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spray coated) MOF-polymer hybrid materials that are catalytically active against harmful

organophosphorus chemical warfare agents (CWAs).

Chapter 2 describes the synthesis of a MOF-nylon hybrid material through and
interfacial postsynthetic polymerization (PSP) method. The hybrid material contains 29 weight
percent MOF and shows catalytic activity against a CWA simulant. Importantly, the covalent
MOF-nylon material displays about a seven-fold increase in activity compared to physically

mixed controls.

In Chapter 3, we screened a wide range of MOFs with varying organic functional groups
to establish structure activity relationships (SAR) between MOF functional groups and CWA
simulant degradation. The Zr-based MOF UiO-66 (UiO = University of Oslo) was synthesized
with either mixed ligand functional groups or halogenated functional groups. We determined
that the mixed ligand approach improves CWA activity by three-fold whereas the UiO-66-
Iodine MOF displays a fourfold increase in activity. Through theoretical calculations, the
increased activity in UiO-66-1 was determined to be a result of halogen bonding with the CWA

simulant.

In Chapter 4, we combine the approaches from Chapter 2 and 3, by using the commonly
known pseudohalogen isothiocyanate (NCS) functional group in UiO-66 to improve the
catalytic activity against CWAs and covalent PSP sites. The UiO-66-NCS MOF was
synthesized via postsynthetic modification (PSM) and displayed a ~20 fold increase in activity
compared to the presynthetic MOF. More importantly, using amine terminated polypropylene
oxides, MOF-polymer materials were formed, and spray coated onto textile fibers. This material

showed great durability and catalytic activity compared to physically mixed controls.
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Chapter 5 describes the room temperature synthesis of the commonly used UiO-66 MOF
as well as a few functional groups derivatives. Starting from a UiO-66-F4 MOF with relatively
labile ligands, postsynthetic exchange (PSE) with four different MOF ligands at room
temperature in aqueous conditions was performed with almost complete ligand exchange. These
MOFs were thoroughly characterized after PSE and maintained desired properties such as
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Chapter 1: Metal-Organic Framework and Polymer Hybrid Materials



1.1 Metal-Organic Frameworks

Since their discovery over two decades ago, metal-organic frameworks (MOFs) have
garnered significant interest as solid-state materials due to their inherently uniform structures and
high surface areas.! MOFs are composed of inorganic metal centers, often referred to as secondary
building units (SBUs), linked together by multitopic organic linkers to form uniform two- or three-
dimensional frameworks.!? One key distinction between MOFs and other porous inorganic
materials that predate them (e.g., zeolites) is that MOFs are comprised of components, both organic
and inorganic, that are highly tunable.!** In particular, the organic component of MOFs open an
avenue for tailoring these materials with functional groups that can enhance their properties for a
wide range applications including gas storage, drug delivery, molecular separations, and

catalysis.>10

Judicious selection of metal salts and organic functional linkers has resulted in hundreds
of different MOFs with broad structural diversity.!'"'> For example, the Zr(IV)-based MOF,
designated as UiO-66 (UiO = University of Oslo) (ZrsO4(OH)4(bdc)s, Figure 1.1), is one of the
most commonly used MOFs and is synthesized by combining a Zr(IV) metal source with the
ditopic 1,4-benzenedicarboxylic acid (H2bdc) under solvothermal conditions (80-120° C) in DMF
(DMF = N,N-dimethylformamide) or DEF (DEF = N,N-diethylformamide).!> Sometimes
monotopic acid modulators (such as acetic acid and benzoic acid) are also used in the MOF
synthesis to slow down the MOF formation to target specific sizes, morphologies, or defect
densities in the resulting crystallites.!3-17 Ui0O-66 is one of the most commonly used MOFs due its
high chemical stability, and has been prepared from a wide range of Habdc functional group

derivatives.!?
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Figure 1.1. Illustrative schematic for the synthesis of UiO-66. A Zr(IV)-metal source is combined
with a Hobde under solvothermal conditions to form a three-dimensional extended framework
(U10-66). For simplicity, the cartoon of a small subunit (bottom right) of the MOF lattice will be
used throughout this chapter to generally depict an entire extended MOF crystallite. Green
polyhedra represent Zr(IV) ions, red spheres represent O atoms, and silver sticks represent C
bonds.

By tailoring the starting metal salts or organic linkers accordingly under similar conditions,
a rich array of MOFs can be achieved. One of the first reported MOFs, IRMOF-1 (IRMOF =
isoreticular MOF) is synthesized by simply changing the metal salt from Zr(IV) (UiO-66) to a
Zn(IT) salt with the same ditopic H2bdc under similar synthetic conditions (Figure 1.2).'® However,
the connectivity, and in turn, properties of these two MOFs are very different. For example,
IRMOF-1 is very unstable to moisture where as UiO-66 is one of the most stable MOFs and this
is attributed to its SBUs being connected by 12 organic linkers and the strong coordination between
the hard Lewis base carboxylates and hard Lewis acid Zr(IV) metal centers. Using the same metal
salt and simply changing the H2bdc linker to a tritopic 1,3,5-benzenetricarboxylic acid (Hsbtc)
yields yet another MOF, MOF-808.!° Finally, by changing the metal salt once again from Zr(IV)
to Cu(Il) using the Hsbtc linker yields yet another MOF known as HKUST-1 that has a Cu(II)

paddlewheel SBU (Figure 1.2).2° As is evident from these examples, with a range of multitopic
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organic linkers and varying metal salts, a wide array of different MOFs with unique properties can

be prepared.

HKUST-1 MOF-808

Figure 1.2. A chemical representation of the use of multitopic organic linkers and inorganic metal
nodes to form MOFs. Top: The synthesis of IRMOF-1 using H2bdc and Zn(II) SBUs and the
synthesis of UiO-66 using the same ligand and Zr(IV) SBUs. Bottom: The synthesis of HKUST-
1 using Hsbtc and Cu(Il) SBUs and the synthesis of MOF-808 using the same linker with Zr(IV)
SBUs.

Inclusion of functional groups on linkers has the ability to tailor MOF properties; however,
the scope of organic molecules that can be included presynthetically (particularly during the time
period of these earlier reports) was rather limited.'® 2! Under these empirically-derived reaction
conditions, the diversity of functional groups that could be incorporated into MOFs was small and

included only those that were compatible with these somewhat stringent and limited synthetic

conditions. Some of the earlier reports on MOFs from Yaghi and coworkers shows that functional



groups were incorporated into the canonical IRMOF-1 (a.k.a., MOF-5) material.'® IRMOFs were
synthesized using a Zn(II) metal source and Habdc ligand; these ligands could be derivatized with
amino, halide, aromatic, and alkyl groups. As aforementioned, this early report inspired the
synthesis of other MOFs with the same Hzbdc linkers, but using different metal sources, such as
Zr(IV), AI(III), and Cr(III).'3 212> To expand the scope and versatility of functional groups that
can be introduced into MOFs, covalent postsynthetic modification (PSM) was developed and
eventually became widely adopted in the field. PSM, is defined as a reaction between a functional
group (such as an amine) on the MOF linker and a reagent introduced externally (such as an acyl
chloride, Figure 1.3). To successfully achieve PSM, it is essential that the MOF does not degrade
during the reaction and maintains its structure, crystallinity, and porosity. This key criterion of
PSM has parallels in biorthogonal chemistry that require judicious selection of reagents, reaction
conditions, etc. to achieve chemical transformations that do not harm or otherwise damage
biomolecules or living cells (with PSM, which do not degrade or damage the framework

structure).?+23

The earliest examples of covalent PSM were demonstrated by Lee and Kim over two
decades ago on MOF-like coordination solids.?*?” In 2007, nearly a decade after these earliest
reports, Cohen and coworkers described the concept of ‘postsynthetic modification’,?® and PSM
was revived, popularized, and greatly expanded as a synthetic method by many research groups.?®
30 In a rudimentary example of PSM, amine functional groups on IRMOF-3 (IRMOF-3 is an amine
functionalized version of IRMOF-1) were combined with acetic anhydride to generate acetamide
groups on the MOF linkers. Covalent PSM allowed for MOFs to be functionalized with reagents
that could alter the characteristics of the resulting materials, including changes in hydrophobicity,

hydrophilicity, catalytic behavior, and others.?'-*>  Ultimately, the 2007 report by Cohen and



coworkers ignited several efforts to perform organic chemistry on MOFs through PSM in an effort
to produce MOFs with diverse functional groups®® 33-3¢ through the use of single or multistep
reactions. Importantly, in many cases, these functional groups could not be introduced into the
MOF presynthetically.?-3¢ Covalent PSM has now become a reliable, and indeed commonplace
method for functionalizing MOFs to produce porous materials with a rich array of properties and
characteristics. As a result, libraries of MOFs containing an array of functional groups were

generated through the use of one, two, or even three step organic reactions.3-3

Around the same time, another method for postsynthetically incorporating functional
groups, postsynthetic exchange (PSE), was reported.’33> 3738 PSE has been used to exchange
metal atoms at the SBU as well as the organic linkers connecting the SBUs together (Figure 1.3).
For instance, UiO-66 can be immersed in a solution of NH2-Habdc resulting in a MOF that contains
both NH2-bdc?- and bdc? linkers. Both PSM and PSE became useful tools for synthesizing mixed
ligand or multivariate (MTV) MOFs.**3° Several reports have targeted these functionalized MOFs
through presynthetic or postsynthetic routes by synthesizing mixed ligand or multivariate MTV
MOFs with varying linker lengths or functionalities.?**’ This enriched chemical diversity from

both PSM and PSE has enabled the advancement of MOFs toward emerging applications.



Figure 1.3. Illustrative schematic of PSE and PSM in MOFs. Depiction of PSE is shown through
the exchange of amine functionalized (blue spheres) bdc? linkers with iodine functionalized -bdc?
(purple spheres) linkers. Depiction of covalent PSM using reactive amine groups on the MOF
linker for modification by an organic reagent (blue acid chloride reagent).
1.2 MOFs and the Degradation of Chemical Warfare Agents

Since their first use during World War I, chemical warfare agents (CWAs) have
periodically been used throughout most of the 20! and 21% century to cause mass destruction on
both military personnel and civilians. Despite broad condemnation across the globe and
international agreements prohibiting their use, CWAs remain a danger. There remains a pressing
need to develop advanced materials to safeguard warfighters and civilians against CWAs.33
While CWAs are broadly generalized as devastating weapons, they have been classified into

3455 The most acutely toxic and

nuanced categories based on their chemical composition.
universally known CWAs are organophosphorus nerve agents such as sarin (GB), soman (GD)
and VX (Figure 1.4). These have been categorized into two series, the G-series synthesized in
Germany during WWII and the V-series synthesized in the United Kingdom after WWII (Figure
1.4). However, other commonly synthesized toxic industrial chemicals (TICs) such as ammonia
(NH3) have also been periodically weaponized as a result of their abundance and availability.>® As

such, the design of materials that can degrade organophosphorus nerve agents and sequester TICs

have become increasingly relevant.
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Figure 1.4. Chemical structures of known organophosphorous nerve agents from the G-series and
the V-series as well as the chemical structure of the nerve agent simulant DMNP.

MOFs and the Organophosphorus Nerve Agent Degradation. Since 2014, some Zr-
based MOFs have demonstrated efficient catalytic degradation of organophosphorus nerve

agents. >3

Detoxification of organophosphorus nerve agents typically requires breakage of the
phosphoester linkage through a hydrolysis step. Due to the high toxicity of nerve agents, nerve
agent simulants have been developed as a safer alternative to study the hydrolysis of phosphoester
linkages.>* 3  Since the first report, typical screening methods for monitoring nerve agent
degradation with MOFs include the use of a buffered solution (N-ethylmorpholine) at highly
alkaline pH (10.4).>® The MOF catalyst is dispersed in this buffered solution and the nerve agent

or nerve agent simulant is added. Monitoring of the degradation is conducted by taking aliquots

of the solution and measuring the starting material and degradation product using 3'P-NMR or
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UV-visible spectroscopy.”” > While these screening methods are effective, they are extremely
time consuming making it much more difficult to analyze a wide range of materials to find the best
catalyst. To circumvent this, Cohen and coworkers developed a high-throughput screening (HTS)
method using a nerve agent simulant dimethyl-4-nitrophenyl phosphate (DMNP, Figure 1.4).%
DMNP has been utilized as a safer alternative to CWAs while most effectively mimicking the
phosphoester bond. This method uses a 96-well plate where the MOF catalyst is suspended in a
buffered solution and upon addition of DMNP the wells are monitored using UV-Vis at 407 nm
wavelength. As the phosphoester linkage in the DMNP molecule breaks apart, the resulting
product, p-nitrophenoxide absorbs at 407 nm (Figure 1.5). By monitoring the appearance of this
product, the rate of catalytic activity from the MOF can be back calculated using pseudo zero order
kinetics. Importantly, this HTS method was used to examine the effects of pH on the MOF
catalysis rates and found that pH plays a critical role in the activity of these materials. Moreover,
this study provided a platform for analyzing a wide range of MOFs with subtle differences to

judiciously determine characteristics that are important for increased catalytic activity.

O.N 0 MOF Catalyst O,N 9
JI’l-, > = HO/E," Me
0”1 'OMe O,\%

OMe ( pH=8 O
DMNP [ j 2 p-nitrophenoxide
O

Nerve Agent Simulant Absorbs @ 407nm

Figure 1.5. Chemical depiction for the monitoring the breakdown of DMNP with a MOF catalyst
using UV-Vis absorption spectroscopy.

Whereas Zr-MOFs have been effective for CWA degradation of nerve agents and their

simulants, the mechanism of hydrolysis remains relatively unknown. Most experimental work



suggests catalysis is primarily due to the strong Lewis acidity of the metal center, while other
studies suggest catalytic activity can been specifically attributed to MOF defect sites.>> 3% ©!
Density functional theory (DFT) calculations indicate the mechanism involves binding of nerve
agent to the Zr(IV) metal center followed by hydrolysis of the phosphoester bond resulting in agent
degradation (Figure 1.6).°%6>%* Two approaches have been used to enhance nerve agent hydrolysis
in MOFs: synthesizing MOFs with different ligands or metal centers that improve hydrolysis, or

61,6566 Because

by promoting defective sites at the SBU where catalytic conversion takes place.
DFT calculations have suggested the importance of the SBU, most work in the literature has
focused on engineering more catalytic sites into the SBU of the MOF.5% 6-67 Notably, Farha and
coworkers have demonstrated that a reduction in ligand connectivity to the Zr SBU plays a critical

36,67 However,

role in increasing the catalytic rate as the SBU has more catalytically active sites.
the only example of ligand derivatization improving CWA simulant degradation has been
demonstrated by the addition of amine (-NH2) functional groups on the MOF linkers.®"> % In the
case of UiO-66, the amine functionalized derivative, UiO-66-NHz, displays 20-fold higher activity
than the parent MOF at pH = 10.°® The significance of this amine functionality was also shown in
a series of NU-1000 MOFs where ortho positioning of the amine groups displays 3-fold greater
activity than the unfunctionalized canonical MOF.%! The increased activity of these MOFs is
thought to be a result of the amine working as a Brensted base to synergistically enhance catalytic
activity.®- 63 8 Ag aforementioned, the catalytic activity of these MOFs is pH dependent.®
Although UiO-66-NH: is a faster catalyst than UiO-66 at pH = 10, when examined at pH = 8, UiO-

66 actually displays 2-fold faster activity than UiO-66-NH2.%° These strides in improving MOFs

against CWA degradation are critical in developing better catalysts with the ultimate goal of using
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MOFs in membranes, garments or other personal protective equipment form factors for civilian

and warfighter protection.
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Figure 1.6. a) Chemical depiction of the degradation of DMNP using UiO-66. First, the DMNP
molecule binds to an open Zr-metal site through the P=0O bond. Subsequently, the transition state
where adjacent water molecules bound to the MOF attack the DMNP at the electrophilic P center
resulting in elimination of the aryl oxide.
1.3 MOF-Polymer Hybrid Materials

Over the last two decades, research in MOFs has considerably pushed these materials
toward a wide range of applications because of their exceptional properties.>’> However, the
progress of MOFs towards commercialization or implementation has been restricted by their
crystalline or microcrystalline (e.g., powder) form factor, which inherently limits their integration
into many modern technologies.”?* As such, processable form factors containing MOFs and
polymers have been sought in an effort to combine the properties of MOFs and polymers to
advance the utility of MOFs (Figure 1.7).”> In one approach, these composites have been targeted
through a top down strategy, in which MOFs are initially synthesized and subsequently
incorporated into polymeric materials.”>74 7677 Another approach has been used where organic
polymer ligands are initially synthesized and then used to form a MOF through solvothermal
conditions.”®3% These distinct approaches have yielded several successful methods to synthesize

MOF-polymer hybrid materials.

11



Beyond integrating MOFs and polymers to enable the utilization of MOFs, many other
investigations have focused on other ways in which these two classes of materials can be co-
mingled and interact.”>7> Studies examining the synthesis of polymers in and around MOF
crystallites have been reported. Control over the outcome of polymerization reactions within MOF
pores has yielded fascinating results, and many methods for decorating the surface of MOFs with
polymer chains have been described. Diverse approaches for MOF-polymer hybrid materials have
been explored through the synthesis of mixed matrix membranes (MMMs), polymers grafted from
MOF particles, polymers grafted through MOFs, polymers templating MOF growth, as well as the
synthesis of MOFs using polymer ligands (polyMOFs, Figure 1.7). These approaches have
utilized wide range of polymers (Figure 1.8) for the integration of MOF-polymer hybrid materials
to achieve form factors of distinct polymer characteristics for several desired applications such as,
separations, sensing, catalysis, and storage.”> 777 Realization of MOF-polymer hybrid materials
that maintains the properties of MOFs in a flexible form factor would provide a platform for these

materials to be incorporated into the real world.
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Figure 1.7. An illustrative overview of various MOF-polymer hybrid materials.
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Figure 1.8. Common polymers used in the synthesis of MOF-polymer hybrid materials.

MOF-based Mixed-Matrix Membranes. One strategy to hybridize MOFs, is via the

synthesis of MMMs. MMMs serve as a means to incorporating rigid materials into flexible,

polymeric form factors.?'-82 MMMs consist of a polymer combined with a solid filler to make a

hybrid material that contains the flexibility of the polymer while retaining the desired properties

of the porous filler.-83 The application of these materials has centered around gas separations,

liquid separations and water purification.

Issues with these materials have risen at the MOF

polymer interface as the MOF and polymer are incompatible and often macrovoids, or gaps at the
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interface, are created rendering these materials somewhat useless for the desired applications. To
circumvent this issue, synthesizing materials with covalent linkages between the MOF and
polymer component was utilized to ‘bridge the gap’. One of the earliest, clever approaches to
covalently combining MOFs and polymers was reported by Wang and coworkers, who developed
a covalent MOF-polymer linkage through postsynthetic polymerization (PSP) (Figure 1.8).%* This
approach used reactive amine handles in a UiO-66-NH2 MOF as a site for PSM converting these
amines to methacrylamides (UiO-66-NH-Met). This modified UiO-66-NH-Met was mixed with
butyl methacrylate (BMA) and phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide and
subsequently cast out into a Teflon mold. This mixture was then cured with UV light, thereby
polymerizing the MOF through the methacrylamide handles to give a stand-alone membrane. CO2
isotherms of the membrane showed retained porosity in the MOF particles, suggesting that the
MOF pores are not infiltrated by the polymer, but rather decorated around the outside of the
particles. The PSP membranes were characterized compared to physical mixtures of MOF and
BMA which showed better adhesion of the MOF and polymer components in the covalently linked
material (Figure 1.9). Using PSP, MMMs were obtained where the MOFs are directly, covalently
integrated into the surrounding polymer matrix. The general concept of PSP includes a MOF that
is modified with functional groups that can react with polymer monomers in a step growth fashion
or directly react with a polymer matrix (Figure 1.9). This seminal work by Wang et al. inspired
several other researchers to utilize PSP in the synthesis of covalently grafted polymer MOF
MMMs?® as well as other hybrid materials.?% PSP has played a key role in facilitating the
development of novel MOF materials for a myriad of applications not simply limited to gas

adsorption and separations.
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Figure 1.9. An illustrative schematic depicting PSP in MOFs. First, a PSM step in which the
organic linkers in the MOF are covalently attached to a polymeric molecule. Subsequently,
through the introduction of a crosslinking agent, a monolithic MOF-polymer hybrid is formed
through PSP.

