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Abstract

Per- and polyfluoroalkyl substances (PFAS) are an emerging class of persistent
polluters that do not break down in nature due to strong carbon-fluorine covalent
bonds that are present in their structures. Since they are soluble in water, PFAS
compounds leads to spreading widely in surface and ground water sources, and
persistent nature prevent their degradation. Hence, capturing PFAS from water with
adsorbent materials is one of the promising options to clean water resources. In this
thesis, among numerous types of adsorbent materials for the removal of PFAS
contaminants, Metal Organic Frameworks (MOFs), calixarene-based porous polymers
and all-silica zeolite Beta are investigated as a viable PFAS removal agent from water.
By using molecular simulations, two calixarene-based porous polymers and their
fluorinated versions, which are acquired by using fluorinated linkers instead, are
investigated. Perfluorooctanoic acid (PFOA), which is one of the most widely
encountered PFAS in water sources, was used as the probe molecule. The simulation
results of calixarene-based porous polymers agreed with experimental results.
Therefore, we investigated fluorinated MOFs that are synthesized by employing
different methods. Our simulations show that fluorine functionalization by
incorporating fluorinated anions as bridging ligands in MOFs creates specific sites
that PFOA binds strongly; however, the same sites are also preferred adsorption sites
for water molecules, which casts doubt on the potential of using this approach to
develop efficient PFOA removing materials as they lack sufficient hydrophobicity. On
the other hand, trifluoromethyl or fluorine substitution of the MOF ligands result in
much higher hydrophobicity; however, pores fluorinated with this method should have

the optimum size and shape in order to obtain high PFOA affinities. Likewise, post-



synthetic fluorine functionalization of a MOF through grafting of perfluorinated
alkanes can lead to a significant increase in PFOA affinity compared to the parent

MOF.



Impact Statement

Water pollution is one of the biggest issues of the highly industrialized world. As air,
soil and any other type of pollutions unfortunately, the effect of the water pollutions
are also recognised late. There are many on-going researches to remove toxic
substances from water. However, water pollution is caused by a wide range of toxic
substances that can come from various industries. Some techniques and capturing
materials can help eliminating a broad range of toxic substances from water but there
can be specific toxic substances that are hard to capture and remove from water. Per-
and polyfluoroalkyl substances (PFAS) are one of them and detected in water
resources close to industrial areas. The adverse effects of this toxic substances are also
presented in medical journals which explained that there is a strong correlation
indicating cancerous effects of these toxic molecules [1].

The increasing concentration of PFAS in water resources created a driving force for
researchers to find suitable adsorbent material to capture PFAS from water. However,
the usual adsorbing materials like activated carbons (AC), clays, sediments and
minerals [2] are not capable enough to remove this resilient molecule. Therefore, this
research focused on modification of effective adsorbent materials like calixarene-
based porous polymers and Metal Organic Frameworks (MOFs). With this research
we aimed to provide an effective simulation model to find viable removal adsorbents
without wasting more materials during synthesis procedures and understanding the
adsorption behaviour of PFAS. The results of this study will help researchers in
academia to look at this problem from a different angle and provide more insight into
their research. Additionally, the improvement in this area will have a huge impact in

protecting human health and preventing further pollution of water resources globally.
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Chapter 1. Introduction

Environmental pollution has been one of the most significant topics of the
world for a long time. Despite vast effort to clean environment and prevent further
pollution, the effects of pollution are still affecting and endangering the health of
living beings. Due to high industrialization and rapid advancement in science and
technology, the adverse results of them are detected or recognised generally after the
negative effects on environment become obvious and create serious problems in
nature, animal health or habitat. Although the negative effects of chemicals like
pesticides can show their toxicity by damaging plants [3], the effects of some chemical
pollutions cannot be detected until after long term exposure, which is detected after
human health starts to be influenced by pollutions. There are three major types of
pollutions that are air, water and soil [4, 5].

History of air pollution can go back to early times but London fog in 1952
event is one of the important incidents that shows adverse health effects of air
pollution [6] and similar event in Meuse valley, Belgium in 1930 [7]. The main reason
of these pollutions is related to industrialization that has led to increase in the
consumption of fossil fuels, and diesel engines have found application to be used both
in industry and transportation [8]. The result of these events was observed by lung
problems and mortality of people [6-8]. However, car exhausts and industrial fumes
dispersed particles into air and can cause long term effects that can be detected later
after accumulation within human body and this accumulation does not affect only
lungs but also various systems like cardiovascular, nervous, digestive, urinary systems

and DNA mechanism [9, 10].



Soil pollution has been caused by different sources: industrial activities,
mining, waste and sewage disposal, agricultural activities and urbanisation [11]. These
activities result in accumulation of pollutants like heavy metals, pesticides, pathogenic
microorganisms and persistent organic pollutants in soil [11]. The soil pollution can
influence the growth of plants, soil fertility and eventually affect human health [12].
Therefore, different types of removal methods are applied to clean soil from
pollutants. These methods are categorised in to three methodologies that are physical,
chemical and biological [11]. One of the pollutant removal methods is adsorption that
can be physical, chemical or both physical and chemical.

