n.a. 440 618! 0.067
AgAAMpP 2.02(3) n.a. 475 5901 0.069
AgAAEpP 2.00(3), 2.05(1), | n.a. 508 64100] 1.0
2.01(3), 2.02(2)

[a] }\.ex: 490 nm, [b] kex = 523 nm
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Table 2.3. Calculated orbital contours for ligands extracted fromsolid -state structures, as well as azobenzene.
Beneath eachorbital, the energy eigenvalue is shown in atomic units (isocontour value =0.03 au).

HOMO -2 HOMO -1 HOMO LUMO
-0.27481 -0.24727 -0.24583 -0.08695

woser | 178 1| o
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AzoAEoP Q);g'ﬂ
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- ) ‘K\% S i

-0.25155 -0.22742 -0.20504 -0.07848
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Table 2.4. Calculated orbital contours for ligand clusters of silver-coordinated materials, as wellas DAAB. Beneath
each orbital, the energy eigenvalue is shown in atomic units (isocontour value =0.03 au).

HOMO -2 HOMO -1 HOMO LUMO
- % 28 E

-0.25003 -0.24356 -0.22518 -0.07175
o /t%/ /‘1?'/ ,é"/ /3/

-0.23995 -0.21831 -0.1991 -0.0752
= NN

-0.25483 | -0.23105 l -0.21061 l -0.08465 ‘
— R R
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AgAAEoP /k'g )/\‘:( x

Jf\ XX
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e | 11 088 || O || 1 :§. I N
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Figure 2.11.*HNMRof compound AzoAMmP (3).
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Figure 2.12. "CNMR ofcompound AzoAMmP (3).
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Figure 2.17. Powder X-ray diffraction patterns of AgAAEpP. Bothexperimental (red) and simulated (black)
patterns fromsingle crystal structures are shown to confirmthe phase purity. The pattern after quenching with
pyridine (blue) shows polymer degradation, diffraction peaks disappearing and amorphous material forming. As
more pyridine added, the material transforms to complete amorphous and polymer characteristic peaks disappear

(magenta). The pattern after pyridine removal and complexre-assembly is shownin green, suggesting crystalline

material with resumed polymer diffraction peaks.
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3.1. Introduction

Luminescent metal-organic frameworks (MOFs) have been used extensively as scaffolds
to construct luminescent probes for many difficult-to-detect analytes including explosives.1-3
While there are many approaches to induce MOF emission, constructing structures with
luminescent struts is the most straightforward design strategy to achieve this goal.45 Electron-
deficient compounds such as nitroaromatic molecules constitute an important class of explosive
analyte targets, and typically quench ligand-centered emission.26 Charge transfer from the excited
fluorophores that constitute the MOF struts to the electron deficient analytes is the most plausible

guenching mechanism in most of these systems.

Emission quenching signals communication between MOF and guest, but not the specific
nature of the interactions. More sophisticated measurements can establish the distance between
fluorophore and quencher, as well as differentiate between inner-sphere and outer-sphere
mechanisms; however, these can be complex, time-consuming experiments. Similarly UV-vis
spectroscopy’ and vibrational spectroscopy® can provide some information about host-guest

interactions, but also have inherent limitations.

Both m—m stacking®® and electrostatic interactions21® have been cited to explain
nitroaromatic guest-MOF interactions. Nitroaromatic molecules can be surface-absorbed in MOFs
lacking porosity,>10 but there are also assertions, often with limited proof, that aromatic analytes

enter MOF cavities.11-15,

An X-ray crystal structure of a MOF-guest adduct would provide strong evidence for the
nature of host-guest interactions; however, crystalizing supramolecular MOF complexes with

well-ordered guests necessary for X-ray analysis can be difficult.13.14 Theoretical modeling of these
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interactions can also be useful617 but are more convincing in conjunction with direct
experimental data. Thermogravimetric analysis (TGA) are used to quantitatively determining
guest amount,!%13 but incapable of distinguish surface and internal guests. Developing a
universally applicable technique to probe MOF-guest interactions would facilitate the ability to
design and optimize MOF structures suitable for luminescent probes with greater selectivity and

sensitivity.

X-ray photoelectron spectroscopy (XPS) possesses untapped potential to ascertain whether
emission-quenching guests are adsorbed to the MOF surfaces or possibly internalized within the
pores. XPS can determine metal oxidation states in MOFs18.1% and MOF composites,?® as well as
quantify catalyst decomposition due to side-reactions.?! XPS is sensitive to near-surface chemical
environments,?2 and angle-resolved XPS (ARXPS) further utilizes the attenuation of sub-surface
electrons to quantify surface vs. bulk contributions to a photoelectron spectrum.2® Given these
capabilities, we envisioned developing photoelectron spectroscopic techniques to probe host-guest

interactions in emissive MOF systems.

Based on our earlier studies making emissive coordination polymers with the azobenzene -
based extended bipyridy| ligand AzOAEpP (2,2’-bis[N,N’-(4-
pyridyl)ethyl]diaminoazobenzene),24 we reasoned that we could also construct luminescent
pillared paddle-wheel MOFs with standard dicarboxylate ligands and Zn2*. Since the emissive
azobenzene fluorophore has a large surface area, we hypothesized that we might be able to access
pillared paddle-wheel MOFs with unique structural features, and that various nitroaromatic guests
could either n-stack with AzoAEpP units, or engage in electrostatic interactions at the metal sites.
Pillared paddle-wheel MOFs have paddle-wheel-type coordination of Zn(ll) pairs in two

dimensions with pyridyl ligand pillaring in the third. Furthermore, we expected fluorinated analogs
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of nitroaromatic guests could be used to help detail the MOF-guest interactions owing to the high
sensitivity of XPS for fluorine,2> and the absence of interfering signals from the chosen MOF
components. XPS also affords to opportunity to utilize angle-resolved techniques as well as argon-
ion sputtering to desorb near-interfacial species from the MOF substrate, which could reveal the
physical arrangement of the nitrophenol compounds relative to the MOF substrate (i.e. surface

adsorbed guests vs bulk intercalated guests).

3.2. Experimental Section

3.2.1. General Procedures. All reagents were purchased and used without further purification.
AZOAEpPP (2,2"-bis[N,N'-(4-pyridyl)ethyljdiaminoazobenzene) was prepared as previously
described.2* AzoMOF-2 was prepared and characterized analogously to AzoMOF-1, and the
details can be found in the supporting information. H NMR spectra were recorded with a 500
MHz Bruker Biospin NMR instrument. Elemental microanalyses for C, H, and N were performed
by Micro Analysis Inc (Wilmington DE). FT-IR spectra were recorded using Bruker Vertex70
Optics FT-IR spectrometer equipped with a Specac Golden Gate attenuated total reflection (ATR)
accessory by collecting 1024 scans over a scan range from 4000 to 400 cm at 4 cm? resolution.
Thermogravimetric analysis (TGA) measurements were carried out on a TA Instruments Hi-Res
TGA 2950 Thermogravimetric Analyzer from room temperature to 700 °C under nitrogen

atmosphere at a heating rate of 10 °C/min.

{Zn(NDC)2(AzoAEpP) « 2DMF}n (ABMOF-1). AzoAEpP (21.1 mg, 50.0 pmol), Zn(NOs3), *
4H,0 (26.1 mg, 0.100 mmol) and 1,4-naphthalenedicarboxylic acid (NDC, 21.6 mg, 0.100 mmol)
were combined in a sealed microwave vial in DMF/H,0O (6.8 mL/0.2 mL). After the reaction
mixture was sonicated for 2 min, the clear solution was subjected to a programmed reaction cycle

that involved steady, gradual heating to 100 °C over 1 h, followed by maintaining a constant
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temperature for 48 h and then gradual cooling to room temperature over 6 h. The resulting orange-
red blocks were harvested by filtration, and then washed and stored in DMF. NMR analysis of
ABMOF-1 after digestion with D,SO, in DMSO-d¢ was consistent with a 2:1 ratio of
NDC:AzoAEpP. Elemental analysis calcd. for activated ABMOF-1 CsoH3gNgOgZn,: C 61.12%, H
3.87%, N 8.56%; Found: C 60.46%, H 3.82%, N 8.46%. FT-IR (diamond-ATR, cm) 3396.0,
3069.0, 2924.8, 2357.4, 2336.5, 1665.5, 1638.6, 1620.0, 1595.0, 1576.2, 1501.6, 1468.3, 1427.0,
1369.0, 1315.0, 1263.3, 1248.9, 1227.9, 1215.7, 1192.8, 1161.8, 1124.5, 1093.4, 1072.4, 1035.1,
983.4, 900.6, 863.3, 826.0, 790.6, 767.7, 747.0, 670.5, 655.8. TGA shows a 12.6% weight loss
before 190 °C, corresponding to the loss encapsulated DMF, and MOF decomposition at 270 °C.
No weight loss is observed if the ABMOF-1 is pretreated by drying at 80 °C for four h, and

decomposition occurs at 270 °C.

{Zn2(BDC)2(AzoAEPP)}n (ABMOF-2). AZoOAEpP (21.1 mg, 50.0 pmol), Zn(NO3),+ 4H,0 (26.1
mg, 0.100 mmol) and terephthalic acid (BDC, 16.6 mg, 0.100 mmol) were combined in a sealed
microwave vial in DMF/H,0 (6.8 mL/0.2 mL). After the reaction mixture was sonicated for 2 min,
the clear solution was subjected to a programmed reaction cycle that involved steady gradual
heating to 100 °C over 1 h, followed by maintaining a constant temperature for 48 h and gradual
cooling to room temperature over 6 h. The resulting orange needles were harvested by filtration,
washed and stored in DMF. NMR analysis of the MOF after digestion with D,SO4in DMSO-ds is
consistent with a 2:1 ratio of BDC:AzoAEpP. Elemental analysis calcd. for activated ABMOF-2
C42H34NgOgZny: C 57.22%, H 3.86%, N 9.54%; Found: C 56.95%, H 3.80%, N 9.36%. FT-R
(diamond-ATR, cm) 3235.4, 3055.0, 1681.1, 1635.7, 1598.0, 1576.6, 1501.7, 1472.2, 1431.8,
1383.8, 1316.8, 1292.5, 1244.3, 1220.3, 1161.2, 1078.1, 1032.7, 823.5, 746.0. TGA shows no

mass loss in either freshly prepared or ABMOF-2 dried at 80 °C. Decomposition occurs at 207 °C.
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3.2.2. Collection and Reduction of X-Ray Data

X-ray crystallography. Structural analysis was carried out in the X-Ray Crystallographic Facility
at Worcester Polytechnic Institute. Crystals were glued on tip of a glass fiber and were mounted
on a Bruker-AXS APEX CCD diffractometer equipped with an LT-1l low temperature device.
Diffraction data were collected at room temperature or 100 K using graphite monochromated
Mo—Ka radiation (A = 0.71073 A) using the omega scan technique. Empirical absorption
corrections were applied using the SADABS program.26 The unit cells and space groups were
determined using the SAINT+ program.26 The structures were solved by direct methods and
refined by full matrix least-squares using the SHELXTL program.2’” Refinement was based on F2
using all reflections. All non-hydrogen atoms were refined anisotropically. Hydrogen atoms on
carbon atoms were all located in the difference maps and subsequently placed at idealized positions
and given isotropic U values 1.2 times that of the carbon atom to which they were bonded.
Hydrogen atoms bonded to oxygen atoms were located and refined with isotropic thermal
parameters. Mercury 3.1 software was used to examine the molecular structure. Relevant
crystallographic information is summarized in Table 3.1 and Table 3.2, and the 50% thermal

ellipsoid plot is shown in Figure 3.1.

Powder X-ray Diffraction. PXRD data were collected on a Bruker-AXS D8-Advance
diffractometer using Cu-Ka radiation with X-rays generated at 40 kV and 40 mA. Bulk samples
of crystals were placed in a20 cm x 16 cm x 1 mm well in a glass sample holder, and scanned at
RT from 3° to 50° (20) in 0.05° steps at a scan rate of 2°/min. Simulated PXRD patterns from
single crystal data were compared to PXRD patterns of ABMOF-1, to confirm the uniformity of

the crystalline sample.
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3.2.3. Spectroscopy

General Spectroscopic Methods. Solution UV-vis absorption spectra were acquired in 1.0 cm
quartz cuvettes at room temperature and recorded on a Thermo Scientific Evolution 300 UV-vis
spectrometer with inbuilt Cary winUV software. Steady-state diffuse reflectance UV-vis spectra
were obtained on the same instrument with a Harrick Praying Mantis diffuse reflectance accessory
(Harrick Scientific Products) and referenced to MgSQO,.# Solution emission spectra were recorded
on a Hitachi F-4500 spectrophotometer with excitation and emission slit widths of 5 nm. The
excitation source wasa 150 W Xe arc lamp (Ushio Inc.) operating at a current of 5 A and equipped
with photomultiplier tube with a power of 400 V. Analytes screened included 2,4-dinitrophenol
(2,4-DNP), chlorobenzene (CB), 1,3-dinitrobenzene (1,3-DNB), 14-diicbenzene (1,4-DIB), 2-
nitrophenol (2-NP), 4-nitrophenol (4-NP), and 2,6-dinitro-4-trifluoromethyl phenol (2,6-DNP-4-

CFs).

