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Abstract

Metal-organic frameworks (MOFs) are a series of porous materials made of well-

organized inorganic metal nodes linked via organic ligands (linkers). MOFs have

gained particular attention due to their applications in gas adsorption and separation,

selective sorption of harmful chemicals, catalysis, energy, sensing, bioscience, and

electronics.

The thesis will focus on two different aspects of MOFs. Briefly, in the first portion

of the thesis, a less-toxic solvent than N,N -dimethylformamide (DMF) can be used

to make MOFs will be demonstrated. In the latter portion of the thesis, my efforts

to incorporate organic moieties into MOFs for sulfur dioxide sequestration will be

described.

With regard to the use of less-toxic solvents, it should be noted that with no-

table exceptions (e.g., mechanochemical, water-based, and electrochemical), the syn-

thesis of MOFs is often carried out at elevated temperature using DMF or N,N -

diethylformamide (DEF) as the solvent. However, the industrial-scale synthesis of

MOFs from DMF/DEF may generate significant amounts of DMF waste, which can

exhibit reprotoxicity and end-of-life issues associated with the formation of NOx upon

incineration. With the introduction of the Registration, Evaluation and Authoriza-

tion of Chemicals (REACH) legislation in the European Union, there is a growing

trend towards safer production and use of chemicals by industry. As such, it is crucial

to develop green/sustainable methods of synthesizing MOFs.

Dihydrolevoglucosenone (Cyrene), a green bioderived solvent from waste cellu-

lose, was applied to the synthesis of MOFs. The MOF, HKUST-1, exhibited a larger
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Brunauer–Emmett–Teller (BET) surface area than HKUST-1 synthesized with DMF.

Four additional archetypal MOFs were also synthesized to verify the universal appli-

cation of Cyrene in the synthesis of MOFs. However, their BET surface areas were

lower than DMF-made MOFs. It was observed that an aldol-condensation product of

two Cyrene molecules, in addition to Cyrene trapped within the pores, were respon-

sible for the lower-than expected surface areas. The use of Cyrene has led to a series

of design principles that eliminate the need for problematic solvents such as DMF

and can be applied to the synthesis of a wide range of MOFs.

With regard to sulfur dioxide sequestration, it should be noted that sulfur dioxide,

a colorless gas belonging to SOx family, yields detrimental effects via inhalation or

absorption. Since MOFs are ideal sorbents for toxic gases, in Chapter 3, I will continue

along the theme of reprotoxicity and end-of-life issues by designing MOFs which have

the potential to chemically react with sulfur dioxide. Unlike the de novo synthetic

pathways in the Chapter 2, the Chapter 3 will demonstrate how solvent-assisted

linker exchange (SALE) and solvent-assisted linker incorporation (SALI) can be used

to make MOFs with the ideal functionalities for sulfur dioxide sequestration.

In Chapter 3, the main focus of the work was to introduce the butadiene functional

groups into different MOFs, namely UiO-66, UiO-66-MA (muconic-acid-functionalized

UiO-66), MOF-808, MOF-808-BS (butadiene-sulfone-functionalized MOF-808) and

MOF-808-BD (butadiene-functionalized MOF-808), the SALI method was vitalized

to determine if the butadiene group could undergo a cheletropic reaction in the pres-

ence of sulfur dioxide inside the MOF. All MOFs were exposed to a constant flow of

sulfur dioxide, the UiO-66-MA was observed to take up three times more sulfur diox-

ide than the unfunctionalized parent UiO-66. For the MOF-808 series, surprisingly,

iii



the unfuctionalized MOF-808 was able to absorb more than two times the sulfur

dioxide than MOF-808-BD, and five times higher than MOF-808-BS, respectively.

This suggests that the terminal waters and hydroxide groups are responsible for the

enhanced uptake. Despite the improved uptake of sulfur dioxide in UiO-66-MA and

MOF-808, nuclear magnetic resonance (NMR) and infrared (IR) data indicate that

no chemical change occurred to the butadiene-functionalized group, which suggests

that a cheletropic reaction did not occur.
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Chapter 1

Introduction

1.1 Porous Materials

Porous material is a type of material that contain a non-closed-packed skeletal frame-

work. The unused space that is formed from the non-closed-packed framework is

termed the void space, or the pore of the material. These pores are normally filled

with a fluid, either liquid or gas.1,2 Porous materials are an innovative research

area due to their unique properties and associated applications in the field of applied

science and engineering.3,4 The applications of porous materials include filtration,5

adsorption,6 catalysis,7 and gas storage,8 to name a few.9 Some common porous ma-

terials include, but are not limited to, zeolites, activated carbon, and metal-organic

frameworks (MOFs).

Zeolites (Figure 1.1 left) are hydrated aluminosilicate minerals made from in-

terlinked tetrahedral units of alumina and silica, that is, silicon or aluminum ions

surrounded by four oxygen ions in a tetrahedral configuration.10,11 Activated carbon
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Figure 1.1: Zeolites, Activated Carbon and MOFs

(Figure 1.1 middle) is a form of carbon processed via physical or chemical activation

to have small, low-volume pores that increase the surface area available for adsorption

or chemical reactions.12 One of the most recent additions to the porous material team

is MOFs, the focus of this thesis (Figure 1.1 right).

1.1.1 Metal-Organic Frameworks

MOFs are a family of porous materials made of well-organized inorganic metal cations,

clusters, or neutral metals (nodes) linked to one another by organic ligands (linkers)

via coordination bonds (Figure 1.2).13,14 The organic linkers feature Lewis-basic

groups such as carboxylates, phosphonates, amines, phenolates, pyridyls, sulfones,

and N -heterocyclic compounds.15 Moreover, these organic linkers can be functional-

ized as shown in Figure 1.2. Owing to the large database of available organic linkers,

their derivatives, and metal nodes, the physiochemical properties of MOFs can be
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judiciously chosen for a particular application.16–20

Frustratingly, especially for new researchers in the field, scientists have spent

considerable amount of time naming MOFs using a trivial naming system unrelated

to the components of the MOFs.21 Some MOFs were named after the university

they were first synthesized in (e.g., UiO (University of Oslo),22,23 NU (Northwestern

University),24 and MIL (Materials from Institute Lavoisier)25). Some of the names are

due to the family of MOFs that they are related to (e.g., PCN (Porous Coordination

Network),26 MOF,27 and ZIF (Zeolitic Imidazolate Framework)28). Some MOFs even

have the same components but different names (e.g., PCN, UiO, and some NU MOFs

are all made from Zr-clusters and carboxylate-based linkers; MOF-74 is also called

CPO-27).22,29–35

1.1.2 Applications of MOFs

The number of MOFs synthesized and characterized have increased steadily in the

past two decades. The driving force of this enormous enthusiasm lies in the versatility

of the metal-organic coordination chemistry and the wide range of organic linkers as

well as their functionalities. With this in mind, researchers have tuned MOFs toward

applications in gas adsorption and separation,36–41 selective sorption of harmful chem-

icals,42–44 catalysis,45–48 energy storage,49,50 sensing,51,52 bioscience,53 biomedical,54,55

and electronics.56–58

1.1.2.1 Gas Adsorption and Separation

High porosity, tunable pore sizes, and even topology make MOFs an ideal gas sorbent

candidate over other materials such as activated carbon and zeolites. For this reason,
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Figure 1.2: Tunable Metal Nodes (Green Boxes) [Cu, Red; Ni, Dark Blue; Zn, Purple;

Zr, Blue; C, Grey; O, Green] and Organic Linkers (Blue Bars).
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even from the early days of MOF research, numerous research groups focused on gas

adsorption and separation.18,59–61 In the dictionary of MOF chemistry, activation

is a key aspect to realize high porosity. The goal of activation is to remove guest

molecules occupying the pore of the MOF while maintaining the structural integrity

of the material (i.e., preventing structural collapse). This is often achieved via mild

heating, vacuum, flowing another gas through the material, supercritical drying, or

the combination of several techniques.62

Adsorption, which represents the enrichment of one or more components (guests)

in the MOF (host), involves the accumulation of excess of molecules at the interfacial

between two phases. Adsorption is a consequence of interface energy.63 When a

surface is created, interface energy is used to quantify the disruption of intermolecular

bonds that occur.

Isotherms, which illustrate the amount of adsorbate (host) on the adsorbent

(guest) as a function of its pressure, or concentration, at constant temperature, are

excellent tools to study adsorption. Adsorption processes are classified into two types,

chemisorption and physisorption, according to the nature of the bonding involved be-

tween host and guest. Specifically, when weak van der Waals forces are dominant,

physisorption occurs. However, when the formation of new chemical bonds are dom-

inant, then chemisorption occurs.

Hydrogen, the carbon free high mass energy density carrier, abundantly available

from water, is an ideal replacement for the combustion of fissile fuels. However, hy-

drogen storage is still an issue as this chemical is a gas under ambient temperature

and pressure; either high pressure, low temperature, or both are required for trans-

porting. Therefore, low cost, light weight, lower pressure, and mild-storage-condition
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materials are needed. To that end, several MOFs have been previously synthesized

and their hydrogen adsorption capacity investigated.37,64–66

Figure 1.3: (a) Representative Fragment Structure of MOF-5 with Zn4O Clusters

Coordinated with Terephthalate Linkers. (b) 3-Dimensional Structure of MOF-5

Showing the Cubic Pore.

MOF-5, a cubic carboxylate-based framework containing a Zn4O node (see Fig-

ure 1.3), was found to be a fantastic hydrogen adsorption candidate.67 One of the most

interesting things about MOF-5 in this regard is that the hydrogen uptake is depen-

dent on a combination of the synthetic and activation method (the method by which

the pores are emptied prior to gas adsorption measurements) applied.61,67–71 Yaghi

and co-workers found that MOF-5 has a hydrogen adsorption capacity of 4.5 wt %;
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at the time, the U.S. Department of Energy has a target hydrogen storage capacity

of 6.5 wt %.61 However, if MOF-5 is properly activated,62 thereby removing all the

pore-bound guests, a 7.1 wt % hydrogen uptake can be achieved at 77 K and 40 bar.

Remarkably, the hydrogen fill time can be as short as two minutes for a cold sample

(77 K). Furthermore, the capacity of hydrogen storage in MOF-5 is maintained for

24 complete adsorption-desorption cycles. While 24 cycles may not seem high from

an industrial point of view, considering MOF-5 is one of the first MOFs, its ability

to function for so long clearly demonstrates what could be achieved with MOFs if

linkers and nodes are selected for a desired application.

Figure 1.4: (a) Representative Fragment Structure of ZIF-8 with Zn(II) Cation Nodes

Coordinated with Imidazolate Linkers. (b) 3-Dimensional Pore Structure of ZIF-8.
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To illustrate the ability of linker and node modifications to address the challenges

with hydrogen storage, numerous other MOFs, beyond MOF-5, were designed and

synthesized. For example, ZIF-8, as seen in Figure 1.4, a MOF made by zinc ions

coordinated by four imidazolate rings, was reported with a 3.3 wt % hydrogen storage

capacity at 77 K and 30 bar, while NU-100, as shown in Figure 1.5, a MOF with bridg-

ing Cu2-paddlewheel units with hexacarboxylate linkers (H6L) ([Cu3(L)(H2O)3]), was

found to have a 9.0 wt % hydrogen gas storage capacity at 77 K and 56 bar.71,72 The

varity of hydrogen uptake is mostly related to the porosity (i.e., the amount of free

space) of the MOF. The simulated surface areas of these three MOFs range between

3500 and 6500 m2g-1. However, the experimental data obtained may differ due to in-

complete removal of guest molecules, partial loss of structural integrity via improper

activation, inaccessible corners of the structure to the guest, or a combination of these

factors.72

Figure 1.5: Variable Angles of Pore Structure of NU-100

Another fuel source that is commonly featured in MOF research is natural gas.
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As one of the alternative petroleum-based fuels, natural gas has a great advantage

due to its nearly 50 % lower carbon dioxide production per unit of energy compared

to coal.73 Like hydrogen, the storage of natural gas is one of the aspects which limited

its application in transportation vehicles. Recently, several MOFs were designed, and

characterized by their methane gas, the primary component of natural gas, uptake

capacities.8,74–76 Cu-based MOF HKUST-1 [Cu3(BTC)2] (Figure 1.6) exhibits a total

volumetric methane storage capacity of 301 cm3(STP) cm-3 at 270 K,‡‡ which is

Figure 1.6: (a) Representative Fragment Structure of HKUST-1 with Cu(II)

Cation Nodes Coordinated with BTC Linkers. (b) 3-Dimensional Pore Structure

of HKUST-1 Showing How Cu2-paddlewheels Connect to One Another via 1,3,5-

Benzenetricarboxylate.

‡‡cm3(STP) cm-3 : the standard temperature and pressure equivalent volume of methane per

volume of the adsorbent material.
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higher than any other MOFs reported so far.74

On the tail-end of a perfect combustion, carbon dioxide and water are the waste

products. Carbon dioxide is credited as the primary anthropogenic greenhouse gas

responsible for climate change.77,78 Thus, selective carbon dioxide adsorption has

been proposed in which MOFs play the role as porous sorbents.38,79 To illustrate the

importance of MOFs in this field, MOF-5, the parent MOF to the field of MOFs,

exhibits a capacity of 58.0 wt % carbon dioxide at 10 bar and 273 K.80

Figure 1.7: (a) Representative Fragment Structure of MOF-74 with Metal Cation

Nodes Coordinated with Tetra-Deprotonated DOT Linkers. (b) Viewed Along C-

Axis, Schematic Structure of MOF-74.

The applications of MOFs are not limited in pre- and post-combustion. Con-

ventional hazardous chemicals, such as ammonia, sulfur dioxide, hydrogen sulfide,

and carbon monoxide, to name a few, are responsible for environmental air pollution.
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The use of toxic industrial chemicals (TICs) in warfare makes TICs hazardous to both

environment and human beings.81–84 As an outstanding sorbent, MOFs have been

featured in remediation of TICs. Yaghi and co-workers studied and calculated the

capacity of MOF-74’s, (Figure 1.7), a series MOFs made by coordinated metal ions

with dioxideterephthalate (DOT) linkers [M2(DOT)], towards ammonia, cyanogen

chloride, and sulfur dioxide uptake in the presence of humidity. Their results illus-

trate that MOF-74 represents much better uptakes than conventional sorbents like

activated carbon.85

1.1.2.2 Catalysis

The ability to tune the pore/aperture sizes of MOFs allows for size control on the

catalyst substrates. Substrates that are larger than the pore/aperture size cannot

enter the MOF and undergo catalysis.86 This allows for a mixture of compounds to

undergo catalysis in such a way that some will react faster as they are able to access

the catalyst in the framework while the others will be slower because they only have

access to the external surface area-available catalyst.30,48,87 Based on these points,

researchers have put a significant amount of efforts toward MOF-based catalyst design

and investigation.48,88–90

The chemical and/or thermal structural stability of MOFs made them an ideal

catalyst in chemistry. The metal nodes play an important role and may show better

stability compared to other catalytic systems, which may suffer aggregation and/or

deactivation under certain conditions. To illustrate the efficacy of MOFs as hetero-

geneous catalysts vs. homogeneous catalysts, David Farrusseng and co-workers com-

pared the Friedel-Crafts reaction between tert-butyl chloride and toluene/biphenyl.