This thesis focuses on water pollution and removal of pollutants from water.
Like soil pollution water pollution can be caused with different sources which can be
waste products of industrial activities, mining activities that lead to release of heavy
metals, agricultural chemicals like fertilizers or pesticides and oil spills etc. [13]
Among many water pollutants this thesis focuses on one type of resilient pollutant;
which are not degraded or eliminated easily hence needed to be captured to prevent

its harmful effects; and understanding its removal mechanism with porous materials.
1.1. Per- and polyfluoroalkyl substances (PFAS) pollution in water

The release of chemicals to the environment, whether accidental or as a result
of their utilization, has inevitably led to the contamination of soil and ground water
[14, 15]. One group of pollutants that has attracted a great deal of attention recently is
per- and polyfluoroalkyl substances (PFAS) that are composed of fluorinated carbon
chain and functional group like perfluorobutanoic, perfluoropentanoic,
perfluorooctanoic acids (PFOA), perfluorobutane and perfluorooactane sulfonic acids

(PFQOS) [16]. These toxic compounds are found in various household products and



used in different industries such as textile, carpeting, leather and fire-fighting [17, 18].
PFAS are known to be highly resistant to degradation and decomposition due to the
strong carbon-fluorine covalent bonds, as such they are ideal for use in harsh
conditions [19]. But the chemical stability of PFAS also means that they do not break
down in nature, as such they are considered as persistent polluters. PFAS easily
contaminate soil and eventually get into the ground water [19-23]. The concentration
of total PFAS in soil ranged from <0.001 to 237 ug/kg, among them PFOA and PFOS
are the most commonly found [23]. Due to PFAS pollution of a wide range of water
sources they have even been found in bottled drinking water [24]. Furthermore,
toxicology tests carried out on human urine and serum samples detected concerning
amounts of PFAS [25]. Human and animal studies of PFAS revealed that these
substances can lead to neurological, liver and lung problems and disrupt the hormonal
balance [26-29]. Additionally, the cancerous effect of PFAS was investigated and
results indicate that PFAS exposure increases the risk of getting kidney and testicular

cancer [1].
1.2. Removal techniques of PFAS from water

Currently, the removal of PFAS from water applications can be performed at
individual home water treatment, public water system and wastewater treatment plants
by filters to prevent harmful effects of this toxic substance [30, 31]. Although
filtrations are applied to remove this toxic substance, the removal of PFAS from water
has been investigated extensively to improve the efficiency of cleaning water supplies
from PFAS due to their potential harmful effects. Biological degradation of PFAS
with fungal enzymes, microorganisms or their removal with phytoremediation are

simple, cost-effective and environmentally friendly methods, yet require several



months to work [32]. Degradation of PFAS in water with oxidation processes; i.e.
chemical, photochemical or ultrasonic, can be an effective method but scaling up of
oxidation processes for the removal of large amounts of PFAS is not trivial [32-34].
Another method to remove PFAS from water is coagulation. Several coagulants such
as alum and iron salts have been employed to precipitate PFAS in water [16, 32, 35].
While coagulation is an effective method in laboratory, difficulties in controlling
agglomeration and possibility of side reactions present challenges for its commercial
application for PFAS removal [32]. In addition to the aforementioned methods, PFAS
can also be removed from water by adsorbents. As one of the cheapest and simplest
adsorbents, activated carbon (AC), which is already used for water remediation and
filtering applications, both in powdered and granular form, has been tested for PFAS
removal and often considered as benchmark material for all new adsorbent techniques
on perfluorochemicals. [16, 32, 35]. This benchmark materials performed 20-40%
efficiency for perfluorooctanoic acid (PFOA) and 40-50% efficiency for
perfluorooctanesulfonic acid (PFOS) based on a study on granular activated carbon
water filters in 2022 [36]. Other carbon based adsorbents, such as carbon nanotubes
(CNTSs) and graphene, have higher specific surface areas, porosity and adsorption
capacity, hence better PFAS removal performance compared to AC, but they are also
more expensive [37]. lon exchange resins capture PFAS through electrostatic and
hydrophobic interactions [16, 18, 37, 38], and some of them showed better PFAS
better performance and adsorption capacity (4-5 mmol/g) compared to AC (around 1
mmol/g) [16, 37]. However, regeneration (removing the adsorbed chemical from
materials) of the ion exchange resins have been a formidable issue that still needs to

be addressed to be able to reuse the resins repeatedly [16, 18, 39]. Other polymeric



materials such as polyaniline nanotube (PANT), which is more porous than resin
polymers, demonstrated high affinity to PFOA and PFOS when they are in their
anionic forms in low pH solutions [32, 40, 41]. The affinity of polyaniline materials
is investigated by adsorption studies that indicated polyaniline adsorbent removed
98% of PFOA from aqueous solution [42]. Polymer networks that contain macrocyclic
hosts such as calixarene or B-cyclodextrin have shown promising performance for
capturing PFAS from water [41, 43, 44]. Besides polymeric materials, Zeolites, which
are crystalline and microporous materials, have been studied both experimentally and
computationally for PFAS removal from water [45, 46]. In particular, zeolite Beta
showed faster adsorption kinetics and larger uptake compared to AC [45]. Similar to
zeolites, covalent organic frameworks (COFs) and metal organic frameworks (MOFs)
are porous crystalline structures. Amine functionalized, triazine based and cationic
forms of COFs have been used as PFAS removal agents from water [47-49]. Likewise,
MOFs such as ZIF-7, ZIF-8, UiO-66, MIL-101(Cr) and NU-1000 have been
considered for PFAS removal and their performance were studied experimentally [50-
53]. These experimental studies on MOFs indicated that there are different adsorption
mechanisms for PFAS removal from water. For instance, the study with UiO-66
MOFs compared the fluorinated and non-fluorinated version of UiO-66, which
concluded that hydrophobic interaction between pollutant and adsorbent has
significant effect on adsorption efficiency [50]. However, the study with zeolitic
imidazole frameworks (ZIF) discovered how crystal structure and surface
functionality determine the adsorption performance of MOFs [51].