MOF-Polymer Hybrid Materials for CWA Degradation. As outlined above, one of the
emerging applications for the use of MOFs is the catalytic degradation of CWAs and the adsorption
of TICs. The goal of this work focuses on developing a MOF material that can protect soldiers
with potential exposure to these harmful chemicals. As such, the use of MOF-polymer hybrid
materials has gained attention in this realm. Combining MOFs with polymers to form textile like
fibers is heavily sought after.>*°® A number of different methods have been reported for
synthesizing textile like MOF based composite materials.®>3° The most well developed work
in this realm is by Parsons and coworkers through the use of Atomic Layer Deposition (ALD).!%
191" n this top down approach, polymeric fibers are coated with metal oxides and subsequently
subjected to solvothermal conditions using MOF ligands and metal salts. The metal oxide coating
provides nucleation sites for MOF growth and the final product is a textile fiber densely coated
with MOF particles. A strength of the ALD MOF fibers is that they perform very well when
screened against nerve agents.!%% 102-193 While these results are promising, the ALD method has

limitations as it is laborious, time consuming, and expensive. Farha and coworkers have also
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developed a method for coating textile fibers with MOFs for the catalytic degradation of nerve

agents.!04

Similar to the previous method, in this approach textile fibers are treated under
solvothermal conditions with metal salt and ligand precursors for MOF-808. First, an amorphous
coordination polymer forms on the surface of the fibers, then MOF nucleation sites begin to appear,
and finally exponential MOF growth is observed on the fiber surface. In both of these top-down
approaches, the final product is a physical mixture of MOF and polymer materials. Thus, an
inherent drawback is the cohesiveness between the MOF and polymer component and its

limitations if exposed to strain. As such, there remains a pressing need to develop highly functional

and cohesive MOF textile fibers for the degradation of nerve agents.

1.4 Scope of this Dissertation

This dissertation will discuss novel approaches for developing MOFs and MOF-polymer
hybrid materials for the degradation of chemical warfare agents. Chapter 2 describes the synthesis
of a Nylon-MOF hybrid material using UiO-66-NH2 and polyamide 6,6 (PA-66) through PSP.
The hybrid material was thoroughly characterized and screened for the degradation of DMNP.
The report shows that the Nylon-MOF material remains catalytically active against DMNP and
that having a covalent linkage between MOF and polymer components is significant in achieving
a highly functional material.

Chapter 3 describes the effects that various functional groups on the MOF organic linkers
have in the degradation of the nerve agent simulant DMNP. A library of 29 UiO-66 derivatives
that include MTV UiO-66 with up to five ligand combinations have been screened for DMNP
degradation using HTS. The MTV MOFs display up to three-fold increased catalytic activity
compared to physical mixtures of MOFs using the same ligand components. Furthermore, the

halogenated UiO-66 series was also screened, and the UiO-66-1 displays over four times the
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activity of the unfunctionalized MOF. Through theoretical calculations, this activity was found to
be an artifact of halogen bonding occurring between the MOF linker and the DMNP molecule.
Chapter 4 describes the preparation of UiO-66-NCS (NCS = isothiocyanate) through PSM.
This chapter combines efforts from chapter 2 and 3 as the -NCS functional groups are
pseudohalogenated moieties that contain reactive handles available for PSP. The UiO-66-NCS
MOF displays significantly increased activity against DMNP and has been shown to be a strong
adsorbent for NH3 through chemisorption. Further, the MOF was subjected to PSP resulting in
the formation of a MOF-polymer composite. The MOF-polymer material was also spray coated
onto textile fibers and displayed good adhesion to the fibers and maintained catalytic activity.
Chapter 5 describes the preparation of UiO-66 using green synthetic conditions. A series
of UiO-66 derivatized MOFs were synthesized at aqueous and room temperature conditions using
PSE. UiO-66-F4 was used as a precursor MOF as the electron withdrawing effects of the -F atoms
make the ligands labile allowing for a rapid PSE. Materials were synthesized and characterized

displaying different properties derived from varying incorporated functional groups.
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Chapter 2: Nylon-MOF Composites through Postsynthetic Polymerization

28



2.1 Introduction

As discussed in Chapter 1, assembly of composite materials with MOFs has proven to be
an effective way to exploit the desired properties of MOFs, such as porosity and catalytic activity,
in a form factor that makes their handling and implementation considerably easier than in the
native, powder form.””!'! Nylon 6,6 (PA-66), is a simple linear polyamide (PA) prepared from
hexamethylenediamine (HMDA) and adipic acid. PA-66 remains one of the most widely used
polymers today, especially in high-durability textiles. Given their utility, ubiquity, and facile
preparation, polyamides are a natural choice for preparation of covalent composites with MOFs
via PSP. However, no methods, to our knowledge, have been reported to create covalently linked
nylon-MOF hybrid materials. Formation of amide bonds on ligands has been well established by
PSM studies with MOFs.'?!*  Indeed, many common MOFs can be prepared with amine
functionalized ligands where the amine is amenable to chemical modification to amide groups.'>
17" In related work by Choe et al., acyl chloride ligands were utilized to crosslink amine
functionalized metal-organic polyhedral (MOPs).!®

In Chapter 2, the preparation of PA-66-MOF composites is described using an interfacial
polymerization technique. The synthesis described here covalently attaches UiO-66-NH2 to a
growing PA-66 fiber (designated as PA-66-UiO-66-NH>2) via PSP (Scheme 2.1). The Zr(IV)-
based UiO-series was selected due to its chemical stability and previously reported catalytic
activity toward CWAs.!3  The activity of this polymer-MOF hybrid toward CWA simulant
degradation is also evaluated, which has not been widely reported for polymer-MOF hybrids, with
the majority of reports on CWA simulant degradation by MOFs being described for powdered or
microcrystalline samples.?> The PSP materials prepared here show good activity compared to non-

covalent, nylon-entrapped MOF particles.?
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Scheme 2.1. PSM and PSP scheme used to prepare PA-66-UiO-66-NHa.

2.2 Synthesis and Characterization of MOFs.

To synthesize the nylon composite, UiO-66-NH2 was dispersed in ethyl acetate and PSM
was performed with ten equivalents of adipoyl chloride. This forms the acid chloride UiO-66-int
(int = intermediate, Scheme 1). Samples of UiO-66-int were isolated and analyzed by 'H NMR to
determine the extent of amine functionality. Exposure of UiO-66-NH: to adipoyl chloride for 10
min resulted in ~25% functionalization (Table S2.1). The 'H NMR spectra suggested the
formation of two different amide linked products, as well as free adipic acid (from hydrolyzed
adipoyl chloride, a byproduct of the workup, Figure 2S.4). One amide product is the desired
condensation of amino-benzene dicarboxylic acid (NH2-Hzbdc) with adipoyl chloride, while the
second product is a bis(amide) wherein the adipoyl chloride has linked two NH2-bdc ligands
(Figure 2S.5). The 'H NMR data revealed that after 10 min of PSM, 25% of the ligands in the
MOF were functionalized with a ~1:1 ratio of the two amide products (Table 2S.2). To interrogate

the possibility of inter- (vs. intra-) particle cross-linking, dynamic light scattering (DLS)
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experiments were performed. DLS shows essentially identical particle hydrodynamic radii for
UiO-66-NH:2 and UiO-66-int during the PSM reaction, indicating that intraparticle crosslinking is
the predominant source of the aforementioned bis(amide) product (Figure 2S.9).

After PSM with adipoyl chloride, a suspension of UiO-66-int in EtOAc (containing ten
equivalents of adipoyl chloride) was carefully layered on top of an aqueous solution of HMDA.
Polymerization occurs at the interface of the two layers, during which UiO-66-int is covalently
incorporated into the forming polyamide, resulting in the desired PA-66-UiO-66-NH2 hybrid
material (Figure 2S.1). The resulting PSP product retains the flexibility of the PA-66 fiber after
incorporation of MOF. Presence of MOF throughout the entire fiber was determined via powder
X-ray Diffraction (PXRD) and Scanning Electron Microscopy (SEM). Pieces of the composite
material were cut every 12 inches and analyzed by PXRD and SEM, which both indicated that the
MOF was present throughout the length of the fiber (Figure 2S.10 and 2S.16). Sections of fibers
were cut and analyzed via thermogravimetric analysis (TGA) to determine the loading of MOF

throughout the fiber and the results showed minor differences(Figure 2S.19).
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Figure 2.1. Top: Interfacial fabrication of PA-66-MOF composites through PSP. Bottom: SEM
image of PA-66-Ui0-66-NHo.

2.3 Synthesis and Characterization of PA-66-MOF Composites.
Control studies were performed with three different MOFs to confirm that covalent
linkages between UiO-66-NH2 and PA-66 was achieved, as opposed to physical entrapment of the

MOF particles within or onto the polymer. The parent UiO-66 material and two UiO-66
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derivatives (Ui0-66-AM6, UiO-66-AM6COOH) were investigated to compare with UiO-66-NH2
(Figure 2.2). MOFs without chemical reactive handles (e.g. UiO-66, UiO-66-AM6 and UiO-66-
AM6COOHR) for covalent integration failed to produce long drawn out fibers from the interfacial
polymerization reaction. For example, with UiO-66 only a ~30 cm continuous fiber could be
pulled from the interface under identical conditions as used with UiO-66-int (which gave >100 cm
fibers as described above). This is likely due to the UiO-66 interfering with the polymerization at
the interface (detailed synthesis and characterization of these control materials can be found in
section 2.5). Distinct differences can be seen between the PSP product and noncovalent hybrids,
for example, the noncovalent PA-66@Ui0O-66 material is extremely thin and brittle compared to

the PA-66-UiO-66-NH2 PSP product (Figure 2S.17).

T B @

UiO-66 UiO-66-NH, UiO-66-AM6 UiO-66-AM6COOH

Figure 2.2. Four different MOFs used for PSP in PA-66 composites.

TGA and differential scanning calorimetry (DSC) analysis of the PSP product (PA-66-
UiO-66-NH2), as well as all three control materials (PA-66@UiO0-66, PA-66@Ui0-66-
AM6COOH, and PA-66@UiO-66-AM6), were conducted in an effort to determine the extent of
MOF incorporation into the polymer as well as the melting point of the materials. TGA indicates

29+6% by weight of MOF incorporation for the PSP product (PA-66-UiO-66-NH2) compared to
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204+3% incorporation for PA-66@Ui0-66, 27+5% incorporation for PA-66@UiO-66-
AM6COOH, and 23+6% incorporation for PA-66@UiO-66-AM6 (Table 2S.3).

Covalent crosslinking of the polyamides in PA-66-UiO-66-NH2 is supported by DSC
melting point data (Table 2.1). Specifically, samples were heated to 280 °C at 10 °C/min, then
cooled to 100 °C at 10 °C/min, and finally heated to 600 °C at 10 °C/min to determine the thermal
characteristics of the composite materials. The initial heating step is performed to clear the thermal
history of the material whereas the second heating step is used to determine the accurate melting
point of the material. Melt curves were integrated and assessed by the onset and peak of the curve.
Pure PA-66 has an experimental second melt point onset of 237 °C and melt peak of 252 °C. The
PA-66@UiO-66 material shows a very similar second melt suggesting that the PA-66 and UiO-66
are phase segregated after the first melt leading to a nearly pure nylon-like second melt (Table
2.1). PA-66@Ui0O-66-AM6COOH shows a second melting point depression of ~5 °C at the onset
and ~5 °C at the peak, relative to PA-66. PA-66(@UiO-66-AM6 has a second melting point
depression of ~5 °C at the onset and ~4 °C at the peak. In contrast, the same melt with PA-66-
UiO-66-NH2 results in a depression of the melting point by ~20 °C at the onset and ~12 °C at the
peak, when compared to pure PA-66. This large melting point depression suggests the covalent
attachment of MOF as part of the nylon fibers, which significantly disrupts polymer crystallization.
These results are consistent with other findings where covalent attachment of large inorganic

particles disrupt polymer crystallinity and results in reduced melt temperature.'®-2°
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Table 2.1. Second melting point of PA-66 and PA-66-MOF hybrid materials highlighting the
melting point depression of PA-66-Ui0-66-NHo.

. 2nd MP 2nd MP
Material
Onset (°C) | peak (°C)
PA-66 236 +2 252+ 1
PA-66(@Ui0-66 238+3 252 +2
PA-66@UiO-66-AM6 2311 248 + 1
PA-66@Ui0-66-AM6COOH | 232 + 1 247+ 1
PA-66-Ui0-66-NH> 216 £5 240+ 2

Pore accessibility of the hybrid materials was determined by measuring the BET surface
area of both MOFs and composite materials. Surface area analysis by N2 gas sorption
measurements show that the porosity of the MOFs is better retained in the covalent hybrid
materials relative to the non-covalent materials. BET surface area measurements were done on all
MOF powders (Figure 25.31). Based on the percent MOF in the composite materials, the expected
BET surface area of the composites was calculated. For example, if the MOF component were
fully accessible in the BET experiment the surface areas are estimated to be 293 m?/g and 223
m?/g, for PA-66-UiO-66-NH2 (29 wt%) and PA-66@UiO-66 (20 wt%), respectively. The
measured quantities were found to be 10742 m?/g and 35+1 m?/g for the PA-66-UiO-66-NH2 and
PA-66@Ui0O-66, respectively (Figure 2S.32). Whereas pore accessibility is decreased for both
samples compared to the free MOF, this result indicates that pore accessibility is significantly
better in the PSP product (37% of estimated) compared to the non-covalent product (16% of
estimated, Table 2S.3).

Covalent attachment of MOFs into processable polymer materials is critical for the
utilization of MOFs in real-world applications. To assess the applicability of the materials as
functional textiles, the PA-66-MOF hybrid materials were screened for catalytic activity against

the nerve agent simulant, DMNP (Figure 2.3). An HTS approach using UV-visible spectroscopy
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was used to detect degradation of the DMNP simulant,> 2! at pH = 8 using UiO-66, UiO-66-NHa,
UiO-66-AM6, and UiO-66-AM6COOH, as both nylon composites and powders. As shown in
Figure 2.3, UiO-66 and UiO-66-AM6 free powders are approximately three times more active than
the UiO-66-NH2 and UiO-66-AM6COOH MOFs, which is consistent with prior reports.?!
Incorporation of the various functionalized MOFs into PA-66 composites had a dramatic effect on
the catalytic degradation of DMNP. The covalently attached hybrid material, PA-66-UiO-66-NH>,
was nearly an order of magnitude more active than any of the non-covalent incorporated PA-66
composites. Further, composite materials were recycled and displayed no loss in catalytic activity
toward DMNP degradation through four cycles (Figure 2S.30). These results, along with the gas
sorption analysis, demonstrate that more MOF particles in the PA-66-UiO-66-NH2 composite are
accessible and active than in the nylon-entrapped materials (i.e., PA-66@U10-66, PA-66(@U10-
66-AM6COOH, and PA-66@Ui0-66-AM6).

Several MOF materials in powder form have been screened for CWA catalysis, there are
only a few examples in the literature of CWA screening using polymer-MOF hybrid materials.>-
Recent studies by Parsons et al. have utilized atomic layer deposition (ALD) by coating polymer
fibers with an intermediate metal oxide layer that provides a nucleation site for MOF synthesis.>"
DMNP hydrolysis (pH = 10) using the ALD generated materials indicated decreased performance
compared to the free MOF powders.’ When comparing fibers with different ALD coatings,
increased activity was observed when using ALD films that promoted a higher quality of MOF
crystal growth.> Expectedly, their studies showed the MOF was required for catalytic activity
when compared to the polymer alone.® Moreover, the ALD composite materials display loss of

activity after the materials were recycled two times whereas our materials showed retention of
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activity through four cycles (Figure 2S.30).5 Our materials provide a straightforward, covalent

alternative to catalytically active, MOF-containing polymer fibers.
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Figure 2.3. Top: DMNP degradation reaction. Bottom. Rate of catalytic degradation of DMNP
by MOF powders and PA-66-MOF composites measured by UV-visible adsorption at 407nm.

2.4 Conclusions
In conclusion, PSP is shown to be an efficient method to incorporate UiO-66-NHz into
nylon (PA-66) polymer fibers. MOF materials were subjected to PSM to modify the ligand

components, after which PSP was used to generate PA-66-MOF hybrid materials. '"H NMR studies
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on small molecule models, melting point measurements through DSC, and surface area
determination, were all indicative of a covalent link between the MOF particles and the nylon
fibers. The covalently linked hybrid material showed significantly higher activity against CWA
simulant degradation compared to MOF particles that were simply physically entrapped in the
polymer. This result underscores the benefits of PSP over physical adhesion or entrapment of
MOFs to polymer materials. This is a rare example of examining CWA degradation in a polymer-
MOF hybrid material that is closer to a usable form factor. Current experiments are focusing on

engineering of this material for potential textile incorporation.

2.5 Appendix: Supporting Information

Materials

All solvents and starting materials were purchased from chemical suppliers and used without

further purification (Sigma Aldrich, Alfa Aesar, EMD, and TCI).

MOYF Svynthesis

Ui0-66. Zirconium(IV) chloride (61 mg, 0.26 mmol) and terephthalic acid (43 mg, 0.26 mmol)
were dissolved in 15 mL DMF with 0.45 mL glacial acetic acid in a 20 mL vial with Teflon-lined
cap. The vial was then placed in a 120 °C oven for 24 h. After cooling to ambient temperature,
the particles were collected by centrifugation (fixed-angle rotor, 6000 rpm, 5 min), followed by
washing with 3x10 mL DMF and 3x10 mL MeOH. The particles were then soaked in MeOH for
3 d with solvent changed daily, before being dried under vacuum at room temperature. The

procedure was repeated in parallel 40 times and all products were combined (2.73 g, 86%).
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Ui0-66-NH:z. Zirconium(IV) chloride (61 mg, 0.26 mmol) and 2-aminoterephthalic acid (43 mg,
0.26 mmol) were dissolved in 15 mL DMF with 0.45 mL glacial acetic acid in a 20mL vial with
Teflon-lined cap. The vial was then placed in a 120 °C oven for 24 h. After cooling to ambient
temperature, the particles were collected by centrifugation (fixed-angle rotor, 6000 rpm, 5 min),
followed by washing with 3x10 mL DMF and 3x10 mL MeOH. Using a modified procedure, the
formyl groups were restored to free amine. 2 g of UiO-66-NH2 was added to 100 mL MeOH:H20
1:1 mixture with 5 mL of conc. HCl and refluxed overnight. Solid was collected by filtration and
washed with MeOH. The procedure was repeated in parallel 40 times and all products were
combined (2.92 g, 88%).

Ui0-66-AM6. UiO-66-NH: (0.27 mmol, 80 mg) was dispersed in ethyl acetate (20 mL) with
ultrasonication for 10 min. Hexanoyl chloride (3.45 mmol, 0.48 mL) was then added to this
dispersion and allowed to sit for 24 h. The particles were then soaked in MeOH for 3 days with
solvent changed daily and H2O for 3 d with solvent changed daily, before being dried under
vacuum at room temperature (80 mg, 96%). 'H NMR digestion data confirmed 11% ligand
functionalization.

Ui0-66-AM6COOH. UiO-66-NH:2 (0.27 mmol, 80 mg) was dispersed in ethyl acetate (20 mL)
with ultrasonication for 10 min. Adipoyl chloride (3.45 mmol, 0.50 mL) was then added to this
dispersion and allowed to sit for 24 h. The particles were then soaked in MeOH for 3 d with
solvent changed daily and H20 for 3 d with solvent changed daily, before being dried under
vacuum at room temperature (80 mg, 96%, ). 'H NMR digestion data confirmed 33% ligand

functionalization.