11



In comparison with the typical Lewis-acid AlCl3 catalyst, MOF-5 (Figure 1.3), the

archetypal cubic MOF with a tetranuclear-zinc(II) oxo cluster Zn4O as the node,

demonstrated better catalytic activity than AlCl3.91

Figure 1.8: (a) Representative Fragment Structure of UiO-66 with Zr Cluster Nodes

Coordinated with Terephthalate Linkers. (b) Schematic Structure of UiO-66.

The catalytic ability of the metal cation can be tuned by adjusting the pore chem-

istry via modifying the organic linkers to longer linkers, linkers with new functional

groups (e.g., -NH2, -OH), or both. This has been well demonstrated with UiO-66

(Figure 1.8). UiO-66 is a Zr-containing MOF composed of [Zr6O4(OH)4]12+ clusters

linked by BDC dianions. By substitution of BDC in UiO-66 with 2-aminoterephthalic

acid (NH2-BDC), a photocatalytic MOF, UiO-66-NH2 was obtained.22 UiO-66-NH2
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has been shown to be a photocatalyst for carbon dioxide reduction under visible-light

irradiation.92

The concept of catalysis can be further extended to fuel sources. For example, the

quality of diesel, a fuel largely used in heavy engineering machines and transportation

vehicles, is a critical factor with regards to its combustion efficiency and gas emission.

As sulfur compounds are the main impurities in diesel, desulfurization is a key step

in diesel treatment. Balula and co-workers discovered that UiO-66 (Figure 1.8) can

be applied to effectively remove sulfur compounds within diesel via oxidative desul-

furization.93 The MOF was robust enough to undergo three consecutive oxidative

desulfurization cycles without any significant catalytic activity loss. Furthermore,

the MOF was examined using commercial diesel sources and an 81 % desulfurization

rate was achieved.

1.1.2.3 Sensing

The desire of a real-time monitoring for chemical components, pressure, or concen-

tration has catalyzed the invention of chemical sensors. These devices were designed

to transfer chemical information into useful signals in a short time without large

instrumentation (e.g., hand-held detectors vs. a GC-MS). As with so much of the

early work in MOFs, HKUST-1 (Figure 1.6) was found to be an excellent pyridine

sensor with a diffusion coefficient of 1.5 × 10-19 m2s-1 and an activation energy for

diffusion of 0.78 eV (compared to the theoretical binding energy between pyridine

and MOF-lattice of 0.69 eV) at ambient temperature.94 The field of sensing has

expanded to examine more dangerous molecules, such as nitro-aromatics, by a se-

ries of fluorescence-based MOFs.95 Ghosh and co-workers demonstrated that their
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Cd-based MOF exhibited excellent selectivity towards 2,4,6-trinitrophenol over 2,4,6-

trinitrotoluene and 2,4-dinitrotoluene.96

1.2 Motivation of This Thesis

1.2.1 Alternative Solvents

With the effort of scientists and engineers, there are near-limitless opportunities for

researchers to design advanced porous materials by combining linkers and nodes.

Most often, MOFs are synthesized under standard methods including solvothermal,

hydrothermal, electrochemical, and mechanochemical synthesis.97

1.2.1.1 Prototypical Solvothermal Synthesis

Most MOFs were synthesized at elevated temperatures in a closed vessel under auto-

genous pressure with dimethylformamide (DMF) as the solvent, or with diethylfor-

mamide (DEF) to improve crystal growth.98 These solvents were chosen due to their

high boiling points as well as their beneficial acid-base chemistries, as illustrated in

Figure 1.9. The by-product of MOF formation is 2-equivalent of acid (assuming a

dicationic metal node such as Zn(II) or Cu(II)). As DMF is heated, it breaks down

to form dimethylamine, a base that can be used to react with the produced acid.

Without this reason, the formed highly acidic environment during MOF formation

would break the M-linker bonds and reverse MOF formation. Thus, the reactivity of

the solvent is critical in solvent choice. The advantage of high-boiling solvents is that

the kinetics of crystal growth can be modulated over a wide temperature range (20 -

200 °C are typical temperatures for MOF formation).
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Figure 1.9: An Example of Acid-Base Chemistry in the Synthesis of MOFs.

The typical MOF synthesis is very capable of yielding sufficient material for lab-

scale research (50 mg - 10 g scale). However, one of the challenges of MOF synthesis

is scaling up the processes toward industrially-relevant yields (more than 10 kg at a

time).99 Temperature variations in large solvent containers, changes in head space

pressures, and the quality of the DMF can play a critical role in producing MOFs

with optimal yield and porosity. For example, MOF-74 (Figure 1.7), a MOF that has

been featured in carbon dioxide adsorption application,38,79,100–105 can be made using

30.0 mL of solvent (VDMF/VH2O/VMeOH=1/1/1), 217.0 mg of metal salt, and 43.0 mg

of linker at 100 °C.35 It has been observed that two seemingly identical reaction

containers will exhibit yields ranging from 20.0 - 140.0 mg. It is very likely that these

variations are due to small changes in temperature inside the reaction vessel.

1.2.1.2 Alternative Methods

With the challenges of MOF synthesis delineated above, many researchers have fo-

cused on unconventional synthesis. These routes allow for control of particle sizes
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(e.g., large crystals suitable for single crystal X-ray diffraction vs. microcrystalline

powders which are better suited for filling a gas cylinder), oxidation states of metals,

and even scale-up processes which may be otherwise challenging to achieve with tra-

ditional solvothermal conditions. To address these, alternative synthesis routes have

been investigated.97

I. Electrochemical Synthesis

The first report of electrochemical synthesis of MOFs consist of the Cu- and Zn-

carboxylates MOFs (HKUST-1 and MOF-5) synthesized by BASF.106 The organic

linker and conducting salt, not the same as the metal nodes, were dissolved in a

reaction medium. The metal ions that formed the node are subsequently introduced

continuously via anodic dissolution. Protic solvents were used to avoid the deposition

of metals on the cathode. There has been a lot of work focused on examining the

synthesis of MOFs via this method.107–110 The use of electrochemical method to make

MOFs allows for an advantage to conventional synthesis in which different oxidation

states, or mixed oxidation states inside MOFs can be attained.56,58

II. Mechanochemical Synthesis

Ball milling was first described in material synthesis by Benjamin and his co-

workers in the late 1960’s. Since then, the method has expanded to numerous fields.111

Recently, ball milling was applied to supramolecular chemistry and gained extraor-

dinary success in mechanosynthesis and self-assembly.112–114 Given the ball milling

synthesis is solvent-free, or at least requires very little co-solvent in the synthesis,

the issues associated with solvents are avoided (e.g., poor solubility of metal salts

and/or organic linkers, and the production of a large amount of waste).115 The first

MOF synthesized via mechanosynthesis was reported in 2006. James and co-workers
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formed a robust 3-dimensional porous Cu-based MOF without any heating.116 As

an unconventional synthesis method, mechanosynthesis not only offers the possibil-

ity of making new MOFs, but also provides access to a new perspective in green

chemistry.117–123

III. Microwave Assisted MOF Synthesis

One challenge associated with MOF synthesis is that many MOFs required a con-

siderable amount of time to form at elevated temperatures. For example, MOF-808

requires 7 days of heating at 100 °C.124,125 With the focus on crossing the academia-

industry barrier, it is important to reduce the heating time but maintain the yield,

topology, and properties of the MOF. One of the many methods that has been discov-

ered to address this is microwave assisted synthesis. By tuning irradiation power and

reaction time, the increased kinetic energy of the microwave will increase molecule

collisions, and thus increase the rate of MOF formation.126 The use of microwave as-

sisted MOF synthesis such as in UiO-66, MIL-101-NH2, and lanthanide-based MOFs

have been documented.127–129

1.2.1.3 Green Solvent Cyrene Used in MOF Synthesis

Unconventional synthetic methods for MOF synthesis are, at times, centered around

the idea of making MOFs with environmentally benign solvents instead of using con-

ventional DMF or DEF. Unfortunately, these solvents can cause damage to the en-

vironment as well as mankind. To that end, it is crucial that chemists and chemical

engineers consider the societal expectation that the design and applications of new

technology be centered on greener and sustainable chemical processes in the first

place.130,131
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Given the versatility of MOFs towards applications in environmental remedia-

tion, and human protection, the environmental friendliness of the materials should

be considered from cradle to grave and not just the environmental impact that the

application holds. In other words, I believe that MOF synthesis should also be cog-

nisant of the environment, human health risks, and, ultimately, green chemistry. If

MOFs are going to be used in applications for toxic gas removal (i.e., sulfur dioxide

sequestration in Chapter 3), then it is important that they are not producing unnec-

essary waste at the synthetic step of MOF production (Chapter 2). To that end, the

art of MOF synthesis not only depends on the design of organic linkers and metal

nodes, but also on the influence of solvents on the acid-base chemistry as well as the

necessity to either prevent pore collapse, or form a high density (i.e., non-porous)

material.

With that in mind, Chapter 2 of the thesis explores the synthesis of MOFs with

the goal of finding an alternative solvent of forming MOFs. As mentioned above, the

majority of MOFs are synthesized from either DMF or DEF.132 The high boiling point,

good solubility of metal salts and organic ligands, and beneficial acid-base chemistry

make these organic solvents superior to others.133 However, the problems brought by

the chemicals used and the by-products produced in the synthetic process served as a

wake-up call since it has been documented that these kinds of organic chemicals (e.g.,

DMF and DEF) exhibit reprotoxicity and end-of-life issues. Furthermore, incineration

of these solvents can produce NOx, an environmental pollutant.134–138

Furthermore, legislative restrictions also narrow down the application of these un-

desirable solvents.139 Based on this, Chapter 2 of this thesis aimed to design a greener

method by which MOF can be formed with an alternative solvent to replace DMF.
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Ultimately, water would be the ideal solvent for MOF synthesis as it is abundant

Figure 1.10: Scheme of the Production of Cyrene.

Table 1.1: Physical Properties of DMF and Cyrene.a

DMF Cyrene

δD/MPa0.5 17.4 18.8

δP/MPa0.5 13.7 10.6

δH/MPa0.5 11.3 6.9

MP/°C -60.5 -18.0

BP/°C 153 203

ρ/g cm-3 0.94 1.25

Vm/cm3mol-1 77.0 102.5

a Calculated with HSPiP software. δD, δP, and δH represent the dispersion, polar

and hydrogen bonding interaction parameters, respectively.

and yields zero threat to the environment. However, due to the limited solubility of

organic linkers in water, the limited temperature range available for water (assuming

no high-pressure equipment is used), there is a need to find alternative green sol-

19



vents which can be used to form MOFs. One such solvent is dihydrolevoglucosenone

(Cyrene®) (Figure 1.10).140 As an environmentally benign solvent, Cyrene has sev-

eral advantages in MOF synthesis. Firstly, it is derived from waste biomass cellulose

by two simple steps via dehydration of cellulose to levoglucosenone and subsequently

hydrogenated to dihydrolevoglucosenone, as shown in Figure 1.10. Secondly, Cyrene

has similar physical and chemical properties to DMF (Table 1.1). With these in

mind, we proposed that Cyrene would be a good replacement of DMF or DEF in

MOF synthesis (Chapter 2).

1.2.2 Toxic Chemical Adsorption

Fossil fuels, especially petroleum, natural gas, and coal, are, and may likely remain,

the main energy sources for decades.141 The waste gases that are released when fossil

fuels undergo combustion present numerous environmental challenges with regards to

air pollution (e.g., acid rain and smog), global warming, water pollution, soil contam-

ination, and radioactive contamination.141–143 Most of these waste products are called

TICs. TICs are industrial chemicals that are manufactured, stored, transported, and

used throughout the world and they can be in the gas, liquid, or solid state.144 TICs

can be chemical hazards (e.g., carcinogens, reproductive hazards, corrosives, or agents

that affect the lungs or blood) or physical hazards (e.g., flammable, combustible, or

explosive, or otherwise reactive).

Sulfur dioxide is a by-product of fossil fuel burning. Under humid environments,

sulfur dioxide rapidly reacts with water (e.g., in the atmosphere or lungs) to form

sulfuric acid. As such, together with ammonia, chlorine, and hydrogen sulfide, sulfur
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dioxide is considered to be a TIC.144 Unlike nerve agents,145 TICs are often used

in chemical warfare due to the ease in which they can be obtained for commercial

applications. For example, sulfur dioxide is primarily used for production of sulfuric

acid, as an oxidizing agent to reduce hydrogen sulfide to elemental sulfur, and even as

a fruit preservative.146 Considering the risks of sulfur dioxide to individuals, society

(e.g., destruction of architectures due to acid rain), and the environment, it is crit-

ical to find methods of reducing anthropogenic sulfur dioxide as well as developing

methods to protect individuals from weaponized sulfur dioxide.147

As such, Chapter 3 of this thesis focuses on investigating the role that MOFs can

play in the sequestration of sulfur dioxide. More specifically, we are investigating

the role that chemisorption reactions (see Chapter 3) can play on tuning the ad-

sorption/desorption of sulfur dioxide from a porous structure. The experiments were

carried out by microporous breakthrough analysis with the help of our collaborator

at the Edgewood Chemical Biological Center.
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Chapter 2

The Use of an Alternative Solvent

in the Synthesis of MOFs†

2.1 Introduction

With the introduction of the Registration, Evaluation and Authorisation of Chemicals

(REACH) legislation in the European Union, there is a growing trend towards safer

production and use of chemicals by industries.139 Future legislative restrictions under

REACH are likely for several traditional dipolar aprotic solvents including DMF,

N,N -dimethylacetamide (DMAc), and N -methylpyrrolidinone (NMP) which have now

found their way onto a list of “substances of very high concern” (SVHC).148 With the
†Part of the work in this chapter is reproduced here with permission from Zhang, Jinfeng; White,

Gabrielle B; Ryan, Michaela D; Hunt, Andrew J; and Katz, Michael J, Dihydrolevoglucosenone

(Cyrene) as a green alternative to N,N -dimethylformamide (DMF) in MOF synthesis. ACS Sus-

tainable Chemistry & Engineering 2016, 4 (12), 7186–7192. Copyright 2016 American Chemistry

Society.
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increased use of MOFs, it is of vital importance to find safer and preferably bio-

derived solvents that can substitute these traditional dipolar aprotic solvents used in

their manufacture.