Among all the removal methods adsorption is the effective and cost efficient

one, hence AC is currently employed commercially at home scale and in water



treatment places to adsorb PFAS from water. Due to the promising PFAS removal
results this thesis will focus on investigating the adsorption mechanism of PFAS
molecules on calixarene based polymers and MOFs. In order to provide better
understanding for the thesis, Chapter 2 will deliver literature review information on
three pivotal subjects: calixarene molecules, metal organic frameworks (MOFs) and
the fluorination methods applied to MOFs. Chapter 3 will explain simulation methods
and their background information that are applied in this thesis. After essential
understanding on materials and techniques Chapter 4 will present study on removal of
one of the PFAS from water that is collaborated with experimental study. Chapter 5
will explain the adsorption mechanism of a perfluoroalkyl substance within MOFs and
investigate how fluorination influence the adsorption mechanism of the molecules.
Chapter 6 will cover the adsorption study of perfluorooctanoic acid within MOFs and
zeolite structures. Finally, Chapter 7 will explain the conclusion of the researches
performed in the thesis and provide insight about future studies that can be performed

to improve what has been discovered in the thesis.



Chapter 2. Literature Review

In this chapter, an overview of the materials, chemicals and techniques
employed in this thesis will be presented. This background information help
providing more comprehensive understanding why these materials, chemicals and
techniques employed. Firstly, calixarene compounds and their capturing ability will
be explained, Secondly, metal organic frameworks and their wide range of
application characteristics will be presented. Finally, functionalization methods of
metal organic frameworks will be explained to give better understanding for

upcoming chapters.
2.1. Calixarenes

Calixarenes are an important part of macrocyclic host family and due to their
functionalization ability and widespread application of capturing characteristics they
can also be employed to adsorb toxic substances. Calixarenes are phenol-derived
cyclic oligomers that are discovered in 1940s by Zinke [54]. However, the importance
of this discovery was not noticed until 1970s. Gutsche et al. developed the synthesis
method of the cyclic oligomers and called this cyclic oligomers as calixarene (In Greek
calix means chalice and arene indicate the involvement of aromatic ring in the
structure) [55, 56]. This development made it possible to explore characteristics of
these compounds because this new method increases yield and success of the synthesis
[54]. Hence, calixarene compounds become more accessible for different research
areas. During the extensive research on calixarenes scientists have found out that their
chemical and physical properties can be modified based on the need of the application
by changing the functional groups upper and lower rim parts in addition to introducing

different conformation to calixarene compounds. Calixarene macrocyclic compound



composed of upper rim and lower rim parts that can be functionalized for different
purposes (Figure 2-1) [57].
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Figure 2-1. Schematic of calixarene [57]

In addition to the functionalization of the two rims of calixarene, these
molecules can be also found in different conformations [57, 58]. The conformations
of calixarene influence the behaviour of calixarenes because the position of hydroxyl
groups are changing. This leads to hydrogen bonding capabilities of molecules with
each other and in case of interaction with guest molecules the conformation determine
how strongly calixarene molecule attach to guest molecules [58, 59]. Four different
conformations of calixarene are determined that are named cone, partial cone, 1,3-

alternate and 1,2-alternate (Figure 2-2) [54, 58-60].



cone partial cone 1,2-alternate 1,3-alternate

Figure 2-2. Schematic of four different conformations of calixarene [54]

Due to aforementioned characteristics of calixarenes they can be employed for
different purposes in different areas by modifying the functional groups and
conformation of the calixarene structure. In pharmacology calixarenes can be applied
with photodynamic therapy as anti-cancer agent, their catalytic and inhibitor activity
are helpful to control biological enzymatic activities, with the help of functionalization
of calixarenes drugs that are insoluble in water can be delivered to body and are
detected to analyse solutions and captured for purification [61]. Another function of
calixarenes are recognition of metal (alkali, alkaline earth and transition metals) ions
and capturing them from water and aqueous solutions through coordination between
ions and phenol group in lower rim [62-64]. Calixarenes cannot only recognize
specific ions but also detect chiral molecules by introducing the chirality within cavity
of calixarenes [64, 65]. Hence, they can be used for enantiomer separation or
asymmetric synthesis to acquire desired isomer [64-68]. Due to desired chemical
capturing ability of calixarenes from aqueous solutions they are viable candidate to

remove toxic molecules from water.



2.2. Metal Organic frameworks

Metal Organic Frameworks (MOFs) are coordination polymers that are
comprised of metal ions and organic ligands to form one - (1D), two- (2D) or three-
dimensional (3D) structures [69, 70]. These polymers are crystalline solid structures
that have regular porosity from micro to nanopore scale [71]. MOFs are built through
the self-assembly of organic linkers and metal ions or metal containing nodes
(secondary building units-SBUS), which are like coordination centres (Figure 2-3) [71,
72]. Since these structures are the combination of two building blocks, they can
contain the properties of both building blocks and even if currently over 90,000 MOFs
have been synthesized and over 500,000 predicted [73], there are still numerous
possibilities of creating different MOFs because every possible metal node can be

combined with each possible organic linker.
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Figure 2-3. Schematic of building metal organic frameworks

The porous characteristics of these materials make the diffusion of guest

molecules easier, hence these materials prone to accept guest molecules into the
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structure and keep guest molecules within the pores. The porosity of these materials
can be extremely high that free volume of the structure can go up to 90% and this high
porosity helps acquiring high internal surface area [74]. In addition to porous
characteristics, the chemical environment of pores, internal surface area and surface
of MOFs can be determined and modified easily. The desired chemical properties can
be introduced by either building blocks or post-synthetically modifying the structure
[75].

Having high porosity and surface area makes MOFs an important material to
be used as an adsorbent that can be applied for capturing and storing. In addition to
capturing and storing, the adsorptive characteristics of MOFs indicate that these
materials can interact with other molecules strongly, which is also significant for other
applications like sensing, detecting or catalytic activities. Besides these properties,
MOFs have the flexibility to adjust chemical environment, size and shape of pores and
surface areas. Therefore, MOFs are versatile and excellent candidate to be employed
in various areas of science and industry.