PA-66-MOF Fabrication
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A series of MOF-PA composites were prepared by this method and the materials were
characterized to assess the integrity of the MOF component after fabrication. In a typical
preparation, a quantity of Ui0-66-NH2 (0.27 mmol, 80 mg) was dispersed in 20mL ethyl acetate
with ultrasonication for 20 min. Adipoyl chloride (3.4 mmol, 0.63 g, 0.50 mL) was then added to
this dispersion and further sonicated for 10 min (time was varied for specific studies). Upon
addition of the adipoyl chloride, a reaction is evident by a color change of the MOF particles to a
paler shade of yellow. A series of samples were prepared containing UiO-66 and UiO-66-NH2
quantities ranging from 5 mg to 100 mg of MOF.

Separately, a solution of HMDA (3.45 mmol, 0.400 g, 0.45 mL) in 20 mL H>0 was
prepared and layered into a 100-mL beaker as the bottom layer. The ethyl acetate dispersion was
then carefully layered on top of the aqueous layer. Polymerization occurred at the interface of the
two layers and the PA-MOF product was slowly pulled from the interface, forming a continuous
fiber. The product was removed until fiber formation became discontinuous, indicated a depletion
of the monomer feedstocks. The product was washed with water and dried at 70 °C overnight,

then dried under vacuum at room temperature for 24 h.
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Materials Characterization

Powder X-ray Diffraction (PXRD). PXRD data was collected at room temperature on a Bruker
D8 Advance diffractometer running at 40 kV, 40 mA for Cu Ko (A= 1.5418 A), with a scan speed

of 0.5 sec/step, a step size of 0.01° in 20, and a 20 range of 3-50° at room temperature.

Scanning Electron Microscopy (SEM). MOFs were placed on conductive carbon tape on a
sample holder and coated using an Ir-sputter coating for 7 sec. A Zeiss Sigma 500 ESEM
microscope was used for acquiring images using a 2-3 kV energy source under vacuum at a

working distance of 5 mm.

Thermogravimetric analysis and differential scanning calorimetry (TGA/DSC). ~10 mg of
sample were placed in a 100 pL aluminum crucible. Samples were analyzed on a Mettler Toledo
Star TGA/DSC using a temperature range of 30-600 °C scanning at 5 °C/min under an N2
atmosphere (75 cm?/min N2 flow rate) for sample degradation measurements and a heat-cool-heat

procedure at 10 °C/min for melting point determination.

Nuclear Magnetic Resonance. Proton nuclear magnetic resonance spectra ('"H NMR) were
recorded on a Varian FT-NMR spectrometer (400 MHz). Chemical shifts are quoted in parts per
million (ppm) referenced to the appropriate solvent peak or 0 ppm for TMS. MOFs were digested
for NMR analysis by immersion of ~8-10 mg MOF in 580 uL. DMSO-ds with 20 pL HF (48% in
water). Samples were kept in this acidic solution at room temperature until the MOF was fully

dissolved.
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Dynamic Light Scattering (DLS). 2 mg of MOF sample was dispersed in 3 mL of water, the
solution was transferred into a quartz cuvette and inserted in a Malvern Instruments Zetasizer Nano

Z590.

Catalysis Experiments. All catalytic monitoring was carried out using a BioTek Synergy H4
plate reader using single wavelength absorbance mode. 20 and 40 mM of N-ethylmorpholine
buffer was prepared from deionized water adjusted to pH = 8.0 and pH = 10 for specific tests. First
a plot of absorbance of p-nitrophenol at varying concentrations was measured yielding a
conversion factor of 3.48 Abs/mM.?! MOF powder samples were prepared by weighing 6 mg of
MOF and diluting with 10 mL of deionized water. These solutions were rigorously sonicated and
vortexed (>3 x of each) and diluted 2 with 40 mM buffer solution yielding 300 pg/mL MOF in 20
mM buffer solution. Dimethyl p-nitrophenylphosphate (DMNP) hydrolysis assays with MOF
powders were carried out in Olympus Plastics clear, flat-bottom 96-well plates. Each well was
prepared with 100 pL total volume containing: 95 uL. MOF suspension in buffer and 5 pL substrate
(25 mM DMNP in methanol; 1.25 mM total concentration; 0.125 pumol). Upon the addition of
substrate with multi-channel pipette hydrolysis was monitored by change in absorbance (Amax =
407 nm) at over 60 min at 24 °C with 5 sec shaking of plate every 40 sec. Activity was measured
as initial linear rate, measured from 10 to 50 min using Excel software. Reported activities for
MOF-only samples are an average slope of seven replicates.?! MOF-polymer composite testing
was carried out with minor modifications to MOF powder screen due physical parameters of fibers.
Fibers of each composite were cut to 3+0.2 mg segments and placed into well of a Grenier Bio-
one Cellstar 24-well plate. Each well was prepared with 1.02 mL total volume containing: a single

3 mg fiber, 1 mL 20 mM buffer, and 20 pL substrate (25 mM DMNP in methanol; 0.39 mM total
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concentration; 0.5 umol). DMNP hydrolysis was monitored in the same way as above for MOF

powders. Reported activities for MOF-polymer composites are an average slope of six replicates.

Supporting Tables and Figures
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Scheme 2S.1. Synthetic route towards adipoyl chloride functional UiO-66-NH2 and subsequent
digestion.
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Figure 2S.1. Top: 'H NMR spectrum of amino-BDC. Bottom: 'H NMR spectrum of adipoyl
chloride functionalized NH>-bdc. As shown in Error! Reference source not found., there are
distinct downfield peak shifts upon functionalization of amino-BDC with adipoyl chloride. The
percent functionalization can be quantified by the ratio:

g
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Figure 2S.2. From top to bottom, '"H NMR spectra of 0 min, 1 min, 5 min, and 10 min, reaction
time of UiO-66-NH2 with adipoyl chloride following digestion.

Table 2S.1. Percent functionalization of UiO-66-NH2 amino-BDC with adipoyl chloride at
different reaction times.

Reaction time (min) Percent
functionalization
! 16 %
19 %
10 25 %
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Figure 2S.3. 'H NMR spectra reaction of 1 min, 5 min, 10 min, and 0 min reaction times of UiO-
66 with adipoyl chloride following digestion.

Determination of Percent Crosslinking. In a similar fashion as discussed above to quantify the
percent of functionalized NH2-bdc, the percent of “crosslinked” bdec, that is the percentage of
adipoyl chloride that has reacted with NH2-bdc on both sides can be quantified by the ratio of
doubly reacted adipoyl chloride to single addition. Due to the symmetry of the doubly reacted
adipoyl chloride only two peaks are observed, and they are shifted slightly downfield of adipic

acid, as shown below in Figure .
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Figure 2S.4. '"H NMR spectrum of UiO-66 (unfunctionalized) after treatment with adipoyl

chloride and subsequent digestion. Due to hydrolysis during digestion adipoyl chloride is
converted to adipic acid.
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Figure 2S.5. Peak assignments for possible products of UiO-66-NH: and adipoyl chloride
following digestion.
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Figure 2S.6. From top to bottom, "H NMR spectra of 1 min, 5 min, 10 min, and 0 min reaction
time of UiO-66-NH: with adipoyl chloride following digestion, showing adipoyl chloride region
of spectra.

Table 2S.2. Percent single addition of adipoyl chloride on UiO-66-NH: at different reaction times.

S . Percent single
Reaction time (min) addition
1 39 %
37 %
10 53 %
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Figure 2S.7. '"H NMR spectra of digested UiO-66-AM6.
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Figure 2S.8. '"H NMR spectra of digested UiO-66-AM6COOH.
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Figure 2S.9. Hydrodynamic radius indicating no change through 10 min of PSM as determined
by DLS.
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Figure 2S.10. PXRD of PA-66-UiO-66-NH2 through 3 ft of material with 80 mg total loading of
UiO-66-NHo.
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Figure 2S.11. PXRD of PA-66-UiO-66-NH2, PA-66@Ui0-66, PA-66@Ui0-66-AM6COOH,
and PA-66@Ui0O-66-AM6 through 3 feet of material with 80 mg loading.
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Figure 2S.12. PXRD of UiO-66-NHz at 1, 5, and 10 min PSM with adipoyl chloride.
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Figure 2S.13. PXRD of UiO-66 at 1, 5, and 10 min PSM with adipoyl chloride.
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Figure 2S.14. PXRD of UiO-66-AM6 and UiO-66-AM6COOH.

Figure 2S.15. Left: Image of PA-66. Middle: Image of PA-66@Ui0O-66 fiber. Right: Image
of PA-66-UiO-66-NH2: fiber.
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PA-66-Ui0-66-NH, stat:

PA-66-UiO-66-NH, 3ft

Figure 2S.4. SEM images of PA-66 and PA-66-Ui0-66-NH2 (5 um scale bar).

PA-66@Ui0O-66 Start PA-66@UiO-66 1ft

Figure 2S.17. SEM images of PA-66@UiO-66.
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Figure 2S.18. TGA data of PA-66@U10-66.
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Figure 2S.19. TGA data of PA-66-UiO-NHa.
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Sample: PA-66@Ui0-66-AM6 7.9000 mg
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Figure 2S.20. TGA data of PA-66@Ui0-AM6.
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Figure 2S.5. TGA data of PA-66@Ui0-66-AM6COOH.
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Table 2S.3. MOF percent in PA-66-MOF hybrid materials as determined by TGA.

MOF Material

Percent MOF
loaded

PA-66@Ui0-66

19.67+ 2.51%

PA-66-UiO-66-NH>

2942+ 6.11%

PA-66@Ui10-66-AM6COOH

27.44 £ 5.14%

PA-66@Ui0O-66-AM6

22.84 + 5.80%

Sample: PA-66 7.1mg

Integral: -225.76 mJ
Onset: 234.72 °C
Peak: 248.35 °C

Sample: PA-66 7.7mg
Integral: -367.36 mJ
Onset: 224.99 °C
Peak: 245.57 °C

Integral: 440.39 m)
Onset: 234.18 °C
Peak: 221.56 °C

, —
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Peak: 222.60 °C

—t—

e

Sample: PA-66 7.9mg
Integral: -323.41 mJ
Onset: 226.68 °C
Peak: 248.21°C
—%

Integral: 467.35 mJ
Onset: 232.52 °C
Peak: 222.06 °C

Integral: -393.79 mJ
Onset: 236.32 °C
Peak: 252.55 °C

= el
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Figure 2S.22. DSC data of as synthesized PA-66 material.
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Figure 2S.23. DSC data of synthesized PA-66@Ui10-66.
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Sample: PA-66-UI0-66-NH, 9.2mg

Integral: 221.97 mJ Integral: -204.78 mJ
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Figure S2.24. DSC data of synthesized PA-66-UiO-66-NHo.
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Figure 2S.25. DSC data of synthesized PA-66@Ui0O-66-AM6.
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Sample: PA-66@Ui0-66-AM6COOH 7.4mg
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Figure 2S.6. DSC data of synthesized PA-66@UiO-66-AM6COOH.
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Figure 2S.7. Absorbance (407nm) vs time (sec) monitoring the conversion of DMNP to p-
nitrophenol for PA-66, PA-66@Ui066, and PA-66-UiO-66-NHa. All slopes are calculated from
10 min to 50 min and averaged per the procedure above. Representative individual tiles for PA-
66, PA-66(@Ui0-66, and PA-66-UiO-66NH2 are shown for comparison.

59



O,N o MOF Catalyst O,N 0
: Y Ho oM
A
(/ OH ovVe

I
P
A 'OM
O oniMe _
p-Nitrophenol

DMNP H,0
Nerve Agent Simulant [ j Absorbs @407nm

240 -
220
200 4
180 -
160 -
140 -
120 1
100 -
80 -
60 -
40 -
20 4

MOF Hydrolysis Rate, k (mM/sec x 10°)

0

Figure 2S.28. Top. DMNP degradation reaction. Bottom. rate of catalytic degradation of MOF
powders at pH = 10 measured by UV-visible adsorption at 407nm.
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Figure 2S.29. Top: DMNP degradation reaction. Bottom: rate of catalytic degradation of PA-66-
MOF composites at pH = 10 measured by UV-visible adsorption at 407nm.
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Figure 2S.30. Top: DMNP degradation reaction. Bottom: rate of catalytic degradation of recycled
PA-66-MOF composites at pH = 8 measured by UV-visible adsorption at 407nm. Composite
materials were washed thoroughly in water and methanol (3 times each) with sonication and then
dried under vacuum at room temperature overnight between each DMNP hydrolysis experiment.
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Figure 2S.31. N2 Sorption isotherm of UiO-66, UiO-66-NH2, UiO-66AM6, and UiO-
66 AM6COOH with respective BET surface areas.
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Figure 2S.32. N2 Sorption isotherm of PA-66@Ui0-66, PA-66@Ui0-66AM6, PA-66@UiO-
66AM6COOH and PA-66-UiO-66NH>. BET surface area: 35 + 3 m?/g, 20 + 3 m?/g, 19 +£ 2 m%/g,
and 109 £ 2 m?/g, respectively. BET calculation based on only MOF content (~20 wt% for PA-
66@Ui0-66, ~23 wt% for PA-66@Ui0-66AM6, ~27 wt% for PA-66@Ui0-66 AM6COOH and
~29 wt% for PA-66-UiO-66-NH2): 223 + 6 m?/g, 138 + 4 m?/g, 205 + 5 m?/g and 293+6 m?%/g,
respectively. Gas sorption measurements were also performed on the PA-66 fiber resulting in a
negligible BET surface area, as expected.
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Chapter 3: Improving MOF Catalysts for the Degradation of Chemical Warfare Agents

through a Ligand Based Approach
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3.1 Introduction

As described in Chapter 1, different approaches have been taken for improving MOFs for
the catalytic degradation of the organophosphorous class of CWAs.! Because the catalytically
active site for these reactions is at the MOF SBU, a majority of approaches in the literature have
focused on either reducing the connectivity at the SBU or synthesizing MOFs with experimentally
induced defect sites.>3 The idea behind this approach is rather simple, by engineering more defects
into the MOF a greated number of open metal sites is generated, which act as the catalytically
active sites, thereby promoting more rapid CWA degradation. Conversely, only a handful of
approaches have focused on derivatizing the MOF ligand with functional groups.*> As outlined
in Chapter 1, these approaches focus on attaching functional groups to the MOF and during the
catalytic step, these groups facilitate the rapid degradation of CWAs by either acting as a general
acid/base or through noncovalent interactions such as hydrogen or halogen bonding. It was
hypothesized that functional groups on the organic linkers might play a larger role in the
degradation of CWAs. As such, with a previously validated HTS method for evaluating these
materials, this screening system was used to rapidly screening materials with a wide range of varied

ligand substituents.®

3.2 Multiple Functional Groups in UiO-66 Improve CWA Simulant Degradation

A library of 26 mixed ligand UiO-66 derivatives, using various combinations of five
different ligands (Figure 3.1), were synthesized and screened for catalytic degradation of DMNP
using HTS. Some of the mixed ligand derivatives display superior ability for DMNP degradation
(at pH = 8) than physical mixtures of MOFs containing the functionalized linkers. This result

underscores the significance of the HTS methodology to rapidly assess catalytic activity of
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materials, reducing a major barrier to evaluating catalytic mixed ligand or multivariate (MTV)
MOFs. To accurately determine the cause of this increased activity the defect sites in several
MOFs in our study (high/medium/low activity) were quantified. MOF defect sites were quantified
via TGA and the results show no correlation with catalytic activity, suggesting the differences in
activity between materials was a ligand-based effect. These findings suggest that multiple ligand

functional groups in a MOF can play a synergistic role to increase the catalytic activity against

DMNP.
A B _ - D _ E _
0. _O 0 0. _O 0 0. _O
%/NH2 %/OH %/No2 i Br
0”0 o0 Yo o0 o o0 o 0”0

bdc?- NH,-bdc> OH-bdc>  NO,-bdc>  Br-bdc?
Figure 3.1. Ligands used for MTV-UiO-66 mixed ligand synthesis.

All MOFs in this study were synthesized using an acetic acid modulated synthesis
procedure (see appendix).” For mixed ligand synthesis of UiO-66, five ligands were selected,
including bdc? and four derivatives (Figure 3.1): two with electron donating functional groups
(NH2-bdc?, OH-bdc?) and two with electron withdrawing groups (NO2-bdc? and Br-bdc?). Using
these ligands, all possible ligand combinations (e.g., one, two, three, four and five ligands in a
single MOF) were synthesized leading to a library of 26 different mixed ligand UiO-66 derivatives
termed multivariate UiO-66 (MTV-UiO-66). MOFs were named according to which ligands they
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are composed of; for example, MTV-UiO-66-AB contains a 1:1 mixture of bdc?> and NHz-bdc*
ligands whereas MTV-UiO-66-BCE contains a 1:1:1 mixture of NH2-bdc?, OH-bdc*, and Br-

bdc?.

MTV-UiO-66 MOFs were characterized via PXRD to confirm MOF formation and
crystallinity. MOF samples were also digested in dilute acid and characterized via '"H NMR to
determine the percent incorporation of each ligand (Figure 3.2, Figures 3S.1-3S.31, Table 3S.1).
To quantify the ligand incorporation in each MOF, characteristic peaks of each ligands '"H NMR
spectra were identified and used to quantify the components in the MTV-UiO-66 MOFs (Figure
3.2). Once synthesized and characterized, the library of MOFs was screened for their ability to

degrade the CWA simulant DMNP using a the aforementioned HTS method (Figure 3.3).6
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71



As outlined in Chapters 1 and 2, this highly reproducible HTS method requires dispensing
a specific amount of each MOF (~6 mg), suspending the MOF powder in a buffered aqueous
solution, and analyzing the reaction with DMNP using UV-Vis spectroscopy in a plate reader
format.® Rates were calculated to account for the substantial difference in moles of MOF catalyst
between samples (due to the increased mass of the functionalized MOFs, see appendix) so that a
direct comparison could be made across all materials. Reported rates are averages of seven
replicates per sample across three independently prepared materials for each MOF.

The HTS data indicates that most of the MTV-UiO-66 MOFs display significantly higher
activity than MOFs with single ligands. For example, MTV-UiO-66-B MOF and the MTV-UiO-
66-E MOF display about 3-fold slower activity than when these ligands are both incorporated
together into the MTV-UiO-66-BE. However, this was not the case for all MTV-MOFs, as in the
case of MTV-UiO-66-ACDE, which is a slower catalyst than MTV-UiO-66-A, MTV-UiO-66-C,
and MTV-UiO-66-E. To gain further insight into the origins of this increased activity in some
MTV-MOFs, the CWA degradation data was analyzed for potential trends. In particular, the data
was analyzed to determine if there was a trend in activity based on the electron withdrawing or
donating nature of the functional groups on the MOF linkers. The electron withdrawing or
donating functional groups could potentially affect the metal to ligand bond at the SBU resulting
in altered catalytic activity for the MOF. However, after analyzing the data there was no trend
found as a function of electron withdrawing or donating nature of the functional groups. The data
was also analyzed to see if one particular ligand promotes an increase in catalytic activity in the
mixed ligand systems. Interestingly, seven of the top eight MTV-UiO-66 MOFs contain the B

linker (NH2-bdc?") linker while the single ligand MTV-UiO-66-B is one of the poorest performing
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MOFs. This result suggests there is a possible synergistic ligand effect occurring when multiple

functional groups are incorporated into a single MOF.

OZN\©\ o MOF Catalyst O,N

1 >

/P', i
O 2 '‘OMe i b

OMe pH=8 Q

N H.O . :
DMNP 2 p-hitrophenoxide
Nerve Agent Simulant B Absorbs @ 407nm

O

Py
HO 6I\/PeMe

BE
ABE
BCDE ]
ABC
ACE
BCD
ABCD
BD

MTV-UiO-66 MOFs
>
S

0 200 400
Hydrolysis Rate, k (mM/sec x 107°)

Figure 3.3. Top: Scheme of DMNP assay conditions. Bottom: Rate of catalytic degradation of

DMNP by all MTV-UiO-66 MOFs.