Cyrene140 is a dipolar aprotic solvent which can be derived from waste cellulose

in two simple steps (Figure 1.10).149 The Kamlet–Abboud–Taft (KAT) polarity scale

π∗, corresponding to the dipolarity of a solvent molecule, is similar between Cyrene

and DMF, with values of 0.93 and 0.88, respectively.140 Hansen solubility parame-

ters relating to dispersion (δD), polar (δP) and hydrogen bonding (δH) interactions,

indicate that Cyrene is a close solvent match to DMF (Table 1.1).149 Importantly,

Cyrene demonstrates no mutagenicity (OECD No. 471 and 487), LD50>2000 mg/kg

(OECD No. 423, acute toxicity method) and is barely ecotoxic (OECD No. 201, 202

and 209).†† Cyrene has been observed to have no mutagenicity. It is barely ecotoxic

and has exhibits similar solubility and physical parameters to DMF. With that in

mind, Cyrene, a bio-derived solvent, was investigated in the synthesis of archetypal

MOFs with the hope of deriving a synthetic strategy by which new MOFs can be

made with Cyrene.
††a) Data kindly provided by Circa Group Ltd., the manufacturer of Cyrene, by F. Hoffmann La

Roche Ltd., hereby acknowledged as the source of the data and corresponding study; b) Safety Data

Sheet of F.Hoffmann-La Roche Ltd.
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2.2 Results and Discussion

2.2.1 Synthesis of HKUST-1

The initial investigation focused on the use of Cyrene in the synthesis of the pad-

dlewheel MOF, HKUST-1 (Figure 1.6), due to its varied applications coupled with

its availability through chemical retailers such as Sigma-Aldrich.150–154 HKUST-1 is

a MOF formed with copper(II) paddlewheel nodes (Figure 1.6) and 1,3,5-benzene-

tricarboxylate linkers. As a direct comparison to the published DMF synthesis,155

HKUST-1 was initially synthesized from a solution of Cyrene/EtOH/H2O (Table 2.1).

Figure 2.1: Simulated (Black) and Observed, As-Synthesized Using DMF (Blue) or

Cyrene (Red), PXRD of HKUST-1.
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Figure 2.1 shows the powder X-ray diffractogram (PXRD) of HKUST-1 made from

both DMF and Cyrene (1:1:1 volume ratio of Cyrene/95 % EtOH/water). As can

be seen, the peak positions between the simulated and observed PXRDs match the

simulated diffractogram thereby indicating that the Cyrene-based synthesis is able to

produce HKUST-1. Perhaps more interesting are the intensities and line widths. In

the Cyrene-derived HKUST-1, the two most intense reflections are the {2 2 2} and

{3 3 3} reflections indicating a high degree of preferred orientation along the {1 1 1}

direction in comparison with DMF-synthesized HKUST-1. Furthermore, the peak

widths of Cyrene-derived HKUST-1 are narrower indicating a larger average particle

size in Cyrene-derived vs. DMF-derived HKUST-1.

Table 2.1: Synthesis Details of the Various Attempts Used to Make HKUST-1.b

DMF

(mL)

Cyrene

(mL)

Ethanol

(mL),

purity

Deionized

water

(mL)

Observed

BET SAs

(m2/g)

HKUST-1-DMF 2.0 … 2.0, 95 % 2.0 1400

H
K
U
ST

-1
-C

yr
en
e Trial 1 … 2.0 2.0, 95 % 2.0 1100

Trial 2 … 2.0 2.0, 95 % … 950

Trial 3 … 2.0 0.2, 100 % … 600

Trial 4 … 2.0 0.4, 100 % … 1400

Trial 5 … 2.0 2.0, 100 % … 1500

b All synthesis were carried out with 43.0 mg of Co(NO3)2 · 3H2O and 25.0 mg of

H3BTC.
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With the structural elucidation confirmed, we examined the nitrogen gas adsorp-

tion isotherms (77 K) of HKUST-1. As shown in Figure 2.2 and Table 2.1, when

HKUST-1 was synthesized from DMF, a Brunauer–Emmett–Teller (BET) surface

area (SA) of 1400 m2/g was observed (blue colour trace Figure 2.2). With Cyrene

under the identical conditions (Trial 1, Table 2.1), however, despite the promising

PXRD observed in Figure 2.1, the BET surface area of HKUST-1 was observed to be

a mere 600 m2/g (white colour trace Figure 2.2).

Figure 2.2: Nitrogen Gas Adsorption Isotherms of HKUST-1 Measured at 77 K Using

Different Solvent Mixtures.
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In order to determine the origin of the surface area drop between DMF and Cyrene,

we investigated the role of ethanol as an additive. As shown in Figure 2.2 and

Table 2.1, when nominally dry EtOH is used in a 5:1 ratio with Cyrene, then a

surface area of 1400 m2/g is observed (Trial 4, Table 2.1). However, when 95 % EtOH

is used, then lower than ideal BET surface areas are observed. It is hypothesized that

this behaviour is due to the formation of a geminal diol of Cyrene and potentially

other products (vide infra) in the presence of water.156 Therefore, control of the

water/Cyrene ratio is necessary to optimize BET surface areas.

Table 2.2: Yield of HKUST-1 Made with Different Solvents.c

Solvents Yield (%)

DMF/EtOH/H2O 35

Cyrene/EtOH 33

DMSO/EtOH 0

H2O 6.5

EtOH 20

EtOH/H2O 3.0

c Yields are based on moles of Cu.

Given that synthesis of HKUST-1 can be performed in alternative solvents such

as EtOH,153,157 the importance of Cyrene in this synthesis was investigated. In both

DMF and Cyrene, we observed a 35 % yield (Table 2.2). However, when DMSO/EtOH

was substituted for Cyrene/EtOH, then no HKUST-1 was formed. Similarly, when

27



EtOH or an EtOH/H2O mixture was used in the absence of Cyrene, a ca. 5 % yield

was observed. These results indicate that Cyrene’s role is crucial in MOF formation.

2.2.2 Synthesis of Other MOFs

With these results in mind, the use of Cyrene as a solvent was extended to

other MOFs. In order to adequately survey the field, we choose four ad-

ditional archetyped MOFs, UiO-66 (Figure 1.8), ZIF-8 (Figure 1.4), MOF-74

(Figure 1.7), and Zn2(1,4-benzenedicarboxylate)2(1,4-diazabicyclo[2.2.2]octane)

[Zn2(BDC)2(DABCO)] (Figure 2.3), as representatives.

The aforementioned MOFs were chosen because they represent various families of

MOFs that are currently being investigated for various applications in the literature

citations. Zr MOFs are very popular due to their outstanding stability and wide

applications.29 UiO-66 was chosen because it is the prototypical Zr-containing MOF

(Figure 1.8). This MOF contains a [Zr6O4(OH)4]12+ cluster node that is connected to

12 additional cluster nodes via BDC linkers. The advantage of UiO-66 is that BDC

can be easily substituted for other linkers (e.g., NH2-BDC, NO2-BDC, and NDC).

Given the ease in which these derivatives of UiO-66 are formed, coupled with the

stability of these MOFs, it is perhaps unsurprising that these materials are featured

in several applications.29,158,159

Another class of MOFs widely examined is the family of zeolitic imidazolate frame-

works known as ZIFs. In ZIFs, imidazolate linkers connect tetrahedral dications such

as Zn(II) and Cd(II). Given the ca. 120° angle between the imidazole nitrogen lone

pairs, the structures of these materials resemble those of zeolites. By judicious choice
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of the imidazole, or combination of imidazoles, various ZIFs can be made via conven-

tional methods.28

M-MOF-74 (M=Zn, Co, Fe, Mg, Mn, Ni) represents a series of MOFs, which are

often featured in novel studies due to the ease in which an open-coordination site on

the metal can be generated and modified.160–162 The linker used here, DOT, contains

two OH and two COOH groups, which are all deprotonated and coordinated to the

node in the MOF. The large pore aperture inside MOF-74 (Figure 1.7) offers the

possibility of large molecules to easily pass through.

Figure 2.3: (a) Representative Fragment Structure of Zn2(BDC)2(DABCO) Show-

ing How Zn(II) Cation Nodes Coordinate with BDC and DABCO Linkers. (b) 3-

Dimensional Pore Structure of Zn2(BDC)2(DABCO).

The last MOF which was chosen, Zn2(BDC)2(DABCO), uses a combination of two

different linkers, BDC and DABCO. These pillared (DABCO) paddlewheel (BDC)
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MOFs (Figure 2.3), have been studied for application in catalysis using SALEN-based

pillars.163,164

Figure 2.4: The PXRD Patterns of (a) UiO-66, (b) Co-MOF-74, (c) ZIF-8, and

(d) Zn2(BDC)2(DABCO). The Simulated Spectrum Are Observed in Black and the

Measured Spectrum in DMF and Cyrene Are Observed in Blue and Red Respectively.

As shown in Figure 2.4, except for Zn2(BDC)2(DABCO), the peak positions of the

PXRDs between the DMF- and Cyrene-derived MOFs match the simulated PXRD.
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These results indicate that the desired MOFs were formed. The differences in inten-

sities are due to a combination of preferred orientation and differences from the pres-

ence of pore-bound solvents, which are not predicted from the simulated PXRD.165

For Zn2(BDC)2(DABCO), the flexibility of the MOF, due to the inclusion of vari-

ous solvents, is evident by the multitude of Zn2(BDC)2(DABCO) structures in the

Cambridge-Crystallographic Data Center (CCDC), the peak positions do not match

as well in comparison to the other MOFs.165 Figure 2.5 readily illustrates this point.

The guest free MOF crystallizes at room temperature with a tetragonal space group

of P 4/m m m. However, when crystallizes with DMF in the pore, a different body

centered tetragonal cell I 4/m c m is formed. There are many more such examples

that change the bend angle in the BDC (Figure 2.5), or even the tilt angle between

neighbouring sheets.166

Figure 2.5: Schematic Structure of (a) Bent Linkers and (b) Linear Linkers of

Zn2(BDC)2(DABCO) Viewed Down the C-Axis.
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To further examine Zn2(BDC)2(DABCO), we disassembled both DMF- and

Cyrene-derived Zn2(BDC)2(DABCO) in D2SO4/DMSO-d6 in order to examine the

BDC/DABCO ratio. Given the ratio of 4 protons in BDC to 12 protons in

DABCO, 8:12 ratio of BDC:DABCO protons is expected based on the formula of

Zn2(BDC)2(DABCO) and 8:12 ratios of BDC:DABCO protons for both Cyrene and

DMF-derived Zn2(BDC)2(DABCO) are shown in Figure 2.6.

Figure 2.6: 1H NMR Spectrum of Zn2(BDC)2(DABCO), Cyrene (Red) vs. DMF

(Blue), Digested in D2SO4/DMSO-d6.
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These results indicate that Zn2(BDC)2(DABCO) has been successfully made in

both DMF and Cyrene. All four MOFs match the expected PXRD thereby demon-

strating the utility of Cyrene toward the synthesis of MOFs. Unfortunately, as shown

in Figure 2.7 and Table 2.3, the Cyrene MOFs show lower-than ideal surface areas in

comparison to their DMF counterparts.

Figure 2.7: Nitrogen Gas Adsorption Isotherms of (a) UiO-66, (b) Co-MOF-74, (c)

ZIF-8, and (d) Zn2(BDC)2(DABCO) Synthesized Using DMF (Blue) or Cyrene (Red).
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Table 2.3: Summary of BET Surface Areas.

MOFs
Expected BET

SAs (m2/g)

Observed BET SAs (m2/g)

DMF-derived

MOFs

Cyrene-derived

MOFs

HKUST-1 1740167 1400 1500

UiO-66 1700168 1300 500

Co-MOF-74 1572169 800 200

ZIF-8 195028 1700 600

Zn2(BDC)2(DABCO) 1750170 1950 1300

2.2.3 Investigation into the Low SAs of Cyrene-Derived MOFs

Given the importance of finding greener methods of forming MOFs, we wanted to

investigate the origin of the lower surface areas, rather than simply optimize the

system, to better understand the chemistry of Cyrene. To that end, we looked more

closely at ZIF-8; similar results were observed for MOF-74 and Zn2(BDC)2(DABCO).

From the PXRD of all five MOFs (Figure 2.1, Figure 1.4), there is a general agreement

between the simulated and observed diffractograms. However, over the course of this

project, there were times when peaks that were inconsistent with the MOF simulations

were observed.

As shown in Figure 2.8, compared with its DMF counterpart and the simulated

PXRD, the PXRD of ZIF-8 often showed different peak intensities which could not be

rationalized from preferred orientation and were not usually observed for pore-filled
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Figure 2.8: Simulated (Black) and Observed, As-Synthesized Using DMF (Blue)

or Cyrene (Red), PXRD of ZIF-8. The Observed PXRD of the Cyrene Aldol-

condensation Product Is Shown in Pink. Peaks Marked with ∗ Indicate the Presence

of the Cyrene Aldol-Condensation Product Intermixed with ZIF-8.

Figure 2.9: Scheme of the Production of the Cyrene Aldol-Condensation.
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Figure 2.10: Crystal Structure Showing the Cyrene Aldol-Condensation Product.

ZIF-8. Additionally, new peaks inconsistent with any miller index of ZIF-8 were also

observed. Fortunately, examination of ZIF-8 under a microscope revealed that a white

crystalline material, inconsistent with the morphology of ZIF-8, was observed among

the microcrystalline powder of ZIF-8 (Figure 2.8). Single-crystal X-ray analysis of

these crystals indicate that, in the presence of the ZIF-8 starting materials, a double

terminated, thin cuboid crystal of the aldol-condensation product of Cyrene was

formed (Figure 2.9). The existence of this crystal adds a non-porous material to the

batch of ZIF-8 thus decreasing the surface areas calculated by experimental data.

Single crystals of the aldol-condensation product were extracted from a batch of

ZIF-8 using CH2Cl2 and recrystallized from hot CH2Cl2 yielding large single crystals

suitable for X-ray diffraction. The crystallographic data can be seen in Table 2.4 and

the structure is shown in Figure 2.10.
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The crystals of the aldol-condensation product can be washed out as shown in

Figure 2.8. However, this does not necessary remove the pore-bound material. The

pore-bound solvent inside the MOFs is thus believed to be one reason for the less

than ideal surface areas of these MOFs. So, in order to see if the aldol condensation

product is responsible for the lower SAs, we digested the MOF to check the pores. As

shown in Figure 2.11, a detectable amount of Cyrene from the pores was observed in

the D2SO4/DMSO-d6 digested ZIF-8 even after several washings. However, the aldol-

condensation product was not detected here by 1H NMR. The data suggests that the

aldol-condensation product is not trapped in pores, but simply co-crystallizes with

the MOFs. Further study found that the aldol-condensation product was soluble in

DMF, DCM and acetonitrile making it easy to wash away using our standard synthetic

procedure. After several washings, the aldol-condensation product was washed away

while Cyrene was still present. This suggests that the Cyrene is likely trapped in pores

either due to a favorable interaction within the pore, or a ship-in-a-bottle situation

in which the MOF grew around the solvent but the pore aperture is now too small

to allow the solvent out.