Emissionand Quantum Yield Determination. Steady-state emission were recorded on a Hitachi
F-4500 spectrophotometer with excitation and emission slit widths of 5 nm. The excitation source
was a 150 W Xe arc lamp (Ushio Inc.) operating at a current of 5 A and equipped with
photomultiplier tube at 400 V. Quantum yields in the solid state were determined in triplicated

using published procedures with Na,SO, as the reference.*28

Analyte Detection by Emission. A 2 mL suspension of 40 uM ABMOF-1 in DMF was prepared
from a 2 mM stock solution and the emission spectra was recorded (A = 523 nm). For each
emission assay, three 40 L aliquots from 2 mM stock solutions were added successively to obtain
the response to 1-10 equivalents of the analyte (1 eq with respect to AzoAEpP units) to the
ABMOF-1 suspension. After eachaliquot addition, the mixture was equilibrated by stirring for 30

min before the emission spectrum was recorded. The emission response to all analytes was
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measured by integrating the emission band between 530-800 nm. All spectroscopic experiments

were performed in triplicate.

3.2.4. X-ray Photoelectron Spectroscopy

Analyte-MOF samples for XP spectroscopy were specifically limited to the 2,6-DNP-4-
CF3 guest and to ABMOF-1 crystals with 4 mm x 4 mm faces. Washing three times in DMF and
overnight air drying followed MOF exposure to the DNP—CF;. A PHI5600 XPS with a third-party
acquisition system (RBD Instruments, Bend Oregon) acquired all photoelectron spectra as
described previously.2® Analysis chamber base pressures were <1 x 109 torr. For certain
experiments, argon-ion sputtering removal of near-interfacial species preceded XPS acquisition.
With the MOF/analyte sample in the XPS analysis chamber, sputter conditions utilized a
differentially pumped ion gun source at 25 mA electron emission, 3.5 kV beam voltage, and ~1.5
x 104 Torr of research-grade argon. Sputtering lasted for 6 s during which the ion gun rastered the
beam across the sample over an area that was aligned with and somewhat larger than the sampling
area of the analyzer. A hemispherical energy analyzer that was positioned at 90° with respect to
the incoming X-ray flux collected photoelectrons at angles of 30°, 45°, and 60° with respect to the
MOF surface normal angle. For the large-faced samples under study, photoelectron acquisition at
higher angles with respect to the surface normal demonstrated increased surface sensitivity as
compared to acquisition at smaller angles.2® Survey spectra utilized a pass energy of 117 eV, a 0.5
eV step size, and a 50 ms per step dwell time. High-resolution XP spectra employed a 23.5 eV
pass energy, 25 meV step size, and a 50 ms dwell time per step. A low-energy electron gun
provided charge neutralization. Neutralization power and energy were optimized to minimize
fwhm peak widths rather than to position a peak at a specific binding energy. With features

ascribed to adventitious carbon between 283.5-285.0 eV under this neutralization methodology,
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spectra were linearly shifted to position the adventitious carbon feature at 284.8 eV in the data
analysis phase. Data for the Zn 2ps, photoelectron region were fit with a Shirley-type
background,®® and Gaussian-Lorentzian (pseudo-Voight) GL(30)-style peak shapes.3! Universal
Tougaard-style backgrounds,32 and GL(30)-style peak shapes described photoelectron features for
the C 1s, O 1s, and F 1s regions. Fits that employ multiple peaks within a spectral region utilized
identical fwhm values for each peak to minimize mathematically optimized but potentially

chemically unrealistic fits.

3.3. Synthesis and Structure

Our previous investigations with silver coordination polymers indicated that AzoAEpP can behave
like a rigid, linear bipyridine ligand despite an increased size and flexibility.2* Like many other
bipyridine ligands, we did not observe the formation of discrete, well-defined crystalline materials
with AzoAEpP and Zn2*;33 however, when used in conjunction with dicarboxylate ligands,
AzoAEpP forms pillared paddle-wheel MOFs. Benzene 14-dicarboxylic acid (BDC) and 1,4-
naphthalenedicarboxylic acid (NDC) form similar pillared paddle-wheel structures. In
{Zn,(NDC),(Az0AEpP)*2DMF}, (ABMOF-1), each dinuclear Zn%* site is bridged by a
carboxylate from each of four NDC ligands to form paddle-wheel complexes with the second
carboxylate from each NDC ligand connecting to an independent Zn2+ paddle-wheel unit (Figure
3.1 A). The paddle-wheel coordination polymer sheets are in turn pillared with AzoAEpP ligands
to form a three-dimensional framework. The basic structure, as well as the accompanying paddle
wheel geometry and bond distances are comparable to those found in other pillared paddle-wheel
MOFs.34-36 The coordination chemistry in {Zn,(BDC).(AzoAEpP) ¢« 2DMF}, (ABMOF-2) is

identical to that of ABMOF-1.
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Figure 3.1A. ORTEP plot of ABMOF-1showing 50% thermal ellipsoids andselected atomlabels. Hydrogen atoms
are omitted for clarity. 3.1B. Wireframe diagramof ABMOF-1 showing primitive cubic nets with four AzoAEpP
ligand pillars in green. 3.1C. Space-filling diagramof ABMOF-1 showing crystal packing ofthe non-interpenetrated
MOF structure showing the pore structure. Zn = green, N=blue, O =red, and C = gray. Hydrogen atoms and DMF

molecules have been omitted for clarity.
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Unlike linear bipyridine ligands like 4,4’-bipyridine, AzoAEpP can reorient by rotation of
the phenyl-azo C—N bonds, anilino—ethylene N-Cbonds, ethylene—pyridine C—Cbonds and/or the
ethylene bonds C—C. The multiple degrees of freedom enable AzoAEpP to adopt structures that
differ from those accessible with rigid ligands. Owing to the nonlinear shape of AzoAEpP, the
ABMOF-1 framework forms atilted primitive cubic net (Figure 3.1B), in contrast to the frequently
observed vertical®® or semi-vertical cubic nets.3* The use of extended dicarboxylate ligands or
bidentate pillars often leads to multiply interpenetrated frameworks since large voids formed by
long linkers may allow interpenetration to happen.343” ABMOF-2 forms a 3-fold interpenetrated
framework, with a vertical primitive cubic net whereas ABMOF-1 forms a non-interpenetrated
framework with permanent porosity. Although the dicarboxylate span of NDC and BDC s similar,
the point-to-point distance between the two pyridine nitrogen atoms of AzoAEpP in ABMOF-1
and ABMOF-2 frameworks is quite different, 13.0 A and 19.3 A respectively. Furthermore, the
effective distance in ABMOF-1 obtained by projecting one pyridine nitrogen on a plane containing
the other pyridine is even shorter, 7.1 A in ABMOF-1 compared to 19.3 A in ABMOF-2 where
the pyridine ligands are collinear. The linear conformation in AzoAEpP in ABMOF-2 opens
enough void space to permits 3-fold interpenetration. Compared to the structure of the apo ligand,
in ABMOF-1, the azo N-C bonds rotate by 180°, anilino—ethylene N-—C bonds rotate by 65°, and
ethylene-pyridine C—C rotates 71°, resulting in the lone pairs pointing toward the diazene core as
opposed to outward in the free ligand. This results in primitive cubic net where framework

interpenetration is blocked by the ligands occupying the void space.

Examination of ABMOF-1 crystal structure reveals one-dimensional pores along ¢ axis of
with an average size of 4.5 x 1.9 A2, after removing DMF guest molecules (Figure 3.1C). PLATON

analysis using SQUEEZE38 shows an average solvent accessible size of 4.5 x 1.8 A2, with the void
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space occupies 26.2% of total volume. The pore-size cannot be calculated by Platon software
precisely in ABMOF-2 due to crystallographic disorder in the azobenzene ligand (Figure 3.16);
however, the pores are smaller and interpenetration further restricts the void space. The pores in
ABMOF-1 are relatively small, especially for a non-interpenetrated network. Interpenetrated
pillared paddlewheel MOFs tend to contain pores with dimensions not much larger than 5 A 3940
whereas non-interpenetrated pillared paddlewheel MOFs contain larger pores with dimensions
between 11-40 A 4143 Non-interpenetrated MOFs with large pores can encapsulate large
molecules such as ibuprofen,* benzene,* or toluene,*¢ whereas interpenetrated MOFs are usually
limited to small molecules such as CO,#” and other gases.*8 Despite having a non-interpenetrated
structure, the small pores in ABMOF-1 preclude the inclusion of large guest molecules such as
2A-dinitrophenol (2,4-DNP), as an explosive chemical, but also a safer substitute for more
explosive trinitroaromatic compounds. The size exclusion phenomenon has also been shown in

other luminescent MOF based detecting systems.2.6:10

Normalized Emission/Kubelka-Munk Function
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Figure 3.2. Solid state diffusereflectance (black) and solid state emission (Aex =523 nm, red) spectra of ABMOF-1.

Inset: cuvettes containing a suspension ofthe complexcrystals in DMF (40 pM) excited with 365 nm light (right).
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3.4. Photophysical Properties of ABMOF-1 and Guest Molecule Detection

ABMOF-1 exhibits maximum absorbance at 500 nm with a broad emission centered at 610
nm (Figure 3.2), which are similar to the optical properties observed for Ag+* metal organic
polymers containing the AzoAEpP ligand.2* Our investigations also demonstrated that AzoAEpP
emits with a Ama at 605 nm when frozen in a solvent glass at 77 K, therefore, we attribute the
emission observed in ABMOF-1 to the AzoAEpP ligand, since NDC ligand emits at 480 nm.
Although the quantum yield is low (¢ = 0.4%), the emission is clearly visible when ABMOF-1 is
dispersed in solvent (Figure 3.2, inset). Both ABMOF-1 and ABMOF-2 show strong emission at
room temperature, but the latter was not responsive to guest molecules, so additional studies
focused exclusively on ABMOF-1. While the lack of any other significant differences between the
two MOFs suggests the interpenetration leads to the contrasting luminescence response, the
emission of other interpenetrated MOFs can be quenched by nitro aromatics,*%-50 so no definitive

conclusion canbe made based on all of our experiments.

When dispersed in DMF, powdered ABMOF-1 forms a semi-homogeneous suspension
that persists indefinitely without any evidence of decomplexation even after 2 h of sonication.
Based on previous studies of emissive MOF quenching,2° we chose 6 analytes — chlorobenzene
(CB), 13-dinitrobenzene (1,3-DNB), 14-diicbenzene (1,4-DIB), 2-nitrophenol (2-NP), 4-
nitrophenol (4-NP) and 24-dinitrophenol (2,4-DNP) based on electron withdrawing and
electrostatic interaction ability — to probe the host-guest chemistry of ABMOF-1. All the aryl
guest molecules can potentially w-stack with the aromatic MOF struts, but only the phenolic
analytes can engage in electrostatic interactions with charged MOF components. Electron-
deficient aromatic compounds readily quench MOF emission, so guests were also chosen to probe

the scope of this behavior. The aromatic substituents range from inductively withdrawing halides
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to nitro groups, which are strongly electron withdrawing by resonance. Trinitroaromatics, which

are typically the strongest quenching guests, were not screened owing to safety concerns.
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Figure 3.3A. Normalized emission response of ABMOF-1 to 2,4-DNP (A.x= 500 nm). ABMOF-1 (40 uM) was
suspended in DMF (black) and treated with 2,4-DNP in DMF to obtain final concentration o£40 uM, 80 uM, 120
uM, 160 uM, 200 uM, until 600 uM. Solutions were equilibrated for 30 min before each measurement. 3.3B. Stern-
Volmer plot for ABMOF-1 with the addition of2,4-DNP (insert: enlarged view ofa selected area)usingthe SV
equation Io/I= 1+ K [A], where Iy is the initial fluorescence intensity at 610nm, I is the fluorescence intensity after

adding 2,4-DNP, [A]is the molar concentration ofanalyte, and K is the quenching constant (M ).