Other features of these MOFs were examined to rule out characteristics that might affect

catalytic activity unrelated to ligand composition. Previous reports have suggested that smaller
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MOF patrticle size could play a role in increasing the catalytic activity of MOFs against CWAs.3 8
As such, the MOF particle sizes were analyzed by SEM (Figure 3.4); however, the results showed
no correlation between particle size and DMNP degradation across ten of the MOFs investigated
in this chapter. Moreover, reports have also suggested that increased MOF surface area can
potentially result in increased catalytic activity due to more rapid mass transport of the simulant to
MOF active sites.® Thus, the surface area of eleven representative MOFs from this study was
measured via N2 gas sorption (Figure 3S.32-3S.42). Again, no trend in DMNP degradation ability
of the MOFs based on surface area was observed. Finally, as outlined in Chapter 1 and in the
introduction of this chapter, some studies have shown that an increased number of defect sites in
MOFs can result promote faster CWA degradation.” TGA was performed to quantify the number
of ligand defect sites in the MOFs using a procedure previously published by Lillerud et al.! The
defects of six MOFs (high, medium, and low catalytic activity) were quantified and found that all
of the MOFs have a nearly identical amounts of defect sites per SBU and hence found no

meaningful correlation between activity and ligand defect sites (Figure 3S.43-3S.49, Table 3.1).
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Figure 3.4. Representative SEM images of MTV-UiO-66 MOFs prepared in this study.

Table 3.1. MTV-UiO-66 MOF defects quantified as carboxylates per SBU via TGA analysis.

MTV-UiO-66 MOF Carboxylates/SBU (12 = pristine)
MTV-UiO-66-DE 94+1.1

MTV-Ui0O-66-B 10.2 £0.8

MTV-UiO-66-BDE 92+14

MTV-Ui0-66-ABC 84+1.0

MTV-Ui0-66-BCDE 9.8+ 1.1

MTV-UiO-66-BE 10.4 £0.9

To further verify the aforementioned synergistic effects of multiple ligand functional
groups, single ligand MOFs were physically mixed using recreate the same ratios as those present
in the MTV-UiO-66. These physical mixtures of MOFs were then screened for DMNP

degradation (Figure 3.5). For example, a 1:1 mixture of MTV-UiO-66-B and MTV-UiO-66-E
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were compared for catalytic activity against MTV-UiO-66-BE (Figure 3.5). The mixed ligand
MTV-UiO-66-BE displayed 3-fold increased activity when compared to the physical mixture
indicating ligand incorporation within the MTV-UiO-66 significantly increases the catalytic
degradation of DMNP. In a second example, the MTV-UiO-66-ABE derivative displays over 3-
fold better activity than a physical mixture combining equal molar amounts of MTV-UiO-66-A,
MTV-UiO-66-B, and MTV-UiO-66-E. In total, four MTV and physical mixture MOFs were
screened and compared and in all cases the MTV MOFs outperform their physical mixture
counterparts by about two-fold. Mixtures of single component MOFs with differing functional
groups perform essentially the same as the individual MOF materials. These results further denote

a synergistic ligand effect contributing to the degradation of DMNP in the mixed ligand systems.
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Figure 3.5. Rate of catalytic degradation of DMNP by top MTV-UiO-66 MOFs (blue) compared
to their physical MOF mixtures (red).
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As previously mentioned in Chapter 1, Yaghi et al., utilized multiple functional groups to
enhance the gas sorption properties of MOF-5. These studies showed that through incorporation
of multiple ligands in MTV-MOF-5, the H> gas sorption capacity more than doubled. Furthermore,
using other combinations of ligands in MTV-MOF-5, specific combinations gave a four-fold
increase in selectivity for CO2 over CO. These enhancements in the gas sorption properties of
MTV-MOF-5 were significant, but the origin of these effects remains unknown. Similarly, in this
report a 3-fold increase in the catalytic degradation of DMNP by MTV-UiO-66-BE has been
shown, and this is attributed to a synergistic ligand effect; however, the precise origin of this effect
is unclear at this time. Nevertheless, this study shows that numerous derivatives of MOFs can be

screened, and trends rapidly established across many materials using our HTS methodology.

3.3 Halogen Bonding in UiO-66 Frameworks Display Superior Ability for CWA Simulant
Degradation.

In this section of Chapter 3, a more targeted library of MOFs with varying functional
groups was analyzed in an effort to specifically determine the effects of functional groups on MOF
CWA degradation. While screening a larger library of functionalized MOFs (as highlighted in
section 3.2) one MOF in particular displayed exceptional CWA degradation ability (UiO-66-I).
To probe the potential origins and trends behind this activity the entire halogenated UiO-66 series
Ui0-66-F, UiO-66-Cl, UiO-66-Br, and UiO-66-1 were synthesized and screened for the catalytic
degradation of DMNP using the same HTS method (Figure 3.6).° The UiO-66-1 derivative
displays ~4-fold greater catalytic activity than the parent UiO-66, while the other halogenated
derivatives show no enhancement over unfunctionalized UiO-66. Similar to the prior section of

this chapter, MOF defect sites were quantified via TGA, which showed nearly identical defect site
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abundance across the series of MOFs. Computational analysis indicates that the more polarizable
iodine moiety enables a halogen bonding effect that enhances the catalytic degradation of DMNP
hydrolysis at the phosphoester linkage. Few other reports in the literature demonstrate that
heterogenous catalysts have faster rates as a function of halogen bonding.!!"!2> More specifically,
in MOFs, previous reports of halogen bonding have been demonstrated as a means of crystal

engineering,'3 but this is the first-time halogen bonding as a means of enhancing catalysis has been

demonstrated in a MOF.
@ @F @c @Br @
UiO-66 UiO-66-F UiO-66-ClI UiO-66-Br UiO-66-I

Figure 3.6. Chemical schematic of UiO-66 and four halogenated UiO-66 MOFs.

The parent UiO-66 and all of its halogenated derivatives were synthesized using an acetic
acid modulated synthesis.” All MOF samples were digested in dilute acid and analyzed via 'H
NMR, confirming the ligands were intact after MOF synthesis (Figures 3S.50-3S.58). PXRD
results confirm the formation of the MOF (Figure 3.7) and SEM images show similar particle sizes
(~200 nm) for all the samples (Figure 3S.59-3S.64). All MOFs were also analyzed via N2 gas
sorption measurements to determine the surface area of the materials. The surface area of the
MOFs decreased as the halogen size increases (F < Cl < Br < I) indicating the expected pore

occupancy by the halogen (Figure 3.7).
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The catalytic activity of these materials with the CWA simulant DMNP was evaluated
using the aforementioned HTS method.® An equal mass (~6 mg) of MOF was utilized in each well
for monitoring catalytic reactions. As outlined in the previous section, rates were measured to
account for varying molar mass of MOFs due to the additional mass of the functional groups (Table
3S.2). HTS evaluation of the five materials in Figure 3.6 at pH = 8 show that UiO-66-I is four
times more active than the parent UiO-66 MOF and another very catalytically active MOF NU-
1000 (vide infra). The UiO-66-1 MOF displays the highest activity of any MOF previously
reported in the literature under these HTS assay conditions (96 total MOFs previously screened,
at this point in time).

To further probe the ligand effect, we synthesized a mixed linker MOF (termed UiO-66-
Is0%) containing ~50% bdc? linkers and ~50% I-bdc? that was characterized by PXRD and gas
sorption measurements (Figure 3S.65-3S.66). When screened for catalytic activity against DMNP,
the mixed ligand UiO-66-Is0% performs better than UiO-66, but poorer than UiO-66-I indicating

that increased iodine content in the MOF correlates with improved catalytic activity (Figure 3.8).
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Figure 3.8. Molar mass corrected rate of catalytic degradation of DMNP by MOFs measured by
UV-visible absorption (407 nm) at pH = 8.

As detailed in section 3.2, TGA of the MOFs was conducted to quantify the missing ligand
defect sites in the materials.'® The results show similar levels of defects across all five of the
MOFs used in this study (Figure 3.8). Specifically, TGA data (Figure 3S.67-3S.72) shows that
each MOF contains about ten carboxylates per cluster, indicating ~2 missing carboxylate linkers
per SBU (~17% ligand defect abundance, Figure 3.9). Therefore, the increased activity of UiO-
66-1 is not correlated with a difference in defects created during MOF synthesis using the iodine
functionalized linker. Furthermore, as expected, the BET surface area of the MOFs decreases with
increasing size of the halogen indicating similar defect sites abundance across all of the MOF

materials. Finally, the rate of DMNP degradation is not correlated with increasing halogen
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electronegativity (F > I) ruling out the possibility of the enhanced activity being due to an inductive
electron withdrawing effect. Because these MOFs had similar particle sizes, surface areas, and
number of defect sites, other potential explanations for the observed differences in catalytic
activity were explored. This increased activity was only observed in the presence of iodine
functional groups which suggests that the iodine atom activates an electronic or steric effect at the

catalytically active site resulting in increased activity.
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Figure 3.9. Ratio of organic linkers per SBU of UiO-66 MOFs (black) vs. rate of DMNP
degradation by MOFs (red).

As mentioned in the introduction of this chapter, another possible source of increase

activity could be noncovalent (e.g., hydrogen or halogen bonding) interactions between the ligand
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functional groups and the catalytically active site. Due to the nature of the ligands in this study, a
potential halogen bonding effect between the MOF ligands and the DMNP simulant to increase
simulant hydrolysis was explored. Halogen bonding is described as an interaction between an
electrophilic region associated with a halogen atom and a nucleophilic region of another
molecule.'*!> The electrophilic region in the halogen atom is referred to as the sigma hole and
this area increases as a function of halogen polarizability (e.g., I > Br > C1 > F).!#!5 Across the
series of halogens, halogen bonding is rarely observed in the case of fluorine and chlorine, but
more often with bromine and iodine.!*!> Several examples in the halogen bonding literature
dictate instances where, across a family of analogous materials, the halogen bond is only observed

with the most polarizable iodine atom.'6-1?

To model the effect of halogen bonding on catalytic hydrolysis of DMNP, DFT M06-L2°
calculations were performed on different isolated SBU cluster models of UiO-66 and UiO-66-1.
The models were built from the optimized periodic crystal structure of mono-defective UiO-66
(i.e., UiO-66 with ten carboxylates linkers) consistent with the defect population determined by
TGA (see appendix for details of the periodic and cluster calculations, Figure 3S.75-3S.76). In
the as-synthesized UiO-66-1, the relative position of the halogens on the bdc?” linkers with respect
to the zirconium SBU is random. Therefore, when examining an isolated cluster there arise three
possible arrangements of the iodine atoms around the SBU. UiO-66-1 cluster models were
designed to model these three possible conformations: one with iodine groups in all ortho (ortho-
Ui0O-66-1), a second with all meta (meta-Ui0-66-1), and a third, alternating ortho/meta substitution
pattern (alter-UiO-66-1, Figure 3S.76) with respect to the SBU. The aim of these calculations is
not to quantitatively reproduce the experimental data, but rather to qualitatively describe the

observed trends in catalytic activity and provide mechanistic insights. Recent mechanistic studies
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on DMNP hydrolysis on different MOFs have shown the nucleophilic attack by water on the
phosphorous center to be the rate-limiting step and hence this was the focus of the calculations
performed here on UiO-66 and UiO-66-1.4 2!

Theory shows that in both the ortho- and alter-UiO-66-1 MOFs, the iodine atoms of the
MOF and the methoxy groups of DMNP are involved in a strong halogen bond. The M06-L
computed [-OMe bond distances in DMNP bonded and transition state structures of the ortho-
Ui0-66-1 are 0.095 A and 0.233 A shorter than the sum of the van der Waals radii of the iodine
and the oxygen atoms, respectively (Figure 3.10). The computed activation free energies (AGY)
for UiO-66, ortho-UiO-66-1, meta-UiO-66-1, and alter-UiO-66-1 are 19.9, 11.0, 19.5, and 12.2
kcal/mol, respectively. Computed CMS5 charges further confirm formation of the halogen bonding
between iodine and -OMe group of the DMNP in both ortho- and alter-UiO-66-1 systems. This is
in stark contrast to the mera-Ui0O-66-1 MOF where the iodine atoms are positioned far away from
the oxygen atoms of the DMNP bonded UiO-66 (>5.7 A) resulting in similar AG* values for water
addition in meta-UiO-66-1 and the parent UiO-66 (19.5 kcal/mol and 19.9 kcal/mol, respectively.
Overall, these calculations show that the sigma hole of the iodine atom forms a rather strong
halogen bond with the nucleophilic methoxy group of DMNP which in turn results in a more

electrophilic oxygen atom on the DMNP molecule accelerating the hydrolysis reaction.
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3.4 Conclusion

In conclusion, a ligand-based strategy has been shown to be effective at improving UiO-
66 for the degradation of the CWA simulant DMNP. A library of 26 mixed ligand UiO-66 MOFs
was synthesized and screened for the catalytic degradation of the CWA simulant DMNP. The top
performer in our library is MTV-UiO-66-BE which consists of NH2-bdc and Br-bdc linkers. This
MOF is over three times more active than either the single ligand MTV-Ui0-66-B (UiO-66-NH2)
and MTV-U10-66-E (UiO-66-Br) or a physical mixture of these two MOFs. Full characterization
and defect quantification were conducted that indicate no correlation or increased activity as a
result of defects. As such, this increased activity in the MTV-UiO-66 series originates from a
synergistic ligand effect enabling more rapid degradation of DMNP. These results further
underscore the significance of functional groups on MOF ligands in the degradation of CWAs and
their simulants and the nature of the synergy observed in mixed ligand MOFs is currently the
subject of ongoing studies. In addition, a halogenated UiO-66 series was screened to analyze the
effects of these functional groups. The halogenated UiO-66-1 shows a substantially enhanced
degradation of the CWA simulant DMNP. Theoretical calculations suggest that halogen bonding
is the origin of this increased activity and facilitates the catalytic hydrolysis of the phosphoester

linkage. These findings offer new avenues for designing MOFs to more rapidly degrade CWAs.

3.5 Appendix: Supporting Information
General Materials and Methods. All solvents and starting materials were purchased from
chemical suppliers and used without further purification (Sigma Aldrich, Alfa Aesar, EMD, and

TCI).

Ligand Syntheses
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HO OH

2-Chloroterephthalic acid. 2-Chloro-1,4-dimethylbenzene (6 mL, 43 mmol), 60 mL of deionized
water and 16 ml of nitric acid (70%) were poured into a 100 ml Teflon-lined steel autoclave. The
autoclave was sealed and placed into a 170 °C oven for 16 h. After cooling to room temperature,
the solution was vacuum filtered and 2-chloroterephthalic acid was recovered as a white crystalline
powder which was washed with water and dried in a vacuum oven at 70 °C overnight. Yield: 5.4
g (63%). '"HNMR (400 MHz, ds-DMSO): J 13.65 (s, 2H), 7.98 (d, J = 1.2 Hz, 1H), 7.95 (dd, J
= 8.0, 1.5 Hz, 1H), 7.87 (d, J = 8.0 Hz, 1H). MS (m/z) calcd. for CsHsClO4 [M-H]: 198.99;

Found: 199.07.

|
o :j (0]

HO OH

2-lodoterephthalic acid. To a suspension of 2-aminoterephthalic acid (3.0 g, 16.6 mmol) in 100
mL of H20/ conc. HCI (1:1, v/v) at 0 °C, an aqueous solution of NaNO2 (2.85 g, 41.3 mmol) was
added dropwise over a period of 45 min. After being stirred for an additional 30 min at 0 °C, the
diazonium salt was poured into a solution of KI (16.5 g, 99.4 mmol) in 150 mL of water and the
resulting dark solution was left stirring at room temperature for 18 h. Solid NaHSO3 was added
in portions until the dark color of the solution faded, leaving a behind a suspension of tan colored
solid in the solvent mixture. The solid was filtered and triturated with 150 mL of CH2CL2:H20 (1:1,
v/v) and dried overnight in a vacuum oven. Yield: 4.03 g (83%). '"H NMR (400 MHz ds-DMSO):
0 13.57 (s, 2H), 8.42 (d, /= 1.4 Hz, 1H), 7.99 (dd, J= 8.0, 1.6 Hz, 1H), 7.77 (d, J = 8.0 Hz, 1H).

MS (m/z) calcd. for CsHsIO4 [M-H]: 290.92; Found: 290.97.
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MOYF Svyntheses

One Ligand Synthesis:

Zirconium(IV) chloride (0.26 mmol) and one of the following: terephthalic acid (0.26 mmol, 43
mg), 2-aminoterephthalic acid (0.26 mmol, 47 mg) , 2-hydroxyterephthalic acid (0.26 mmol, 47
mg), 2-nitroterephthalic acid (0.26 mmol, 55 mg), or 2-bromoterephthalic acid (0.26 mmol, 64
mg) were dissolved in 15 mL DMF with 0.447 mL glacial acetic acid in a 20-mL vial. The capped
vial was placed in an oven and heated to 120 °C for 24 h. After cooling to room temperature, the
particles were collected by centrifugation (fixed-angle rotor, 6500 rpm, 15 min), washed with 3x10

mL portions of MeOH, and 1x10 mL hexanes and dried under vacuum at room temperature.

Two Ligand Synthesis:

Zirconium(IV) chloride (0.26 mmol) and a combination of two of the following: terephthalic acid
(0.13 mmol, 22 mg), 2-aminoterephthalic acid (0.13 mmol, 24 mg), 2-hydroxyterephthalic acid
(0.13 mmol, 24 mg), 2-nitroterephthalic acid (0.13 mmol, 28 mg), or 2-bromoterephthalic acid
(0.13 mmol, 32 mg) were dissolved in 15 mL DMF with 0.447 mL glacial acetic acid in a 20 mL
vial. The capped vial was placed in an oven and heated to 120 °C for 24 h. After cooling to room
temperature, the particles were collected by centrifugation (fixed-angle rotor, 6500 rpm, 15 min),
washed with 3x10 mL portions of MeOH, and 1x10 mL hexanes and dried under vacuum at room

temperature.

Three Ligand Synthesis:

Zirconium(IV) chloride (0.26 mmol) and a combination of three of the following: terephthalic acid

(0.087 mmol, 14 mg), 2-aminoterephthalic acid (0.087 mmol, 16 mg), 2-hydroxyterephthalic acid
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(0.087 mmol, 16 mg), 2-nitroterephthalic acid (0.087 mmol, 18 mg) ,or 2-bromoterephthalic acid
(0.087 mmol, 21 mg) were dissolved in 15 mL DMF with 0.447 mL glacial acetic acid in a 20 mL
vial. The capped vial was placed in an oven and heated to 120 °C for 24 h. After cooling to room
temperature, the particles were collected by centrifugation (fixed-angle rotor, 6500 rpm, 15 min),
washed with 3x10 mL portions of MeOH, and 1x10 mL hexanes and dried under vacuum at room

temperature.

Four Ligand Synthesis:

Zirconium(IV) chloride (0.26 mmol) and a combination of four of the following: terephthalic acid
(0.065 mmol, 11 mg), 2-aminoterephthalic acid (0.065 mmol, 12 mg), 2-hydroxyterephthalic acid
(0.065 mmol, 12 mg), 2-nitroterephthalic acid (0.065 mmol, 14 mg), or 2-bromoterephthalic acid
(0.065 mmol, 16 mg) were dissolved in 15 mL. DMF with 0.447 mL glacial acetic acid in a 20 mL
vial. The capped vial was placed in an oven and heated to 120 °C for 24 h. After cooling to room
temperature, the particles were collected by centrifugation (fixed-angle rotor, 6500 rpm, 15 min),
washed with 3x10 mL portions of MeOH, and 1x10 mL hexanes and dried under vacuum at room

temperature.

Five Ligand Synthesis:

Zirconium(IV) chloride (0.26 mmol) and terephthalic acid (0.052 mmol, 9 mg), 2-
aminoterephthalic acid (0.052 mmol, 9 mg), 2-hydroxyterephthalic acid (0.052 mmol, 9 mg), 2-
nitroterephthalic acid (0.052 mmol, 11 mg), or 2-bromoterephthalic acid (0.052 mmol, 13 mg)
were dissolved in 15 mL DMF with 0.447 mL glacial acetic acid in a 20 mL vial. The capped vial

was placed in an oven and heated to 120 °C for 24 h. After cooling to room temperature, the
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particles were collected by centrifugation (fixed-angle rotor, 6500 rpm, 15 min), washed with 3x10

mL portions of MeOH, and 1x10 mL hexanes and dried under vacuum at room temperature.