Figure 2.12 indicates that the Cyrene and aldol-condensation product have dif-

ferent proton environments. In order to confirm that only the aldol-condensation

product was formed, and not multiple products, we investigated the NMR spectra

of the DCM-extracted materials post MOF synthesis. Herein with the utility of

2-dimensional NMR measurements, we successfully determined that only the aldol-

condensation product was formed. Figure 2.13, HSQC (HSQC=heteronuclear single

quantum correlation) provides correlation between the aliphatic carbon and its di-

rectly attached protons while Figure 2.14, COSY (COSY=correlation spectroscopy)
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Figure 2.11: 1H NMR of DMF-Derived ZIF-8 (Blue); Cyrene-Derived ZIF-8 (Red),

and Cyrene (Green). MOFs Are Digested by Acid (D2SO4/DMSO-d6).

spectrum shows how neighboring protons couple to each other. Combining these

three results as well as the PXRD spectrum, the aldol-condensation crystal structure

was confirmed.

Figure 2.12 illustrates that there are fourteen protons present when the MeOH

peak at 3.47 ppm is ignored. This is consistent with the crystal structure of the

aldol-condensation product. When we turned our attention to Figure 2.13, the HSQC

NMR result provides more information on this product. It is clear that six -CH2 (blue

regions) and four -CH (red regions) regions exist; this is once again consistent with

the crystal structure. Some protons belong to the same carbon atom. For example,
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Figure 2.12: 1H NMR of Cyrene (Green) and the Cyrene Aldol-Condensation Product

(Maroon) Digested in D2SO4/DMSO-d6.

the protons at 1.75 and 2.17 ppm, and protons at 2.55 and 2.80 ppm belong to the

same carbon atom. While the protons at 4.60 and 4.80 ppm would appear to belong

to the same carbon atom, the phase of the carbon atom indicates that the carbon

atom must be a CH or a CH3. As there are no CH3 in the molecule, we propose

that there are two separate CH protons that have chemically equivalent, or nearly

equivalent carbon atoms. Additionally, there are two protons which belong to one

carbon at 2.37 ppm also shown in this figure. The four protons at 3.90 ppm have very

similar environments which makes them very hard to separate, but it is most likely

due to two sets of CH2 fragments.
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Figure 2.13: HSQC Spectrum of the Cyrene Aldol-Condensation Product (Maroon)

Dissolved in CDCl3, Blue (CH2), Red (CH). The Number in Light Purple Box Indi-

cates the Integrations of the Protons.

In order to gain more information about this product, a COSY NMR was carried

out, and shown in Figure 2.14. The two peaks at 6.75 and 5.18 ppm in the left

bottom region in the cyan box have no cross coupling peaks at all. These carbon

atoms, and their respective proton atoms, are proposed to be C7 and C16 as those

protons are not expected to show any couplings. We cannot unambiguously determine

which peak represents which carbon/proton atom with the present data; additional 2-

dimensional NOESY (NOESY=nuclear overhauser effect spectroscopy) measurements

would be necessary to identify these protons. Turning our attention to the far-right
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Figure 2.14: COSY Spectrum of the Cyrene Aldol-Condensation Product Dissolved

in CDCl3. The Numbers in the Top Light Purple Box Are the Integrations of the

Peaks.

region in the blue box, we notice the protons located here are coupled to one another

and belong to two sets of diastereotopic CH2’s. As such, this fragment must be a

CH2-CH2 fragment. The only region with such a fragment is C11 and C12. The green

arrow under the blue box indicates that the proton at 2.10 ppm is also coupled to

another proton at 4.60 ppm which is a CH fragment (HSQC). As such, the region

in the red box must contain a CH(4.60 ppm)-CH2(1.75 & 2.17 ppm)-CH2(2.37 ppm) fragment.

The only portion of the molecule that fits these data is the carbons and associated

protons of C13 (4.60 ppm), C12 (2.10 ppm) and C11 (2.37 ppm). Looking closely at
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C13’s cross coupling peaks in the COSY, we notice that C13 couples to some of the

protons centered at 3.85 ppm. Given that C13 has been ambiguously assigned, 2 of

the 4 protons at 3.85 ppm must belong to C14. With this assignment, half of the

molecule has been correctly identified based on the NMRs and the crystal structure.

Turning our attention to the purple box in Figure 2.14, we see diastereotopic CH2’s

at 2.57 and 2.75 ppm. These protons show a strong coupling to the CH group proton

at 4.80 ppm indicating that the fragment contains a CH2-CH region. The CH group

at 4.80 ppm is further coupled to the remaining 2 diastereotopic protons centered

at 3.85 ppm. Thus, the remaining fragment consists of a CH2-CH-CH2 region with

no further strong cross coupling. We thus propose that this fragment belongs to the

carbon and associated protons of C2-C3-C4. Given the similar chemical environments

of C14 and C2, we propose that these two sets of diastereotopic CH2’s are located in

the region of 3.85 ppm. Meanwhile, C4, having a similar chemical environment to

C11, is assigned to the protons at 2.57 and 2.75 ppm. C3 is therefore assigned to the

CH region at 4.80 ppm.

Given this, all protons have been identified based on the crystal structure obtained

for the aldol-condensation product of Cyrene indicating that no other significant

impurities is produced. A summary of the proton chemical shifts can be found in

Table 2.5. Interestingly enough, the aldol-condensation of Cyrene occurs such that

only one isomer is formed despite two isomers being possible.

With the aldol-condensation product uniquely identified as only one isomer and

not a mixture of compounds, we returned our attention to the use of Cyrene as

an alternative solvent for MOF synthesis. To further investigate our surface area

results, thermogravimetric analysis (TGA) of the MOFs examined in this work were
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Table 2.5: Chemical Shift List of Protons in Aldol-Condensation Molecule.

Left side of molecule Right side of molecule

Protons Chemical shift (ppm) Protons Chemical shift (ppm)

C11H2 2.37 C2H2 3.85

C12H2 2.10 C3H 4.80

C13H 4.60 C4H2 2.57, 2.75

C14H2 3.85 C7H 5.18/6.75f

C16H2 5.18/6.75f

f The CH protons of C16 and C7 cannot be uniquely identified.

measured (Figure 2.15). Initially, DMF- and Cyrene-synthesized MOFs show similar

thermal stability. However, as low as 100 °C, the Cyrene-synthesized MOFs begin to

show mass loss while the DMF-synthesized MOFs do not (or do not lose as much as

their Cyrene counterpart). Given that the MOFs are identical, the differences can

only be rationalized by the presence of undesirable materials in the pore. The aldol-

condensation product was observed to decompose around 250 °C, too high to explain

the observations in the TGA. However, given the boiling point of Cyrene (203 °C),

these mass losses, coupled with the observation that only Cyrene is left in the pore

(Figure 2.11), are indicative of trapped pore-bound Cyrene.

Based on all the results presented herein, it is hypothesized that for MOFs with

small pore-apertures, the notably larger kinetic diameter of Cyrene vs. DMF may re-

quire activation routines (more than conventional heating under vacuum used here),

which we have not explored, in order for Cyrene to be beneficial in MOF synthe-
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Figure 2.15: Weight Loss as a Function of Temperature (Solid Line) and Derivative of

Weight Loss as a Function of Temperature (Dash Line), Blue (DMF), Red (Cyrene).

TGA of (a) UiO-66, (b) ZIF-8, (c) Co-MOF-74, and (d) Zn2(BDC)2(DABCO).

sis. These routines could be as simple as changing the solvent mixture used in the

synthesis in order to remove the Cyrene before the ship-in-the-bottle is closed, as

we showed with HKUST-1, or more dramatic acid-base treatments to remove the

unwanted guests. However, for large-pore aperture MOFs, the inclusion of residual

pore-bound Cyrene is not likely to be problematic as simply washing would be able

to remove the Cyrene.20,26,171,172
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2.3 Conclusions

In summary, an environmentally friendly dipolar aprotic solvent has been investi-

gated for the synthesis of five distinct MOFs: HKUST-1, UiO-66, Co-MOF-74, ZIF-8,

and Zn2(BDC)2(DABCO). In all five cases, Cyrene could produce crystalline mate-

rials with PXRDs that match the expected PXRDs. As a set of design principles,

we have discovered that keeping the water content of Cyrene low is critical. Ad-

ditionally, decreasing the heating time is necessary to prevent the formation of the

aldol-condensation product. With these points in mind, optimal BET surface areas

can be easily obtained. Although an aldol-condensation product and residual Cyrene

were observed in some of these MOFs, the presence of these species in or around

the MOF is likely the origin of the observation that DMSO/EtOH is not an ideal

alternative solvent for MOF synthesis (i.e., we need to form these products in order

for the beneficial acid-base chemistry associated with MOF synthesis to occur). The

lessons learned herein can be extended to other MOFs which, at present, do not have

non-DMF synthetic pathways. To that end, Cyrene is a suitable green replacement

for DMF in MOF synthesis.

2.4 Experimental Details

2.4.1 General Procedures, Materials, and Instrumentation

Circa Group Ltd. provided Cyrene. All compounds and solvents were used as received

unless otherwise noticed: 1,4-diazabicyclo[2.2.2]octane (DABCO) (Aldrich, 99 %), 2-

methylimidazole (Aldrich, 99 %), 2,5-dihydroxyterephthalic acid (Aldrich, 98 %),
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acetic acid (ACP, 99.7 %), cobalt(II) nitrate hexahydrate (BDH, 97 %), copper(II)

nitrate trihydrate (BDH, 99.5 %), deuterated dimethyl sulfoxide (DMSO-d6) (Cam-

bridge, 99.5 %), deuterated sulfuric acid (D2SO4/D2O; Aldrich, 99.5 atom % D), ethyl

alcohol (Aldrich, denatured), ethyl alcohol (ACP, 95 %), methanol (ACP, 99.8 %),

N,N -dimethylformamide (DMF) (Fisher, 99.9 %), terephthalic acid (Aldrich, 98 %),

triethylamine (Aldrich, 99 %), trimesic acid (Aldrich, 95 %), zinc(II) nitrate hexahy-

drate (J.T. Baker, 99 %), and zinc(II) acetate dihydrate (J.T. Baker, 99 %).

Powder X-ray diffraction (PXRD) patterns were obtained using a Rigaku X-ray

Ultima IV Diffractometer equipped with a copper X-ray source and a scintillation

counter detector. Single crystal X-ray diffraction data were collected on a Rigaku

diffractometer equipped with a Saturn 70 CCD detector, an AFC8 goniometer, and

a molybdenum target X-ray source (Proto Manufacturing) running at 50 kV and 30

mA (1.5 kW). Crystals were glued on a glass fiber. All data were collected at ambient

temperature using 5 s exposure and processed using CrysAlis Pro. Structure solutions

were performed in Olex 2.

Nitrogen gas adsorption isotherm data were collected at 77 K on a TriStar II

PLUS surface area and porosity analyzer. All the samples were activated before each

isotherm by heating the samples in a vacuum oven.

1H NMR measurements were performed on a Bruker Avance III 300 instrument.

Samples were digested in D2SO4/DMSO-d6 mix solution and filtered before measuring

by Bruker Avance III. DMSO-d6 was used as the lock solvent.

2-dimensional NMR measurements were carried out on a Bruker Avance 500 in-

strument. Samples were dissolved in CDCl3 before measuring.

Thermogravimetric analysis (TGA) experiments were performed on a TA Instru-
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ments Q500 interfaced with a PC using TA Instruments software (version 4.7A).

Samples were placed in a platinum pan and heated at a rate of 10 °C/min from 25 to

800 °C under a nitrogen atmosphere.

2.4.2 Synthesis of MOFs Using DMF

UiO-66 (DMF),23 Co-MOF-74 (DMF),35 and Zn2(BDC)2(DABCO)173 were synthe-

sized from DMF as previously reported. For consistency, the synthetic methods used

are outlined below.

a) HKUST-1: A 2-dram vial was charged with trimesic acid (H3BTC, 25.0 mg,

0.120 mmol), copper(II) nitrate trihydrate (43.0 mg, 0.175 mmol) and a mixture of

solvents of DMF–ethanol–deionized water (see Table 2.1). Once the reagents were

dissolved by agitation, the mixture was heated at 80 °C overnight. The resulting solid

was washed with 3 × 10.0 mL of DMF. Subsequently, the DMF was exchanged daily

with ethanol for 3 days. After filtration, the sample was dried under a vacuum at

150 °C, yielding a purple-blue crystalline solid.

b) UiO-66: A 25 mL vial was charged with zirconium(IV) chloride (123.3 mg,

0.529 mmol), DMF (5.0 mL), and hydrochloric acid (1.0 mL). Once dissolved after

15 min sonication, terephthalic acid (123.8 mg, 0.745 mmol) and 10 mL DMF were

added to the previous mixture and sonicated for an additional 15 mins. The mix

solution was placed in an oven at 80 °C for 12 h. The resulting white solid was

washed with 3 × 10.0 mL of DMF and subsequently 3 × 10.0 mL of ethanol. After

filtration, the sample was dried under a vacuum for 12 h at 80 °C.

c) ZIF-8: A 25 mL vial was charged with zinc(II) acetate dihydrate (500.0 mg,
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2.278 mmol), 2-methylimidazole (400.0 mg, 4.872 mmol), and 20.0 mL of DMF. Once

dissolved, the solution was heated at 110 °C for 24 h. The resulting white precipitate

was washed with 3 × 10.0 mL DMF and subsequently 3 × 10.0 mL methanol. The

solvent was filtered and dried under vacuum at 80 °C overnight yielding a white solid.

d) Co-MOF-74: A 25-mL vial was charged with 2,5-dihydroxyterephthalic acid

(43 mg, 0.217 mmol), ethanol (10.0 mL), DMF (10.0 mL) and water (10.0 mL). Once

dissolved by sonication, cobalt(II) nitrate hexahydrate (217.0 mg, 0.746 mmol) was

added to the previous solution and an additional 15 min of sonication was applied.