Of all the guests screened, only 24-DNP quenched ABMOF-1 emission significantly
(Figure 3.3 and Figure 3.5). We attribute this response primarily to the proximity of the analyte to
chromophores on or near the MOF surface since the size of 2,4-DNP (6.1 A x 4.7 A) is larger than
the pores in ABMOF-1. Nitroaromatic compounds typically quench emission by an electron
transfer process from an electronically excited chromophore coming into a low-lying empty orbital
on the nitro compound, which is also true of MOFs.49-51 Although we cannot completely exclude
energy-transfer quenching mechanisms observed in some MOF systems252 the lack of spectral

overlap between emission spectra of ABMOF-1 and absorption spectra of the guest molecules
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suggests the contributions from these alternative pathways is minimal. The absence of emission

peak shifting characteristic of energy transfer also support this conclusion.
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Figure 3.4A.Normalized emission response of ABMOF-1 to 2,6-DNP-4-CF3 (Aex= 523 nm). ABMOF-1 (40 uM)
was suspended in DMF (black) and treated with 2,6-DNP-4-CF3; in DMF to obtain final concentration of20 uM, 40
puM, 60 uM, 80 uM, until200 uM. Solutions were equilibrated for 30 min before each measurement. 3.4B. Stern-
Volmer plot for ABMOF-1 with the addition of2,6-DNP-4-CF; (insert: enlarged view ofa selected area) usingthe
SV equationlo/I= 1+ Kw[A], where Io is the initial fluorescence intensityat 610nm, I is the fluorescence intensity

afteradding 2,6-DNP-4-CFs, [A] is the molar concentration ofanalyte, and K., is the quenching constant (M ")
Achieving a significant emission response in ABMOF-1 requires a strong quencher with a
low lying LUMO, and a phenol to decrease the distance between fluorophore and quencher, which
IS consistent with the proposed electron transfer quenching mechanism. In ABMOF-1, the
quenching response to 2-NP (approximately 20% reduction in integrated emission) and 4-NP
(approximately 25%) is minimal, whereas 2,4-DNP quenches almost completely (97%) (Figure
3.5). The lack of emission with 1,3-DNB, suggests the hydroxyl of 2,4-DNP anchors the guest to
the MOF surface either through an interaction with surface-exposed Zn2* ions, carboxylic acids or

pyridine groups. A preliminary examination of the Stern-Volmer relationship suggests a shift from
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Figure 3.5. Normalized fluorescence intensity of 40 uM ABMOF-1 suspensionin 2mL DMF (original), and after
adding 10 eq of different analytes, after each adding the suspension was stirring for 30 min before measuring. The
excitation wavelengthis 500nm and the area under the emission spectra was integrated over a wavelength rangeof
540-800 nm.
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Figure 3.6. Absorbancespectra of0.1 mM DMF solutions of CB, 1,4-DIB, 1,3-DNB, 2-NP, 4-NP, 2,4-DNP and 2,6-
DNP-4-CF3, showing no obvious overlap with theemissionspectraof ABMOF-1and ABMOF-2 suspended in DMF
(40 uM).
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dynamic to static quenching as the 2,4-DNP concentration increases. These observations are
indicative of a distance-sensitive process like electron transfer, and the quenching properties of
2,4-DNP. Any metal bond to or salt bridge with the weakly coordinating 2,4-DNP anion would be
weak and require high concentrations to drive the binding equilibrium. The stronger response to
the most electron deficient analyte also supports the conclusion that electron transfer from the
electronically excited MOF to a low-lying empty guest orbital dominates the quenching

mechanism.

The narrow channels in ABMOF-1 restrict the host-guest behavior to surface interactions,
but obtaining direct evidence to clearly confirm surface adsorption remains difficult. In MOFs with
larger pores distinguishing between internalized guests internalized in pores and surface
interaction imposes an even greater challenge. In ABMOF-1 internalized DMF molecules are
observed in the X-ray structure, but surface molecules are outside the detection window, even if
those molecules were densely populated, strongly adhered, and sufficiently ordered for
crystallography. MOF emission can be quenched at significantly less than total theoretical pore
occupancy,®354 which excludes detection by single crystal analysis. In contrast, PXRD is sensitive
to sample crystallinity changes, but detailed MOF structural information is both difficult to
extrapolate, and neither internalized nor surface adhered guests necessarily perturb the crystal

form.49.50

In contrast to other X-ray techniques, our XPS measurements were readily able to elucidate
interactions between the guest molecules and ABMOF-1. For an ABMOF-1 sample (4 mm x 4
mm) that was exposed to 10 eq. (regarding to AzoAEpP) of 2,4-DNP for 0.5 h, wash three times

with DMF and overnight air drying, the XPS spectra (Figure 3.7) revealed no features above a
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Figure 3.7. XP spectraofrepresentative ABMOF-1 samples both (A) with no guestexposure, and (B) following
exposure to the2,6-dinitro-4-trifluoromethyl-phenol (2,6-DNP-4-CF3) guest. The F 1s region demonstrates no
visible features foranon-exposed sample and strong features ascribed to fluorine in the CF3 group forthe ABMOF-
1 following 2,6-DNP-4-CF; guestexposure. Additional features in frame B include a N 1s feature ascribed to a nitro
speciesat406.5 eV and a C 1s feature due to carbon in a CF3 group at 292.5eV (arrow). The vertical scale bar
represents 100 counts persecond (cps) forthe Zn 2ps», F 1s,and N 1s regions, and 300 cps forthe C 1s regions in
both frames. We attribute to the satellite fits in frame A to non-homogeneous chargeneutralization ofthe insulating

MOF sample.

background signal in the portion of the N 1s region that would be ascribable to the nitro groups of
the guest. Separately, we observed rapid sublimation of 24-DNP under analogous vacuum

conditions similar to those encountered in the XPS load lock. The rapid sublimation 2,4-DNP, and
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the of lack of observable, unique chemical states for 2,4-DNP-treated ABMOF-1 implies only
weak physisorption of the guest but cannot provide insight into adsorption vs intercalation
behavior. As the 2,4-DNP did not demonstrate sufficiently strong interactions with the ABMOF-
1 substrate, we explored other emission-quenching guest molecules with unique chemical features

for photoelectron analyses.

Unlike 2,4-DNP, the fluorinated 2,6-DNP-4-CF3; guest does not desorb from ABMOF-1
under vacuum and is detectable with photoelectron spectroscopy. Like 2,4-DNP however, 2,6-
DNP-4-CF; quenches ABMOF-1 emission as presented and does not perturb the ABMOF-1
structure as determined by PXRD. By inducing a similar luminescent response while containing
three fluorine atoms per molecule that impart an intense and chemically distinct signal in
photoelectron spectra,?® 2,6-DNP-4-CF; provides a convenient and attractive guest molecule to

probe adsorption vs intercalation interactions with ABMOF-1.

The high-resolution XP spectra of ABMOF-1 in the absence or presence of 2,6-DNP-4-
CF3 exhibit distinct peaks characteristic of the elemental composition (Figure 3.7). Each spectrum
displays the experimentally measured peaks corresponding to electrons originating from the Zn
2pss2, F 1s, N 1s, and C 1s regions (black) and the modeled fits of the data (red). Spectra of guest-
free ABMOF-1 reveal features attributed to Zn2+ at ~1021 eV, the azo nitrogen atoms at ~400 eV,
and carboxylate carbon atoms at ~289 eV; whereas, only non-fittable background signal were
observed in the F 1s region (Figure 3.7A). Each of the largest fitted peaks corresponding to the Zn
2ps2, N 1s, and C 1s regions also possess a smaller satellite feature at an approximately 3 eV lower
binding energy with comparable area ratios to each of the large fitted peaks. We ascribe each of
these satellites to an artifact of non-homogeneous charging on the ABMOF-1 surface that results

in a similarly non-homogeneous charge compensation by the neutralizer. Therefore, the satellite
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features do not represent distinct chemical features in the photoelectron spectra. Both the aromatic
carbon atoms and adventitiously adsorbed carbon species contribute to the large feature in the C

1s region in a manner that prohibits rigorous interpretation.

§=30° | #=60° | Sputtered

T N T T R T T B T

1026 1022 1018 692 688 684

Binding energy (eV)

Figure 3.8. XP spectraofthe (A) Zn 2psp, and (B) F 1s regions for ABMOF-1 samples exposed to 2,6-DNP-4-CFs.
In both frames, the blue traces correspond to photoelectron take-off angles 0f30° with respectto the surface normal
that is a comparatively bulk-sensitive angle. The red traces correspond to photoelectron take-offangles 0£60°,
which is a more surface-sensitive angle as compared to the 30° results. Lastly, the black traces correspond to
photoelectron signals following a briefargon-ion sputter to remove near-interfacial species. This combinationof
results demonstrates that the signals due to fluorine are presentcloser to thes ample surfacerelative to the signals
due to Zn*". We interpret the more surface-localized nature ofthe fluorine signals to result from2,6-DNP-4-CF; that

is adsorbed ontoratherthanintercalated into the ABMOF—1 substrate. The scale barrepresents 100 cps forboth

frames.
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Upon the introduction of 2,6-DNP-4-CF;, the spectra of ABMOF-1 no longer contains the
charging artifacts present in the guest-free spectra; however, the spectra do exhibit features
ascribable to the guest molecule (Figure 3.7B). Specifically, the F 1sregion shows a strong feature
due to photoelectron emission from the three fluorine atoms on the trifluoromethyl group of the
guest molecule. Similarly, the N 1s spectrum reveals a feature towards higher binding energy at
~406.5 that we assign to the nitro-group nitrogen atoms of 2,6-DNP-4-CF3. In addition to these
new features, the fluorine atoms in the —CF3 moiety shift the photoelectron emission corresponding
to that carbon atom towards higher binding energy as revealed by the small feature at
approximately 292.5 eV in the C 1s spectrum. Collectively, these results demonstrate an
association between the 2,6-DNP-4-CF; guest and the ABMOF-1 substrate; however, further
photoelectron analyses are required to elucidate the adsorption vs intercalation nature of the guest-

MOF interaction.

Both the Zn 2p3, and F 1s regions in the spectra of 2,6-DNP-4-CF3-exposed ABMOF-1
change noticeably due to collection of the photoelectrons at different angles, and following argon-
ion sputtering. Figure 3.8 shows spectra that are representative of acquisitions on multiple 2,6-
DNP-4-CF;-exposed ABMOF-1 samples. The blue traces in both frames represent photoelectron
signals collected at 30° with respect to the surface normal angle while the red traces represent
signals collected at 60° for 2,6-DNP-4-CFs-exposed ABMOF-1 samples. Since the probability for
photoelectron escape (5-10 nm)23 —given by an attenuation length that is related to the inelastic
mean free path—decreases exponentially with depth below the sample surface, the electrons
generated more deeply in the sample have a decreased probability of reaching the detector relative
to electrons generated at shallow depths.23 When photoelectrons are collected at higher angles

with respect to the surface normal, they must travel through more material to escape and have a
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decreased probability of escape relative to electrons collected at angles closer to the surface normal.
Thus, the spectra collected at 30° are more sensitive to content of the bulk material when compared
to spectra that are collected at 60°, which are more surface sensitive. Considering a ratio of area
intensities for the F 1s that is a proxy for the 2,6-DNP-4-CF; guest and the Zn 2p3/2 intensity that
is a proxy for ABMOF-1, an I 15/lzn 2py, ratio would demonstrate no angle dependence for
homogeneously intercalated guests while the ratio would increase with increasing angle for
surface-adsorbed guests. The photoelectron spectra collected at 30° in Fig. 5 (blue) demonstrate

Ir 15/12n 2pg, = 857 cps / 1178 cps = 0.73, while the spectra collected at 60° (red) demonstrate Ir
15/1zn 2p3, = 403 cps / 382 cps = 1.1. The increase in the F 1s-to-Zn 2p3/2 peak area ratio at 60°

relative to 30° indicates that the fluorine atoms are physically situated closer to the sample surface

relative to the Zn2* atoms.

Photoelectron scans following argon-ion sputtering further reveal the physical relationship
between the fluorine atoms and the Zn?* atoms (Figure 3.8). Sputter conditions yield a sample
bombardment of 3.5 keVV Ar* ions for six seconds. Calibration studies from our lab indicate that
these sputtering conditions remove approximately 2-5 monolayers of adsorbed species on
substrates under study. The resulting Zn 2ps, trace (black) following Ar* sputtering demonstrates
a significantly larger intensity compared to the Zn 2p3, features collected at either 30° or 60° in
the absence of sputter cleaning. In contrast to the Zn 2ps, signals, the resulting F 1s signals
following sputtering are greatly attenuated relative to the F 1s data collected at 30° or 60° in the
absence of sputtering. The increase of the Zn 2ps/, suggests the removal of species above the layer
that contains the Zn2* atoms, which had attenuated the Zn 2ps, signals before sputtering. The
decrease of the F 1s signal indicates the fluorine atoms were principally localized in the top 2-5

monolayers of species that were sputtered away due to Ar* bombardment; therefore, the
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combination of angle-resolved XPS and argon-ion sputtering results reveal that the fluorine atoms
are localized in the near interfacial layers of the sample, while the ZnZ* atoms are localized in the
bulk material. A model consistent with the photoelectron data is the surface adsorption of 2,6-
DNP-4-CF; guest on the ABMOF-1 substrate. If the guest molecule had intercalated into the

ABMOF-1 network, we would have observed no relative change in the Zn2* to fluorine signals.