Ui0-66-F. Zirconium(IV) chloride (61 mg, 0.26 mmol) and 2-fluoroterephthalic acid (48 mg,
0.26 mmol) were dissolved in 15 mL DMF with 0.45 mL glacial acetic acid in a 20mL vial with
Teflon-lined cap. The vial was then placed in a 120 °C oven for 24 h. After cooling to ambient
temperature, the particles were collected by centrifugation (fixed-angle rotor, 6000 rpm, 5 min),
followed by washing with 3x10 mL DMF and 3x10 mL MeOH. The particles were then soaked
in MeOH for 3 d with solvent changed daily, before being dried under vacuum at room
temperature.

Ui0-66-Cl. Zirconium(IV) chloride (61 mg, 0.26 mmol) and 2-chloroterephthalic acid (52 mg,
0.26 mmol) were dissolved in 15 mL DMF with 0.45 mL glacial acetic acid in a 20 mL vial with
Teflon-lined cap. The vial was then placed in a 120 °C oven for 24 h. After cooling to ambient
temperature, the particles were collected by centrifugation (fixed-angle rotor, 6000 rpm, 5 min),
followed by washing with 3x10 mL DMF and 3x10 mL MeOH. The particles were then soaked
in MeOH for 3 d with solvent changed daily, before being dried under vacuum at room
temperature.

Ui0-66-Br. Zirconium(IV) chloride (61 mg, 0.26 mmol) and 2-bromoterephthalic acid (64 mg,
0.26 mmol) were dissolved in 15 mL DMF with 0.45 mL glacial acetic acid in a 20mL vial with
Teflon-lined cap. The vial was then placed in a 120 °C oven for 24 h. After cooling to ambient
temperature, the particles were collected by centrifugation (fixed-angle rotor, 6000 rpm, 5 min),

followed by washing with 3x10 mL DMF and 3x10 mL MeOH. The particles were then soaked
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in MeOH for 3 d with solvent changed daily, before being dried under vacuum at room

temperature.

Ui0-66-1. Zirconium(IV) chloride (61 mg, 0.26 mmol) and 2-iodoterephthalic acid (76 mg, 0.26
mmol) were dissolved in 15 mL DMF with 0.45 mL glacial acetic acid in a 20 mL vial with Teflon-
lined cap. The vial was then placed in a 120 °C oven for 24 h. After cooling to ambient
temperature, the particles were collected by centrifugation (fixed-angle rotor, 6000 rpm, 5 min),
followed by washing with 3x10 mL DMF and 3x10 mL MeOH. The particles were then soaked
in MeOH for 3 d with solvent changed daily, before being dried under vacuum at room
temperature.

Ui0-66-Is0%. Zirconium (IV) chloride (61 mg, 0.26 mmol), 2-iodoterephthalic acid (38 mg, 0.13
mmol) and terephthalic acid (22 mg, 0.13 mmol) were dissolved in 15 mL DMF with 0.45 mL
glacial acetic acid in a 20 mL vial with Teflon-lined cap. The vial was then placed in a 120 °C
oven for 24 h. After cooling to ambient temperature, the particles were collected by centrifugation
(fixed-angle rotor, 6000 rpm, 5 min), followed by washing with 3x10 mL DMF and 3x10 mL
MeOH. The particles were then soaked in MeOH for 3 d with solvent changed daily, before being

dried under vacuum at room temperature.

Characterization Methods

Nuclear Magnetic Resonance (NMR). NMR experiments were carried out on a JOEL ECA 500
MHz spectrometer equipped with a Jeol 2 'Hprobe. Chemical shifts are quoted in parts per million

(ppm) referenced to the appropriate solvent peak or 0 ppm for TMS. MOFs were digested for

NMR analysis by immersion of ~8-10 mg MOF in 580 uL DMSO-ds with 20 uL HF (48% in
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water). Samples were kept in this acidic solution at room temperature until the MOF was fully

dissolved.

Powder X-ray Diffraction (PXRD). PXRD data was collected at room temperature on a Bruker
D8 Advance diffractometer running at 40 kV, 40 mA for Cu Ko (A= 1.5418 A), with a scan speed

of 0.5 sec/step, a step size of 0.01° in 20, and a 20 range of 3-50° at room temperature.

Scanning Electron Microscopy (SEM). MOFs were placed on conductive carbon tape on a
sample holder and coated using an Ir-sputter coating for 7 sec. A Zeiss Sigma 500 ESEM
microscope was used for acquiring images using a 2-3 kV energy source under vacuum at a

working distance of 5 mm.

Thermogravimetric analysis (TGA). ~10 mg of sample were placed in a 100 pL aluminum
crucible. Samples were analyzed on a Mettler Toledo Star TGA/DSC using a temperature range
0f 30-600 °C scanning at 5 °C/min synthetic air (75 cm?/min air flow rate) for sample degradation

measurements and a heat-cool-heat procedure at 10 °C/min for melting point determination.

N2 Gas Sorption Analysis: Samples for analysis were evacuated in a vacuum oven overnight at
room temperature prior to analysis. ~50 mg of sample were then transferred to pre-weighed sample
tubes and degassed at 105° C on a Micromeritics ASAP 2020 Adsorption Analyzer for a minimum
of 12 h or until the outgas rate was <5 mmHG. After degassing, the sample tubes were re-weighed

to obtain a consistent mass for the samples. Sorption data and BET surface area (m?/g)
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measurements were collected at 77 K with N2 on a Micromeritics ASAP 2020 Adsorption

Analyzer using volumetric technique.

Catalysis Experiments. DMNP hydrolysis was measured using a modified version of a
previously reported procedure.® All catalytic monitoring was carried out using a BioTek Synergy
H4 plate reader using single wavelength absorbance mode. 20 and 40 mM of N-ethylmorpholine
buffer was prepared from deionized water adjusted to pH = 8.0. A plot of absorbance of p-
nitrophenol at varying concentrations was measured yielding a calibration curve with a slope of
3.48 Abs/mM.® MOF samples were prepared by weighing 6 mg of MOF powder and diluting this
powder in 10 mL of deionized water. These solutions were rigorously sonicated and vortexed
(>3x of each) and diluted in half with 40 mM buffer solution yielding 300 ug/mL MOF in 20 mM
buffer solution. DMNP hydrolysis assays with MOF powders were carried out in Olympus Plastics
clear, flat-bottom 96-well plates. Each well was prepared with 100 pL total volume containing:
95 uL MOF suspension in buffer and 5 pL substrate (25 mM DMNP in MeOH; 1.25 mM total
concentration; 0.125 pmol). Upon the addition of substrate using a multi-channel pipette,
hydrolysis was monitored by the change in absorbance (Amax =407 nm) over 15 min at 24 °C with
3 sec shaking of the plate every 10 sec. The absorbance was monitored from the 30 to 360 sec
time period, instead of the previously reported 600 to 3000 sec time period.® This adjustment was
made because raw data of our most active sample, UiO-66-1, displays a drastic difference in slope
after ~500 sec in the absorbance vs. time curve (Figure 3S.73). When the data is analyzed in the
30 to 360 sec regions, the slope of the line is consistent throughout. As such, in an attempt to
obtain a more accurate value of the rate of catalysis, data from 30 sec to 360 sec was used to

calculate the hydrolysis of DMNP (Figure 3S.73) for all samples. Activity was measured as initial
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linear rate, measured from 30 to 360 sec using Excel software. Reported activities for MOF
samples are an average of seven replicates. Hydrolysis rates were adjusted to account for the
increased mass of the halogenated species such that a direct comparison could be made across all
materials in this study (Figure 3S.74). Rates were calculated to account for the substantial
difference in moles of MOF catalyst between samples (due to the increased mass of the
halogenated MOFs) such that a direct comparison could be made across all materials in this study.
For example, a single SBU of Ui0-66 has a molecular mass of 1628 g/mol, whereas a single SBU
of UiO-66-I has a molecular mass of 2383 g/mol. The difference in number of moles per sample

well was account for as shown in Table 3S.2.

Computational Details

Periodic Calculations. PBE?? density functional calculations with damped D3 dispersion
correction®® as implemented in CP2K version 5.1?* were performed to fully relax both atomic
positions and cell parameters of the pristine (6 bdc?, 12 carboxylates, 456 atoms) and mono-
defective (5 bdc?, 10 carboxylates, 450 atoms) UiO-66 MOFs (Figure 3S.75). For the latter, the
two open Zr'V metal-sites resulted after one bdc? removal were saturated and charge balanced by
adding one water and one hydroxyl group.?

The double-zeta valence with polarization DZVP-MOLOPT basis sets and core electron
pseudopotentials according to the Geodecker—Teter—Hutter formulation?® were used. The plane-
wave cutoff of the finest grid and REL CUTOFF were set to 360 RY and 60 RY. MAX FORCE
(hartree/bohr), RMS FORCE, MAX DR (bohr), and RMS DR were set to 0.0030, 0.0050,
0.0020, and 0.0050, respectively. Vibrational frequency calculations were performed numerically

at the I' point on a fragment comprised of the metal-oxide node (without the linkers) to assure
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presence of a local minimum on the potential energy surface.

Cluster Calculations. Cluster models were cut from the optimized periodic conventional unit cell
of the mono-defective UiO-66. To obtain these cluster models, the organic linkers around the
metal—oxide node were truncated to four benzoate linkers on top face, which are toward DMNP,
with the 8 remaining linkers truncated to formate (Figure 3S.76, Cartesian coordinates of all
optimized structures are included as part of the appendix).

The carbon atoms of all the carboxylate linkers were fixed to keep the rigidity of the MOF.
The meta-GGA local M06-L?° density functional was used for all geometry optimizations in gas
phase using the Def2-SVP?7 basis set and the ECP28MDF effective core potential?® for I and Zr'V.
All basis sets were obtained from the basis set exchange database (https://bse.pnl.gov/bse/portal).
The grid used for numerical integration in DFT was set to “ultrafine,” i.e., a pruned grid of 99
radial shells and 590 angular points per shell. The natures of all stationary points were determined
by calculation of analytic vibrational frequencies, which were also used to compute molecular
partition functions (298 K, 1 atm) using the conventional particle-in-a-box, rigid-rotator, quantum
mechanical harmonic oscillator approximation,? except that all vibrational frequencies below 50
cm ! were replaced with values of 50 cm™! (the quasi-harmonic-oscillator approximation.?® Zero-
point vibrational energies and thermal contributions to enthalpy were determined from these
partition functions. For transition-state structures, the presence of a single imaginary frequency
corresponding to the reaction path of interest was confirmed.

Electronic energies were further refined by performing single point calculations with the
MO06-2X3° meta-GGA hybrid density functional on gas phase optimized geometries with the larger

Def2-TZVP?’ basis set on all elements and ECP28MDF on I and Zr'V atoms using the SMD
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continuum solvation model®! with parameters for water (¢ = 78.355). CM5 charges were also
computed for all systems considered in this study at the MO06-2X(SMD, water)/def2-
TZVP|ECP28MDF//M06-L(gas)/Def2-SVPJECP28MDF.3?  Default convergence criteria for
geometry optimizations and single point energy calculations were used. All reported extended and
truncated cluster free energies and enthalpies are computed by combining M06-2X(SMD, water)
single point energies with thermochemical contributions obtained at the M06-L (gas phase) level.

All cluster computations for mechanistic studies were carried out with Gaussian 16.3
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Figures and Tables
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Figure 3S.1. Top: PXRD of MTV-UiO-66-A. Bottom: '"H NMR digestion of MTV-UiO-66-A.
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Figure 3S.2. Top: PXRD of MTV-UiO-66-B. Bottom: '"H NMR digestion of MTV-UiO-66-B.
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Figure 3S.3. Top: PXRD of MTV-UiO-66-C. Bottom: 'H NMR digestion of MTV-UiO-66-C.
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Figure 3S.4. Top: PXRD of MTV-UiO-66-D. Bottom: 'H NMR digestion of MTV-UiO-66-D.
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Figure 3S.5. Top: PXRD of MTV-UiO-66-E. Bottom: 'H NMR digestion of MTV-UiO-66-E.
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Figure 3S.6. Top: PXRD of MTV-UiO-66-AB. Bottom: 'H NMR digestion of MTV-UiO-66-
AB.
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Figure 3S.7. Top: PXRD and SEM of MTV-UiO-66-AC. Bottom: 'HNMR digestion of MTV-
UiO-66-AC.
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Figure 3S.8. Top: PXRD of MTV-Ui0-66-AD. Bottom: 'H NMR digestion of MTV-UiO-66-
AD.
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Figure 3S.9. Top: PXRD of MTV-UiO-66-AE. Bottom: 'H NMR digestion of MTV-UiO-66-
AE.
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Figure 3S.10. Top: PXRD of MTV-UiO-66-BC. Bottom: 'H NMR digestion of MTV-UiO-66-
BC.
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Figure 3S.11. Top: PXRD of MTV-UiO-66-BD. Bottom: 'H NMR digestion of MTV-UiO-66-
BD.
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Figure 3S.12. Top: PXRD of MTV-UiO-66-BE. Bottom: 'H NMR digestion of MTV-UiO-66-
BE.
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Figure 3S.13. Top: PXRD of MTV-UiO-66-CD. Bottom: 'H NMR digestion of MTV-UiO-66-
CD.
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Figure 3S.15. Top: PXRD of MTV-UiO-66-DE. Bottom: 'H NMR digestion of MTV-UiO-66-
DE.
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Figure 3S.16. Top: PXRD of MTV-UiO-66-ABC. Bottom: 'H NMR digestion of MTV-UiO-
66-ABC.
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Figure 3S.17. Top: PXRD of MTV-UiO-66-ABD. Bottom: 'H NMR digestion of MTV-UiO-
66-ABD.
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Figure 3S.18. Top: PXRD of MTV-UiO-66-ABE. Bottom: 'H NMR digestion of MTV-UiO-
66-ABE.
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Figure 3S.19. Top: PXRD of MTV-UiO-66-ACD. Bottom: 'H NMR digestion of MTV-UiO-
66-ACD.
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Figure 3S.20. Top: PXRD of MTV-UiO-66-ACE. Bottom: 'H NMR digestion of MTV-UiO-

66-ACE.
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Figure 3S.21. Top: PXRD of MTV-UiO-66-ADE. Bottom: 'H NMR digestion of MTV-UiO-
66-ADE.
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Figure 3S.22. Top: PXRD of MTV-UiO-66-BCD. Bottom: 'H NMR digestion of MTV-UiO-
66-BCD.
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Figure 3S.23. Top: PXRD of MTV-UiO-66-BCE. Bottom:
66-BCE.
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Figure 3S.24. Top: PXRD of MTV-UiO-66-BDE. Bottom: 'H NMR digestion of MTV-UiO-

66-BDE.
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Figure 3S.25. Top: PXRD of MTV-UiO-66-CDE. Bottom: 'H NMR digestion of MTV-UiO-

66-CDE.
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Figure 3S.26. Top: PXRD of MTV-UiO-66-ABCD. Bottom: 'H NMR digestion of MTV-UiO-
66-ABCD.
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Figure 3S.27. Top: PXRD of MTV-UiO-66-ABCE. Bottom: 'H NMR digestion of MTV-UiO-
66-ABCE.
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Figure 3S.28. Top: PXRD of MTV-UiO-66-ABDE. Bottom: 'H NMR digestion of MTV-UiO-
66-ABDE.
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Figure 3S.29. Top: PXRD of MTV-UiO-66-ACDE. Bottom: 'H NMR digestion of MTV-UiO-
66-ACDE.
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Figure 3S.30. Top: PXRD of MTV-UiO-66-BCDE. Bottom: 'H NMR digestion of MTV-UiO-
66-BCDE.
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Figure 3S.31. Top: PXRD of MTV-UiO-66-ABCDE. Bottom: 'H NMR digestion of MTV-UiO-
66-ABCDE.
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Table 3S.1. Ratio of MOF ligands determined by 'H NMR and their respective stoichiometry in
parentheses. The ratios are normalized to a value of one.

MTV-UiO- | (A) (B) (C) (D) (E)
66 MOF BDC NHI-BDC | OH-BDC | NO»-BDC | Br-BDC
A 1.00 (1) N/A N/A N/A N/A
B N/A 1.00 (1) N/A N/A N/A
C N/A N/A 1.00 (1) N/A N/A
D N/A N/A N/A 1.00 (1) N/A
E N/A N/A N/A N/A 1.00 (1)
AB 0.45 (1) 0.55 (1) N/A N/A N/A
AC 0.50 (1) N/A 0.50 (1) N/A N/A
AD 0.58 (1) N/A N/A 0.42 (1) N/A
AE 0.49 (1) N/A N/A N/A 0.51 (1)
BC N/A 0.44 (1) 0.56 (1) N/A N/A
BD N/A 0.49 (1) N/A 0.51 (1) N/A
BE N/A 0.4 (1) N/A N/A 0.56 (1)
CD N/A N/A 0.50 (1) 0.50 (1) N/A
CE N/A N/A 0.51 (1) N/A 0.49 (1)
DE N/A N/A N/A 0.48 (1) 0.52 (1)
ABC 0.36 (1) 0.30 (1) 0.34 (1) N/A N/A
ABD 0.38 (1) 0.28 (1) N/A 0.34 (1) N/A
ABE 0.40 (1) 0.23 (1) N/A N/A 0.37 (1)
ACD 0.36 (1) N/A 0.33 (1) 0.31 (1) N/A
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ACE 0.34 (1) N/A 0.34 (1) N/A 0.32 (1)
ADE 0.37 (1) N/A N/A 0.29 (1) 0.34 (1)
BCD N/A 0.30 (1) 0.37 (1) 0.33 (1) N/A
BCE N/A 0.26 (1) 0.32 (1) N/A 0.42 (1)
BDE N/A 0.18 (1) N/A 0.32 (1) 0.50 (1)
CDE N/A N/A 0.28 (1) 0.31 (1) 0.41 (1)
ABCD 0.30 (1) 0.18 (1) 0.27 (1) 0.25 (1) N/A
ABCE 0.26 (1) 0.22 (1) 0.18 (1) N/A 0.34 (1)
ABDE 0.30 (1) 0.22 (1) N/A 0.20 (1) 0.28 (1)
ACDE 0.23 (1) N/A 0.21 (1) 0.26 (1) 0.30 (1)
BCDE N/A 0.21 (1) 0.27 (1) 0.25 (1) 0.27 (1)
ABCDE 0.22 (1) 0.15 (1) 0.19 (1) 0.16 (1) 0.28 (1)
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Figure 3S.33. N:sorption isotherm for MTV-UiO-66-B.
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Figure 3S.34. N:sorption isotherm for MTV-UiO-66-C.
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Figure 3S.35. N2 sorption isotherm for MTV-Ui0-66-D.
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Figure 3S.36. N2 sorption isotherm for MTV-UiO-66-E.
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Figure 3S.37. N2 sorption isotherm for MTV-UiO-66-AB.
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Figure 3S.38. N2 sorption isotherm for MTV-Ui0O-66-BD.
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Figure 3S.39. N2 sorption isotherm for MTV-Ui10-66-BE.
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Figure 3S.40. N:sorption isotherm for MTV-UiO-66-ABE.
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Figure 3S.41. N2 sorption isotherm for MTV-UiO-66-ABCD.
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Figure 3S.42. N2 sorption isotherm for MTV-U10-66-BCDE.
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Figure 3S.44. TGA trace for MTV-UiO-66-BE.
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Figure 3S.45. TGA trace for MTV-UiO-66-DE.
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Figure 3S.46. TGA trace for MTV-UiO-66-ABC.
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Figure 3S.47. TGA trace for MTV-UiO-66-BDE.
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Figure 3S.48. TGA trace for MTV-UiO-66-BCDE.
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Table 3S.2. Corrected hydrolysis calculation to account for increased mass of halogenated

materials.
MOF Molar Mass Mole ratio to Expermental Molar Mass
of MOF UiO-66 Hydrolysis Corrected
(g/mol) Standard Rate? (k, Hydrolysis
mM/sec) Rate (k,
mM/sec)
NU-1000 1624 1.00 133 133
Ui0-66 1628 1.00 161 161
Ui0-66-F 1736 0.94 213 226
Ui0-66-Cl 1835 0.89 172 194
UiO-66-Br 2101 0.77 134 173
Ui0-66-Is0%. | 2016 0.81 337 417
Ui0-66-1 2383 0.68 413 605

26 mg of MOF used in each experiment.
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Table 3S.3. Computed M06-L key bond distances of different DMNP bonded (transition states
for water addition in parenthesis) UiO-66 MOFs as well as M062X(SMD) CMS5 charges (see

Figure 3S.9 for structures and atom labelling).

ortho-UiO- alter-UiO- meta-UiO- Ui0-66-H
66-1 66-1 66-1
I-O(Me) 3.405 (3.267) 3.398 (3.277) | 5.829 (5.767) -
I-O(P) 3.882 (3.651) 3.887 (3.713) | 6.615 (6.702) -
-0.004 (- -
Q 1odine 0.028 (0.013) 0.029 (0.025)
0.004)
-0.250 (- -0.249 (- -0.234 (- -0.235 (-
Q oMe)
0.274) 0.274) 0.272) 0.277)
-0.380 (- -0.381 (- -0.386 (- -0.390 (-
Q o)
0.424) 0.422) 0.425) 0.431)
O OH ab
b%': c
I JLL
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Figure 3S.50.
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Figure 3S.54. '"H NMR analysis of digested UiO-66-F.
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Figure 3S.61. SEM images of UiO-66-Cl.
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Figure 3S.63. SEM images of UiO-66-1.