A dark pink solution was formed after completely dissolution. The solution was

subsequently placed in an oven at 100 °C for 24 h. The resulting brown crystalline

material was washed with 3× 10.0 mL methanol. Subsequently, the remaining solvent

was exchanged daily with methanol for 3 days. At this point, the sample was filtered

and dried under a vacuum for 12 h at ambient temperature, and subsequently for an

additional 12 h at 150 °C, yielding a dark-red crystalline product.

e) Zn2(BDC)2(DABCO): A mixture of DABCO (93.5 mg, 0.835 mmol), zinc(II) ni-

trate hexahydrate (500.0 mg, 1.180 mmol), and terephthalic acid (H2BDC, 280.0 mg,

1.180 mmol) was suspended in DMF (20.0 mL) in a 25-mL vial before being heated

in an oven at 120 °C for 48 h. The solvent was replaced daily for 3 days. Afterwards,

the sample was filtered and dried under a vacuum at 110 °C overnight, yielding a

white powder.
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2.4.3 Synthesis of MOFs Using Cyrene

As demonstrated below, even when Cyrene was used as a solvent, DMF was used as

the wash solvent in order to prevent the SA results from Cyrene to be complicated

by reagents/products, which would be soluble in DMF but may not be soluble in

Cyrene.

a) HKUST-1: A 2-dram vial was charged with trimesic acid (H3BTC, 25.0 mg,

0.120 mmol), copper(II) nitrate trihydrate (43.0 mg, 0.175 mmol) and a mixture of

solvents of Cyrene–ethanol–deionized water (see Table 2.1). Once the reagents were

dissolved by agitation, the mixture was heated at 80 °C overnight. The resulting solid

was washed with 3 × 10.0 mL of DMF. Subsequently, the DMF was exchanged daily

with ethanol for 3 days. After filtration, the sample was dried under a vacuum at

150 °C, yielding a purple-blue crystalline solid.

b) UiO-66: A 2-dram vial was charged with zirconium(IV) oxychloride octahy-

drate (34.8 mg, 0.108 mmol), DMF (100 µL), acetic acid (135 µL), deionized wa-

ter (100 µL) and Cyrene (1000 µL). Once dissolved, terephthalic acid (24.6 mg,

0.149 mmol) as well as Cyrene (1000 µL) were added to the previous mixture. The

mixture was placed in an oven at 80 °C for 12 h. The resulting off-white solid was

washed with 3 × 10.0 mL of DMF and subsequently 3 × 10.0 mL of methanol. After

filtration, the sample was dried under vacuum at 80 °C for 12 h.

c) ZIF-8: 2-methylimidazole (40.0 mg, 0.487 mmol), zinc(II) nitrate hexahydrate

(67.8 mg, 0.228 mmol) and 3.0 mL of Cyrene were loaded in a 2-dram vial. Once

dissolved, 2-equivalent (relative to 2-methylimidazole) of triethylamine was added

before being heated at 110 °C for 10 h. The resulting white precipitate was washed
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with 3 × 10.0 mL of DMF and subsequently 3 × 10.0 mL of methanol. The solvent

was filtered and dried under a vacuum at 80 °C overnight, yielding a white solid.

It is worth noting that the shorter heating time of Cyrene (10 h) vs. DMF (24 h)

was chosen in order to prevent the formation of the aldol-condensation product. Fur-

thermore, zinc(II) nitrate hexahydrate was used in the synthesis of ZIF-8 from Cyrene

due to the increased solubility of the nitrate salt vs. the acetate salt.

d) Co-MOF-74/Co-CPO-27: A 25 mL vial was charged with 2,5-

dihydroxyterephthalic acid (43.0 mg, 0.217 mmol) and an 18.0 mL mixture of solvent

(Cyrene/100 % ethanol, v/v=1:1), the sample was subsequently agitated for 10 min

before cobalt(II) nitrate hexahydrate (217.0 mg, 0.746 mmol) was added. Once dis-

solved, it was heated in a 100 °C oven overnight. The resulting solid was washed

first with 3 × 10.0 mL of DMF. The solvent was then decanted and replaced with

methanol daily for 3 days. After filtration, the sample was dried under a vacuum

for 12 h at ambient temperature, and subsequently for an additional 12 h at 150 °C,

yielding a dark-red crystalline product.

e) Zn2(BDC)2(DABCO): A mixture of zinc(II) nitrate hexahydrate (50.0 mg,

0.168 mmol), terephthalic acid (H2BDC, 27.9 mg, 0.168 mmol) and DABCO (9.4 mg,

0.084 mmol) were suspended in Cyrene (2.0 mL) in a 2-dram vial before being heated

in an oven at 100 °C for 12 h. The solvent was decanted and replaced with DMF

daily for 3 days. After filtration, the sample was dried under a vacuum at 110 °C

overnight, yielding a white powder product.
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Chapter 3

MOFs for Sulfur Dioxide

Sequestration‡

3.1 Introduction

Given that sulfur dioxide is a major air pollutant which has significant impacts upon

human health, as described in Chapter 1, the present chapter aims to investigate

the gas adsorption of sulfur dioxide into MOFs. Adsorption can be classified into

two major categories, chemical adsorption and physical adsorption.174 Physical ad-

sorption (physisorption) primarily occurs through van der Waals interactions. In this

case, the adsorbent is non-specific to the analyte being adsorbed. Regeneration of the

adsorbent is often accomplished via mild heating, vacuum, or even flowing another
‡Part of the work in this chapter is reproduced here with permission from Zhang, Jinfeng; De-

Coste, Jared B; and Katz, Michael J, Investigating the cheletropic reaction between sulfur dioxide

and butadiene-containing linkers in UiO-66. Can. J. Chem. 2017. Copyright 2017 Canadian Science

Publishing.
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gas through the material to remove the previously adsorbed molecules. In chemi-

cal adsorption (chemisorption), the adsorbent reacts with the analyte such that it

is chemically bound to the adsorbent.63 Depending on the applications, chemical or

physical adsorption may be preferred. For chemical separation in industrial processes,

physical adsorption may be preferred so that the adsorbent can be easily regenerated

rather than replaced, and the gas can be subsequently utilized as a value-added prod-

uct to industry. However, when it comes to human health protection (e.g., civilians

and soldiers), chemisorption is typically a better option as the risk of a toxic gas being

released by the adsorbent is significantly lower in comparison to physisorption.

Another key requirement of a good adsorbent is the available surface area for

the adsorbent to adsorb onto. The larger the surface area of the adsorbent, the

shorter the geometric path length needs to be for efficient removal of any analyte. For

this reason, high surface area architectures such as nanoparticles,175–178 opal/inverse

opal arrays,179 fibrous materials such as aerogels,180–183 activated carbons,184–188 and

zeolites189–192 have all been featured in chemical separations. MOFs, however, provide

a scaffold which can be more easily tuned towards sulfur dioxide. By adjusting the

functionality of the linker, the pore size via the length of the linker, and the geometry

of the node or the chemistry of the node via the metal node, an iterative process can

be used to optimize sulfur dioxide binding. Thus, this chapter focuses on developing

a criterion for the features that necessitate efficient sulfur dioxide binding in MOFs.

Considering this chapter focuses on the ability to rapidly sequester sulfur dioxide

from the air, it is critical to introduce an alternative method by which the efficiency

of gas adsorption can be determined. The most conventional method of describing

the ability of MOFs to sequester gases is an adsorption isotherm, which describes the
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Figure 3.1: Schematic Picture of Micro-Breakthrough Experiments.

equilibrium relationship between a probe molecule in the gas phase (e.g., nitrogen

in Chapter 2) and the molecule adsorbed on the surface (internal and external) of

an adsorbent (e.g., a MOF).193 The challenge with an adsorption isotherm is that it

represents the best case scenario that the gas molecules have time to reach equilibrium

before the amount of gas adsorbed is determined. However, when used in a gas mask,

the kinetics of gas adsorption are also important. For example, if we have an adsorbent

that has a high adsorption capacity but slow adsorption kinetics, then it will take very

little time for a gas to pass through a gas mask. However, an adsorbent that has a

lower adsorption capacity but high adsorption kinetics will take longer to pass through

a gas mask. The time it takes for an adsorbing species to pass through a material

is determined via its breakthrough kinetics. A schematic of the micro-breakthrough

analysis apparatus is shown in Figure 3.1.
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In a breakthrough analysis, an instrument monitors the concentration of a gas

downstream from an adsorbent as a function of time. An idealized breakthrough

curve194 of a fixed bed adsorbent is shown in Figure 3.2. The breakthrough point

occurs when the concentration of the gas leaving the adsorbent has starts to rise in

concentration (i.e., unadsorbed solute begins to emerge). The quantity of adsorbed

amount of solute or impurities at a constant flow (i.e., the dynamic loading) can be

calculated from the area above the curve between t = 0 and the breakthrough time

(C/C0 = 1).

Figure 3.2: Idealized Breakthrough Curve of a Fixed Bed Adsorbent. Cb and Cx

Represent the Concentration of Effluent at Breakpoint and Exhaustion, Respectively;

C0 Is the Initial Concentration of Influent. tb and tx Are the Time Spend by the

Effluent at Breakpoint and Exhaustion, Respectively.

55



Turning our attention back to sulfur dioxide removal in MOFs, the aim of this

portion of the thesis is to introduce functional groups, which are capable of reacting

with sulfur dioxide into MOFs. As shown in Figure 3.3, 1,3-Butadiene, and its deriva-

tives, have been shown to chemically react with sulfur dioxide to form a butadiene

sulfone (sulfolene).195–197 This reaction, called a cheletropic reaction, is known to be

reversible under elevated temperature.195,198,199 Thus, we hypothesize that incorpo-

ration of 1,3-Butadiene into a MOF will improve the removal of sulfur dioxide.

Figure 3.3: Scheme of Reaction Between 1,3-Butadiene and Sulfur Dioxide.

The following sections illustrate two different methods by which sulfur dioxide

adsorption will be investigated in MOFs. The methods include installing functional-

ized organic linkers to MOFs by replacing original linkers and incorporating organic

ligands onto MOFs.

3.1.1 Post-Synthesis Installation of Potentially Reactive Sul-

fur Dioxide Linkers

The role of the linker in the MOF is two-fold. Firstly, it links nodes to one another.

Secondly, it can also be synthetically tuned in order to improve a chemical process in

the pore (e.g., sulfur dioxide sequestration). To illustrate the efficacy of this method,

Katz et al.200 demonstrated that when the terephthalic acid linker in UiO-66 (Fig-
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ure 1.8) was exchanged for 2-aminoterephthalic acid, forming UiO-66-NH2, then the

hydrolysis rate of a phosphate ester nerve agent simulant was enhanced 20-fold. Sim-

ilarly, we have investigated the modification of the linker in order to introduce sulfur

dioxide reactive materials.

Figure 3.4: (a) A [Zr6O4(OH)4]12+ Cluster Showing 4 of 12 µ-BDC Units. (b)

Schematic Drawing of UiO-66. (c) Schematic Drawing of UiO-66-MA Illustrating

How the Organic Linkers Were Partly Replaced by Muconic Acid.

One potential linker that would allow us to investigate this chemistry is trans,trans-

muconic acid, a commercially available chemical which contains two carboxylic acids

and the desirable butadiene functional group (Figure 3.23, 6). With this linker, a

highly stable Zr-containing MOF (UiO-66; Figure 3.4) was selected to incorporate

trans,trans-muconic acid into its structure via post-synthetic exchange (PSE). The

resulting MOF (UiO-66-MA (muconic acid)) was characterized to illustrate the role

this MOF has on sulfur dioxide sequestration.

Another attempt we investigated was trying to incorporate a butadiene group
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Figure 3.5: (a) Schematic Fragment Showing How Zn(II) Cation Nodes Coordinated

with BPDC Linkers Surrounded. (b) Schematic Pore Structure of IRMOF-10.

into a MOF using a biphenyldicarboxylate linker which possessed a butadiene sulfone

(Figure 3.22, 21). With the linker in hand, our hopes were to be able to thermally

remove the sulfur dioxide to form the butadiene linker (BPDC-BD) either before

forming the MOF, or post-synthesis (i.e., after the MOF is formed). For this linker,

IRMOF-10 (Figure 3.5) was selected as the target parent MOF and synthesized as

a comparison to the BPDC-BD-based IRMOF-10 in order to test our hypothesis in

this system.
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3.1.2 Post-Synthesis Installation of Monodentate Ligands That

Are Potentially Reactive Toward Sulfur Dioxide onto

MOF Nodes

Another post-synthesis method that can be used to introduce functional groups onto

the surface of the MOF framework is solvent assistant ligand incorporation (SALI).

Figure 3.6: (a) 3-Dimensional Structure of MOF-808 Illustrating the Adamantane

Pore; (b) Schematic Fragment Showing How [Zr6O4(OH)4]12+ Cluster Nodes Coordi-

nated with BTC Linkers; (c) Schematic Representation of the SALI in the MOF-808

Platform.
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Like post-synthetic exchange, the parent MOF is synthesized in the absence of

the desired functional groups. Instead of replacing linkers or nodes, functionalized

ligands are incorporated onto the node of the framework.

For this to work, the node must have some open coordination sites or a coordi-

nation site that can be easily substituted. Due to its unsaturated nodes, MOF-808

(Figure 3.6) is a perfect example of a MOF in which SALI can be performed. As

shown in Figure 3.6, the node of MOF-808 consists of a [Zr6O4(OH)4]12+ cluster with

a combination of one terminal water and one terminal hydroxide per Zr centre. If

the MOF is subsequently soaked in a solution containing a carboxylic acid, then the

terminal water and hydroxide can be replaced by a carboxylate moiety (Figure 3.6).

In the present work, a butadiene-containing carboxylic acid will be employed (Fig-

ure 3.19). To compare the role of the butadiene-containing MOF (MOF-808-BD), un-

functionalized MOF-808, and MOF-808 with butadiene sulfone (MOF-808-BS) were

synthesized for comparison.

3.2 Results and Discussion

3.2.1 UiO-66 and UiO-66-MA: Post-Synthesis Installation of

Potentially Reactive Sulfur Dioxide Linkers

To start, we began our investigation with UiO-66 and UiO-66-MA. Both MOFs

were made according to literature methods (see experimental section). To ensure

that the MOF remained intact after linker incorporation, the PXRD of UiO-66 and

UiO-66-MA were measured and compared to the simulated spectrum of UiO-66. The
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Figure 3.7: Simulated UiO-66 (Black Bottom) and Observed, UiO-66 (Blue Middle),

UiO-66-MA (Pink Top), Powder X-ray Diffraction Patterns.

diffractograms of both UiO-66 and UiO-66-MA (Figure 3.7) are identical indicat-

ing that the structure of the crystalline material is consistent with the structure of

UiO-66. Given the strong similarities between the diffractograms in Figure 3.7 and

by Guillerm et al.,201 the trans,trans-muconic acid likely undergoes a cis/trans iso-

merization.

To confirm the formation of UiO-66-MA from UiO-66, the 1H NMR of an acid-

digested sample of UiO-66-MA was measured. As seen in Figure 3.8, UiO-66-MA not

only showed the terephthalic acid peak at 7.95 ppm, but also the muconic acid peaks

at 6.27 and 7.27 ppm with an integration ratio of 1.00:0.34 BDC:muconic acid; the

combined integration of both muconic acid peaks equaled 0.34 ppm. This indicates

that there is a 1 to 3 ratio of muconic acid to terephthalate linkers. Alternatively,
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Figure 3.8: 1H NMR Spectrum of UiO-66-MA (Pink Top), UiO-66 (Blue Middle) and

trans,trans-Muconic Acid (Green Bottom).

of the total number of linkers, roughly 25 % of the linkers are muconic acid. Lastly,

we further measured the gas adsorption isotherms to confirm that the muconic acid

linker was incorporated into the MOF instead of simply being trapped in the pore.