The capturing and storing ability of MOFs are exploited for different purposes
and applications. One of the application areas is capturing greenhouse gases like
carbon dioxide (COz2) and other toxic gases like nitrogen oxides (NOx) and sulphur
dioxide (SO2) as a result of combustion of fossil fuels [76, 77]. Among
aforementioned gases CO2 has significant adverse effect on nature and its capturing
methods are investigated extensively in cases like pre-combustion and post-
combustion gas capturing, using membranes to separate CO2 from gas mixture, and
employing adsorptive materials like activated carbon, zeolites and MOFs [78]. The

capturing mechanism employed by MOFs is through adsorption and the capture of
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CO:2 can be applied by direct air capture (DAC) from atmosphere, or capturing it after
combustion of fossil fuels in industry [76]. To increase the effectivity of DAC plants
MOFs can be a viable option because water molecules in the air can be a significant
obstacle to capture only CO2 molecules, hence core-shell MOF design, which consists
of a core MOF structure that is surrounded by another MOF results in a composite
material, is presented to overcome this issue [76]. In addition to employing core-shell
design to capture CO2, MOFs’ capturing ability can also be improved by ligand
functionalization with amine, amide, carboxylate and other functional groups [79].
Although ligand functionalization decreases the porosity of MOFs, it enhances the
interaction between MOFs and CO2 molecules[79]. In another attempt of increasing
the CO2 adsorption capacity, MOF structure is modified with simple annealing
procedure, which creates defects that provide more binding sites for CO2 molecules

without disrupting stability and order of the structure [80].
2.3. Fluorine functionalization methods applied on MOFs

Due to fluorine rich chemistry of PFAS, adsorptive materials with fluorine rich
environment have been studied to exploit fluorine-fluorine interaction and
hydrophobic interaction mechanism by scientists. The fluorine rich environment can
be introduced by functionalization of existing adsorptive materials and there are
materials with promising results that show positive effects on capturing PFAS through
fluorine functionalization [43].

As we know MOFs’ chemical environment can be modified or introduced with
various methods. Desired chemical environment can be introduced either during
synthesis process using modified linkers and node or post-synthetically implement

desired atoms or molecules in the structure.
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e The first method fluorination method is through introducing fluorinated anions
into the structure. These anions are proved to be effective repel water molecules from
the porous network, hence it can provide necessary environment for capturing
fluorinated molecules from water solutions.

e Another method fluorination technique is using trifluromethyl or fluorine
substituted ligands. These ligands are acquired before the synthesis procedure of
MOFs and used during the synthesis.

e A third method is functionalizing the MOFs post-synthetically. It is proven
that MOFs can be functionalized in different ways with various molecules after
acquiring the structure [75] and this post-synthetic modification is very helpful for
keeping the robust structure and many original characteristics of the structure. Besides,
keeping the desired intrinsic capability of the structure additional characteristics can

be introduced with modification of the chemical environment within the structure.
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Chapter 3. Simulation Methods and Theory

In this chapter, an overview of molecular simulations, molecular interactions
and force field parameters, different types of simulation methods will be explained.
Molecular simulations can help us understand and examine molecular behaviour at
atomic and molecular level, hence provide detailed knowledge of molecular
mechanism. This leads to reducing experimental costs and environmental impact of

chemicals by eliminating unnecessary experimental procedures.
3.1. Molecular Simulations

One and a half centuries ago the discovery of thermodynamics has changed
the scientific understanding of the world drastically. The first law of thermodynamics
on the equivalence between heat and work and the introduction of the concept of
entropy were two of the greatest achievements in early thermodynamics. Although
revolutionizing the study of nature in many ways, thermodynamics cannot explain the
causal relationships behind the phenomena that it describes. The laws of
thermodynamics can for example describe the expansion of gases when heated, yet
they do not explain underlying principles of the behavior of gases.

Statistical mechanics is the tool that answers the question of why. In statistical
mechanics, the motions of atoms and molecules such as translation, rotation and
vibration. are described in a mathematical framework. This framework can also be
used to derive thermodynamic relationships.

Partition functions are key elements of statistical mechanics’ mathematical

framework. To define these partition functions, we first need to define the existence

Ej
probability (1/Z e *sT), Existence probability defines the likelihood that a single
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state will occur and it has a Boltzmann distribution. Sum of all such Boltzmann

distributions over all possible states is defined as a partition function.

Z= ) e ksT (D

Ei is energy of the i-th state, kg is the Boltzmann constant and T is absolute temperature

Partition function of a canonical ensemble system with discrete energy levels
is shown in equation 1. If the energy levels of the system are continuous, an integral
is used instead of summation. Total number of particles in the system (N) defines the
dimension of this integral. This integral becomes intractable in the thermodynamical
limit as N goes to Avogadro number.

Some believed that computers could be used in calculating those intractable
heavy integration [81]. But later, thanks to advances in both computing hardware and
algorithms, simulation became more important than the calculation.

Before moving in to these simulation algorithms, we will revisit equation 1.
Ei is defined as the energy of it" state in equation 1. Hamiltonian mechanics provides
the mathematical framework to describe the energy of a state. In this approach, “The
Hamiltonian (H)” needs to be defined that connects every state to its energy.
Hamiltonian consists of a kinetic and a potential part. The potential part is related to
position coordinates, whereas the kinetic part is related to the momentum
coordinates of the state.

H(ry, 1y, oo Ty, D1 - -DN) = K01, - Dn) + V(1 e Ty) (2)

Kinetic part is defined as a simple quadratic equation between momentum
(p) and energy. Defining potential part of Hamiltonian is not trivial, it will be

revisited in detail in the “Molecular Interactions” section.
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3.2. Molecular Interactions

The interaction between atoms and molecules is an important research area and
comprises an inevitable step toward modelling materials. Molecular interactions affect
molecular motion, which in turn determines molecular trajectories. Inter- and
intramolecular interactions are two main classes of molecular interactions.
Historically, the first studies of molecular interactions were modelled for simple ideal
gases and hard spheres, which means that studies of intermolecular interactions began
earlier than studies of intramolecular interactions.