Figure 3S.64. SEM images of mixed ligand UiO-66-I50%.
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Figure 3S.65. PXRD of mixed ligand UiO-66-Is0%.
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Figure 3S.68. TGA trace for UiO-66-F.
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Figure 3S.70. TGA trace for UiO-66-Br.
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Figure 3S.75. PBE-D3/DZVP-MOLOPT optimized crystal structure of the mono-defective UiO-
66 (i.e. with 11 bdc? linkers). Generated empty pore after the bdc? linker removal is highlighted.

Top view

Figure 3S.76. Top view and side view of the M06-L(gas)/Def2-SVP|ECP28MDF optimized
mono-defective ortho (left), meta (middle) and alternated ortho and meta (right) iodine
functionalized UiO-66 MOFs.
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Chapter 4: Spray Coating of Catalytically Active MOF-Polythiourea through

Postsynthetic Polymerization
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4.1 Introduction

As outlined in Chapter 2, the synthesis of nylon-MOFs through PSP has proven to be an
effective method for the synthesis of catalytically active MOF-polymer hybrid materials.! These
materials displayed activity for the degradation of the CWA simulant DMNP; however, the MOF
used in this synthesis (UiO-66-NHz) was one of the weakest performing MOFs for DMNP
degradation at pH = 8 compared to the library of MOFs analyzed in Chapter 3. In Chapter 3, after
screening a larger library of MOFs the presence of highly polarizable halogen atoms (iodine) was
determined to increase catalytic activity through a halogen bonding effect as determined by DFT
calculations. As such, in this chapter, a MOF that contains a highly polarizable, negatively
charged, polyatomic analogue of halogens, also known as pseudohalogens (cyanide, cyanate,
thiocyanate, azide, etc), was explored. The incorporation of these molecules could potentially
increase the activity of the MOF against CWAs due to the polarizability across several atoms.
These polyatomic pseudohalogen groups could also potentially serve as reactive groups for PSP
of the MOF particles into a functional composite material similar to that displayed in Chapter 2.

In Chapter 4, the synthesis of UiO-66-isothiocyanate (UiO-66-NCS) via PSM of UiO-66-
NH: (Figure 4.1) is outlined.> The MOF was characterized and screened for the degradation of
the CWA simulant DMNP, and was shown to display ~20-fold higher activity than UiO-66-NH2
precursor at pH = 8, making UiO-66-NCS among the most active MOFs reported under these
conditions. Additionally, the UiO-66-NCS MOF could be incorporated into a composite material
via PSP through the formation of a thiourea bond (UiO-66-NCS-PTU, PTU = polythiourea).* °
The MOF-polymer hybrid material could be spray coated onto Nyco (nylon and cotton blend)
fibers. Control materials were synthesized by physically mixing the canonical UiO-66 and the

PTU (UiO-66-PTU spray coating) polymer to determine the effects of the covalent linkages
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between the MOF a polymer in terms of CWA degradation and robustness. Nyco fibers coated
with the covalent UiO-66-NCS-PTU material display much better compatibility between the two

materials whereas phase separation is evident in the physical UiO-66-PTU spray coating.

S

BN

NH, THF NCS
55°C,18h
UiO-66-NH, UiO-66-NCS

Cl Cl

Figure 4.1. Synthetic scheme for the preparation of UiO-66-NCS via PSM.

4.2 Synthesis and Characterization of MOFs

UiO-66-NCS was synthesized using PSM, where UiO-66-NH: was treated with
thiophosgene in tetrahydrofuran (THF) at 55 °C for 18 h (Figure 4.1, see appendix for complete
procedure).> This procedure resulted in 100% conversion of -NH2 functional groups to -NCS
functional groups. Five other MOFs with varying -NH2 to -NCS functional group content
(25/75%, 50/50%, 75/25%, etc.) were synthesized to further probe the effects of the -NCS
functional groups (see appendix for synthesis details). MOFs were characterized via PXRD to
confirm retention of crystallinity (Figure 4S.1-4S.7). MOFs were digested in dilute acid and
subsequently analyzed by 'H NMR to confirm the presence of the -NCS functional group (Figure
4S.1-4S.7). 'H NMR was then used to quantify the amount of -NH2 functional groups compared
to -NCS functional groups in the MOF linkers (Table 4S.1). Attenuated total reflectance Fourier

transform infrared spectroscopy (ATR-FTIR) was also used to detect the formation of the UiO-
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66-NCS MOF at the characteristic NCS vibrational frequency of ~2133 cm™! (Figure 4.2).> The
results showed an increase in the intensity of the stretch at ~2133 c¢cm™! as the amount of -NCS
functional groups increased. Moreover, the materials via SEM were analyzed to determine if there
are differences in the MOF particle size or if any chemical etching had occurred as a result of the
PSM reaction conditions. As outlined in Chapter 3, MOF particle size can be a significant factor
in governing the reactivity of MOFs toward the degradation of CWAs. The SEM images indicate
nearly no difference in the MOF particle size as a result of the PSM and no etching was observed
(Figure 4.3). The surface area of each of the MOFs was also analyzed using N2 gas sorption
measurements. As discussed in Chapter 3, literature evidence that surface area is another factor
that can influence the catalytic activity of MOFs against CWAs. Gas sorption measurements
showed that there was a decrease in the surface area as there is an increase in the content of -NCS
functional groups compared to -NHz. This loss in surface area has been attributed to the larger

pore occupancy by the -NCS functional groups compared to -NHz (Table 4.1).
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Table 4.1. BET Surface area of -NCS functionalized MOFs

MOF BET Surface Area
(m?/g)
UiO-66-NH2 1383

Ui0-66-NCSi5% 1232

Ui10-66-NCS25% 1081

Ui0-66-NCSs0% 866

U10-66-NCS75% 1001

Ui0-66-NCSss% 1002

UiO-66-NCS 865
R -~ G AN . \
i P \ TN (A JZ\I
|
l‘ ‘ ‘
2133cmt || : li |
' |
i |
UiO-66-NH, 1

UiO-66-NCS (15%) ,'

UiO-66-NCS (25%)

UiO-66-NCS (55%) |

UiO-66-NCS (75%)
—— UiO-66-NCS (85%)
—— Ui0-66-NCS

I ' 1 Y I b 1 L 1 hd I 2 1 v 1 .
4000 3500 3000 2500 2000 1500 1000 500 0O
Wavenumber (cm™)

Figure 4.2. ATR-FTIR spectra of UiO-66-NCS MOFs highlighting the increasing intensity of the
NCS stretch at ~2133 ¢cm™! with increasing PSM.

161



Ui0-66-NCS 0,

UiO-66-NCS,s5, UiO-66-NCSsq0,
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Figure 4.3. SEM images of UiO-66-NH: and all UiO-66-NCS MOFs.
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DMNP Degradation. All MOFs were screened for the degradation of DMNP at pH = 8
using a previously validated HTS methodology outlined in Chapter 1.% It was found that 100%
converted UiO-66-NCS degrades DMNP at a rate of ~20-fold faster than UiO-66-NH2 (Figure
4.4). Other MOFs containing varying ratios of -NHz and -NCS functional groups (i.e., 15%, 25%,
50%, 75%, and 85% -NCS). The results show an increase in catalytic activity as a function of
increasing -NCS present in the MOF with fully converted UiO-66-NCS (100% -NCS) being the
best performing MOF (Figure 4.4). Of the >110 MOFs assayed by this HTS method in our
laboratory, UiO-66-NCS displays the highest catalytic activity for DMNP hydrolysis.!>%7 The
origin of this increased effect may be the result of the proximity of the polarizable -NCS
pseudohalogen moiety to the SBUs, which was previously shown in Chapter 3.2 This hypothesis
is consistent with an increase in the rate of hydrolysis as the number of polarizable -NCS functional
groups in increased in the material (Figure 4.4). When UiO-66-NCS was combined with
hexylamine to produce a MOF with a thiourea substituent (Figure 4.5). The hexylamine modified
MOF (UiO-66-NCS-hexylamine) displays about 10-fold slower activity when compared to UiO-

66-NCS.
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Figure 4.4. Top: DMNP degradation reaction. Botfom: Degradation of DMNP by UiO-66 MOFs
with varying amounts of -NH2 and -NCS functional groups as measured by UV -visible adsorption

(407 nm) at pH = 8.
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Figure 4.5. a) Scheme for the synthesis of UiO-66-NCS-hexylamine. b) PXRD and c¢) IR of UiO-
66-NCS and UiO-66-NCS-hexylamine. d) Degradation of DMNP by UiO-66-NHz, UiO-66-NCS,
and UiO-66-NCS-hexylamine as measured by UV-visible adsorption (407nm) at pH = 8.
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4.3 Synthesis and Characterization of MOF-PTU Composites

As described in the introduction of this chapter, the possibility of using the reactive
pseudohalogen NCS handles as a point for PSP was explored. The NCS functional groups are
known to readily react with amines to form thiourea linkages. As such, amine terminated polymers
were used to synthesize MOF-polythiouea composites. To synthesize the composite, UiO-66-NCS
was dispersed in CH2Cl2 and an excess of branched amine terminated polypropylene (Jeffamine
T3000, Figure 4.6) was added to the mixture to promote formation of thiourea bonds. The reaction
was allowed to proceed for ~10 minutes at RT. Subsequently, 1,4-phenylene diisothiocyanate was
added to the mixture to form extended polymer chains from the MOF surface, resulting in linking
of discrete MOF particles (Figure 4.6). The solution was then vortexed and cast out into a glass
petri dish. The solvent was allowed to evaporate, and the resulting MOF-PTU composite was
delaminated from the dish after swelling the polymer with ethanol (see appendix for details). The
resulting composite polymer membrane film contains very well dispersed MOF particles and is
flexible. MOF loading for the composites was varied with the highest achieved loading being

about 13 wt% MOF as determined by TGA (Table 4S.2, Figure 4S.8-S.13).
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Figure 4.6. Scheme displaying the synthesis of MOF-PTU composite material. An amine
terminated polypropylene polymer (Jeffamine T3000) is combined with UiO-66-NCS forming a
thiourea linkage. Addition of 1,4-phenylene diisocyanate acts to further extended the thiourea
polymers and crosslink MOF particles together resulting in a MOF-PTU membrane.

The same synthetic procedure was followed for the synthesis of PTU membranes using
Ui0-66 and UiO-66-NHz. Using the exact procedure as outlined above, UiO-66-NH2 MOF was

suspended in CH2Clz and Jeffamine T3000 was subsequently added to the mixture. Upon addition
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of 1,4-phenylene diisothiocyanate and evaporation of the solvent in a petri dish, the composite
material failed to form resulting in a non-solid substance (Figure 4.7). This suggests the amine
terminated polymer and UiO-66-NH: reacted with 1,4-phenylene diisothiocyanate molecule in a
competitive fashion resulting in no composite material. The same procedure was followed with
UiO-66, where a solid composite material was formed upon addition of the 1,4-phenylene
diisothiocyante molecule (Figure 4.6). The UiO-66-PTU composite displays a distinct phase
separation between the MOF and polymer components (Figure 4.7 and Figure 4.8). PXRD of the
top and bottom side of the composite materials clearly indicate UiO-66 settles to the bottom of the
petri dish (Figure 4S.14-4S.16). Furthermore, SEM and EDX images of the MOF-PTU composite
cross sections clearly show phase separation of the MOF and polymer materials (Figure 4.8, Figure
4S.17). BET surface area measurements of the UiO-66-NCS-PTU and UiO-66-PTU composite
materials display almost no porosity (data not shown). This suggests that the crosslinked polymer
network is potentially blocking access to the MOF pores. By contrast, the UiO-66-NCS-PTU
composite displays more uniform incorporation of MOF throughout as evidenced by PXRD, SEM,
and EDX (Figure 4.7, Figure 4S.17-4S.21). This suggests the chemically reactive -NCS functional
groups form covalent linkages with the polymer that are crucial for the formation of a uniform
composite material. To further asses the applicability of these hybrid materials, a facile spray

coating technique onto Nyco fibers was developed.
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d) e) f)

Figure 4.7. Photographic images of MOF-PTU composites. a) pure PTU composite b) top side
of ~13% UiO-66-PTU composite c¢) bottom side of ~13% UiO-66-PTU composite d) UiO-66-
NH2-PTU attempted synthesis e) top side of ~13% UiO-66-NCS-PTU composite f) bottom side of
~13% UiO-66-NCS-PTU composite.
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UiO-66-PTU ZrL o e 12

Figure 4.8. Top: Images of UiO-66-PTU membranes viewed from top (left) and bottom (right)
faces. SEM and EDX images of the UiO-66-PTU cross section highlighting the phase separation
of MOF and polymer components. Bottom: Images of UiO-66-NCS-PTU composite materials
viewed from top and bottom, left and right, respectively. SEM and EDX images of the cross
section highlighting well dispersed MOF as evidenced by the presence of Zr throughout the
membrane.

While polyurea polymers are not commonly used textiles, they are utilized as commercial
spray coating products. To test the spray coating ability of MOF-PTU materials, the composites
were applied to common warfighter textiles known as Nyco (nylon and cotton blended fibers).
Similar to the preparation of the MOF-PTU composite material, MOF was suspended in CH2Clz
and Jeffamine T3000 was added to the solution, coupling the polymer to the MOF. Next, 1,4-
phenylene diisothiocyanate was added to the mixture and the mixture was quickly loaded into a
Preval Sprayer (see appendix for more details). The MOF-PTU solution was promptly sprayed
onto a swatch of Nyco fibers which were subsequently dried under ambient conditions.

UiO-66-NCS-PTU spray coating onto Nyco fibers resulted in good adhesion to the fibers,

with the Nyco material nearly indistinguishable from uncoated fibers (Figure 4.9). To determine
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the mass loading of the composite, TGA analysis was performed on the spray coated Nyco fibers,
which gave a MOF loading of 8.310.7 wt% (Table 4S.4). PXRD on the fibers display high
intensity peaks indicating the presence of highly crystalline MOF (Figure 4S.22). To determine
the extent of MOF adhesion to the Nyco fibers, a tape test was conducted (see appendix for
details), where two-sided tape was used to examine if particles could be easily removed from the
Nyco surface.® The tape test of UiO-66-NCS-PTU Nyco fibers indicated there was no MOF
removed from the Nyco surface (Figure 4S.23). Coated Nyco fibers were also scratched with a
laboratory spatula and no MOF was observed falling from the swatch. SEM images of the fibers
after spray coating with U10-66-NCS-PTU display a consistent layer of a MOF-polymer coating
onto the fibers with little to no MOF aggregation (Figure 4S.24). The SEM images clearly indicate
the presence of MOF embedded in polymer on the Nyco surface (Figure 4.8, Figure 4S.24).
Several control experiments were conducted to further analyze the significance of the
MOF-polymer covalent linkage as well as the presence of polymer in the spray coating. First, pure
PTU (a combination of phenyl diisothiocyanate and Jeffamine T3000) was spray coated on Nyco
fibers and the SEM images and PXRD results indicate a cohesive polymer layer on the fibers
(Figure 4S.25). Further, crystalline UiO-66-NCS suspending in CH2Cl2 was also sprayed on the
fibers and the powdery material is shown to easily fall off the fibers after drying (Figure 4S.26).
The tape test was conducted for pure MOF spray coated materials and the results clearly indicate
abundant MOF removal from the Nyco surface (Figure 4S.27). Experiments were also performed
with a physical mixture control consisting of the canonical UiO-66 and the PTU polymer sprayed
onto Nyco fibers. PXRD indicates the presence of MOF on the surface of the fibers (Figure 4S.28).
TGA analysis was performed on the Nyco fibers and the results indicate a MOF loading 0of 9.1£1.3

wt%, nearly identical to that of the UiO-66-NCS-PTU sprayed fibers (Table S4). Optical images
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of the fibers after spray coating indicate a clear phase separation between the MOF, polymer and
Nyco fibers (Figure 4.9). SEM images of the UiO-66-PTU Nyco coating display clear aggregation
of the MOF particles and phase separation between the MOF particles and the polymer on the
Nyco Fibers (Figure 4.9 and Figure 4S.29). Further, the tape test was performed on the UiO-66-
PTU spray coated material the results indicate that MOF is removed from the Nyco surface as
evidenced by optical images and PXRD (Figure 4S.30). Similar to the MOF-PTU composites,
BET measurements of all the spray coated MOF-PTU on Nyco fibers show almost no porosity,

which may result from partial pore blockage by the crosslinked polymer network.

Figure 4.9. Top: Optical images of swatches of Nyco fibers (left to right): pure Nyco, PTU on
Nyco, UiO-66-PTU on Nyco, and UiO-66-NCS-PTU on Nyco. Bottom: Corresponding SEM
images of Nyco fibers. Scale bars are 500 pum.

Spray coated Nyco fibers and MOF-PTU composites were screened for the degradation of
DMNP using a previously reported method (Figure 4.10 and Figure S31).! UiO-66-NCS-PTU

fibers displayed similar activity to that of the UiO-66-PTU fibers (Figure 4.10). Pure Nyco and
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PTU spray coated Nyco fibers displayed no catalytic activity. The catalytical activity of the as-
synthesized MOF powders (Figure 4.4) displayed a 10-fold increase in activity for UiO-66-NCS
compared to UiO-66. However, when coated on Nyco, the activity of UiO-66-NCS-PTU and UiO-
66-PTU are approximately equal. The reduction in activity between the MOF-PTU hybrids when
compared to the polycrystalline MOF may be the result of the crosslinked polymer limiting access
to some of the active sites within the MOF pores. Further, the conversion of the -NCS functional
group to a thiourea linkage as a function of the Jeffamine T3000 could also result in reduced CWA
activity.