To that end, the nitrogen gas-adsorption isotherms of UiO-66 and UiO-66-MA were

measured at 77 K. As shown in Figure 3.9, the isotherms for the MOFs are similar; the

BET surface areas of UiO-66 and UiO-66-MA are 1200 and 1000 m2/g, respectively.

With UiO-66-MA in hand, the micro-breakthrough measurement was carried out

using a 1000 mg/m3 sulfur dioxide challenge concentration. Each MOF was exposed

to the challenge concentration via a 20 mL/min flow rate using dry nitrogen as the

carrier gas. A 9.3 mg sample of UiO-66 and 11.5 mg sample of UiO-66-MA were
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Figure 3.9: Nitrogen Gas Adsorption Isotherms (77 K) of UiO-66 (Blue) and UiO-

66-MA (Pink).

packed into a 4 mm long tube having a 4 mm internal diameter. The downstream gas

concentration was measured using a GC equipped with a flame photometric detector.

Sulfur dioxide micro-breakthrough and desorption curves are shown in Figure 3.10

and summarized in Table 3.1. The quantity of adsorbed sulfur dioxide at constant

flow (i.e., the dynamic loading) can be calculated from the area above the curve

between t = 0 and the breakthrough time (C/C0 = 1). From this data, UiO-66

and UiO-66-MA exhibited an effective loading of 0.18 and 0.58 mol/kg, respectively.

UiO-66-MA showed a nearly 3 times increase in sulfur dioxide adsorption when com-

pared to the parent MOF UiO-66. Considering the maximum loading is 0.9 mol/kg

for UiO-66-MA, assuming no linker defects202–209 exist in the MOF and every muconic

acid reacts with one sulfur dioxide, then sulfur dioxide is able to interact with 64 %
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Figure 3.10: Sulfur Dioxide Micro-Breakthrough and Desorption Curves Under Dry

Condition for UiO-66 (Blue) and UiO-66-MA (Pink).

of the active sites before breakthrough.

Table 3.1: Dynamic Loading of Sulfur Dioxide on UiO-66 and UiO-66-MA.

Sorbent mass (mg) Effective loading (mol/kg)

UiO-66 9.3 0.18

UiO-66-MA 11.5 0.58

To probe the chemistry of how sulfur dioxide is incorporated into UiO-66 vs.

UiO-66-MA, we measured the IR of the MOFs before and after gas adsorption. As

shown in Figure 3.11, there is no significant change in the spectrum before or after the
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breakthrough measurement. If chemisorption was to occur, then it would be expected

that new peaks at ca. 1100-1300 cm-1 would be observed for UiO-66-MA.210

Figure 3.11: FT-IR of MOFs Before and After Sulfur Dioxide Adsorption. (a) UiO-

66 Before (Blue Bottom), After (Cyan Top); (b) UiO-66-MA Before (Pink Bottom),

After (Mauve Top).

To further examine the reaction between sulfur dioxide and UiO-66-MA, UiO-66-

MA was digested in D2SO4/DMSO-d6 to investigate any change to the muconic acid

via 1H NMR. As shown in Figure 3.12, the spectrum of UiO-66-MA before and after

sulfur dioxide exposure remain unchanged indicating that sulfur dioxide is most-likely

physically adsorbed and not chemically reacted with the muconic acid.

Given the data presented herein, under these reaction conditions, UiO-66-MA does

not undergo a cheletropic reaction with sulfur dioxide. However, the muconic acid

does participate in sulfur dioxide adsorption. In the presence of the muconic acid-

containing MOF, there is a 3-fold increase in dynamic sulfur dioxide adsorption. With
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Figure 3.12: 1H NMR Spectrum of UiO-66-MA, Before (Blue Bottom), and After

(Green Top) Sulfur Dioxide Sequestration.

that in mind, we propose that the rate of reaction for the cheletropic reaction is too

slow to form a sulfolene. Instead, we propose that an interaction, rather than a bond,

between sulfur dioxide and muconic acid is formed, at best. Alternatively, DeCoste

and co-workers have demonstrated that oxalic acid modified UiO-66 is capable of

increasing the sulfur dioxide adsorption.211 In our system, we do not observe any

changes in the IR spectrum of UiO-66-MA before/after sulfur dioxide adsorption,

as was observed for the oxalic acid-modified UiO-66.211 This may be due to the

complete desorption of sulfur dioxide prior to IR measurements. However, we cannot

rule out that residual terminal carboxylate units, left behind by incomplete muconic
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acid incorporation (i.e., the attachment of only one of the two carboxylate groups),

are able to interact sulfur dioxide in order to increase adsorption.

3.2.2 MOF-808 and Derivatives: Post-Synthesis Installation

of Monodentate Ligands Potentially Reactive Toward

Sulfur Dioxide onto MOF Nodes Applied in Sulfur Diox-

ide Sequestration.

Although UiO-66-MA was not able to undergo a cheletropic reaction, the observa-

Figure 3.13: Simulated MOF-808 (Black) and Observed, MOF-808 (Blue), MOF-808-

BS (Green), and MOF-808-BD (Orange), Powder X-ray Diffraction Patterns.
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tion that an increase in sulfur dioxide uptake encouraged us to continue investigat-

ing our other systems. To that end, we turned our attention to more synthetically

cumbersome methods to incorporate sulfur dioxide adsorbing groups. Herein, SALI-

modified MOF-808 were investigated here. Specifically, three MOFs were synthesized,

MOF-808, the parent MOF necessary to give us a baseline for sulfur dioxide uptake,

MOF-808-BS, a MOF that contained the sulfolene and thus was unable to react, and

MOF-808-BD, a MOF contained butadiene which, in theory, would be able to react

with sulfur dioxide.

MOF-808 and its derivatives were synthesized by conventional methods.124 The

PXRDs of the MOFs are shown in Figure 3.13. All the diffraction peaks can be

well indexed to simulated crystalline MOF-808 and no major diffraction peaks from

any other impurities were detected thereby suggesting that the SALI process did not

modify the MOF-808 framework topology.

As illustrated by the 1H NMR results in Figure 3.14, MOF-808 only showed chem-

ical shifts associated with the BTC linker (8.45 ppm) and DMF peaks. When SALI

is applied to form MOF-808-BS, three new singlet peaks related to butadiene sulfone

group (4.00, 4.14, and 6.97 ppm) appear in the NMR spectrum of MOF-808-BD.

Meanwhile, if only butadiene-containing ligand was installed in MOF-808 to form

MOF-808-BD, then three new multi-peaks were detected at 5.00, 5.77 and 6.71 ppm.

In addition, the ratio of the BTC to SALI ligand integrations indicate that the SALI-

formed MOFs contain 6 SALI ligand molecules per node. It is worth noting that

there is a slight chemical shift difference between the various specta in Figure 3.14.

This is primarily due to the slight differences in acid concentration used in the MOF

digestion leading to a different dielectric environment in the NMR tube.
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Figure 3.14: 1H NMR Spectrum of MOF-808 (Blue), MOF-808-BS (Green), MOF-

808-BD (Orange) and 3-Sulfolene-3-Carboxylic Acid (Wine). DMF Peaks Were Indi-

cated with * on Top.

BET surface areas of MOF-808 and its derivatives were also measured by a Tri-

Star II PLUS surface area and porosity analyzer. The results are shown in Figure 3.15.

MOF-808 has a gas uptake of 440 cm3/g and a BET SA of 1700 m2/g. For the SALI

derivatives, we expect to see a lower gas uptake as the incorporated ligand will deprive

some space within the pore, which also increasing the molecular weight of the MOF.

MOF-808-BS and MOF-808-BD (Figure 3.15) yield a total gas uptake of 285 and

197 cm3/g, respectively. The BET SA of MOF-808-BS and MOF-808-BD are 750

and 1100 m2/g, respectively. The trend is consistent with the size of ligands; a larger

ligand leads to a lower total gas uptake.
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Figure 3.15: Nitrogen Gas Adsorption Isotherms of MOF-808 (Blue), MOF-808-BS

(Green) and MOF-808-BD (Orange) Measured at 77 K.

With the structure and ligand incorporation confirmed for MOF-808 and its

derivatives, we measured the sulfur dioxide micro-breakthrough of these MOFs. The

sulfur dioxide microporous breakthrough and desorption results are illustrated in Fig-

ure 3.16 and Table 3.2. To our surprise, based on the dynamic loading calculated from

the data, MOF-808, had the highest loading of sulfur dioxide (0.53 mol/kg). This

value is nearly twice as high as the butadiene-containing MOF-808-BD, and more

than five times higher than the sulfolene-containing MOF-808-BS.

The difference among these three MOFs can be explained by the hypothesis of

node reactivity. With SALI-unfunctionalized MOF-808, sulfur dioxide will likely re-

act/interact with the terminal waters and hydroxides on the node (Figure 3.17) to

form sulfuric acid groups coordinated to the node. If the terminal water was replaced
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Figure 3.16: Sulfur Dioxide Micro-Breakthrough and Desorption Curves Under Dry

Condition for MOF-808 (Blue), MOF-808-BS (Green), and MOF-808-BD (Orange).

Table 3.2: Dynamic Loading of Sulfur Dioxide on MOF-808, MOF-808-BS

and MOF-808-BD.

Sorbent mass (mg) Effective loading (mol/kg)

MOF-808 15.1 0.53

MOF-808-BS 21.6 0.10

MOF-808-BD 11.4 0.25

by butadiene-carboxylate, then sulfur dioxide will react with butadiene to potentially

form a butadiene sulfone; alternatively, it may only interact with the butadiene in

a way similar to that seen with UiO-66-MA. However, when butadiene sulfone is in-

stalled into MOF-808, then there is no reactivity. We hypothesize that this occurs
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Figure 3.17: Hypothesis Showing How MOF-808 May Interact with Sulfur Dioxide.

because neither a diene-containing linker nor an unfunctionalized node (Figure 3.17

left) is present to interact/react with sulfur dioxide.

Unfortunately, the above mode of action is merely a hypothesis. In order to better

understand how sulfur dioxide interacts with these MOF-808 derivatives, FT-IR and

NMR studies are required, as had been done for UiO-66 and UiO-66-MA. However,

as the measurements were performed at the United States Army test lab, we were

unable to get the necessary NMR and IR data of these samples from them and they

were unable to send the samples back (see Chapter 4 for future directions) in time

for the completion of this thesis.

3.2.3 Other Attempted: De Novo Synthesis of MOFs Toward

Sulfur Dioxide Sequestration.

Along the way, a few other linkers were also made which we did not feel were good

candidates for sulfur dioxide sequestration. For example, IRMOF-10 (Figure 3.5)
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Figure 3.18: Weight Loss (Solid Line) and Derivative Weight Loss (Dash Line), TGA

of IRMOF-10 (Green) and IRMOF-10-BS (Pink).

could be easily formed and we were trying to synthesize IRMOF-10-BD (butadiene)

via the thermal decomposition of the parent IRMOF-10-BS (butadiene sulfone). How-

ever, as shown in Figure 3.18, the thermal stability of IRMOF-10-BS was such that

the whole MOF decomposed around the same temperature as the sulfur dioxide was

released from the linker to form the desired butadiene. The calculated mass loss for

sulfur dioxide release is 2.16 %, which is similar to the percentage of 2.30 % mea-

sured by TGA between 300 and 400 °C. Given this, sulfur dioxide adsorption and

breakthrough experiments were not performed.
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3.3 Conclusions

Two series of metal-organic frameworks, named UiO-66 series and MOF-808 series,

respectively, were synthesized and applied as adsorbents for sulfur dioxide adsorption

via fixed bed micro-breakthrough measurements. For UiO-66 and UiO-66-MA, we

compared the ability of these MOFs to adsorb sulfur dioxide under dynamic condi-

tions to determine if a cheletropic reaction between sulfur dioxide and muconic acid

was possible. A nearly 3-fold increase in sulfur dioxide adsorption was observed for

the MOF possessing muconic acid over the muconic acid-free MOF. Despite the im-

proved uptake, however, there was no indication of a chemical reaction happened

between the two species. Instead, sulfur dioxide preferred to interact with the MOF

via physisorption. The underlying mechanism of adsorption will need to be further

examined.

As for the MOF-808 series, surprisingly, MOF-808 was able to absorb more than

two times the sulfur dioxide when compared to the butadiene-containing MOF, and

five times higher than the butadiene sulfone MOF. Given the fact that traditional

activated carbon has even lower effective loading relative to UiO-66, UiO-66-MA, and

MOF-808, these adsorbents are promising for sulfur dioxide removal. Additionally, all

the experiments were carried out at ambient temperature, only physical adsorption

was observed in UiO-66-MA (and possibly some of the MOF-808 derivatives). If

variable temperature breakthrough measurements could be applied here, we may be

able to observe a transition between physical and chemical adsorptions.
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3.4 Experimental Details

3.4.1 General Procedures, Materials, and Instrumentation

All compounds and solvents were used as received unless otherwise noticed: 1,8-

diazabicyclo(5.4.0)undec-7-ene (Aldrich, 98 %), 2,3-dibromopropionic acid (Aldrich,

98 %), acetic acid (ACP, 99.7 %), acetone (ACP, 99.5 %), acetonitrile (ACP, 99.5 %),

biphenyl-4,4’-dicarboxylic acid (Aldrich, 97 %), butadiene sulfone (Aldrich, 98 %),

chloroform (ACP, 99.8 %), dichloromethane (ACP, 99 %), dimethyl biphenyl-4,4’-

dicarboxylate (Aldrich, 99 %), deuterated dimethyl sulfoxide (DMSO-d6) (Cam-

bridge, 99.5 %), deuterated sulfuric acid (D2SO4/D2O) (Aldrich, 99.5 atom % D),

ethyl acetate (Fisher, 99 %), ethyl alcohol (Aldrich, denatured), ethyl alcohol (ACP,

95 %), formic acid (BDH, 90 %), hexanes (Fisher, 99.9 %), hydrochloride acid

(Caledon, 37 %), magnesium sulfate (ACP, 98 %), methanol (ACP, 99.8 %), N,N -

dimethylformamide (DMF; Fisher, 99.9 %), nitric acid (Anachemia, 70 %), palla-

dium(II) acetate (Aldrich, 97 %), palladium on activated carbon (Aldrich, 10 wt %),

piperazine (Aldrich, 99 %), potassium hydroxide (ACP, 85 %), sodium nitrite

(Aldrich, 99.5 %), sodium chloride (ACP, 99 %), sodium tetrafluoroborate (Aldrich,

98 %), sulfuric acid (Caledon, 98 %), terephthalic acid (Aldrich, 98 %), toluene

(Fisher, 99.9 %), trans,trans-muconic acid (Aldrich, 98 %), triethylamine (Aldrich,

99 %), trimesic acid (Aldrich, 95 %), zinc(II) nitrate hexahydrate (J.T. Baker, 99 %),

zirconium(IV) chloride (Aldrich, 99.5 %), zirconium(IV) oxychloride octahydrate

(Aldrich, 99.5 %).