A simple representation of the interactions between hard spheres can be

defined by the Lennard-Jones potential as follows:

woms ()" (2)

In this equation, rjj is the distance between the i" and j™ particles. Size and
interaction are defined by ¢ (nm) and ¢ (kJ/mol). The 6-term corresponds to the
attractive part of the Lennard-Jones potential, while the 12-term corresponds to the
repulsive part. For charged particles, the electrostatic interaction should also be
considered. The Coulomb potential for the electrostatic interaction can be written as

follows:

1 q;
4me, 1)

Ve(rj) = (4)
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In this equation, &, is the vacuum permittivity, rij is the distance between the
it and j™ particles and g; and q; are the electron charges around particle i and j,
respectively.

Intramolecular interactions can be described as below. In this equation, the

total energy of the bonded system is written as a Taylor expansion-like expression:

U= Zub(r)+ Zu9(0)+ Z ug (@) + Z u, (1)

bonds bends torsion improper
+ Z Upy (r,r') + z Upg' (1,0")
bond—bond bond—-bend
+ ) ug (6,60 +- ©
bend—-bend

Here, the first term corresponds to the harmonic interaction between two
bonded atoms, the second term corresponds to the harmonic bending interaction
between three bonded atoms, and the third term corresponds to the periodic interaction
between four bonded atoms, and so on. For simplicity, we have used the first three
terms to model the interactions between bonded atoms.

For Eq. 3, Eqg. 4 and Eq. 5, a set of pre-defined parameters called “force fields”
are needed. AMBER [82], OPLS [83], CHARMM [84], DREIDING [85] and UFF
[86] are some widely known examples of generic force fields.

3.3. Molecular Simulation Methods

Two of the most common simulation methods for materials modelling at the
molecular level are Monte Carlo simulations and Molecular Dynamics methods.

Monte Carlo (MC) is method for determining the equilibrium properties of materials,
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whereas Molecular Dynamics (MD) is a method for realistically describing the
dynamics of microsystems. MC is a probabilistic method, while MD is a deterministic

one.
3.4. Monte Carlo (MC) Simulations

We will revisit the partition function given in equation 1. In statistical
mechanics, the mean value of an observable A can be calculated using the following

equation:

_Ei
<A4> ZiAieElicT 6)
e kT

As stated earlier, the summations in equation 6 turn into integration when the
energy spectrum system is continuous. Moreover, the energy term should be
calculated as a Hamiltonian, which is a function of position and momenta. Thus, the
integration is done over the coordinates r and p of the system. Thanks to the quadratic
relation between the kinetic part of the Hamiltonian and the momenta, the integration
over the momenta is analytically solvable. However, the complex dependence of the
Potential part of the Hamiltonian on the position complicates the integration over the

position coordinates. If the observable A in equation 6 depends only on the position

coordination, the equation becomes:

U(ry,TN)
[dridry ....dre” kT A(ry, ..., 7y)
UCrs—rn) ™)
[dridry....dr,e” kT

<A>=

Computation of partition functions is not feasible for large systems (N > 100)
and for complex functional forms of potential energy. Monte Carlo simulations

provide an alternative way to estimate this integration. In MC simulations the phase

18



space is sampled with random movements. Starting with an initial system
configuration and then randomly jumping to a new system configuration, they
calculate the energy difference between the configurations (AU) and the Boltzmann
factor with the energy difference (exp(—AU/kT). Then, they use this Boltzmann
factor to decide whether or not to accept the new configuration by choosing
energetically favourable position.

3.5.  Grand Canonical Monte Carlo (GCMC) Simulations

The simulation conditions can be set to sample the desired characteristics of
the system and MC simulations can be performed in various ensembles such as
canonical, microcanonical, isothermal-isobaric, and grand-canonical ensembles [87].
In each of these ensembles, certain conditions such as temperature, pressure, energy,
etc. are kept constant. In the case of the grand-canonical ensemble, the chemical
potential (K1), volume (V) and temperature (T) of the system are fixed. This ensemble
is very common for adsorption simulation because, unlike other ensembles, the total
number of particles is not fixed and it can give the average number of particles under
certain external conditions.

3.6. Molecular Dynamics (MD) Simulation

Molecular Dynamics simulation is a deterministic approach rather than a
statistical one and is based on the integration of Newton’s equation of motion. In a
given time period, the trajectories and forces are calculated. The intermolecular force

between molecules i and j can be calculated as follows:

£, = = i @)
Y a'rij
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In Eq. 8, fij stands for the intermolecular forces between particles i and j, uj
for the intermolecular potential energy, and r, for the distance between particles i
and j. After determining the forces between all particles in the initial configuration,
Newton’s equations can be integrated. According to the Leap-Frog algorithm
(Hockney, Goel, and Eastwood 1974), Newton’s law of motion is integrated by

discretising the differential definition of acceleration and velocity:

v (t + %At) =v (t — %At) + At;(t) 9
r(t + At) = r(t) + Atv (t + %At) (10)

v:velocity, t: time,r: position, f: force, m: mass
The Leap-frog algorithm uses forces to update the velocity at the mid-time
interval and the updated velocity to update the position data, as shown in Eg. 9 and

Eq. 10.

3.7. Tricks of Trade

Calculation interactions between too many particles is computationally
infeasible. A number of “tricks” (methods) have been applied to reduce the
computational time for molecular simulations.