3.5. Conclusions

Embedding azobenzene struts into rigid MOF structures can lead to emission from the
chromophore instead of dissipation of excitation energy via non-radiative pathways. ABMOF-1
and ABMOF-2 are the first emissive MOFs containing azobenzene fluorophores, but only
ABMOF-1 responds significantly to various nitroaromatic analytes. Based on the similarity of the
emission response to other luminescent MOF systems and the pore sizes that preclude guest
encapsulation, we reasoned that ABMOF-1 would be a valuable test case to evaluate XPS as an
analytical technique to detect surface adsorbed species. Different from optical spectroscopies and
other techniques, the interfacial sensitivity of XPS can elucidate the presence specific chemical
species and states on a material surface with a sub-monolayer limit of detection. Although we are
conducting additional studies understand the atomic level interactions at the surface, an association
between the guest and the ABMOF-1 substrate has been demonstrated by high-resolution XPS
showing strong features of guest-associated fluorine atoms, as well as the energy level shifting of
nitrogen and carbon photoelectron emission, sustaining as a novel way to characterize surface-
associated nitroaromatic guests on MOFs. Angle-resolved and argon-ion sputtering XPS further
indicate guests are physically situated closer to the sample surface. The study of MOF-guest
interaction by collecting XPS data at different angles and sputtering several surface monolayers

provide a new method to study host-guest interaction on MOF or other coordination polymers.
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Table 3.1. Crystal data andstructure refinements for ABMOF-1.

Compound {Zn,(NDC),(AzoAEpP) <2DMF},
Formula Cs6H5o:NgO10ZN>
Formula weight (g mol?) 1127.84

Crystal size 1.00 x 0.75 x 0.15
Crystal system Monoclinic

Color Orange-red

Space group P2,/c

alA 12.1475

b/A 15.602

c/A 14.578

a/° 90.00

/e 99.566

v/° 90.00

Volume/A3 2724.5

z 4

Temp, K 296 (2)

Pealcg/CM? 1.375

Radiation Mo Ka (A =0.71073A)
20 range for data collection/° 4.82 10 66.26

Index ranges -18<h<18, -23<k<23, -19<IK22
Reflections collected 39345

Independent reflections 10334

Observed reflections 8084

R 0.0403

WR2 0.1439

no. of parameters 345

Goodness-of-fit on F2 1.056
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Table 3.2. Crystal data andstructure refinements for ABMOF-2.

Compound {Zn,(BDC),(Az0AEpP)},
Formula CsoH4oNgOsZn
Formula weight (g mol?) 918.25

Crystal size
Crystal system
Color

Space group
alA

b/A

c/A

o/°

B/

V/°

Volume/A3

Z

Temp, K

Pealcg/CM?

Radiation

20 range for data collection/®
Index ranges
Reflections collected
Independent reflections
Observed reflections

R

WR2

no. of parameters

Goodness-of-fit on F2

0.25 x 0.18 x 0.01
Monoclinic
Orange

Cl2m1
15.730(3)
15.100(3)
10.023(2)

90.00

119.21(3)

90.00

2078.0(9)

2

100 (2)

1.468

Mo Ka (L= 0.71073A)
4.92 to 46.36
-20<h=<20, -16<k<19, -12<I<12
11989

2357

1825

0.0521

0.1397

344

1.090
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Figure 3.9. Thermogravimetric analysis (TGA) diagrams of fresh prepared (black) and activated (red) ABMOF-1.
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Figure 3.10. Thermogravimetric analysis (TGA) diagrams of fresh prepared (black) and activated (red) ABMOF-2.
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Figure 3.12. Digested NMR of ABMOF-2, comparing with original ligands BDCand AzoAEpP.
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Figure 3.13. Powder X-ray diffraction patterns of ABMOF-1. Both experimental and simulated patterns fromsingle

crystal structures are shownto confirmthe phase purity.
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Figure 3.14. Powder X-ray diffraction patterns of ABMOF-2. Both experimental and simulated patterns fromsingle
crystal structures are shownto confirmthe phase purity.
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Figure 3.15. PXRD diffraction patterns of ABMOF-1 (black) and after quenchingwith 2,4-DNP (red) and 2,6-DNP-

4-CF3 (blue). The nearly identical patterns confirmno significant change of MOF structure after quenching.

Figure 3.16. Completely labeled ORTEP plot of 50% thermal ellipsoids for ABMOF-2, showing highly disordered

on the AzoAEpP ligand.
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Chapter 4 MOF Decomposition and Introduction of

Repairable Defects Using a Photodegradable Strut
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4.1. Introduction

The large void spaces and high surface areas within metal-organic frameworks (MOFs)
make them appealing for a wide variety of storage, sequestration and separation applications;!-2
however, most MOFs are permanent structures incapable of responding to external stimuli. To
overcome these limitations, photoactive MOF components have been explored. By incorporating
azobenzene ligands onto the side chains of MOF struts, cis«—frans photoisomerization can open
and close access to channels;®> however, azobenzene isomerization is nearly*> or completely®-’
restricted in rigid materials. Moreover, photochromic diarylethene derivatives have been
incorporated as MOF struts, and local framework movement can be achieved by diarylethene ring
opening and closing®1 but the framework change is minimal and MOF skeleton is retained.
Alternatively, photolabile protecting groups on side chains can be removed to change the channel

structure.!1-12

MOFs are susceptible to degradation under acidic conditions, or when exposed to strongly
coordinating molecules, due to linker protonation and displacement respectively. Although these
and other processes of structural breakdown are impediments in some fields, MOF decomposition
can be exploited for molecular release in applications such as drug delivery.!3 Most MOFs
designed for drug delivery are engineered to respond to the acidic compartments in the cell
cytoplasm or in lysosomes.!#!5 In the absence of pH changes however, the options for triggered

release of guest from MOFs are more limited.

Light degradable materials have been studied extensively,'®!® but there are limited
examples of MOF photodecomposition. While complexes that release metal ions in response to
light are somewhat common!®-20 including photocaged complexes that release zinc upon

decarboxylation?!  the analogous photochemistry has not been explored in MOFs.
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Photodecarboxylation in a benzothiadiazole-derived MOF led to detectable structural changes and
differences in gas adsorption although the experimental data for the proposed behavior not
definitive,22 and an azobenzene-containing MOF reportedly degrades upon irradiation;>3 however,
irradiation only accelerates the basal rate of decomposition. Local and dynamic structural
modulation upon irradiation has been reported with MOFs* and COFs> containing photoswitchable
struts; however, direct evidence for the changes are limited. Inspired by our earlier studies on
molecule release triggered by photodecarboxylation of a capping on MOF surface,>* we envisioned

incorporating photolabile dicarboxylates as struts to facilitate photodegradation of MOFs.

4.2. Experimental Section

4.2.1. General Procedures

All reagents were purchased and used without further purification. Thin-layer chromatography
(TLC) was performed on silica (200-400 mesh). TLCs were developed by using mixture of
dichloromethane (DCM) and methanol (MeOH). 1H and 33C NMR spectra were recorded with a
500 MHz Bruker Biospin NMR instrument. FT-IR spectra were recorded using Bruker Vertex70
Optics FT-IR spectrometer equipped with a Specac Golden Gate attenuated total reflection (ATR)
accessory by collecting 256 scans over a scan range from 4000 to 600 cm at 4 cm! resolution.
Elemental microanalyses for C, H, and N were performed by Micro Analysis Inc. (Wilmington
DE). Thermogravimetric analysis (TGA) measurements were carried out on a TA Instruments Hi-
Res TGA 2950 Thermogravimetric Analyzer from room temperature to 800 °C under nitrogen
atmosphere at a heating rate of 10 °C/min. LC/MS was carried on a Single Quadruple, Agilent
Technologies 1200 series LC system. High resolution mass spectra were obtained at the University

of Notre Dame mass spectrometry facility using microTOF instrument operating in positive
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ionization mode. Melting-point information was obtained using a Hydrothermal Mel-Temp

instrument.

2-Nitro-1,4-phenylenediacetic acid (NPDAC, 2). Concentrated sulfuric acid (5 mL) and p-
phenylenediacetic acid (0.300 g, 1.54 mmol) were combined at 0 °C, and concentrated nitric acid
(0.5 mL) was added dropwise to the mixture. After stirring in the dark for 1 h, the reaction mixture
was added dropwise to ice (200 g), and the product was extracted into EtOAc (2 x 100 mL). The
combined organic layers were washed with saturated NaCl (2 x 100 mL), dried over Na,SO,4and
the solvent was removed to yield the product as a light-yellow powder without further purification
(0.280 g, 76.1% yield). TLC R; = 0.41 (silica, 6.5:1, DCM/MeOH). Mp = 246-248 °C. 1H NMR
(500 MHz, DMSO-dg) & 12.55 (s, 2 H), 8.01 (s, 1 H), 7.59 (d, J = 7.88 Hz, 1 H), 7.48 (d, J = 7.88
Hz, 1 H), 3.97 (s, 2H), 3.75 (s, 2 H). 13C NMR (125 MHz, DMSO-dg) 5 172.6, 171.9, 148.8, 136.5,
135.5, 133.9, 129.3, 126.1. FT-IR (diamond-ATR, cm) 2966.7, 2647.5, 2549.6, 1696.4, 1529.3,
1409.8, 1351.7, 1289.7, 1231.6, 1202.9, 1144.8, 1079.5, 916.3, 887.0, 825.6, 810.6, 763.6, 738.1,

676.8. HRMS (+ESI) calculated for MNat+ 262.0322, observed 262.0341.

[Zn(PDAC)(4,4’-dipyridyl)»CH30H]» (PDAC-MOF). PDAC-MOF was prepared at room
temperature by modifying the reported solvothermal synthesis.?> Sodium hydroxide (8.00 mg,
0.200 mmol) was added to a solution of p-phenylenediacetic acid (19.4 mg, 0.100 mmol) and 4,4’ -
dipyridine (15.6 mg, 0.100 mmol) in 1 mL of MeOH/H,O (4:1). The solution was layered with
MeOH (5 mL) to induce slow mixing with a third layer of MeOH (1 mL) containing zinc nitrate
tetrahydrate (Zn(NOs3), * 6H,O 226.1 mg, 0.100 mmol) for 5 d to yield colorless needles (33.0 mg,
yield 74.1%). Anal. Calc. for C,;H,0N,OsZn: C, 56.53; H, 4.49; N, 6.28. Found: C, 56.21; H, 4.62;
N, 6.35%. FT-IR (diamond-ATR, cml) 3433.9, 3348.6, 3034.5, 2922.3, 1652.6, 1586.2, 1562.8,

1514.0, 1490.6, 1435.9, 1402.8, 1324.6, 1297.2, 1277.7, 1217.2, 1201.6, 1170.3, 1145.1, 1103.9,
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1072.6, 1047.4, 1031.7, 1008.3, 953.6, 863.7, 844.4, 818.9, 770.1, 732.9, 703.7, 664.6, 631.5. TGA
shows a 15.7% weight loss between 23-40 °C, which may correspond to absorbed MeOH co-

crystalized in the framework. Decomposition occurs at 135 °C.

[Zn(NPDAC)(4,4’-dipyridyl)» CH3sOH]» (NPDAC-MOF). NPDAC (215 mg, 0.900 mmol) and
NaOH (72.0 mg, 1.80 mmol) were dissolved in 10 mL MeOH to prepare a 0.090 M NPDAC
sodium salt solution. Crystalline PDAC-MOF (20.0 mg, 45.0 umol) was immersed in 5mL MeOH,
and 5 mL of NPDAC sodium salt solution (0.090 M) was added. The mixture was kept in dark for
7 d to yield colorless needles suitable for X-ray analysis (16.7 mg, yield 83.2%). FT-IR (diamond-
ATR, cm?) 2918.2, 2683.5, 1629.2, 1609.7, 1580.5, 1527.6, 1494.5, 1416.3, 1342.3, 1269.9,
1219.1, 1146.9, 1072.6, 1047.4, 1014.3, 924.4, 897.0, 863.7, 811.0, 783.7, 721.1, 690.1, 637.2.
The ligand composition of the resulting MOF crystals was determined by *H NMR after digesting
the crystals with D,SO,4 in DMSO-dg, showing PDAC was replaced by NPDAC. TGA shows a
16.5% weight loss between 23-46 °C, which may correspond to co-crystalized MeOH in the

framework. Decomposition occurs at 112 °C.

NPDAC30-MOF. PDAC-MOF crystals (20.0 mg, 45.0 umol) were immersed in 5 mL MeOH,
and combined with 1.5 mL of NPDAC sodium salt solution (0.090 M) and 3.5 mL additional
MeOH. The mixture was kept in dark for 7 d to induce linker exchange. The ligand composition
of the resulting MOF crystals was determined by 'H NMR after digesting the crystals with D,SO,4

in DMSO-ds, which show approximately 30% of the original PDAC was replaced by NPDAC.