Powder X-ray diffraction (PXRD) patterns were obtained using a Rigaku X-ray

Ultima IV Diffractometer equipped with a copper X-ray source and a scintillation
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counter detector.

Nitrogen gas adsorption isotherm data were collected at 77 K on a TriStar II

PLUS surface area and porosity analyzer. All the samples were activated before each

isotherm by heating the samples in a vacuum oven at 80 °C.

1H NMR experiments were performed on a 300 MHz Bruker Avance III 300 instru-

ment. Samples were digested in D2SO4/DMSO-d6 mix solution and filtered before

measured by Bruker Avance III.

Thermogravimetric analysis (TGA) experiments were performed on a TA Instru-

ments Q500 interfaced with a PC using TA Instruments software (version 4.7A).

Samples were placed in a platinum pan and heated at a rate of 10 °C/min from 25 to

800 °C under a nitrogen atmosphere.

Attenuated total reflection Fourier-transform infrared spectroscopy (ATR-FT-IR)

experiments were carried out by a Bruker Tensor 27 FT-IR with a Bruker Platinum

ATR accessory equipped with a single reflection diamond crystal. Samples were

measured between 4000 and 400 cm-1 with a resolution of 4 cm-1. The final spectra

was the average of 16 scans.

3.4.2 Microporous Breakthrough Reaction System

All the microporous breakthrough testing apparatus and the theory used here were

previously reported.85 Our collaborator Dr. Jared DeCoste of the Edgewood Chemi-

cal Biological Center performed all the measurements under the conditions shown in

Table 3.3.

The custom-built instrument has a testing bed with an approximately 4 mm height

76



Table 3.3: Parameters for Micro-Breakthrough Experiments.

Parameters Values

Gas Sulfur dioxide

Challenge concentration (mg/m3) 1000

Temperature (°C) 20

Relative humidity (%) 0

Bed height (mm) 4

Bed volume (mm3) 50

Flow rate (mL/min) at 20 °C 20

Residence time (s) 0.15

Detector GC/FPD

and 4 mm internal diameter. The gas flow rate was kept at 20 mL/min and the final

gas mixture was analyzed by gas chromatography with flame photometric detection.

3.4.3 Synthesis of MOFs

Both UiO-6623 and MOF-808124 were synthesized following the literature routes with

only minor changes (see below).67

(a) IRMOF-10: 57.7 mg (0.194 mmol) zinc(II) nitrate hexahydrate and 16.7 mg

(0.069 mmol) biphenyl-4,4’-dicarboxylic acid were dissolved in 5.0 mL DMF in a

2 dram vial by sonication, a colourless solution was formed before being heated at

100 °C for 24 h. The reaction produced colourless crystals were collected by filtration

and washed with anhydrous DMF (3 × 10.0 mL) and anhydrous DCM (3 × 10.0 mL),
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respectively. The sample was dried in a fume-hood at ambient temperature.

(b) UiO-66: A 25 mL vial was charged with zirconium(IV) chloride (123.3 mg,

0.529 mmol), DMF (5.0 mL), hydrochloric acid (1.0 mL). Once dissolved, with 15 mins

sonication, terephthalic acid (123.8 mg, 0.745 mmol) as well as extra 10.0 mL DMF

was added to the previous mixture and sonicated for an additional 15 mins. The

solution was placed in an oven at 80 °C for 12 h. The resulting off-white solid was

washed with 3 × 10.0 mL of DMF and subsequently 3 × 10.0 mL of ethanol. After

filtration, the sample was dried under a vacuum for 12 h at 80 °C.

(c) MOF-808: A 50 mL vial was charged with trimesic acid (110.0 mg, 0.500 mmol),

zirconium oxychloride octahydrate (160.0 mg, 0.500 mmol), DMF (20.0 mL) and

formic acid (20.0 mL). Once dissolved by sonication, the solution was put in an

oven at 100 °C for 7 days. The resulting white crystalline material was washed with

3 × 10.0 mL DMF. After filtration, the sample was dried under a vacuum for 17 h at

100 °C.

3.4.4 Ligand Synthesis

3.4.4.1 1,3-Butadiene-2-Carboxylic Acid

The synthesis was carried out according to literature precedence that was first pub-

lished by Collard and co-workers in 2003.199 Herein, with minor changes from the

original work, 1,3-Butadiene-2-carboxylic acid was synthesized using the following

steps (Figure 3.19). Butadiene sulfone (1.196 g, 0.010 mol) was dissolved in a nomi-

nally dry DMSO (4.0 mL) solution via stirring in a 50 mL, 3-neck, round bottom flask

before carbon dioxide gas was bubbled into the system. DBU (3.0 mL) was added
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Figure 3.19: Scheme of 1,3-Butadiene-2-Carboxylic Acid Synthesis.

dropwisely to the previous solution. The reaction flask was allowed to react for 2 days

while stirring. Afterwards, the reaction was diluted with acetone and an off-white

precipitate was formed. The solid was filtered and then dissolved in dichloromethane

(100.0 mL) in a 150 mL, 2-neck, round bottom flask at ambient temperature. Sub-

sequently, dry HCl gas was bubbled in, the yellowish white precipitate 5 (0.500 g,

0.003 mol) was formed with a yield of 45 % and collected by filtration.

1H NMR (300 MHz, DMSO-d6) δ 6.97 (td, J = 3.2, 1.6 Hz, 1H), 4.14 (dt,

J = 3.2, 1.6 Hz, 2H), 4.00 (d, J = 5.2 Hz, 2H).

Dry HCl gas was formed by dripping concentrated sulfuric acid into the solution of

sodium chloride and hydrochloric acid. The liberated, wet HCl gas was then bubbled

through a smaller quantity of sulfuric acid to remove any trace of water vapor.

6 was not synthesized directly from 5. It was formed by thermally treatment of

MOF-808-BS at 160 °C for 1 h, then MOF-808-BD was formed.
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3.4.4.2 2-Butadiene Sulfone-Biphenyl-4,4’-Dicarboxylic Acid

Figure 3.20: Scheme of 2-Amino-Dimethyl Biphenyl-4,4’-Dicarboxylate Synthesis.

The organic ligand was synthesized with the route reported by the literature with

minor changes.212–214 5.0 mL concentrated sulfuric acid was charged in a 15 mL

round bottom flask while stirring and cooled down to 0–5 °C. Afterwards, 0.501 g

(1.850 mmol) dimethyl biphenyl-4,4’-dicarboxylate was added. Once dissolved, a

solution of nitric acid:sulfuric acid (125 µL:1000 µL) was added dropwisely. The

solution was stirred for 40 min before being poured onto an ice/water mixture. The

solid was filtered to collect the product 16, with a 92 % yield (0.537 g).

1H NMR (300 MHz, Chloroform-d) δ 8.56 (d, J = 1.7 Hz, 1H), 8.30 (dd, J = 8.0,

1.7 Hz, 1H), 8.18 – 8.07 (m, 2H), 7.54 (d, J = 8.0 Hz, 1H), 7.46 – 7.35 (m, 2H), 3.98

(d, J = 15.5 Hz, 6H).

0.500 g (1.586 mmol) 16 was hydrogenated by hydrogen balloons with the help of

0.200 g 10 wt % Pd/C catalyst dispersed in DCM/MeOH (v/v=8.5 mL/8.5 mL) to

form 0.258 g (0.904 mmol) 2-amino-dimethyl biphenyl-4,4’-dicarboxylate (17) after

18 h stirring at ambient temperature, as shown in Figure 3.20, with a yield of 57 %.

1H NMR (300 MHz, Chloroform-d) δ 8.17 – 8.10 (m, 2H), 7.58 – 7.53 (m, 2H),
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7.52 – 7.43 (m, 2H), 7.18 (d, J = 7.8 Hz, 1H), 3.94 (d, J = 10.1 Hz, 6H).

Figure 3.21: Scheme of Dimethyl Biphenyl-4,4’-Dicarboxylate, 2-Diazonium Tetraflu-

oroborate Synthesis.

Compound 18 was synthesized following the literature reported route with mi-

nor changes.212 As shown in Figure 3.21, 0.485 g (1.698 mmol) 2-amino-dimethyl

biphenyl-4,4’-dicarboxylate was dissolved in 3.0 mL 15 % HCl solution at 0–4 °C

and a solution of 0.782 g (11.335 mmol) sodium nitrite in 1.0 mL water was added

dropwisely with vigorous stirring for 10 min. Then 2.272 g (20.694 mmol) sodium

tetrafluoroborate in 5.0 mL water was added dropwisely to the previous mixture.

The solution was stirred for an additional 60 min. The solution was filtered and

washed with 20.0 mL of water and ethanol, respectively. The diazonium salt, 18,

was collected and characterized by 1H NMR, with a yield of 82 % (0.534 g).

1H NMR (300 MHz, DMSO-d6) δ 9.59 (d, J = 1.7 Hz, 1H), 8.76 (dd, J = 8.2,

1.8 Hz, 1H), 8.29 – 8.20 (m, 3H), 8.10 – 8.04 (m, 2H), 3.97 (d, J = 22.1 Hz, 6H).

Compound 21, 2-Butadiene sulfone-dimethyl biphenyl-4,4’-dicarboxylic acid, was

synthesized by the reported method with minor changes (Figure 3.22).213 1.030 g

(2.682 mmol) as-synthesized compound 18, 1.020 g (8.633 mmol) butadiene sulfone
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Figure 3.22: Scheme of 2-Butadiene-Dimethyl Biphenyl-4,4’-Dicarboxylic Acid Syn-

thesis.

and 0.170 g (4.454 mmol) palladium(II) acetate were charged in a 50 mL round bottom

flask with 40.0 mL methanol under argon atmosphere. Yellow precipitate was formed

while stirring. The reaction was maintained at 50 °C for 1 h. At this time, the release

of nitrogen gas from the reaction mixture had greatly decreased. After filtration, the

precipitate was subsequently dissolved in a mixture of 50.0 mL chloroform and 6.0 mL

triethylamine in a 100 mL round bottom flask. The reaction was maintained at 60 °C

overnight, filtered and the solution was removed by rotary evaporation. The residue

was purified by a silica gel column using hexane/ethyl acetate (v/v=1/2). 0.220 g

colourless crystalline 20 was collected and characterized by 1H NMR with a yield of

20 %.

1H NMR (300 MHz, Chloroform-d) δ 8.20 – 8.02 (m, 4H), 7.44 (ddt, J = 8.4, 3.8,
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1.1 Hz, 3H), 6.15 – 6.05 (m, 1H), 3.96 (d, J = 3.8 Hz, 6H), 3.88 (dt, J = 3.1, 1.5 Hz,

2H), 3.44 (q, J = 1.6 Hz, 2H).

To form 21, 0.200 g (0.498 mmol) 20 and 7.5 mL of 2 M potassium hydroxide

were dissolved in a mixture of methanol/water (20.0 mL/20.0 mL) at 70 °C while stir-

ring. After 24 h, the mixture was cooled to ambient temperature before concentrated

hydrochloric acid was added. Light yellow precipitate was formed immediately. The

solid was filtered yielding 0.130 g (0.349 mmol) of compound 21 with a 70 % yield.

1H NMR (300 MHz, DMSO-d6) δ 8.11 – 7.96 (m, 4H), 7.63 – 7.47 (m, 3H), 6.10

(dd, J = 5.1, 4.6 Hz, 1H), 3.97 – 3.91 (m, 2H), 3.63 (d, J = 1.9 Hz, 2H).

Compound 21 was heated at about 220 °C to form compound 22, the temperature

was determined by thermogravimetric analysis of compound 21.

3.4.5 Ligands Incorporation into MOFs

As demonstrated above, there are three identical ways to incorporate the ligand with

unique functional groups into MOFs, as listed below.

3.4.5.1 De Novo Synthesis

Ligand 21 was incorporated into parent MOF, IRMOF-10,27 via the de novo method.

IRMOF-10-BS (butadiene sulfone): 22.3 mg (0.060 mmol) 2-Butadiene sulfone-

dimethyl biphenyl-4,4’-dicarboxylic acid (21) and 53.4 mg (0.181 mmol) zinc(II) ni-

trate hexahydrate were dissolved in 5.0 mL DMF in a 2-dram vial via sonication to

form a colourless solution. After being heated in a 100 °C oven for 24 h, large cubic

yellow crystals were collected after washing with anhydrous DMF (3 × 10.0 mL) and

anhydrous DCM (3 × 10.0 mL), respectively.
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3.4.5.2 Post Synthetic Exchange

UiO-66-MA201 was synthesized as previous reported with minor changes.

UiO-66-MA: 106.6 mg (0.750 mmol) trans,trans-muconic acid was dissolved in

8.0 mL, 4 % KOH via sonication before being neutralized by a small amount of

1 M HCl. Subsequently, 150.0 mg (0.750 mmol) UiO-66 was added to the previous

solution, and stirred until mixed evenly. The mixture was heated to 85 °C in an

oven for 5 days. The resulting solid was washed first with 3 × 10.0 mL of methanol.

The solvent was then decanted and replaced with methanol daily for 3 days. After

filtration, the sample was dried under vacuum for 8 h at 60 °C, yielding a light earthy

yellow solid product.

3.4.5.3 Solvent Assistant Ligand Incorporation (SALI)

MOF-808-SALI series were made by solvent assistant ligand incorporation (SALI),

with different ligands incorporated into the parent MOF, MOF-808. The ligands are

shown below in Figure 3.23.

Figure 3.23: Ligands Incorporated into MOF-808

The as-synthesized MOF-808 was treated to disconnect terminal water molecules

initially occupying six coordination sites by heating in vaccum oven first at ambient
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temperature for 24 h then 150 °C for another 24 h.

(a) MOF-808-BS: 85.3 mg 3-butadiene sulfone-3-carboxylic acid (5) was dissolved

in 5.0 mL methanol in a 2-dram vial by sonication before 46.3 mg MOF-808 was added.

The mixture was allowed to form a heterogeneous mixture before being transferred

to a 60 °C oven for 36 h. The material was subsequently washed with 3 × 15.0 mL of

acetone and soaked for one day. Afterwards, the acetone was replaced with acetonitrile

for the following two days then dichloromethane for an additional two days. The

sample was filtered and dried at ambient temperature overnight. The product was

subsequently observed to be a white crystalline powder.

(b) MOF-808-BD: MOF-808-BS was heated at 160 °C in the solid state for 1 h,

yielding a yellow powder product.
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Chapter 4

Future Work

A project is never done. The ideas which started me off on my thesis have grown to

more than what I could achieve in the limited time that my degree has allowed me.