The number of particles is excessively limited with respect to the
thermodynamic limit of the particles. To overcome this limitation, Periodic Boundary
Conditions (PBC) is a commonly used trick. In PBC, a single cell of the simulation
box (indicated with green box in Figure 1) is treated as the center of a periodic lattice

of identical cells. When PBC is applied, the number of pairwise interactions increases
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due to the periodic “images” of the particles within the simulation box. To overcome
the issue of increased number of image’s interactions, the minimum image convention

is applied. This implies that each particle can interact with only one single “image” of

any other particle.

Figure 3-1. Periodic boundary condition in molecular simulations

Another short cut implementation to reduce the calculation of the amount of
interactions is the cut-off radius. This trick implies that only interactions within the
cut-off radius around a particle are taken into account and the interaction across the
truncation is implicitly accounted for.

The implicit correlation to the total energy is called as the tail correction and

is calculated as follows:

o)

AUyqir =§f u(r)4mridr (1D

Tc
In Eq. 11, p is the molecular density, u(r) is the pairwise interaction between

the molecules, and r, is the cut-off radius.
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An additional approximation for the calculation of Lennard-Jones sites is the

Lorentz-Berthelot mixing rule, which suggests the calculation with the following

approach:
o4+ 0p
Oyp = > (12)
€4B = </ €A€B (13)

The Lennard-Jones interaction between type A molecules and type B

molecules can be calculated using the parameters defined in Eq. 12 and Eq. 13.
3.8. Density Functional Theory (DFT)

MC and MD modellings based on probabilistic and deterministic approach to
molecular simulations. Hohenberg, Kohn and Sham developed a quantum mechanical
modelling method approach to perform realistic calculations of properties of atoms,
molecules and solids [88]. Although quantum mechanical calculations were needing
too much calculation power, density functional theory (DFT) introduced effective
approximations that decrease computational need and made probable to use quantum
mechanical approach to perform simulations. By employing this model electronic,

optical and mechanical properties of solid state materials can be calculated.
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Chapter 4. Investigation of perfluorooctanoic acid
removal from water in fluorine-rich calixarene-

based porous polymers with molecular simulations

The study presented in this Chapter was published in 2020 in volume 12, pages 43160-

43166 of ACS Applied Materials & Interfaces.
4.1. Introduction

One of the most widely used perfluoroalkyl substances (PFAS) chemical found
in water resources is perfluorooctanoic acid (PFOA) [89]. The removal of
perfluorooctanoic acid (PFOA) can be performed by degradation, coagulation or
adsorption. Among these methods we investigated the adsorbent materials that can

capture the PFOA molecules (Figure 4-1), which are dissolved in water. In this chapter

0Cee

Figure 4-1. All atom PFOA molecule

among many adsorbent materials calixarene-based polymers are examined due to
selective and effective capturing ability of calixarene compounds. The macrocyclic
structure of calixarene molecules and fluorinated linkers of calixarene-based porous
polymer can improve the interactions between PFOA molecules and polymer network.

The non-fluorinated and fluorinated calixarene based polymers in this study are CX4-
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P, CX4-BP, FCX4-P and FCX4-BP because of their adsorption capacity and

efficiency [43]. The monomers of these polymers are indicated in Figure 4-2.

4.2. Materials and Methods

Monte Carlo (MC) simulations were carried out to understand the physical
mechanism of PFOA binding and how binding properties change as the chemistry of
the polymer is varied. Given the size of the PFAO molecules and amorphous nature
of the polymers, probing the binding energy landscape of the calixarenes with a guest
molecule is deemed to be a more efficient approach than undertaking PFOA+water
mixture adsorption simulations. In this approach a PFOA molecule (Figure 4-1) was
used to exhaustively probe the accessible surface of the calixarene polymer sheets to
identify preferred binding sites. Same procedure was employed with a water molecule

for comparison.

FCX4-BP

Figure 4-2. The monomers that are used to construct the polymeric sheets
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4.2.1. DFT calculations

Given the highly mesoporous nature of the polymers it would have been
impossible to construct atomistic models that would reproduce the surface area and
pore size distribution of the polymers. Therefore, polymer sheets of CX4-P, CX4-BP,
FCX4-P and FCX4-BP were constructed. For this, unit cells, which contain periodic
monomers of CX4-P, CX4-BP, FCX4-P and FCX4-BP, were first geometrically
optimized with plane wave density functional theory (DFT) calculations. The
dimension and angles of the unit cells were allowed to vary independently to allow
complete relaxing of the polymer sheets. The periodic dispersion-corrected DFT
calculations were carried out using the CASTEP 17.21 software [90] and employing
the PBE functional and ultrasoft pseudopotentials with a 550 eV energy cutoff. Once
optimized the unit cells were replicated 2 times in the x and y directions. To create
simulation boxes for the MC simulations void space was added above and below the

polymer sheets.
4.2.2. Monte Carlo Simulations

Single molecule probing of the optimized calixarene polymer structures
(Figure 4-3) with PFOA and water were carried out by MC simulations using the
RASPA molecular simulation package [91]. Translation, rotation and reinsertion
moves of the PFOA molecule and the water were sampled in the calixarene polymer
sheet structures with equal probability in the NVT ensemble at room temperature with
periodic boundary conditions (PBC) and 2x2x5 unit cell setup. For each system, we
ran for 2,200,000 cycles of MC simulations. RDFs were computed from the last
2,000,000 cycles. Since it is a large molecule, 10 independent MC simulations for

PFOA were carried out in each polymer to improve sampling and results were
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averaged. In the MC simulations Lennard-Jones (LJ) potential was used to account for
the short-range van der Waals interactions and the electrostatic interactions were

computed using a Ewald sum.