4.2.2. Collection and Reduction of X-ray Data
X-ray Crystallography. Structural analysis was carried out in the X-Ray Crystallographic Facility

at Worcester Polytechnic Institute. Crystals were glued on tip of a glass fiber or were covered in
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PARATONE oil on 100 um MiTeGen polyimide micromounts and were mounted on a Bruker-
AXS APEX CCD diffractometer equipped with an LT-1I low temperature device. Diffraction data
were collected at room temperature using graphite monochromated Mo—Ka radiation (A =0.71073
A) using the omega scan technique. Empirical absorption corrections were applied using the
SADABS program.26 The unit cells and space groups were determined using the SAINT+
program.2’” The structures were solved by direct methods and refined by full matrix least-squares
using the SHELXTL program.28 Refinement was based on F2 using all reflections. All non-
hydrogen atoms were refined anisotropically. Hydrogen atoms on carbon atoms were all located
in the difference maps and subsequently placed at idealized positions and given isotropic U values
1.2 times that of the carbon atom to which they were bonded. Hydrogen atoms bonded to oxygen
atoms were located and refined with isotropic thermal parameters. Mercury 3.1 software and
Diamond Version 3.1d were used to examine the molecular structure. Relevant crystallographic

information is summarized in Table 4.1, and the 50% thermal ellipsoid plots are shown in Figure

4.2.

Powder X-ray Diffraction. PXRD data were collected on a Bruker-AXS D8-Advance
diffractometer using Cu-Ko radiation with X-rays generated at 40 kV and 40 mA. Bulk samples
of crystals were placed in a20 cm x 16 cm x 1 mm well in a glass sample holder, and scanned at
RT from 3° to 50° (20) in 0.05° steps at a scan rate of 2°/min. Simulated PXRD patterns from
single crystal datawere compared to PXRD patterns of PDAC-MOFand NPDAC-MOFto confirm

the uniformity of the crystalline samples.
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4.2.3. Spectroscopy

General Spectroscopic Methods. All aqueous solutions were prepared from Millipore
(BiopakTM  Ultrafiltration  Cartridge) water. All organic solutions were prepared using
spectroscopic grade solvents. UV-vis absorption spectra were obtained by taking sample solutions
in 1.0 cm quartz cuvette at23 °C with total volumes kept at2 mL or 3 mL, and recorded on Thermo
Scientific Evolution 300 UV-vis spectrometer with inbuilt Cary winUV software. Photolysis was
carried at 23 °C in 1.0 cm quartz cuvette illuminated by 3 W UV LED (Mouser Electronics, 365
nm, 200 mW) powered by a 700 mA LuxDrive FlexBox using avariable DC source setat 12 VDC.
Rate of photolysis and photoproducts were analyzed using LC/MS (Single Quadrupole, Agilent

Technologies) by monitoring at changes at 277 nm.

Quantum Efficiency and Photoproducts Determination. A 2 mL solution of NPDAC (15 mM)
in MeOH (5% H,0) was prepared from a 45 mM stock solution and exposed to a LED UV
irradiation for 60, 180, 360, and 600 s. A fresh 2 mL solution was used for each time interval
irradiation, and 100 pL of ketoprofen m MeOH (100 mM) was added as internal standard before
subjecting samples to LC-MS analysis. The quantum efficiency was calculated following
established procedures.?® The photoproducts were confirmed using HPLC and *H NMR analysis.
All the samples were eluted using an isocratic mixture of 95:5 CH;CN:H,O containing 0.1%
formic acid at a flow rate of 0.3 mL/min. The identity of individual peaks that are labeled from 2-
5 in the HPLC traces in Figure 4.1 were identified by m/z values in the mass spectrum. Bulk
photolysis of NPDAC was carried out by dissolving NPDAC (23.9 mg, 0.100 mmol) in 2 mL D,0O
containing NaOH (8.0 mg, 0.20 mmol). The solution was irradiated with 365 nm light for 35 min.

The D,O mixture was analyzed by 'H NMR spectroscopy, and then extracted successively with 2
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mL hexanes and 2 mL DCM, and the combined organic phase was removed. The combined

organic-soluble extracts were dissolved in CDCIl; and the 'H NMR was recorded.

4.2.4. Photolysis of NPDAC-MOF

NPDAC-MOF (5.00 mg, 11.2 umol) was immersed in MeOH (2 mL), kept in dark for 2 h, and
UV-vis absorption spectra was recorded. The mixture was exposed to 365 nm of light for 2 h in
total, the first 1 h without stirring and the second hour with stirring. After 10 min of irradiation,
the mixture was removed to the dark for 30 min before measuring the absorbance of the supernatant
liquid. This process was repeated after total irradiation times of 20, 30, 45 and 60 min (3.5 h
elapsed). After irradiation, the solution was filtered through glass wool, and LC-MS analysis was
performed on the filtrate using ketoprofen as an internal standard. The sample was eluted using an
isocratic mixture of 95:5 CH3;CN:H,O containing 0.1% formic acid at a flow rate of 0.3 mL/min,

and the absorbance at277 nm was monitored.

4.2.5. Defects Creation and MOF Repair

NPDAC30-MOF (20 mg) was as immersed in MeOH (2 mL). The mixture was irradiated (365
nm) with stirring for 2 h. The resulting material was isolated, rinsed with MeOH, and divided into
two equal portions. The two samples were immersed in 5 mL MeOH containing 135 umol PDAC
or 1.5 mL NPDAC sodium salt solution (0.090 M) combined with 3.5 mL MeOH for 1 d. The
materials were isolated and crystallinity was verified by PXRD. The ligand composition of the
resulting MOF crystals was determined by 'H NMR after digesting the crystals with D,SO4 in

DMSO-ds.
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4.3. Design and Structural Considerations

Developing photoswitchable MOF components has often outpaced exploration of MOFs
containing photolabile building blocks possibly due to the latter being more susceptible to
decomposition during standard solvothermal MOF syntheses. Since multicarboxylates,
specifically dicarboxylate struts like terephthalic acid, are nearly ubiquitous in MOFs, we
envisioned designing a light-reactive dicarboxylate ligand, as well as the corresponding approach
necessary to incorporate these components into MOFs under facile conditions. We recently
exploited the photoreactivity of meta-nitrophenylacetic acid derivatives to design zinc
photocages?! and photocapping groups,>* so we hypothesized thata similar functional group could

be adapted to construct a photoreactive MOF strut.

Although less common than terephthalic acid, p-phenylenediacetic acid (PDAC) has been used to

construct MOFs with3031 and without dipyridine groups.?> We anticipated that a

) 0
OH OH CHs CHa CHs
HNO3, H2S04 ho . @\ 5 %j\
0%, h NO» T' NO> NO> NO2
HO HO €% o CHa o7
o) 0 o
1 2,76% 3 4 5

Scheme 4.1. The synthetic route of2 and its photolysis reaction, showing three possible major photoproducts, 4-

methyl-2-nitrophenylacetic acid (3), 2-nitro-p-xylene (4) and 4-methyl-2-nitrobenzaldehyde (5).
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Figure 4.1. HPLC analysis ofthe photolysis of NPDAC (15 mM) in MeOH (5% H:0), ketoprofen was used as
internal standard (S). A decreasein the intensity of NPDAC(2) and an increase in the intensities of photoproducts 4-
methyl-2-nitrophenylacetic acid (3) with m/z 194.1, 2-nitro-p-xylene (4) with m/z 302.0 as dimer fragment, and 4-
methyl-2-nitrobenzaldehyde (5) with m/z 164.0 upon UV (LED, 365 nm) exposure (0to 10 min) was observed.
nitroaromatic analog might be thermally unstable, so we designed a solvent layering technique to
prepare PDAC-MOF crystals as an alternative to the reported solvothermal synthesis.?>30 The

PDAC-MOF framework we obtained atroom temperature shows an identical semi-pillared paddle-

wheel (sppw) structure as previously reported, but with an improved R value.30

4.4. Photolabile Strut and MOF Synthesis
Nitration of PDAC yields the desired photolabile linker NPDAC in high yield since mono-nitration

deactivates the ring to further electrophilic aromatic substitution reactions (Scheme 4.1). Upon
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Scheme 4.2. Proposed pathway to the formation of photoproducts fromNPDA C(2) photolysis. The three detected
photoproducts are 4-methyl-2-nitrophenylacetic acid (3), 2-nitro-p-xylene (4) and 4-methyl-2-nitrobenzaldehyde (5).

The mechanistic pathway to the formation of 5 is unclear, but is consistent with the reaction chemistry of other

phenylacetic acid derivatives under similar conditions.

exposure to light, NPDAC decomposes to provide a mixture of photoproducts that includes 4-

methyl-2-nitrophenylacetic acid (3) with m/z 194.1, 2-nitro-p-xylene (4) with m/z 302.0 asa dimer
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ion, and 4-methyl-2-nitrobenzaldehyde (5) with m/z 164.0, as determined by LCMS analysis
(Figure 4.1), which was verified by NMR. Bulk photolysis of NPDAC in D,O was monitored by
'"H NMR (Figure 4.5, 4.6). After 35 min of irradiation, the '"H NMR shows a mixture of NPDAC
and one major photoproduct 4-methyl-2-nitrophenylacetic acid (3), which is produced by the
photodecarboxylation characteristic of meta-nitrophenylacetate compounds.3233 Several minor
unidentifiable photoproducts are also observed. During the irradiation, the clear yellowish solution
became opaque, indicating the possible formation of hydrophobic photoproducts. After extracting
the mixture with hexane and then DCM, two additional photoproducts were recovered.
Photoproduct 4 corresponds to a second photodecarboxylation at the ortho position (Scheme 4.2).
While decarboxylation ortho-nitrophenylacetate was anticipated,3? the exact pathway that leads to
the aldehyde 5 remains unclear. Under aerobic conditions however, ortho- and para-nitrotoluene
derivatives are susceptible to oxidation, and the photolysis conditions are amenable to radical
formation, which could account for the observed photoproduct.3+-37 Phenylacetic acids canalso be
converted directly to benzaldehyde derivatives with various reagents,38-40 so the presence of 5 is
unremarkable. A photolysis quantum yield (Pphotolysis) of 33% was calculated by quantifying the

disappearance of NPDAC over the course of the reaction.

Although the NPDAC exhibited the desired photodecarboxylation chemistry, neither
solvothermal conditions nor room temperature reactions analogous to the synthesis used to prepare
PDAC-MOF provided crystalline materials. We therefore explored post-synthetic linker exchange
(PSLE) as an alternative synthetic strategy to obtain a photoactive MOF. PSLE has been applied
successfully to prepare MOFs that resist de novo syntheses,43 and as a strategy to prevent

framework interpenetration.#4.45 When introduced to a concentrated solution of the new ligand,
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Figure 4.2 A. ORTEP diagramshowing sppw structure of NPDA C-MOF, showing of 50% thermal ellipsoids with
labels fornon C, H atoms. Hydrogen atoms and MeOH guest molecule are omitted for clarity. 4.2B. Two-
dimensionallayer showing the crystal packing, with bright yellow octahedral showing Zn?" atoms are coordinated
by four oxygen atoms and two nitrogen atoms.
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small energy differences between the two different linker analogues in the heterogeneous reaction

create dynamic equilibrium necessary for interconversion.

Exposure of PDAC-MOF to a ten-fold excess of NPDAC with respect to PDAC resulted
in the isolation colorless needles of NPDAC-MOF after 7 days. Single crystal x-ray analysis
revealed nearly identical cell parameters for PDAC-MOF and NPDAC-MOF. Like PDAC-MOF,
the framework of NPDAC-MOF adopts a sppw structure (Figure 4.2A). Unlike typical pillared-
paddle wheel structures, the two carboxylates are not in the same plane, forming a tilted paddle
wheel with one NPDAC ligand facing up and the other facing down. In addition, each Zn?*is 6-
coordinated instead of five, coordinated by two pyridine ligands and three carboxylate groups. An
extended three-dimensional structure is shown in Figure 4.2 B, with yellow octahedral
representing six coordination of Zn2* atoms by four oxygen and two nitrogen atoms. The X-ray
reveals MeOH guest molecules, which upon removal by modeling reveal pores with dimensions
of 1.18 A x 1.10 A x 0.89 A. The nitro group on each of the dicarboxylate ligand is disordered in
the X-ray, however, the digested 'H NMR and LCMS experiments indicate a complete

replacement of PDAC by NPDAC.

4.5. MOF Photolysis and Reassembly

NPDAC-MOF appears to be stable indefinitely in the absence of light while stored in
MeOH. Upon exposure to UV light however, several photoproducts were detectable by UV -vis
spectroscopy and LCMS (Figure 4.3). The increase in absorbance centered at 240 nm corresponds
to 4,4’-dipyridine, which is consistent with fragmentation of the paddle wheel sheets and release
of the pillars. Like NPDAC ligand, three new peaks appear in the LC trace, corresponding to same

three products of photodecarboxylation with the addition of a peak consistent with 4,4’-dipyridine

149



(Scheme 4.3). Irradiation of PDAC-MOF under identical conditions reveals no evidence of

decomposition.
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Figure 4.3. Stacking HPLC traces of photolysis product of NPDA C-MOF afterirradiation 1 h (red), comparing with
the ligand photolysis product after irradiation 10 min (black). Ketoprofen was used as internal standard (S), and
starting material NPDA Cis marked as (2), possible photoproducts are marked as 4-methyl-2-nitrophenylacetic acid
(3), 2-nitro-p-xylene (4) and 4-methyl-2-nitrobenzaldehyde (5), together with the released 4,4’-dipyridine (6) from
decomposition of NPDA C-MOF. Upper insetphotos show the crystal color changes from light yellow to dark
yellow as irradiated with 365 nm light. Lower inset UV-Vis spectroscopy shows the absorbance of S mg NPDA C-

MOF in 2 mL. MeOH irradiating with 365 nm LED in a period of 1 h.
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Scheme 4.3. Proposed photolysis reactions of NPDA Cand NPDA C-MOF. Both have three detected products, which
are 4-methyl-2-nitrophenylacetic acid (3), 2-nitro-p-xylene (4) and 4-methyl-2-nitrobenzaldehyde (5). Pillar ligand
4.4 -bipyridine (6) also showsupafter NPDA C-MOF degradation.