Due to this, I believe that there are several future avenues for incoming students to

work on.

4.1 Future Work for MOF Synthesis via Alterna-

tive Solvents

As shown before, Cyrene can be successfully used for MOF synthesis. The MOF

structures made with Cyrene are identical to the ones made with DMF. Perhaps even

more impressive was the observation that the gas adsorption isotherm for HKUST-1

was better when Cyrene was used to form the MOF vs. DMF. However, the surface

areas of the other four MOFs were less than ideal. Although we were able to learn a

lot about what was occurring during the formation of the MOF, I believe that there
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would be real progress if the surface areas of these four MOFs could be optimized

to match, or exceed, their DMF counterparts by eliminating the influence of trapped

Cyrene and related chemicals in the pores.

4.2 Future Work of MOFs Used for Sulfur Dioxide

Gas Adsorption

As demonstrated in this thesis as well as the primary literature, MOFs are porous

materials that have applications in the field of gas adsorption and separation. In

Chapter 3, we present how three families of MOFs and their derivatives can be used

for sulfur dioxide adsorption and sequestration. The data and results uncovered that,

at ambient temperature, butadiene may not be able to react with sulfur dioxide

through a cheletropic reaction. However, this work has yielded some future directions

which I feel could yield a deeper understanding of how sulfur dioxide reacts within

MOFs.

4.2.1 MOF-808 and Its Derivatives in Sulfur Dioxide Re-

moval

As a 6-coordinated MOF, MOF-808 has at most 6 terminal water and 6 terminal

hydroxide groups coordinated to zirconium cluster when zero BTC linker is missing.

It has been shown in Chapter 3 that the node interacts with sulfur dioxide, potentially

forming a coordinated sulfate group. However, this is not well explored. To that end,

I believe that a reasonable avenue of research would be to probe the adsorption
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and desorption of the water/hydroxyl-terminated zirconium cluster in comparison

with a benzoic acid-capped zirconium cluster, which can be installed via SALI. This

will determine the nature of the interaction (i.e., chemisorption vs. physisorption),

which, in tern, will uncover whether MOF-808 can be widely applied as a sulfur

dioxide adsorbent. A combination of IR, ideally in-situ under gas-loading/unloading

conditions, solid-state NMR, and TGA analysis will help determine how sulfur dioxide

is interacting with the MOF. Additionally, one area where this system could be very

interesting is in proton conduction systems. If a sulfate/sulfuric acid moiety is formed

during the reaction of sulfur dioxide with MOF-808, then the proton mobility of the

MOF will greatly change. As such, the MOF may have features as a conductivity

sensor for sulfur dioxide.

In addition to this work, I believe that there are some additional ligands that

can be installed via SALI which could lead to some new avenues for sulfur dioxide

sequestration. For example, as shown in Figure 4.1, sulfur dioxide can react with

DABCO to form a stable white powder product DABSO.215 If DABCO could be

synthesized in reasonable yield with a carboxylic acid tether, then incorporation of

the linker into MOF-808 via SALI would be an interesting avenue to explore.

Figure 4.1: Scheme of Reaction Between DABCO and Sulfur Dioxide.

To that end, towards the end of my degree, I was able to synthesize a series

of four MOF-808 derivatives. These MOFs have the following linkers incorporated
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on the node, namely MOF-808-BA (22), MOF-808-BS (5), MOF-808-BD (6), and

MOF-808-DABCO (14) shown in Figure 4.2. Due to time constraint, these MOFs,

as well as their sulfur dioxide adsorption, were not well examined.

Figure 4.2: Variable Ligands Incorporated into MOF-808.

MOF-808 and its derivatives were synthesized by the methods used in Chap-

ter 3 except MOF-808-BA, which was synthesized by soaking MOF-808 in saturated

sodium benzoate solution for three days. The PXRD of these MOFs were shown in

Figure 4.3; all the diffraction peaks can be well indexed to the simulated crystalline

MOF-808. There is an additional peak in MOF-808-BS (green trace) at low-angle

which cannot be identified at this stage. However, neglecting this anomaly, the data

suggests that the MOF-808 framework topology was not modified by the SALI pro-

cess.

With the synthesis of these MOFs already determined, I believe that future work

should focus more on characterization of the sulfur dioxide adsorption kinetics.
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Figure 4.3: The PXRD Patterns of Simulated MOF-808 (Black), Unfunctionalized

MOF-808 (Blue), MOF-808-BA (Pink), MOF-808-BS (Green), MOF-808-BD (Or-

ange), and MOF-808-DABCO (Purple).

4.2.2 IRMOF-10 and Butadiene-Functionalized IRMOF-10

Investigated for Sulfur Dioxide Removal

IRMOF-10 and IRMOF-10-BS were synthesized via the de novo solvothermal method

in Chapter 3. However, further work needs to be done on synthesis of IRMOF-10-BD.

From a gravimetric standpoint, if IRMOF-10-BD could be formed, then this MOF

would offer an increased amount of sulfur dioxide adsorbed based on the fact that

zinc(II) cation nodes were applied instead of [Zr6O4(OH)4]12+ clusters.

90



4.2.3 VT Microporous Breakthrough Measurements

As demonstrated, UiO-66-MA only shows physical adsorption at ambient tempera-

ture. If variable temperature (VT) microporous breakthrough measurements were

carried out, chemical adsorption would yield an increase in sulfur dioxide adsorp-

tion. Although this did not occur for UiO-66-MA, it is possible that at a higher

temperature, the kinetic barrier to undergoing the cheletropic reaction could be over-

come. As such, I believe that future work should focus on understanding the role that

temperature has on these reactions.

4.2.4 Other Toxic Gases

In chapter 3, MOFs acted as the sorbent for sulfur dioxide removal and much better

results were gained for MOFs than conventional porous materials such as activated

carbon. With this success in mind, I believe that the scope of the tested analytes

should be increased. Preliminary data from our colleague in the United States Army

examined UiO-66, UiO-66-MA, MOF-808, MOF-808-BS, and MOF-808-BD to am-

monia, chlorine, cyanogen chloride and hydrogen sulfide. With variable challenge

concentrations, the series measurements were carried out under the conditions shown

in Table 4.1.

The ability for UiO-66 and UiO-66-MA to absorb other TICs such as ammonia,

chlorine, cyanogen chloride, and hydrogen sulfide are illustrated below in Figure 4.4.

As we see here, the sorption behaviors of chlorine, cyanogen chloride and hydrogen

sulfide are mostly the same for these two MOFs. There are some notable differences

between the adsorption curve of cyanogen chloride and the desorption of hydrogen
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Table 4.1: Parameters of the Fixed Bed Micro-Breakthrough Measurement

Parameters Values

Gas Ammonia Chlorine Cyanogen

chloride

Hydrogen

sulfide

Challenge concentration (mg/m3) 1000 2000 4000 1000

Temperature (°C) 20

Relative humidity (%) 0

Bed height (mm) 4

Bed volume (mm3) 50

Flow rate (mL/min) at 20 °C 20

Residence time (s) 20

Detector GC/PID GC/PID GC/FID GC/FID

sulfide. Furthermore, with regard to the total gas uptake, only ammonia shows

a moderate storage under dynamic conditions. Given this, however, these MOFs

could be featured in separation of sulfur dioxide from these gases via pressure swing

adsorption.

Thus, future work should focus on studying the selectivity between sulfur dioxide

and these other TICs behaves.

Moreover, the chlorine microporous breakthrough and desorption for MOF-808,

MOF-808-BS and MOF-808-BD are shown in Figure 4.5. The curves here have an

opposite trend to sulfur dioxide shown in Chapter 3. The chlorine concentration

detected by GC reached the challenge concentration quickly in MOF-808 while for
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MOF-808-BD, there was a nearly 1000 min/g of MOF before the onsent of break-

through occurred. Perhaps even more interesting is that the desorption curves look

nearly identical for all 3 MOFs suggesting that the amount of gas that could desorb

from the MOFs are similar despite the significant amount of gas that was absorbed

prior to breakthrough for MOM-808-BD. Future work should focuse on studying how

the chlorine gas interacts with the MOF. It is likely, but unproven that the chlorine

Figure 4.4: (a) Ammonia, (b) Chlorine, (c) Cyanogen Chloride, and (d) Hydrogen

Sulfide Micro-Breakthrough and Desorption Curves Under Dry Condition for UiO-66

(Blue) and UiO-66-MA (Pink).
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Figure 4.5: Chlorine Micro-Breakthrough and Desorption Curves Under Dry Condi-

tion for MOF-808 (Blue), MOF-808-BS (Green) and MOF-808-BD (Orange).

reacts with the double bond of the butadiene.

4.3 Experimental Details

4.3.1 General Procedures, Materials, and Instrumentation

All compounds and solvents were used as received unless otherwise noticed: 1,8-

diazabicyclo(5.4.0)undec-7-ene (Aldrich, 98 %), 2,3-dibromopropionic acid (Aldrich,

98 %), acetic acid (ACP, 99.7 %), acetone (ACP, 99.5 %), acetonitrile (ACP, 99.5 %),

dichloromethane (ACP, 99 %), deuterated dimethyl sulfoxide (DMSO-d6) (Cam-

bridge, 99.5 %), deuterated sulfuric acid (D2SO4/D2O) (Aldrich, 99.5 atom % D),
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ethyl alcohol (Aldrich, denatured), ethyl alcohol (ACP, 95 %), formic acid (BDH,

90 %), methanol (ACP, 99.8 %), N,N -dimethylformamide (DMF; Fisher, 99.9 %),

piperazine (Aldrich, 99 %), sodium benzoate (Aldrich, 99 %), toluene (Fisher, 99.9 %),

triethylamine (Aldrich, 99 %), trimesic acid (Aldrich, 95 %), zirconium(IV) oxychlo-

ride octahydrate (Aldrich, 99.5 %).

Powder X-ray diffraction (PXRD) patterns were obtained using a Rigaku X-ray

Ultima IV Diffractometer equipped with a copper X-ray source and a scintillation

counter detector.

1H NMR experiments were performed on a 300 MHz Bruker Avance III 300 in-

strument. MOF samples were digested in D2SO4/DMSO-d6 mix solution and filtered

before measured by Bruker Avance III.

4.3.2 Microporous Breakthrough Reaction System

All the microporous breakthrough testing apparatus and the theory used here were

previously reported.85 The measurements were carried out under the conditions

shown in Table 3.3 by our collaborator Dr. Jared DeCoste of the Edgewood Chemical

Biological Center.

4.3.3 Synthesis of Ligands

4.3.3.1 1,4-Diazabicyclo[2.2.2]octane-2-Carboxylic Acid

The esterification of 2,3-dibromopropionic acid was carried out by the routine shown

in Figure 4.6. 3.058 g (0.013 mol) 2,3-dibromopropionic acid was dissolved in 80.0 mL

100 % ethanol in a 100 mL round bottom flask before 2.0 mL of sulfuric acid and
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Figure 4.6: Scheme of Ethyl 2,3-Dibromopropionate Synthesis.

magnesium sulfate, as a drying agent (2.500 g), were added. The mixture was stirred

and heated to 80–90 °C for 24 h. The filtrate was collected via gravity filtration

and the solvent was removed by rotary evaporation. An orange-red oil was formed

and characterized by 1H NMR, which turned to be the desired product 9, ethyl 2,3-

dibromopropionate, with minor water impurity.

1H NMR (300 MHz, Chloroform-d) δ 4.44 (t, J = 4.9 Hz, 1H), 4.30 (qd, J =

7.1 Hz, 2H), 3.98 – 3.88 (m, 1H), 3.69 (d, J = 4.9 Hz, 1H), 1.33 (t, J = 7.1 Hz, 3H).

Figure 4.7: Scheme of 1,4-Diazabicyclo[2.2.2]octane-2-Carboxylic Acid Synthesis.

The synthesis of 14, 1,4-diazabicyclo[2.2.2]octane-2-carboxylic acid, was carried

out according to Hongling Li et al.’s work published in 2013 with minor changes (Fig-

ure 4.7).216 Piperazine (1.840 g, 0.021 mol) and triethylamine (9.0 mL, 0.065 mol)
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were dissolved in toluene (30.0 mL) in a 100 mL, 3-neck, round bottom flask under

a nitrogen atmosphere. The solution was heated to 80-90 °C while stirring. Mean-

while, 2.4 mL (0.018 mol) ethyl 2,3-dibromopropionate was dissolved in 40.0 mL

toluene before being added dropwisely to the previous mixture. A white solid formed

immediately and the colourless solution became yellow. The reaction lasts for 30 h

before being cooled down to ambient temperature. The solid was filtered and washed

with two portions of 15.0 mL ethyl acetate. The solution was collected and rotary

evaporated until an orange oil of 11 remained.

1H NMR (300 MHz, Chloroform-d) δ 4.25 (q, J = 7.1 Hz, 2H), 3.47 (dd,

J =8.1, 3.8 Hz, 1H), 3.11 – 2.64 (m, 10H), 1.29 (t, J = 7.1 Hz, 3H).

To form 14, 11 (3.0 mL) and potassium hydroxide (5 M, 10.0 mL) were dissolved

in mixture of ethanol/deionized water (30.0 mL/30.0 mL) and refluxed for 24 h at

85-90 °C. The mixture was subsequently rotary evaporated and the filtrate was ad-

justed to pH = 5–7 by glacial acetic acid; a small amount of white precipitate formed.

After filtration, the solvent was removed by rotary evaporation to yield a brownish

oil. The oil was dissolved in a minimal amount of methanol before acetone being

added. A large amount of yellow precipitate formed after the acetone addition. The

sample was filtered, dried in a vacuum oven at 80 °C for 24 h, yielding a white powder

product of 14.

1H NMR (300 MHz, Deuterium Oxide) δ 3.53 – 3.10 (m). Due to the low symmetry

of 11 protons having a similar chemical environment, no information regarding the

purity of the sample was obtainable.
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4.3.4 Synthesis of MOFs

MOF-808 was synthesized here by literature124 with minor changes. It was dried in

a vacuum oven for 24 h at ambient temperature first then another 24 h at 150 °C.

(I) MOF-808-BA: MOF-808 and excess saturated sodium benzoate solution were

charged in round bottom flask for three days at ambient temperature, with stirring

every two hours. The solid was subsequently filtered and washed with acetone, dried

in a vacuum oven at 70 °C for 24 h, then 150 °C for another 24 h.

(II) MOF-808-DABCO: 35.4 mg 1,4-diazabicyclo[2.2.2]octane-2-carboxylic acid

(14) was dissolved in 3.0 mL of water in a 2-dram vial before 21.3 mg MOF-808 was

added. The heterogeneous mixture was mixed evenly and heated at 60 °C for 24 h.

The mixture was washed with acetone, acetonitrile, and dichloromethane three times,

respectively, then soaked in each for one day. The solid was subsequently filtered and

dried at ambient temperature in a vacuum oven before a light yellow powder was

formed.
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