Figure 4-3. Simulation boxes that contain polymeric sheets of CX4-P (a=41.45,
b=40.967, c=25.0; =89.15°, $=90.32°, y=89.99°), FCX4-P (a=41.442, h=41.165,
¢=25.0; 0=89.85°, p=90.55°, y=89.67°), CX4-BP (a=49.634, b=49.336, c=25.0;
0=91.55°, $=87.89°, y=90.89°) and FCX4-BP (a=49.135, b=49.635, c¢=25.0;
0=89.74°, $=90.88°, y=89.89°) used in the MC simulations

The cut-off distance for the LJ potential and the real part of the Ewald sum was set to
12 A. The water molecule was represented by the TIP4P-Ew model [92] while for

PFOA we used the CVFF force field [93] with partial charges derived from quantum
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chemical calculations obtained using the Gaussian09 software [94]. For the polymer
sheets, LJ parameters were taken from the DREIDING force field [85]. Partial atomic
charges of the polymer atoms were calculated using the REPEAT method [95], which
essentially fits point charges against the periodic electrostatic potential of the polymers
derived from DFT calculations using the CASTEP 17.21 software and by employing

the PBE functional and ultrasoft pseudopotentials with a 550 eV energy cutoff.
4.3. Results and Discussion

Given the findings of Omorodion et al., who studied the nature of noncovalent
interactions in calixarene-PFOA host—guest complexes [95, 96], we speculated that
the primary interaction responsible for the successful adsorption of PFOA by the
polymers is the hydrogen bond between the carboxylic group of PFOA and a hydroxyl
oxygen of the calixarene. We also surmise that additional stabilization may be
achieved by C—F---F—C interactions between PFOA and the fluorinated linkers in
FCX4-P and FCX4-BP. To test these hypotheses, we resorted to atomistic Monte
Carlo (MC) simulations of PFOA and water.

4.3.1. Radial distribution function analysis

Polymer sheet representatives of CX4-P, CX4-BP, FCX4-P, and FCX4-BP
(Figure 4-3) were sampled for binding sites using a PFOA and a water molecule.
Radial distribution functions (RDF) obtained from MC simulations allowed for
comparisons to be made between the interactions of the polymers with PFOA/water
(Figure 4-4). The hydroxyl groups of the calixarenes are the preferential binding sites
for both PFOA and water. For PFOA, this is evidenced by peaks near 1.8 A between
the oxygen of the calixarenes and the carboxyl hydrogen of PFOA, denoted as O-Ho

(Figure 4-4a and Figure 4-6). Similarly, water hydrogen bonds with the oxygen atoms
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of the calixarene ring, denoted as O-Hw (Figure 4-4b). It is clear that both PFOA and

water are expected to compete for the calixarene ring during adsorption for all

polymers, whether fluorinated or not.

For all polymers, we found that hydrogen bonding is the main interaction

between the polymer and its environment and that the effect of C-F---F-C interaction

is rather marginal (Figure 4-5).
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Figure 4-4. Radial distribution functions of specific interactions between the
polymers and PFOA/water molecules. (a) O-Ho, (b) O-Hw, (¢) HL-Ho and F-Ho,
and (d) HL-Hw and F-Hw (O is oxygen of calixarene in all polymers, HL is
hydrogen of linkers in CX4-P and CX4-BP, F is fluorine of linkers in FCX4-P and
FCX4-BP, Ho is carboxyl hydrogen of PFOA, and Hw is hydrogen of water)



Substitution of linker hydrogens (HL) with fluorines (F) in the CX4-P polymer
does not result in any change for the PFOA fluorine (Fc) and linker interaction (Figure
4-5). In the case of CX4-BP polymer, substitution of linker hydrogens (HL) with
fluorines (F) results in an increase, albeit very small, for the PFOA fluorine (Fc) and
linker interaction due to the fact that CX4-BP has a longer linker (Figure 4-5). Longer
linker leads to providing more fluorine environment, hence probability of fluorine-

fluorine interaction increases. However, still the effect of C-F---F-C interaction is

observed up on fluorination of the linker.
25

much less significant compared to the change in the hydrogen bonding interaction
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Figure 4-5. Radial distribution functions of interactions between linker hydrogen

and fluorine of PFOA (HL-Fc), and between linker fluorine and fluorine of PFOA
(F-Fc) in the polymers.
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b) FCX4-P (Ho-)

Figure 4-6. Simulation snapshots that illustrate PFOA-polymer interactions
(distances are between 1.8-2.0 angstrom)

It was also found that fluorination leads to dramatic changes in the way the
linkers interact with PFOA and water. In CX4-P and CX4-BP, the RDFs for the
hydrogen atoms of the linkers and the carboxyl hydrogen atoms of the PFOA, denoted
as HL-Ho, exhibited broad peaks around 3.4 A (Figure 4-4c), which indicated that
there were relatively weak interactions between PFOA and the linkers. For water, the
interactions with the linkers are also limited; as such, the RDFs for the hydrogen atoms
of the linkers and the hydrogen atoms of water, denoted as HL-Hw, showed only weak
structuring around 3.8 A (Figure 4-4d). In FCX4-P and FCX4-BP, however,
substitution of the linker hydrogen atoms with fluorine atoms resulted in tighter PFOA
binding to the linkers. This is demonstrated by the peaks observed at 2 A in the RDFs
for the fluorine atoms of the linkers and the carboxyl hydrogen atoms of the PFOA,
denoted as F-Ho (Figure 4-4c and Figure 4-6). To understand the nature of this

affinity, we computed the binding energy of PFOA to the polymers (Table 4.1).
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Indeed, energy calculations revealed that fluorination increases the binding strength
of PFOA to the linkers. The binding energy was reduced by 3.8 and 2.4 kJ/mol for
FCX4-P and FCX4-BP, respectively, in accordance with the experimental
observations [43] and RDF analysis. On the other hand, after fluorination, as shown
above in Figure 4-3d water—linker interactions became weaker as the RDFs between
the fluorine atoms of the linkers and the hydrogen atoms of water, denoted as F-Hw,
did not show any structuring. This also suggests that fluorine-rich PFOA molecules,
when adsorbed, can exclude water adsorption in the pores. All in all, our simulations
provide strong evidence that fluorination creates new sites on the linkers for the
adsorption of PFOA, which no longer needs to compete with water. In addition,
fluorination stabilizes PFOA at the new binding site; resulting in enhanced PFOA
binding to FCX4-P and FCX4-BP, as compared to the nonfluorinated polymers, CX4-
P and CX4-BP.
4.3.2. Binding energy calculations