Obtaining detailed structural information about MOF defects is difficult. While wide-
ranging defects canintroduce cracks through desolvation*é or spiral growth associated with screw
dislocations that can be observed by microscopic imaging techniques,*’ random defects are often

imperceptible. Alternatively, powder X-ray diffraction is a widely used technique to investigate
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irradiation for 2 h. 4.4B. Partially linker exchange will result NPDAC30-MOF, which undergoes decomposing and

forming MOF defects. MOF structure can be restored after re-exposing defected MOF into NPDAC or PDAC ligands.

the creation of defects or amorphous phases, by monitoring the intensity, shape or position change
of Bragg diffraction peaks.*8:4% Comparison of the PXRD pattern of NPDAC-MOF with the pattern
simulated from single crystal structure shows good agreement with predicted reflections. After 1
h of irradiation the disappearance of Bragg diffraction at 26 between 7-13° and 15-25°, along with
the broadening of diffraction peaks, suggests decreasing crystallinity and increasing amorphization.
All the Bragg diffraction peaks disappear after 2 h of irradiation, and two broad diffraction peaks
at 20 = 5-10° and 15-30° appear, which indicates of complete phase change from crystalline to

amorphous (Figure 4.4).
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Figure 4.4. Powder X-ray diffraction patterns of simulated and experimental NPDAC-MOF, and upon 365 nm LED

irradiation for 60 min and 120 min.

A light-digestible MOF has many possible intriguing applications such as a delivery
vehicle for chemical reagents or therapeutic agents, but we also envisioned using the strategy to
semi-rationally modify the contents of an assembled MOF. By reducing the amount of NPDAC in
the PSLE reaction from a 10-fold excess to a 3-fold excess, the digested TH NMR suggests
approximately 30% replacement of PDAC in the MOF (NPDAC30-MOF). Unlike NPDAC-MOF,
long-term irradiation of NPDAC30-MOF did not result in the formation of amorphous material as
determined by PXRD; however, the digested NMR revealed the NPDAC content decreased from
30% to 16%. With nearly half of introduced NPDAC ligand lost to photodecomposition, a
crystalline MOF containing multiple defects was obtained. Defect sites can be probed by TGAS0
or potentiometric titrations,>-52 but the TGA method has deficiencies,>® and titrations are based on
the hypothesis that the missing linkers have been replaced by specific ligand or solvent molecules.
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Figure 4.5. 'HNMR spectroscopy NPDA C sodiumsalt in DO (2 mL, 50 mM) afterirradiation with 365 nm (LED,
3 Wem??) for 35 mins, showing major compounds including starting material (2) and one major photoproduct (3).
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Figure 4.6. 'HNMR spectroscopy NPDACsodiumsalt in D-O (2 mL, 50 mM) afterirradiation with 365 nm (LED,
3 Wem?) for 35 mins and extract with 2 mL hexanes and 2mL DCM. Solvent removal ofthe organic phase and
NMR in CDCls shows photoproducts (4) and (5).
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Since photolysis permanently degrades the organic linker, digesting our MOF in acid and
analyzing the contents by NMR spectroscopy provides a convenient alternative to quantify the

amount, if not the location, of MOF defects.

While defects might produce adverse effects in crystalline materials, defects also canbe an
advantage in functional materials such as MOFs, where defects usually result from ligand or metal
center vacancies. While chemical defects in semiconductors and surface defects on
nanocomposites are critical for their intrinsic properties, defects in MOFs can impart catalytic
activity,5455 facilitate adsorbate diffusion,%6:57 increase photoluminescence%85® and improve
performance in separations.®® MOFs generally contain a variety of defects;%1.62 however, artificial
defects can be introduced to MOFs by de novo synthesis or post-synthetic modification, either on
metal nodes or ligand sites.®3.64 Incomplete assembly caused by rapid crystallization,5> and linker
vacancies introduced by using amixed linker approach®6:67 or modulator addition33.55.68 are typical
ways to introduce defects by de novo synthesis. Inaddition, post-synthetic modification by treating
with acid or water,5%.70 partial thermal degradation,’>-"3 or PSLE can lead to missing ligands or
metal nodes. Although de novo syntheses are more straightforward, post-synthetic modification

on “perfectly” formed crystals canbe used to introduce defects in a controlled manner. 62

While the chemical impacts of MOF defects have been explored, fewer studies have
explored defect repair. Missing linkers can be replaced by exposure to the original ligands, but so
far the examples have been limited.58.7> Our approach provides a general method to introduce and

repair defects cleanly, since photolysis does not require external reagents or harsh conditions to

155



[ren]

‘ _ . In NPDAC 1 d (31.7%) I

In PDAC 1d (12.5%)

-8
I 365nm 2 h (15.9%) L I

I I NPDAC30-MOF(30%)

10

| U NPDAC-MOF (100%) ’ l B

PDAC-MOF (0%)

—— T — e
[ 8 7 6 5 4 [ppm]

Figure 4.7. Digested *H NMR of PDA C-MOF, NPDA C-MOF, NPDAC30-MOF, irradiation of NPDAC30-MOF with
365 nm LED for 2 h, expose the irradiated materialto PDAC 1 d, and expose the irradiated materialto NPDAC for 1
d. The percentage shows the percentof NPDAC ligand. The chemical shifts showup at 3.58and 7.21 ppmfor PDAC

ligand, and 3.78, 4.01, 7.50, 7.61 and 8.02 ppmfor NPDAC ligand. The chemical shifts at 8.72 and 9.21 ppm are
belong to 4,4’-dipyridine ligand.

initiate defect formation. To investigate MOF repair, an irradiated sample of NPDAC30-MOF was
divided into two equivalent portions, which were then immersed in solutions containing either 3-
fold excess PDAC or NPDAC for 1 d. Digested H NMR shows the NPDAC content in the first
portion is 32% and in the second portion is 13% (Figure 4.7). These experiments demonstrate that
a photolyzed NPDAC30-MOF can be efficiently reconstituted under facile conditions since the
amount of NPDAC present after repair is identical to that found in the original NPDAC30-MOF
sample within experimental error (32% vs 30%). The decreased NPDAC (13% vs 30%) and

increased PDAC content after repairing irradiated NPDAC30-MOF with PDAC further supports

156



the repair model (Scheme 4.4B). The NPDAC percentage in both portions corresponds the

theoretical content if all the defect sites were filled by one of the two ligands.
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Figure 4.8. Powder X-ray diffraction patterns of PDAC-MOF, NPDAC-MOF, NPDAC30-MOF, irradiation of
NPDAC30-MOF with 365 nm LED for 2 h, expose the irradiated material to PDAC 1 d, and expose the irradiated

material to NPDACfor 1 d.

4.6. Conclusion

Utilizing a photolabile ligand as MOF strut can make a framework undergo full or partial
decomposition upon irradiation. For the first time, a nitrophenylacetate derivative has been
incorporated into MOF as a backbone linker via PLSE method. The photo-induced
decarboxylation of the NPDAC-MOF represents a novel way of degrading a MOF, which provides
an innovative approach to formulating photoresponsive porous materials with potential

applications in molecular release and drug delivery. When photoactive linker is mixed with non-
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photolabile linker via partial PLSE, the MOF structure can be retained after irradiation, but with
the introduction of multiple defects, offering a new method to create vacancies in MOFs. Defect
repair can be achieved by treatment with replacement ligands, the scope of which is an interesting
area for developing customizable MOF contents. The use of carboxylate struts capable of

undergoing photodecarboxylation may lead to a general approach introducing MOF defects for a

variety of new applications, and will be the subject of further investigations.

158



Table 4.1. Crystal data andstructure refinements for NPDAC-MOF.

Compound NPDAC-MOF
Formula C22H20N2.1304.25Z0
Formulaweight (g mol™) 447,52
Crystalsize 0.55 x 0.15 x 0.08
Crystalsystem Triclinic
Color Colorless
Space group P-1
alA 9.620(6)
b/A 10.724(7)
c/A 11.122(7)
o/° 116.790(15)
B/ 105.111(16)
v/° 95.384(16)
Volume/A3 958.6(11)
z 2
Temp, K 296 (2)
Pealeg/CNT 1.550
Radiation Mo Ko (A =0.71073A)
20 range for data collection/° 4.36 t0 45.02
Indexranges -10<h<10, -11<k<11, -12<I<12
Reflections collected 17759
Independent reflections 2588
Observedreflections 2255
R 0.0506
wR2 0.1494
no.of parameters 291
Goodness-of-fit on F2 1.013

159




HO

NO,
OH

A | 'l JJL ‘ e
il

Lo

N o]
2.06>=

2.07

Figure 4.9.'H NMRof NPDAC ligand.

HO

NO,
OH

| JHJ |

T T T T I T T T T T T

200 180 160 140 120 100 80 60 40 20 0 ppm

Figure 4.10.*CNMR of NPDAC ligand.

160



HOOC

OOH
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Figure 4.12. Digested *H NMR of NPDAC-MOF with D,SO4, showing a consistent 1:1 ratio of NPDAC : 4,4°-

bipyridine.
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Figure 4.14. Powder X-ray diffraction patterns of PDAC-MOF. Both experimental and simulated patterns fromsingle

crystal structures are shownto confirmthe phase purity.
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Chapter 5 On-Demand Guest Release from MOF-5 Sealed

with Nitrophenylacetate Photocapping Groups
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5.1. Introduction

Storage and transport of sensitive, volatile and reactive materials represents a significant
challenge in a broad range of chemical research fields.! The blending of large void spaces and
high surface areas impart metal organic frameworks (MOFs) with attractive properties for
engineering storage systems for gases like H,*% and CO,.”-® Trapping these gases, however,
requires the MOFs to be contained within pressure vessels,” so the primary benefits derive from
van der Waals forces that increases the density of gas within the storage volume. Alternatively,
intermolecular forces such as electrostatic interactions,'®!! hydrogen bonding,'%!3 and n—n
stacking!+1> can impart additional stabilization between MOFs and larger guests such as dye

molecules; however, guests can leach out of the MOFs when the concentration gradient changes. !¢

18

MOFs can also be conscripted for drug delivery, but storing and releasing therapeutic
payloads in a constructive manner is limited by the same host-guest interactions. With weaker
interactions, drug molecules leach from MOF pores passively, which might be exploited for
gradual delivery, but could also squander valuable pharmaceuticals with premature release.!8-20
With strong interactions, drug molecules might be released more slowly than the rate of MOF

excretion from the body.2!-23

The desired equilibrium between encapsulation and liberation might be achievable by
manipulating intermolecular forces between MOFs and guests, but a triggered release mechanism
would impart the necessary control for MOFs to be used more universally as delivery vehicles.
Additive chelators have been used to control MOF crystal size,?42¢ but fewer examples of MOFs

with rationally modified surfaces exist. Post-synthetic MOF surface modifications have been used
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to introduce fluorescent monolayers?’ and induce aggregation of crystals,28 but the potential to trap

guests in pores had not been explored until recently.

In recent investigations with MOF-5 (Zn,O(BDC)3;, BDC: 1,4-benzodicarboxylate), we
demonstrated that introducing triphenylacetic acid (TPAA) capping groups effectively trap the
large organic dye crystal violet (CV) within the MOF crystals. The observations were consistent
with surface-bound TPAA groups blocking the MOF pores, which prevents the encapsulated dye
from diffusing back into solution. Liberating the TPAA from the surface by protonation can
reverse guest trapping, but acidic conditions can also degrade the MOF by extruding the
carboxylate struts,2%:30 so the pH must be controlled carefully to prevent unwanted decomposition.
In parallel efforts, we have been exploring photodecarboxylation as a strategy to control the
temporal and spatial release of metal ions in biology.31 We hypothesized that an analogous strategy
could be used to engineer a MOF capping group that could be used to release guest molecules with

light.