To test the durability of these fibers, Nyco UiO-66-NCS-PTU and UiO-66-PTU fibers were
subjected to a wash test where Nyco swatches were stirred in a beaker containing water and soap
for 3 h (see appendix for details). This test was performed as a proof-of -concept to mimic laundry
conditions that these fibers would be exposed to if incorporated into fielded uniforms. PXRD of
the UiO-66-NCS-PTU and UiO-66-PTU spray coated fibers show MOF is still present after the
laundry test. SEM images of the UiO-66-NCS-PTU spray coated fibers display no difference in
the fibers before and after the laundry test (Figure 4S.32). SEM images of the UiO-66-PTU spray
coated fibers display a significant loss of large MOF aggregates on the surface of the Nyco fibers
compared to the prewashed swatches; however, some MOF aggregates are still observed (Figure
4S.33). The fibers were then screened for their DMNP activity after the wash test. The Nyco UiO-
66-PTU fibers displayed a substantial decrease in activity whereas the UiO-66-NCS-PTU fibers
showed no decrease in catalytic activity. This result indicates that when these fibers are subjected
to physical agitation the non-covalent composite materials are less durable when compared to the

covalent U10-66-NCS-PTU material.
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While MOF powders have been extensively screened for the degradation of DMNP,
significantly fewer reports have screened MOF-polymer hybrid materials. As outlined in Chapter
1, Existing reports are mainly from the work of Parsons and co-workers using MOF-polymer
composites synthesized by ALD for the degradation of the DMNP simulant and CWAs.% '° While
these materials have shown promise in rapid degradation of both simulants and agents, the ALD
methodology is time consuming and expensive. Moreover, the ALD materials lack covalent
attachment to the polymer backbone making them potentially susceptible to physical agitation.
Recently, Farha and coworkers also reported a method for coating textiles with Zr-based MOFs.!!
These materials displayed good activity for the degradation of nerve agents; however, tests for the
physical durability, such as a laundry simulation test, of these MOF-textile composites were not
described. The method described here is a facile route to synthesizing highly functional MOF-

polymer textiles that can endure physical agitation and maintain catalytic activity.
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Figure 4.10. Top: DMNP hydrolysis rates by Nyco spray coated fibers before and after conducting
the laundry wash simulation. Data shown is an average of three different swatches run in triplicate.
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4.4 Conclusions

Herein, PSP has been shown to be an effective way of applying a catalytically active MOF-
polymer spray coating onto textile fibers. Ui0-66-NH2 was first subjected to PSM yielding UiO-
66-NCS. Using the HTS conditions reported above, this MOF displayed the highest catalytic
activity to date (among 110 MOFs tested at pH = 8) for the degradation of the CWA simulant
DMNP. The -NCS reactive handles on the MOF were further utilized to covalently connect the
MOF to an amine terminated polymer. Through PSP a MOF-polymer hybrid material was
synthesized under mild conditions. The MOF-polymer hybrid material was spray coated onto
Nyco textile fibers and display good adhesion to the surface of the material compared to control
experiments. More importantly, the MOF maintains catalytic activity against DMNP while coated
on the Nyco fibers. Another notable feature of this material is the durability of the covalent MOF-
polymer hybrid, which shows enhanced physical durability when compared with other
formulations that do not result in PSP materials. This is a useful and facile way of synthesizing a
catalytically active textile fiber for protection from CWAs. This method of PSP will open the door

to tethering various amine terminated polymers to the surface of MOFs.
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4.5 Appendix: Supporting Information

Materials

All solvents and starting materials were purchased from chemical suppliers and used without

further purification (Sigma Aldrich, Alfa Aesar, EMD, and TCI).

MOF Svynthesis

Ui0-66. Zirconium(IV) chloride (61 mg, 0.26 mmol) and terephthalic acid (43 mg, 0.26 mmol)
were dissolved in 15 mL DMF with 0.45 mL glacial acetic acid in a 20 mL vial with Teflon-lined
cap. The vial was then placed in a 120 °C oven for 24 h. After cooling to ambient temperature,
the particles were collected by centrifugation (fixed-angle rotor, 6000 rpm, 5 min), followed by
washing with 3x10 mL DMF and 3x10 mL MeOH. The particles were then soaked in MeOH for
3 d with solvent changed daily, before being dried under vacuum at room temperature. The

procedure was repeated in parallel 40 times and all products were combined. (2.76g)

Ui0-66-NH:z. Zirconium(IV) chloride (61 mg, 0.26 mmol) and 2-aminoterephthalic acid (43 mg,
0.26 mmol) were dissolved in 15 mL DMF with 0.45 mL glacial acetic acid in a 20mL vial with
Teflon-lined cap. The vial was then placed in a 120 °C oven for 24 h. After cooling to ambient
temperature, the particles were collected by centrifugation (fixed-angle rotor, 6000 rpm, 5 min),
followed by washing with 3x10 mL DMF and 3x10 mL MeOH. Using a modified procedure, the
formyl groups were restored to free amine. 2 g of UiO-66-NH2 was added to 100 mL MeOH:H20
1:1 mixture with 5 mL of conc. HCl and refluxed overnight. Solid was collected by filtration and
washed with MeOH. The entire procedure was repeated in parallel 40 times and all products were

combined. (3.23g)
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Ui0-66-NCS. UiO-66-NH2 (0.37 mmol, 110 mg) was dispersed in tetrahydrofuran (10 mL) with
ultrasonication for 10 min. Thiophosgene (varying amounts, see Table S1) was then added to this
dispersion and heated to 55°C for 18 h. The particles were then washed 3x with 40 mL of CH2Cl2
and soaked in CH2Cl2 for 3 days with solvent changed daily before being dried under vacuum at

room temperature (~110 mg).

Ui0-66-NCS-hexylamine. UiO-66-NCS (0.30 mmol, 100 mg) was dispersed in CH2Cl2 (10 mL)
with ultrasonication for 10 min. Hexylamine (0.8 mL, 10 mmol) was then added to this dispersion
and stirred at RT for 4 h. The particles were then washed 3x with 40 mL of CH2Cl> and soaked in
CH2Cl2 for 3 days with solvent changed daily before being dried under vacuum at room

temperature (~100 mg).

MOF-PTU Synthesis. Varying amounts of MOF (50 mg, 100 mg, and 200 mg) were added to a
6-Dram vial. Subsequently, 5 mL of CH2Cl2 was added and the MOF was dispersed in the solution
by sonication for 15 min. Then, an excess of Jeffamine T3000 (1.0g, 0.33mmol) was added to the
mixture and the solution is sonicated for exactly 10 min. In a separate 1-Dram vial, 1,4,-phenylene
diisocyanate (100mg, 0.33mmol) is dissolved in 2mL of CH2Cl2 by sonication. The solutions are
added together, the material is quickly vortexed and casted out on a glass petri dish. The solvent
is allowed to evaporate, and the composite appears present after about 1 h. To delaminate the
composite material from the petri dish, the edges of the composite and petri dish are slightly
scratched. Subsequently, ethanol is added to the dish causing the composite to swell and rapidly

delaminate from the dish.

Spray Coating of MOF-PTU on Nyco Fibers. In a 6-Dram vial, 100 mg of MOF are dispersed
in 10 mL of CH2Clz for 20 min. To that MOF solution, 250mg (0.083 mmol) of Jeffamine T3000

are added and the mixture is then sonicated for exactly 10 min. In a separate 1-Dram vial, 25mg
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(0.16 mmol) of 1,4-phenylene diisocyanate is dissolved in 2 mL of CH2Clz by sonication. The
1,4-phenylene diisothiocyanate solution is then added to the MOF solution and the mixture is
rapidly stirred (~5 sec). The 6-Dram vial containing this mixture is then loaded into a Preval
Sprayer and sprayed onto a swatch of precut Nyco fibers (4 inch by 4 inch) until the entire vial has
been used. The fibers are then allowed to dry in ambient conditions for the next 24 h. Small pieces

of these fibers (%2 inch by ’ inch)

Are then used to perform characterization analysis of these materials unless indicated otherwise.
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Table 4S.1. MOF synthesis conditions for varying amount of NCS ligand functionalization and
amount functionalized by "H NMR digestion.

MOF Thiophosgene NCS groups by 'H NMR

Digestion

Ui0-66-NCSi5% 10 pL (0.125mmol) 16.4%

Ui0-66-NCS2s% | 20 uL (0.250mmol) 29.8%

Ui0-66-NCSs0% | 30 uL (0.375mmol) 56.2%

Ui0-66-NCS75% | 40 uL (0.500mmol) 77.6%

Ui0-66-NCSss% | 50 uL (0.625mmol) 85.5%

UiO-66-NCS 800 pL (10mmol) 100 %

Table 4S.2. MOF wt %in MOF-PTU hybrid materials as determined by TGA.

MOF MOF loading MOF wt % in composite as
determined by TGA

Ui0-66-NCS 50 mg 515£1.07 %

Ui0-66-NCS 100 mg 8.38£0.71 %

Ui0-66-NCS 200 mg 13.30 £0.75 %

Ui0-66 50 mg 5.56 £0.74 %

Ui0-66 100 mg 9.70 £1.20 %

Ui0-66 200 mg 1332 £ 1.52%
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Characterization Methods

Powder X-ray Diffraction (PXRD). PXRD data was collected at room temperature on a Bruker
D8 Advance diffractometer running at 40 kV, 40 mA for Cu Ko (A= 1.5418 A), with a scan speed

of 0.5 sec/step, a step size of 0.01° in 20, and a 20 range of 3-50° at room temperature.

Scanning Electron Microscopy (SEM). MOF and MOF-polymer hybrids were placed on
conductive carbon tape on an aluminum sample holder and coated using an iridium-sputter coating
for 8 s. A FEI Quanta FEG 250 microscope was used for acquiring images using a 3-5 kV energy

source with a spot size of 3 under high vacuum at a working distance of 10 mm.

Nuclear Magnetic Resonance. Proton nuclear magnetic resonance spectra ('H NMR) were
recorded on a JOEL ECA 500 MHz spectrometer. Chemical shifts are quoted in parts per million
(ppm) referenced to the appropriate solvent peak or 0 ppm for TMS. MOFs were digested for
NMR analysis by immersion of ~8-10 mg MOF in 580 uL DMSO-ds with 10 uL. HF (48% in
water). Samples were kept in this acidic solution at room temperature until the MOF was fully

dissolved.

N2 Gas Sorption Analysis: Samples for analysis were evacuated in a vacuum oven overnight at
room temperature prior to analysis. ~50 mg of sample was then transferred to pre-weighed sample
tubes and degassed at 105 °C on a Micromeritics ASAP 2020 Adsorption Analyzer for a minimum
of 12 h or until the outgas rate was <5 mmHG. After degassing, the sample tubes were re-weighed

to obtain a consistent mass for the samples. Sorption data and BET surface area (m?/g)
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measurements were collected at 77 K with N2 on a Micromeritics ASAP 2020 Adsorption

Analyzer using volumetric technique.

Thermogravimetric analysis (TGA). ~10 mg of sample were placed in a 100 pL aluminum
crucible. Samples were analyzed on a Mettler Toledo Star TGA/DSC using a temperature range
0f 30-600 °C scanning at 10 °C/min under an N2 atmosphere (75 cm?/min N2 flow rate) for sample
degradation measurements. Samples were heated from room temperature to 300 °C then cooled

back down to room temperature and subsequently heated to 600 °C.

Catalysis Experiments: In this study, DMNP hydrolysis was measured using a modified version
of a previously reported procedure.’® All catalytic monitoring was carried out using a BioTek
Synergy H4 plate reader using single wavelength absorbance mode. 20 and 40 mM of N-
ethylmorpholine buffer was prepared from deionized water adjusted to pH = 8.0. A plot of
absorbance of p-nitrophenol at varying concentrations was measured yielding a calibration curve

with a slope of 3.48 Abs/mM.°

MOF Powder Catalysis Experiments. All catalytic monitoring was carried out using a BioTek
Synergy H4 plate reader using single wavelength absorbance mode. First a plot of absorbance of
p-nitrophenol at varying concentrations was measured yielding a conversion factor of 3.48
Abs/mM.5 MOF samples were prepared by weighing 6 mg of MOF powder and diluting this
powder in 10 mL of deionized water. These solutions were rigorously sonicated and vortexed
(>3x of each) and diluted in half with 40 mM buffer solution yielding 300 ug/mL MOF in 20 mM
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buffer solution. Dimethyl p-nitrophenylphosphate (DMNP) hydrolysis assays with MOF powders
were carried out in Olympus Plastics clear, flat-bottom 96-well plates. Each well was prepared
with 100 pL total volume containing: 95 pLL MOF suspension in buffer and 5 pL substrate (25
mM DMNP in MeOH; 1.25 mM total concentration; 0.125 pmol). Upon the addition of substrate
using a multi-channel pipette, hydrolysis was monitored by the change in absorbance (Amax = 407
nm) over 15 min at 24 °C with 3 sec shaking of the plate every 10 sec. Activity was measured as
initial linear rates, assuming zero-order kinetics, using the change in absorbance from p-
nitrophenoxide generated from the degradation of DMNP measured from 30 to 360 sec min using
Excel software.? Reported activities for MOF samples are an average of seven replicates.
Hydrolysis rates were adjusted to account for the increased mass of the various species such that

a direct comparison could be made across all materials in this study as previously reported.?

MOF-polymer composite catalysis experiments. MOF-polymer composite and spray coated
Nyco materials were screened using a previously reported method.! Fibers of each composite were
cut into small segments (1 inch by % inch, ~30mg) and placed into a well of a Genier Bio-one
Cellstar 24well plate. Each well was prepared with 1.5 mL total volume containing: a single fiber,
1.5 mL of 20 mM buffer and 10 pL substrate (25mM DMNP in methanol). DMNP hydrolysis was
monitored in the 60 to 600 sec time period. Reported activities for MOF-polymer composites are

an average of three replicates.

Nyco MOF-PTU Tape Test. To test the adhesion of the MOF-PTU spray coating onto the Nyco

fibers we conducted a tape test. A piece of double-sided tape (3 inches in length) was used. The
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tape was pressed onto the spray coated Nyco fibers and removed from the surface in one quick
swoop. To determine if MOF-PTU was removed from the surface the clean side of the tape was
attached to a PXRD sample holder and the sample was analyzed (see Figure 4S.21, 4S.24 and

48.27).

Nyco MOF-PTU Wash Test. To test the adhesion of the MOF-PTU spray coating onto the Nyco
fibers we conducted a laundry simulation test. A MOF-PTU spray coated Nyco swatch was placed
in a 500 mL beaker containing 300 mL of water and 50 mL of Alconox detergent (10g/L) liquid
solution. The solution was stirred (500 rpm) at room temperature for 3 h. Subsequently, the swatch
was taken out of the solution, rinsed thoroughly with H2O and subsequently dried under vacuum

overnight.
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Table 4S.3. Corrected hydrolysis calculation to account for increased mass of halogenated

materials.
MOF Molar Mass Mole ratio to Experimental Molar Mass
of MOF UiO-66 Hydrolysis Corrected
(g/mol) Standard Rate? (k, Hydrolysis
mM/sec) Rate (k,
mM/sec)
UiO-66-NH2 | 1752 1.00 76 76
Ui0-66- 1789 0.98 162 165
NCSis5%
Ui0-66- 1815 0.96 159 166
NCSa25%
Ui0-66- 1878 0.93 338 363
NCSso0%
Ui0-66- 1941 0.90 467 519
NCS75%
Ui0-66- 1966 0.89 911 1024
NCSss%
UiO-66-NCS | 2004 0.87 1061 1220

26 mg of MOF used in each experiment.
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Figure 4S.1. Characterization of UiO-66-NHa.

NMR analysis of digested UiO-66-NHo.
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Figure 4S.8. TGA data of UiO-66-PTU with 50mg MOF loading.
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Figure 4S.9. TGA data of UiO-66-PTU with 100mg MOF loading.
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UiO-66 PTU (200mg MOF loading)
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Figure 4S.10. TGA data of UiO-66-PTU with 200mg MOF loading.
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Figure 4S.11. TGA data of UiO-66-NCS-PTU with 50mg MOF loading.
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Figure 4S.12. TGA data of UiO-66-NCS-PTU with 100mg MOF loading.
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Figure 4S.13. TGA data of UiO-66-NCS-PTU with 200mg MOF loading.
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Figure 4S.14. PXRD spectra of pure PTU, top side of the UiO-66-PTU (6%) composite, bottom
side of the UiO-66-PTU (6%) composite and a pure UiO-66 MOF.
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Figure 4S.15. PXRD spectra of pure PTU, top side of the UiO-66-PTU (10%) composite, bottom
side of the Ui0-66-PTU (10%) composite and a pure UiO-66 MOF.
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Figure 4S.16. PXRD spectra of pure PTU, top side of the UiO-66-PTU (13%) composite, bottom
side of the UiO-66-PTU (13%) composite and a pure UiO-66 MOF.
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10 pm

Figure 4S.17. SEM images of MOF-PTU composites. a) and b) top side of ~13% UiO-66-PTU
composite ¢) and d) bottom side of ~13% UiO-66-PTU composite.
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Figure 4S.18. PXRD spectra of pure PTU, top side of the UiO-66-NCS-PTU (5%) composite,
bottom side of the UiO-66-NCS-PTU (5%) composite and a pure UiO-66 MOF.
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Figure 4S.19. PXRD spectra of pure PTU, top side of the UiO-66-NCS-PTU (8%) composite,
bottom side of the UiO-66-NCS-PTU (8%) composite and a pure UiO-66 MOF.
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Figure 4S.20. PXRD spectra of pure PTU, top side of the UiO-66-NCS-PTU (13%) composite,
bottom side of the UiO-66-NCS-PTU (13%) composite and a pure UiO-66 MOF.
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Figure 4S.21. SEM images of MOF-PTU composites. a) and b) top side of ~13% UiO-66-NCS-
PTU composite ¢) and d) bottom side of ~13% UiO-66-NCS-PTU composite.
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Figure 4S.22. PXRD spectra of pure Nyco, Nyco + pure PTU polymer, and UiO-66-NCS-PTU
sprayed onto Nyco fibers and sprayed fibers after a laundry simulation.
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Figure 4S.23. Tape Test of UiO-66-NCS-PTU on Nyco Fibers. A) optical image of the tape and
b) PXRD of the tape.
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Figure 4S.24.

Figure 4S.25. SEM images of PTU spray coating on Nyco Fibers.
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Figure 4S.26. Optical image of UiO-66-NCS spray coated on Nyco fibers.

| —— Nyco UiO-66-NCS Tape Test
\

Intensity

b) 26 (°)

Figure 4S.27. Tape Test of UiO-66-NCS on Nyco Fibers. A) optical image of the tape and b)
PXRD of the tape.
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Figure 4S.28. PXRD spectra of pure Nyco, Nyco + pure PTU polymer, and UiO-66-PTU sprayed
onto Nyco fibers and sprayed fibers after a laundry simulation.

Figure 4S.29. SEM images of UiO-66-PTU spray coating on Nyco Fibers.
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Figure 4S.30. Tape Test of UiO-66-PTU on Nyco Fibers. A) optical image of the tape and b)
PXRD of the tape.

Table 4S.4. MOF wt % of MOF-PTU spray coating on Nyco fibers as determined by TGA.

Material MOF wt % in composite as
determined by TGA

Nyco Fibers 0%

PTU on Nyco 0%

UiO-66-NCS- 83+0.7%

PTU on Nyco

Ui0-66-PTU on | 9.1 +1.3%

Nyco
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Figure 4S.31. DMNP hydrolysis rates by MOF-PTU composites. Data shown is an average of
three different swatches run in triplicate.

500 pm Pagdt o 50 pm

Figure 4S.32. SEM images of UiO-66-NCS PTU spray coating on Nyco Fibers after laundry
simulation test.
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Figure 4S.33. SEM images of UiO-66-NCS PTU spray coating on Nyco Fibers after laundry
simulation test.
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Chapter 5: Room Temperature Aqueous Synthesis of UiO-66 Derivatives via Postsynthetic

Exchange
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5.1 Introduction

As outlined in Chapter 1 and described throughout this thesis, the synthesis of Zr-based
MOFs generally requires high temperatures (80-150 °C) and environmentally unfriendly solvents
such as DMF or DEF.":2 Several groups have developed elegant methods to synthesize UiO-66
under more mild conditions (e.g aqueous or RT). Some attempts to achieve mild conditions for
the synthesis of UiO-66 and its derivative have focused on breaking up the synthesis into initial
cluster (i.e., SBU) formation followed by subsequent MOF synthesis.’> For example, Farha,
Hupp, and co-workers initially synthesized the Zr(IV)-cluster at elevated temperatures and the
clusters were linked together at room temperature by bdc? and bdc?- derivatives to form UiO-66
and functionalized derivatives in DMF.* In another approach, Szilagyi and coworkers reported the
synthesis of UiO-66-NH: by first forming the Zr(IV) cluster in water at 50 °C and subsequently
synthesizing the MOF with the disodium salt version of the amine ligands (Na2NH2-bdc?") in water
at room temperature.> In both of these cases, elevated temperatures were required for the synthesis
of the Zr(IV) cluster.*> Subsequent MOF formation then occurs readily upon the introduction of
a dicarboxylic acid linker.* 3

Other groups have focused on synthesizing MOFs through either entirely aqueous or
solvent free conditions through direct one pot synthesis. Some aqueous one pot syntheses of UiO-
66 have been reported successfully; however, these syntheses typically require high temperatures
to either form the MOF or metal cluster.® By using acetylacetonate (acac) metal salts as the metal
source, Maspoch and coworkers were able to successfully eliminate the use of heat in synthesizing
Ui0-66 based MOFs.? They reported the one pot, room temperature, aqueous synthesis of two
Ui0-66 derivatives (UiO-66-NH2 and UiO-66-(OH)2) using Zr(acac)s. The crystallinity of these

frameworks was relatively poor compared to that of solvothermal synthesized UiO-66; however,
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the surface area of the MOFs was not compromised. In a unique approach, Friscic and coworkers
demonstrated a one pot synthesis of UiO-66 through mechanochemical routes using a zirconium
propoxide solution (70 wt% in n-PrOH) with the addition of MeOH grinding to achieve a
crystalline UiO-66 MOF.!* Finally, in a report of importance to our findings here, UiO-66-
(COOH)2 and UiO-66-F4 could be prepared at room temperature synthesis under aqueous
conditions; however, the canonical UiO-66 or UiO-66-NH2 were not accessible via this method.'!