5.2. Experimental Section

5.2.1. General Procedures

All reagents were purchased and used without further purification, and reactions were carried out
under an inert atmosphere. Previously reported procedures were used to prepare 1-bromomethyl-
3-nitro-benzene (1)32 and methyl (2S) aminophenyl ethanoate (2).31 The capping group 3-
nitrophenylacetic acid (PC2, PhotoCap-2) was purchased from Acros Organics. MOF-5 was
synthesized following established procedures,®? and its PXRD pattern was compared to simulated
patterns from single crystal to confirm the uniformity of the crystalline sample. Acetonitrile
(CH3CN), diethylether (Et,O) and tetrahydrofuran (THF) were sparged with argon and dried by

passing through alumina-based drying columns. All chromatography and thin-layer
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chromatography (TLC) were performed on silica (200-400 mesh). TLCs were developed by using
CH,Cl, or solvent mixtures containing CH,Cl, hexanes, or diethyl ether (Et,0). 1H and 13C NMR
spectra were recorded with a 500 MHz Bruker Biospin NMR instrument. Chemical shifts are
reported in ppm relative to tetramethylsilane (TMS). FT-IR spectra were recorded using Bruker
Vertex70 Optics FT-IR spectrometer equipped with a Specac Golden Gate attenuated total
reflection (ATR) accessory by collecting 256 scans over a scan range from 4000 to 600 cm! at 4
cm® resolution. LC/MS was carried on a Single Quadruple, Agilent Technologies 1200 series LC
system. GC/MS spectra were obtained from a Single Quadruple, Agilent Technologies 7890B GC
system. Thermogravimetric analysis (TGA) measurements were carried out on a TA Instruments
Hi-Res TGA 2950 Thermogravimetric Analyzer from room temperature to 800 °C under nitrogen
atmosphere at a heating rate of 10 °C/min. High resolution mass spectra were obtained at the
University of Notre Dame mass spectrometry facility using microTOF instrument operating in
positive ionization mode. Melting-point information was obtained using a Hydrothermal Mel-

Temp instrument.

[Bis-(3-nitro-benzyl)-amino]-phenyl-acetic acid methyl ester (3). Methyl (2S) aminophenyl
ethanoate (2) (0.490 g, 2.95 mmol) was combined with 1-bromomethyl-3-nitro-benzene (1.29 g,
5.97 mmol), potassium carbonate (0.410 g, 2.97 mmol) and sodium iodide (0.134 g, 0.894 mmol)
in dry CH3CN (9 mL). After refluxing for 1 h, additional 1-bromomethyl-3-nitro-benzene (0. 642
g, 2.97 mmol) and potassium carbonate (0.410 g, 2.97 mmol) was added to the reaction before
refluxing for another 6 h, and stirred for an additional 16 h at 45 °C. Removal of precipitates by
filtration and solvent removal provided the crude product as a yellow oil. Flash chromatography
on silica (5:4 CH,Cly/hexanes) yielded light yellow oil (0.675 g, 52.2%). TLC Rf= 0.57 (silica,

5:2 DCM/Hexanes). 'H NMR (500 MHz, CDCls) & 8.13 (s, 2 H), 8.07 (d, J = 8.12 Hz, 2 H), 7.63
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(d, I =7.7 Hz, 2 H), 7.46 (t, J = 7.9 Hz, 2 H), 7.32-7.42 (m, 5 H), 4.60 (s, 1 H), 3.94 (d, J = 14.5
Hz, 2 H), 3.85 (d, J = 14.4 Hz, 2H), 3.81 (s, 3 H); 13C NMR (125 MHz) § 172.1, 148.4, 141.4,
135.5, 134.6, 129.4, 128.9, 128.6, 123.5, 122.4, 66.91, 54.38, 51.9. FT-IR (diamond-ATR, cm-)
3084.4, 3065.6, 3032.4, 2957.0, 2928.8, 2849.0, 1738.6, 1602.4, 1527.1, 1498.8, 1456.8, 1437.9,
1353.2, 1282.3, 1207.5, 1169.9, 1136.6, 1075.7, 1004.8, 915.7, 854.2, 746.2, 699.1, 638.2. HRMS

(+ESI) calculated for MH* 436.1503 and observed 436.1524.

[Bis-(3-nitro-benzyl)-amino]-phe nyl-acetic acid (4). Compound 3 (0.100 g, 230 pmol) was
dissolved in a mixture of MeOH (5 mL) and THF (2 mL), and sonicated for 5 min. Potassium
hydroxide (KOH, 0.129 g, 2.30 mmol) was dissolved in MeOH (0.5 mL) and deionized water (0.5
mL). The KOH solution was added to the solution of compound 3 solution dropwise over 10 min
at room temperature, and the sealed reaction vessel was placed in the dark for 36 h. After solvent
removal, 2 g of crushed ice was added, and the pH was adjusted to ~5 with dilute HCI. The product
was extracted into EtOAc (2x25 mL), washed with saturated NaCl, and dried over Na,SO,. Solvent
removal yielded a brown powder without additional purification (66.0 mg, 68.1%). TLC R¢=0.68
(silica, 52 Et,O/hexanes); mp = 143-144 °C. IH NMR (500 MHz, CD3CN) 6 8.12 (s, 2 H), 7.97
(d, J=8.2 Hz, 2 H), 7.67 (d, J = 7.6 Hz, 2 H), 7.50 (d, J = 7.3 Hz, 2 H), 7.43 (t, J = 7.9 Hz, 2 H),
7.38 (t, J=7.5 Hz, 2 H), 7.30 (m, 1 H), 4.55 (s, 1 H), 4.00 (d, J = 14.6 Hz, 2 H), 3.83 (d, J = 14.6
Hz, 2 H); 13C NMR (125 MHz) 6 173.6, 149.6, 143.3, 137.4, 136.4, 130.7, 130.6, 130.0, 129.7,
127.8, 123.3, 69.0, 56.0. FT-IR (diamond-ATR, cm1) 3078.3, 3036.5, 2921.3, 2851.7, 1711.7,
1587.3, 1522.6, 1448.7, 1347.1, 1213.5, 1185.8, 1135.2, 1089.0, 1028.7, 982.5, 927.1, 890.2, 858.1,

802.7, 733.7, 696.7, 669.0. HRMS (+ESI) calculated for MH* 422.1347 and observed 422.1325.

[Bis-(3-nitro-benzyl)-amino]-(3-nitro-phe nyl)-acetic acid (5, PC1). Compound 4 (66.0 mg,
0.157 mmol) was dissolved in concentrated sulfuric acid (3.00 mL, 55.2 mmol) using sonication.
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Concentrated nitric acid (0.100 mL, 1.17 mmol) was added drop wise to the mixture at 0 °C, and
the sealed reaction vessel was placed in the dark for 1 h at 0 °C. The resultant reaction mixture
was added dropwise to ice (50 g), and the product was extracted into EtOAc (2x50 mL). The
combined organics were washed with saturated NaCl (15 mL), dried over Na,SO4, and the solvent
was removed to yield an orange powder without additional purification (66.7 mg, 91.3 % yield).
TLC R;=0.27 (silica, 5:2 Et,O/hexanes); mp 117-118 °C dec. 'H NMR (500 MHz, CDCls) 6 8.29
(s,1H),8.24 (d, J=8.2 Hz, 1 H), 8.17 (s, 2 H), 8.12 (d, J = 8.1 Hz, 2H), 7.77 (d, J = 7.8 Hz, 1 H),
7.61-7.69 (m, 3 H), 7.53 (t, J = 7.9 Hz, 2 H), 4.74 (s, 1 H), 4.00 (d, J = 14.4 Hz, 2 H), 3.87 (d, J =
14.3 Hz, 2 H); 3C NMR (125 MHz) 6 173.2, 148.5, 140.2, 137.0, 135.0, 135.6, 130.0, 129.8, 123.8,
123.6, 123.5, 122.9, 65.7, 54.4. FT-IR (diamond-ATR, cm®) 3087.5, 2925.6, 2851.7, 1739.4,
1619.9, 1531.9, 1458.0, 1347.1, 1310.2, 1273.2, 1227.6, 1195.0, 1167.2, 1135.2, 1098.3, 1042.9,
1010.3, 908.6, 839.6, 807.6, 728.8, 687.5, 673.4. HRMS (+ESI) calculated for MH* 467.1197 and

observed 467.1174.

5.2.2. Powder X-ray Diffraction

PXRD data were collected on a Bruker-AXS D8-Advance diffractometer using Cu-Ka radiation
with X-rays generated at 40 kV and 40 mA. Freshly prepared MOF-5 crystals were washed with a
few drops of ethanol (EtOH) and blotted dry with a filter paper. A layer of parafilm was placed on
the sample holder before the crystals were placed, a few drops of EtOH were added to prevent
crystals from degradation. The sample was scanned at RT from 3° to 50° (20) in 0.05° steps at a
scan rate of 2°/min. Simulated PXRD patterns from single crystal data were compared to PXRD

patterns of MOF-5, to confirm the uniformity of the crystalline sample.
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5.2.3. Spectroscopy

General Spectroscopic Methods. All aqueous solutions were prepared from Millipore BiopakTM
Ultrafiltration Cartridge purified water. All organic solutions were prepared using spectroscopic
grade solvents. UV-vis absorption spectra were obtained by taking sample solutions in 1.0 cm
quartz cuvette at 23 °C with total volumes kept at 2 mL or 3 mL and recorded on Thermo Scientific
Evolution 300 UV-vis spectrometer with inbuilt Cary winUV software. Photolysis was carried at
23 °C in 1.0 cm quartz cuvette illuminated by 3 W UV LED (Mouser Electronics, 365 nm, 200
mW) powered by a 700 mA LuxDrive FlexBox using a variable DC source set at 12 VDC. Rate
of photolysis and photoproducts were analyzed using LC/MS (Single Quadrupole, Agilent
Technologies) by monitoring at changes at 277 nm. GC/MS spectra were obtained from a Single

Quadruple, Agilent Technologies 7890B GC system.

Quantum Efficiency and Photoproducts Determination. A 2 mL solution of PC1 (2.50 mM)
or PC2 (4.76 mM) in MeOH containing 2.5% H,O were prepared from 15 mM stock solutions
and irradiated for 30, 60, 120, 300, 420, and 600 s. A separate 2 mL solution was used for each
data collection. Samples were subjected to LC-MS analysis with ketoprofen (5 mM), as internal
standard. The quantum efficiency was calculated using established procedures.3* All samples were
eluted with anisocratic mixture of 955 H,O:CH3CN containing 5 mM NH4HCO; for PC1, or 0.5%
formic acid for PC2 ata flow rate of 0.3 mL/min. The compounds corresponding to the individual

peaks in the LC of both compounds were identified by m/z values.
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5.2.4. Guest Loading, Trapping and Release.

CVMOF. Freshly prepared MOF-5 (75.0 mg, 97.4 pmol) waswashed with EtOH, blotted dry with
filter paper and transferred into an EtOH solution of crystal violet (CV) (4 mL, 65.3 mM, 90%
saturated). The mixture was kept in dark for 1 d at room temperature before the crystals were

isolated and blotted dry with filter paper.

MOF Capacity Determination. CV loading amount was quantified using the following protocol:
in to a vial was charged with 20 mL EtOH and 2.0 mg CV loaded MOF-5, with the addition of 10
pL concentrated HCI. Absorbance of digested solution at 580 nm was recorded and CV
concentration was calculated using a calibration curve. Three trials gave an average loading

capacity of 100 mg/g MOF (10 wt%).

CVMOF@PC1. CVMOF (25 mg) was added to 5 mL of DMF solution of [bis-(3-nitro-benzyl)-
amino]-(3-nitro-phenyl)-acetic acid (PC1) (15.4 mg, 0.0330 mmol), with the addition of N,N-
diisopropylethylamine (DIPEA) (6.3 yL, 0.036 mmol), zinc nitrate hexahydrate (20.0 mg, 0.0672
mmol), and CV (10.0 mg, 0.0245 mmol). The mixture was placed in dark at room temperature for
48 h, before the crystals were blotted dry with filter paper, quickly washed with small amount of

EtOH, and transferred into EtOH solution for future use.

CVMOF@PC2. Guest loading and trapping with 3-nitrophenylacetic acid (PC2) (6.00 mg,
0.0331 mmol) was carried out analogously as CVMOF@PCL1 except the mixture was heated to
100 °C at 1 °C/min, kept at 100 °C for 48 h, and cooled to room temperature at 0.25 °C/min, and

without the addition of DIPEA.
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CVMOF@TPAA and CVMOF@DBA. Guest loading and trapping with TPAA (9.54 mg,
0.0331 mmol) and dibenzylamine (DBA) (6.53 mg, 0.0331 mmol) were carried out analogously

as CVMOF@PC?2.

CV Release from Capped Systems. Capped crystals (0.7 mg) were dispersed in 2.5 mL EtOH
and the absorbance (450-650 nm) was recorded at 10 min increments for 90 min in the dark, and
then at 10 min increments while continuously irradiating for 90 min. The supernatant was decanted
and replaced with 2.5 mL EtOH and irradiation was continued for 30 min and the absorbance
recorded. Under continuous irradiation, the decanting and replenishment procedure were repeated
three times until no further absorbance increase was observed. Experiments were performed in

triplicate.