In Chapter 5, a room temperature, aqueous, green synthesis of UiO-66 and several
derivatives (UiO-66-NHz, UiO-66-Br, UiO-66-1, and UiO-66-Napthalene) is described through
postsynthetic exchange (PSE) from UiO-66-Fs4, a UiO-66 derivative prepared from a
tetrafluorinated bdc> (Fs-bdc?) ligand. UiO-66-F4 was prepared in aqueous media using the
aforementioned method (Figure 5.1).!" The presence of four electron withdrawing fluorine atoms
on the organic linker results in a weaker bond between the carboxylate linkers and Zr(IV) metal
centers. This enables the use of PSE to replace the F4-bdc? linker with bdc>, NH2-bdc?, Br-bdc?*
, I-bdc?, and napth-bdc? (1,4-napthalenedicarboxylic acid). Nearly complete exchange of the Fa-
bdc? linkers is achieved at room temperature, in water within the span of 4 h at a 1:1 linker ratio.

The resulting MOFs were fully characterized for porosity and crystallinity.

MOF Synthesis PSE
0.0
H,0, RT, 40 h 4% KOH, RT, 4 h
F, ZONOy), ————» o

0._0
F g *HO O . o R=H,NH, o
070 Br, I, Napth
F _
0”0

UiO-66-F UiO-66-R-PSE (X = H,
t NH,, Br, |, Napth)

Figure 5.1. Synthetic scheme for UiO-66 and a range of derivatives at room temperature in
aqueous solution via PSE from UiO-66-Fa.
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5.2 Synthesis and Characterization of MOFs under Mild Conditions

Typically, when synthesizing UiO-66 and its derivatives (-NHz, -Br, -I, etc.), the ligand
and metal salts are dissolved in DMF and subsequently heated >100 °C for 24+ h. Circumventing
these harsh conditions (i.e., high temperature in nonaqueous solvent), a range of UiO-66
derivatives were synthesized in aqueous solutions at room temperature using PSE from UiO-66-
Fs4. UiO-66-F4 was selected for PSE as the Fa-bdc? linker is labile and coordinates weakly to the
Zr(IV) metal nodes as a consequence of the four electron withdrawing atoms on the benzene ring.
UiO-66-F4 was synthesized using an acetic acid modulated, aqueous synthesis (see appendix for
details) previously reported by Farha and co-workers.!!

PSE experiments were conducted by dissolving a R-bdc linker in a 4% KOH solution as
previously reported.!> '3 The ligand solution was then neutralized to pH = 7 via the slow addition
of IM HCl (see appendix for details). A 1:1 ratio of UiO-66-F4 was mixed with the ligand solution,
and the mixture was then sonicated for 10 min and then left to stand at room temperature for 4 h.
After incubation, the MOF was collected via centrifugation and thoroughly washed over the course
of three days to ensure any excess ligand was removed. The product MOFs were then digested in
dilute acid and characterized using 'H and '’F NMR. A coaxial tube with 40 pmol trifluorotoluene
(CFs-toluene, Figure 5.2) in DMSO-ds was used to quantify the amount of Fs-bdc® and the
exchanged R-bdc? in each sample by NMR. The CF3-toluene was used as an internal standard as
it contains both F and H atoms with appropriate chemical shifts (Figure 5S.1-5S.5). After the UiO-
66-PSE MOF was digested, the coaxial tube of CF3-toluene was inserted into the sample and both
'H and 'F NMR were used to analyze the sample. The amount of each linker in the MOF was
quantified by comparing the PSE introduced R-bdc? (~7.0 - 8.0 ppm) linker to the CF3-toluene

peaks (7.3 — 7.7 ppm) in the "H NMR and also comparing the amount of F4-bdc? remaining (-61.2
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ppm) to the CF3-toluene (-140.0 ppm) via the 'F NMR (Figure 5.2a and 5.2b). This analysis
allowed for the total quantity of ligand in the MOF to be determined, from which the fraction of

F4-bdc? and R-bdc? was calculated.

a) 'HNMR
Hs-bdce
R e
" coom o~
H.‘/ l‘l". /.'»:-\ / L—'H
/l\:‘_:»/-_’ H H A
HOOC H H CFs-toluene

AN~ A

805 800 795 790 785 780 775 770 765 760 755 750
Chemical Shift (ppm)

b) v NMR
CFs-toluene
|,
H \  COOH
\ Cf B
- "~
J=/"H )=/"F Fsbde
q’ X Hooc |
H : J
-55 -65 -75 -85 -95 -105 -115 -125 -135 -145

Chemical Shift (ppm)

Figure 5.2. a)'H and '°F NMR analysis of the PSE experiments performed with UiO-66-Fa. a)
Representative 'H and b) °F NMR spectra of digested UiO-66-PSE.

NMR data for the digested samples shows that when exchanging the Fs-bdc? linker out for

the canonical bdc? linker, 93+2% ligand exchange is obtained in the MOF in ~4 h (Figure 5.2).
PSE of the UiO-66-F4 with NH2-bdc?> gave 95+3% ligand exchange (Figure 5S.3. PSE on UiO-

66-F4 with Br-bdc? and I-bdc*gave 89+3% and 80+2% PSE, respectively (Figure 5S.3-4). The

216



lower PSE conversion with Br-bdc? and I-bdc? is attributed to the electron withdrawing groups
on these halogenated bdc? derivatives, making them bulkier, as well as weaker donors. PSE on
Ui0-66-F4 using a sterically bulkier napth-bdc? linker gave a 77+3% ligand incorporation (Figure
5S.5); the slightly less efficient PSE is attributed to the steric bulk of the napth-bdc? linker.
Residual F4-bdc? linkers in the PSE MOFs indicate that these materials are by definition
multivariate (MTV) MOFs. MTV-MOFs have shown some interesting synergistic properties in
making MOFs better sorbents or catalysts.!® 13 1In this case, residual Fs-bdc* linkers could
potentially be used for labeling purposes as a function of the F atoms characteristically unique

spectroscopic properties.
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Figure 5.3. Relative amounts of the starting Fa-bdc?- and the PSE R-bdc? derivatives in each of
the PSE experiments performed.

The All MOFs were characterized via PXRD to confirm the crystallinity of the UiO-66
framework after PSE. All of the MOFs synthesized via PSE display the characteristic UiO-66
reflections (Figure 5.4). The MOFs were also analyzed by SEM to evaluate the particle size before
and after PSE and to make sure that no etching occurred due to the PSE conditions. As-synthesized
Ui0-66-F4 particles were small (~100 nm) and polydisperse in size.!! Following PSE, SEM
images verify that the crystallites are approximately the same size and dispersity as the parent UiO-

66-F4 and no etching is observed (Figure 5.5 and Figures 5S.6-5S.9).
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Figure 5.4. PXRD of the MOFs prepared in this study. The calculated UiO-66 pattern (black) is
shown at the bottom; all other PXRD patterns are experimental results: UiO-66-F4 (cyan), UiO-

66-PSE (red), UiO-66-NH2-PSE (orange), UiO-66-Br-PSE (purple), UiO-66-1-PSE (yellow), and
UiO-66-Napth-PSE (green).
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) % a)

Figure 5.5. SEM images of UiO-66-F4 (a and b) and UiO-66-PSE (c and d).

All MOFs were analyzed to determine the BET surface area of the materials using N2
adsorption isotherms. The parent UiO-66-F4 MOF displays a BET surface area of 628+8 m?/g,
which is consistent with literature reports (Figure 5.6).!" Upon PSE of the MOF with other linkers
a general decrease in the BET surface area was observed. Surface areas for other PSE MOFs were:
463446 m?/g for UiO-66-PSE, 40746 m?/g for UiO-66-NH2-PSE, 378422 m?/g for UiO-66-Br-
PSE, 472421 m?/g for UiO-66-1-PSE, and 467+42 m?/g for UiO-66-Napth-PSE. All of these UiO-
66 derivatives, when synthesized by the typical hydrothermal method, display surface areas of
>1000 m?/g.> '® The lower surface area of the PSE prepared materials is attributed to the poorer

porosity of the UiO-66-F4 template. Nevertheless, the lower surface area of these materials does
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not detract from the value of these materials for many potential applications, especially if a greener

synthetic route is desired.
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Figure 5.6. N2 adsorption isotherms of UiO-66-F4 and UiO-66-PSE MOFs: UiO-66-F4 (cyan),
Ui0O-66-PSE (red), UiO-66-NH2-PSE (orange), UiO-66-Br-PSE (purple), UiO-66-1-PSE (yellow),
and UiO-66-Napth-PSE (green).

Zr(IV)-based MOFs have been shown to be useful for the catalytic degradation of CWAs
and their simulants.'>!” Several factors have been suggested to affect activity toward CWAs such

as particle size, defect sites, and ligand effects.'> 1720 To determine the catalytic activity of these
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‘green’ MOFs, UiO-66-F4, UiO-66-PSE, and UiO-66-NH2-PSE were screened for the degradation
of the CWA simulant DMNP using the method previously described in Chapter 2 a previously
reported method.?’ The results of these assays indicate an increase in activity for both UiO-66-
PSE and UiO-66-NH2-PSE when compared to the as-synthesized UiO-66-F4 MOF. The UiO-66-
PSE and UiO-66-NH2-PSE displayed >2-times the activity of the UiO-66-F4 (Figure 5.7). It is
important to note that the PSE MOFs (UiO-66-PSE and UiO-66-NH2-PSE) displayed about half
of the catalytic activity than their hydrothermally synthesized UiO-66 and UiO-66-NH:
counterparts.'® Overall, this result shows that PSE can be used to prepare materials under more

mild, green conditions that display the expected MOF properties.
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Figure 5.7. Top: DMNP degradation reaction. Bottom: Rate of catalytic degradation of
DMNP by MOFs measured by UV-visible adsorption (407 nm) at pH = 8 (corrected for
differences in the molar mass of each MOF).
5.3 Conclusions

In conclusion, UiO-66 and a series of UiO-66 derivatives have been synthesized through a
green aqueous and room temperature PSE route that uses UiO-66-F4 as a template. These results

highlight the power of postsynthetic chemistry to enhance not only the functionality, but synthetic

accessibility of valuable MOF materials.
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5.4 Appendix: Supporting Information

Materials

All solvents and starting materials were purchased from chemical suppliers and used without

further purification (Sigma Aldrich, Alfa Aesar, EMD, and TCI).

MOF Svynthesis

UiO-66-Fs. This MOF was synthesized using a previously reported method (CrystEngComm,
2019, 217, 2409-2415). In a 100 mL Erlenmeyer flask, zirconium (IV) oxynitrate hydrate
(ZrO(NO3)20xH20) (1.62 g, 7.02 mmol) was dissolved in 36 mL of DI H2O via sonication. In a
separate 100 mL Erlenmeyer flask, tetrafluoroterephthalic acid (1.08 g, 4.54 mmol) was dissolved
in 36 mL of DI H20 via sonication. The two solutions were mixed together and stirred for 40 h at
room temperature. The crystalline powder was collected by centrifugation (8500 rpm for 10 min).
The crystalline powder was washed 3°40 mL of DI H20 and subsequently with 240 mL of ethanol
and immersed in acetone for 2 d. Fresh acetone was exchanged every 24 h. The powder was

isolated and dried in a vacuum oven at room temperature overnight.

UiO-66 PSE Synthesis. Terephthalic acid (1.65 g, 9.93 mmol) was dissolved in 50 mL of 4%
KOH solution (0.2 mM). The solution was then neutralized to pH = 7 using IM HCI. 4 mL (0.8
mmol) of terephthalic acid solution was added to 256 mg (0.8 mmol ligand) of UiO-66-F4. The
mixture was sonicated for 5 min and allowed to sit at room temperature for 2 h. The crystalline
powder was collected by centrifugation (8000 rpm for 10 min). The solids were then washed 320
mL of H20 and 320 mL of methanol. After washing the solids were immersed in methanol for 3

d, with fresh methanol being exchanged every 24 h.
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UiO-66-NH: PSE Synthesis. 2-Aminoterephthalic acid (1.80 g, 9.93 mmol) was dissolved in 50
mL of 4% KOH solution (0.2 mM). The solution was then neutralized to pH = 7 using 1M HCL
4 mL (0.8 mmol) of 2-aminoterephthalic acid solution was added to 256 mg (0.8 mmol ligand) of
UiO-66-F4. The mixture was sonicated for 5 min and allowed to sit at room temperature for 2 h.
The crystalline powder was collected by centrifugation (8000 rpm for 10 min). The solids were
then washed 320 mL of H20 and 320 mL of methanol. After washing the solids were immersed

in methanol for 3 d, with fresh methanol being exchanged every 24 h.

UiO-66-Br PSE Synthesis. 2-Bromoerephthalic acid (2.43 g, 9.93 mmol) was dissolved in 50mL
of 4% KOH solution (0.2 mmol). The solution was then neutralized to pH = 7 using 1M HCI. 4
mL (0.8 mmol) of 2-bromoterephthalic acid solution was added to 256 mg (0.8 mmol ligand) of
UiO-66-F4. The mixture was sonicated for 5 min and allowed to sit at room temperature for 2 h.
The crystalline powder was collected by centrifugation (8000 rpm for 10 min). The solids were
then washed 320 mL of H20 and 320 mL of methanol. After washing the solids were immersed

in methanol for 3 d, with fresh methanol being exchanged every 24 h.

UiO-66-1 PSE Synthesis. 2-Iodoterephthalic acid (2.90 g, 9.93 mmol) was dissolved in 50mL of
4% KOH solution (0.2 mM). The solution was then neutralized to pH = 7 using 1M HCI. 4 mL
(0.8 mmol) of 2-iodoterephthalic acid solution was added to 256 mg (0.8 mmol ligand) of UiO-
66-F4. The mixture was sonicated for 5 min and allowed to sit at room temperature for 2 h. The
crystalline powder was collected by centrifugation (8000 rpm for 10 min). The solids were then
washed 3°20 mL of H20 and 320 mL of methanol. After washing the solids were immersed in

methanol for 3 d, with fresh methanol being exchanged every 24 h.

UiO-66-Napth PSE Synthesis. Naphthalene terephthalic acid (2.15 g, 9.93 mmol) was dissolved

in 50mL of 4% KOH solution (0.2 mM). The solution was then neutralized to pH = 7 using 1M
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HCI. 4 mL (0.8 mmol) of naphthalene terephthalic acid solution was added to 256 mg (0.8 mmol
ligand) of UiO-66-F4. The mixture was sonicated for 5 min and allowed to sit at room temperature
for 2 h. The crystalline powder was collected by centrifugation (8000 rpm for 10 min). The solids
were then washed 320 mL of H20 and 3'20 mL of methanol. After washing the solids were

immersed in methanol for 3 d, with fresh methanol being exchanged every 24 h.

Table 5S.1. Ligand percentages of MOFs synthesized through postsynthetic exchange (PSE) of
UiO-66-Fa.

MOF % bdc-F4 linker after PSE | % bdc-R linker after PSE
UiO-66-F4 100% 0%

UiO-66-PSE 7+2% 93 + 2%
UiO-66-NH2-PSE 4+2% 96 £ 2%

UiO-66-Br-PSE 10+2% 90 + 2%

Ui0-66-1-PSE 19 £2% 81 +2%
UiO-66-Napth-PSE 24+ 2% 76 + 2%

Characterization Methods

Nuclear Magnetic Resonance.

NMR experiments were carried out on a JOEL ECA 500 MHz spectrometer equipped with a Jeol
2 channel inverse-detect 'H/ '°F probe. MOFs were digested for NMR analysis by immersion of
~5-10 mg MOF in 500 pL DMSO-ds with 5 uL. HF (48% in water). Samples were kept in this
acidic solution at room temperature until the MOF was fully dissolved. In each NMR experiment
was included a coaxial tube containing a reference sample of 40 umol of trifluorotoluene in 100

uL deuterated DMSO. The parameters used for each NMR nuclei are included in Table S2.
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Table 5S.2. NMR parameters used to analyze digested MOF samples.

Parameter 'H experiment 19F experiment
Gain 36 50
Sweep Center 5 ppm -100 ppm

Sweep Width 15 ppm 150 ppm
X-pts 32768 262144
Scan Number 128 128
Acquisition time 4.367 s 3.713 s
Acquisition delay 5s 5s

Catalysis Experiments. In this study, DMNP hydrolysis was measured using a modified version
of a previously reported procedure.?’ All catalytic monitoring was carried out using a BioTek
Synergy H4 plate reader using single wavelength absorbance mode. 20 and 40 mM of N-
ethylmorpholine buffer was prepared from deionized water adjusted to pH = 8.0. A plot of
absorbance of p-nitrophenol at varying concentrations was measured yielding a calibration curve
with a slope of 3.48 Abs/mM.?° MOF samples were prepared by weighing 6 mg of MOF powder
and diluting this powder in 10 mL of deionized water. These solutions were rigorously sonicated
and vortexed (>3x of each) and diluted in half with 40 mM buffer solution yielding 300 pg/mL
MOF in 20 mM buffer solution. Dimethyl p-nitrophenylphosphate (DMNP) hydrolysis assays
with MOF powders were carried out in Olympus Plastics clear, flat-bottom 96-well plates. Each
well was prepared with 100 pL total volume containing: 95 ul. MOF suspension in buffer and 5
pL substrate (25 mM DMNP in MeOH; 1.25 mM total concentration; 0.125 pumol). Upon the
addition of substrate using a multi-channel pipette, hydrolysis was monitored by the change in

absorbance (Amax=407 nm) over 15 min at 24 °C with 3 sec shaking of the plate every 10 sec. The
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absorbance was monitored from the 30 to 360 sec time period, as previously reported in.!”

Table 5S.3. Corrected hydrolysis calculation to account for increased mass of MOFs used in this

study MOF materials.
MOF Molar Mass Mole ratio to Experimental Molar Mass
of MOF UiO-66 Hydrolysis Corrected
(g/mol) Standard Rate? (k, Hydrolysis
mM/sec) Rate (k,
mM/sec)
UiO-66-F4 2070 0.80 242 30.3
UiO-66-PSE | 1662 1.00 50.6 50.6
UiO-66-NH2- | 1752 0.94 76.9 81.8
PSE

26 mg of MOF used in each experiment.
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NMR Spectroscopy
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Figure 5S.1. a) '"H NMR spectra of digested UiO-66-F4. b) '°F NMR spectra of digested UiO-
66-Fa4.
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Figure 5S.2. a) 'H NMR spectra of digested UiO-66-NH2-PSE. b) !°F NMR spectra of digested
UiO-66-NH2-PSE.
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Figure 5S.3. a) 'H NMR spectra of digested UiO-66-Br-PSE. b) 'F NMR spectra of digested
Ui0O-66-Br-PSE.
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Figure 5S.4. a) 'H NMR spectra of digested UiO-66-1-PSE. b) 'F NMR spectra of digested
Ui0O-66-1-PSE.
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Figure 5S.5. a) 'H NMR spectra of digested UiO-66-Napth-PSE. b) '°F NMR spectra of
digested UiO-66-Napth-PSE.
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Scanning Electron Microscopy (SEM)

Figure 5S.8. SEM images of UiO-66-1-PSE.
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Figure 5S.9. SEM images of UiO-66-Napth-PSE.
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