5.3. Guest Trapping Strategy and Photolabile Capping Group Synthesis and
Characterization

MOF-5 contains an internal void cavity sphere with diameter of 18.5 A as calculated by
Cerius® formed by the Zn,O nodes and BDC struts.3335 The 7.6 A spherical radius of CV,3 the
dye utilized in our previous studies, lies near the upper size limit of guests that MOF-5 can
accommodate. Early results from molecular dynamics simulations suggest that TPAA capping
groups bound to surface Zn,O nodes can associate with adjacent capping groups. A critical result
of these interactions is a decrease in the accessible area between these capping groups that may
limit the exit of any guest with a radius larger than 2.7 A. Smaller carboxylate capping groups also
prevent CV leakage to varying degrees, which suggests either differing modes of capping group
coordination to the MOF surface, or that trapping a guest as large as CV does not require a bulky
capping group. Additional simulations and experiments with implications for pore capping, guest

trapping, and interfacial MOF chemistry are the subject of ongoing investigations.
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Scheme 5.1. The synthetic route of photolabile compound PC1.

Since TPAA most effectively prevented CV release, we rationalized that a TPAA
derivative capable of undergoing photodecarboxylation would be the ideal candidate to test our
light-driven guest release hypothesis. Attempts to nitrate TPAA directly provided an inseparable
mixture of products due to non-specific nitration at ortho-, meta- and para-positions on all three
phenyl rings, so a new target was designed. Our Zn2* photocage is based on a phenylglycine
framework, and the compounds undergo stereoselective nitration at the meta-position.3? The o.-
amine canalso be alkylated using a variety of electrophiles. We reasoned that alkylating the amine
with deactivated benzylic groups would not only provide a capping group with the necessary steric
bulk, but also yield a compound where a single phenyl group could be nitrated cleanly. By treating
phenylglycine methyl ester with 3-nitrobenzy!l bromide, we obtained 3 in reasonable yield (Scheme
5.1). After saponification, the carboxylic acid 4 was nitrated to yield pure PC1 (PhotoCap-1) in

32% overall yield for the three-step reaction sequence.
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Scheme 5.2 A. Guest molecule loading into MOF-5 channels, encapsulating by surface coordination of capping

reagents, and light induced guestrelease. 5.2B. Photos taken of MOF-5 crystals beforeand after CV loading, and

soaking in EtOH before light inducedrelease.

179



The photoactivity of PC1 wasassessedby LCMS and GCMS analysis after photolysis with
365 nm light. Upon irradiation, two new peaks appeared in the LC trace corresponding to bis(m-
nitrobenzyl)amine and m-nitrobenzaldehyde (Figure 5.1, Scheme 5.3). A 28% photolysis quantum
yield (@photolysis) Was calculated by monitoring the disappearance of PC1. PC2 is less sterically
demanding than PC1, but we still anticipated would efficient blocking the MOF-5 pores for larger
guests. Earlier investigations demonstrated that although a large capping group like TPAA
efficiently trap CV in MOF-5, smaller carboxylate ligands could also prevent CV release to varying
degrees. As the smallest possible m-nitrophenylacetic acid derivative, analysis of the trapping
efficiency and guest release with PC2 would help establish thresholds necessary to trap CV in
MOF-5. The photoactivity of PC2 was analyzed analogously to PC1 (Figure 5.2, Scheme 5.4),

and the primary photoproduct detected was 3-nitrotoluene with ®photolysis of 9.5%.

5.4. Guest Molecule Loading and Release

MOF-5 encapsulates 10 wt% CV (CVMOF), which is comparable to CV loading in
CuBTC MOF, which contains either 11.9 wt% or 27.5 wt% CV depending on the preparation
method.3Z MOF-5 can absorb up to 59.2 wt% capsaicin, 31.5 wt% 5-fluorouracil® or 20 wt%
benzene.32 The loading capacity canbe rationalized on the relative size of eachguest, and although
capsaicin is large in one dimension, CV has a larger diameter and is more spherical than cylindrical
compared to capsaicin. In the absence of a capping group, rapid CV release from CVMOF is
evident upon visual inspection, which suggests CV slowly leaks from inside the MOF into the
EtOH solution. Equilibrium is reached after 2 h with approximately 45% of the internalized CV
having been released (Figure 5.3). After three cycles that involve decanting the supernatant and
replacement with fresh EtOH, almost 60% of the total CV can be recovered. Some residual CV

remains permanently associated with the MOF barring treatment with acid or other harsh
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Figure 5.1A. The possible photolysis route of PC1 undergoing photodecarboxylation. 5.1B. HPLC analysis ofthe
photolysis of PC1 in MeOH (2.5% water), ketoprofen was used as internal standard (S). A decrease in the intensity
of PC1 (5)and an increasein the intensities of photoproducts including m-nitrobenzaldehyde (6), and bis(m-

nitrobenzyl)amine (7),upon UV (LED, 365 nm) exposure (Oto 5 min) was observed.
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Figure 5.2 A. The possible photolysis route of PC2 undergoing photodecarboxylation. 5.2B. HPLC analysis ofthe
photolysis of PC2 in MeOH (2.5% water), ketoprofen was used as internal standard (S). A decrease in the intensity

of PC2 (A)and an increasein the intensities of photoproduct 3-nitrotoluene (B)upon UV (LED, 365 nm) exposure

(0 to 10 min) was observed.
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conditions that compromise the macromolecular structure. These results are similar to the amount
of CV released from mechano-synthesized CuBTC MOF (52%),32Z which can be attributed to the
similarity in pore sizes and internal surface chemistry.4? The persistence of some CV in both MOF-
5 and CuBTC MOF suggests the strong m-m stacking interactions that prevent complete guest
release. The plateauing of CV release may also indicate there are steric barriers to releasing large
guests if they penetrate deeply into the MOF that are not present with smaller guests like capsaicin

and 5-fluorouracil that are released more efficiently (>70%).38

CVMOF@TPAA. While uncapped CVMOF rapidly releases CV until an apparent equilibrium is
reached, introducing TPAA can effectively trap CV within the MOF crystals. After subjecting
CV@MOF to a capping procedure, CVMOF@TPAA shows negligible loss of CV over extended
periods of time (Figure 5.4, black curve). This suggest the dye remains internalized due to surface-
bound TPAA groups blocking the MOF pores. Although CV can be released after treatment with
strong acid, this approach is susceptible to degrading the MOF structure in addition to releasing

the CV guest, and lacks the desired degree of finesse for applications in controlled release.

CVMOF@PCI and CVMOF@PC2. The TPAA capping groups originally were introduced to
MOF-5 using additional Zn?* and temperatures analogous to solvothermal conditions used to
prepare MOF-5. Owing to the thermal instability of PC1, a modified room temperature synthesis
of CVMOF@PC1 was devised. In contrast to solvothermal conditions where DMF or DEF
decomposition releases amines to serve as bases,4: the room temperature synthesis requires the
addition of a base to buffer the protons from the ligand. DIPEA (N,N-diisopropylethylamine) is

sufficiently basic to deprotonate the carboxylate ligands, but cannot interact strongly with the MOF
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Figure 5.3A. CV release profile from CYMOF without capping. Details: UV cuvette was charged with 0.7 mg of
crystals and filled with 2.5 mL EtOH, the absorbance of which was monitored by UV-Mis instrument at 580 nm. The
systemwas kept in dark for 120 min until equilibrium reached, and supernatant was decanted and replenished with
2.5 mL fresh EtOH, with absorbance recorded after 90 min. Three replenishmentcycles were conducted untilno
furtherreleasing was observed. 5.3B. Photos takenin the CVrelease process. Experiments were performed in

triplicates.
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surface owing to the steric congestion provided by the alkyl substituents. CVMOF@PC?2 can be
prepared by analogous solvothermal conditions used to prepare capped CVMOF@TPAA. Both
capping protocols were successful as indicated by the transformation of the MOF-5 from clear to
purple crystals where the coloration persists when the MOF crystals are immersed in EtOH for 24

h (Scheme 5.2B).

PC1 was designed to mimic the steric requirements of TPAA, and CVMOF@PC1 exhibits
a lack of CV release similar to CVMOF@TPAA under light-free conditions (Figure 5.4, red
curve). When light is introduced however, a dramatic increase in CV absorbance is measured in
the solution containing the CVMOF@PC1 crystals. Equilibrium is reached after 1 h of irradiation
after approximately 20% of the CV has been released. Following four cycles that involve decanting
the supernatant, replacing the CV-containing solvent with fresh EtOH, and irradiating for
additional time periods, over 30% of the originally internalized dye canbe recovered. Our previous
mvestigations demonstrated that amines can also seal CV inside MOF channels, so we hypothesize
the bis(m-nitrobenzyl)amine photoproduct (7) from PC1 photolysis blocks MOF pores after
photolysis. The control compound DBA, a structural analog of 7, was used to prepare
CVMOF@DBA, and capping experiments suggests MOF pores are partially blocked in the

presence of diamines of this size.

To test the size-dependence of the pore blocking, PC2 was used to prepare CVMOF@PC2.
PC2 is the smallest possible nitrophenylacetic acid derivative that will undergo
photodecaboxylation. Similar to both TPAA and PC1, PC2 traps CV in MOF-5 (Figure 5.4, blue
curve) with only slightly higher leaking of the dye into solution after capping. This suggests large
guests like CV may not require bulky capping groups to achieve guest trapping whereas this might

not be sufficient to contain smaller guests. Consistent with our hypothesis and model studies with
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Figure 5.4.In darkand photo-triggered CVrelease profile of CVMOF@PC1, CVMOF@PC2 and
CVMOF@TPAA. Details: UV cuvettewas charged with 0.7 mg of capped crystals and filled with 2.5 mL EtOH,
the absorbance of which was monitored by UV-Vis instrument at 580 nm. The systemwas kept in dark for 90 min,
and irradiated for 90 min of allowing equilibriumreached, before replenishing with 2.5 mL fresh EtOH and
irradiation foranother 30 min. Fourreplenishments and irradiation cycles were conducted, andno further CV

releasing was observed. Experiments were performed in triplicates.

diamine trapping, 30% of the mitial CV is released from CVMOF@PC2 after only 1 h of
rradiation since the 3-nitrotoluene photoproduct cannot bind to the MOF surface (Figure 5.4).
Following four cycles of solvent replacement almost 40% of the CV can be recovered. The reduced
leaching of CV compared to CVMOF may indicate that the smaller PC2 photocapping group can

enter the MOF channels where the photodecarboxylation reaction is inhibited.
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Figure 5.5. 'HNMR spectroscopy of PC1 in MeOH containing 2.5% H>O (2 mL, 15 mM) afterirradiation with 365
nm (LED, 3 Wem?) for 20 mins. Solvent removaland NMR in CDCl; shows photoproducts m-nitrobenzaldehyde
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Figure 5.6. 'HNMR of photoproducts after PC2 photolysis. The major product 3-nitrotoluene canbe clearly

observed.
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5.5. Conclusions

Photocapping reagents have been introduced to the surface of MOF-5 to trap CV, which
can be only liberated upon irradiation. This approach provides a novel process for introducing
trapped MOF guests with light that can be developed for a variety of applications that require
encapsulation and controlled release of small molecules. Despite the size discrepancy, both PC1
and PC2, exhibit similar trapping and releasing properties when used in conjunction with a large
guest like CV. Correlating trapping and releasing abilities with the sizes of caps and guest will
require a systematic investigation that will also include probing the nature of the capping group—
MOF surface interaction. Our current efforts are focused on both understanding the relationship
between different capping groups and various guests, as well as exploring whether analytical
techniques such as X-ray photoelectron spectroscopy can provide insight into how these carboxylic
acid groups interact with the MOF surface. As we explore MOF-5 as well as other three-
dimensional coordination polymers, we anticipate this approach will lead to a more general

approach to exploiting MOFs for the storage and delivery of guest molecules.
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Figure 5.8. The thermogravimetric analysis (TGA) diagram of fresh prepared MOF-5. The solvent weight loss is
calculated to 48.83%, and by using the formula Zn4O(CsHs04)32X(CsH10), X can be calculated to be 8, meaning
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Figure 5.9. The thermogravimetric analysis (TGA ) diagramof CVMOF after heated in 60 °C oven for 1 h. The

weight loss before 400 °C can be attributed to the weight ofloaded CV, which is 12%.
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Figure 5.10. UV-Vis absorbance spectra showing photolysis of PC1 (100 pM) in MeOH (2.5% water). Irradiation

at 365 nm leads to the new bands forming in the absorption range from300 to 350 nm, indicating the forming of

photoproducts.

191



ADVISOR Burdette
Disubstituted product after column

PROTON
NO,
O,N
AN
N
O\
(@]
| i
T T T T T T T T T T T T T T T T
90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 ppm
cle e ﬁ (el
KA |=!".i°‘. b :N.".
NN NN L ||
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Figure 5.12. ®*CNMR of [bis-(3-nitro-benzyl)-amino]-phenyl-acetic acid methyl ester (3).
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Figure 5.18. CVrelease profile from CVMOF@DBA. Details: UV cuvette was charged with 0.7 mg of capped

crystals andfilled with 2.5 mL EtOH. The absorbance was monitored by UV-Vis at 580 nm.
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