In order to quantify the change in the binding energy of PFOA with the
polymers a result of fluorination, a PFOA molecule was placed near one of the linkers
of CX4-P, CX4-BP, FCX4-P and FCX4-BP. The systems were then energy minimized
using RASPA molecular simulation package and employing the Baker minimization
method [97]. The binding energy is defined as:

AUp=UpL— Up— UL

where, UpL, Up, Uy, are total potential energies of polymer-ligand complex, polymer,
and the ligand (PFOA) respectively. Then PFOA binding energy values for different

polymers are shown in Table 4-1. The results presented that fluorination of linker
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reduce the binding energy values which mean higher affinity between polymer and

PFOA molecules.

Table 4-1. Binding Energy between PFAQO and polymers

Calixarene Polymer AUy (kJ/mol)
CX4-P -40.2
CX4-BP -39.0
FCX4-P -44.0
FCX4-BP -41.4

4.4. Conclusion

In summary, we investigated the interaction mechanism between PFOA
molecule and calixarene-based porous polymers. The effect of fluorination in this
polymeric structure indicated the importance of hydrogen bond interaction between
carboxylic group of PFOA and hydroxyl group of calixarenes. In addition to hydroxyl
group of calixarene, hydrogen atom of PFOA indicate significant interaction with
fluorinated polymer structures. Introducing extra binding site into polymers with
fluorination improve the PFOA capturing ability of polymer that are strongly

supported with experimental and simulation results.
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Chapter 5. Computational Investigation of
Structure-Function Relationship in Fluorine
Functionalized MOFs for PFAO Capture from

Water

5.1. Introduction

Previous studies showed that fluorine functionalization can improve the
adsorptive removal of PFAS from water in porous materials, such as calixarenes [43],
MOFs [50], polymers [98, 99] and graphene [100]. In this work, by employing
molecular simulations, we investigate the fluorine functionalization of MOF materials
for the removal of PFAS from water. MOFs are crystalline porous inorganic-organic
hybrid materials that can be tuned to have desired pore size, shape and chemical
functionality. As such, they are an ideal platform to investigate and compare different
fluorine functionalization strategies for PFAS removal from water. We use
perfluorooctanoic acid (PFOA), which is one of the most widely encountered PFAS
in ground water, as the probe molecule in our molecular simulations. The PFOA
molecule has a carboxyl group; i.e. hydrophilic head, and seven fluorinated carbons;
i.e. hydrophobic tail. PFOA is in white powder form at room temperature, and it melts

around 50 °C.

5.2. Materials and Methods

Fluorinated MOFs considered in this study are shown in Table 5-1. We
categorized these MOFs into different groups by following the convention given in

Noro et. al [101].
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Table 5-1. Fluroinated MOFs considered in this work

Functionalization MOF name Formula Ref.
method
SIFSIX-1-Cu? C20 Hi6 Cu N4 Si Fe [102]
TIFSIX-1-CuP C20 H16 CuN4 Ti Fe [103]
Fluorinated anion, ;
AFs> (A=Siand Ti) Zn(4,4_1 -0pY)>2 C20 Hi6 Zn N4 Si Fe [104]
L (SiFs)°
bridging ligands
Cu(bpy-1)2(SiFs)° C20 His Cu N4 Si Fe [105]
SIFSIX-2-Cu¢ C24 H16 Cu N4 Si Fe [106]
Zn(C17 Hg Fe Oa)f Cs4 His F12 Os Zn2 [107]
Trifluoromehtyl
(-CF3) or fluorine FMOF-19 C12 Ags Fis No [108]
substituted ligands
F-UiO-67" Ca42 H(26-n) Fn O16 Zr3 [109]
Perfluoraalkane i pEi (Cas H3o O16 Zr3) + C7 Fi1s
grafting NU-1000-PF COO [110]

(3Figure A-1; PFigure A-2; °Figure A-3; 9Figure A-4; ¢Figure A-5; fFigure A-6;
9Figure A-7; "Figure A-8; 'Figure A-9)

The first category is fluorinated anion functionalized MOFs where AFg>
anions (A=Si and Ti) are used as bridging ligands [103-106, 111]. The second category
is MOFs which have ligands that are substituted with trifluoromehtyl or fluorine [107,
108]. Two MOFs considered in this category, FMOF-1 [108] and Zn(C17HsFsOa)
[107] have trifluoromehtyl substituted ligands. For MOFs with ligands substituted
with fluorine atoms, we considered fluorine functionalized UiO-67, denoted by F-
UiO-67. Although a fluorine substituted UiO-67 has been reported experimentally in
the literature [109, 112]; we would like to increase the amount fluorination of the UiO-
67 gradually like fluorine functionalized UiO-66, which has shorter bridging ligands

compared to UiO-67 but the same topology, was reported experimentally [113].
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However, the pores of fluorinated UiO-66 are too small for PFOA molecules to enter.
Therefore, we computationally constructed fluorine functionalized UiO-67 structures
by substituting 25%, 50%, 75% and 100% of the hydrogens on the linkers with
fluorine atoms, by following the same incremental fluorine substitution approach
employed for UiO-66 experimentally [113]. Third and last category is MOFs that are
fluorine functionalized by grafting perfluoraalkanes [110, 114]. In this category, we
considered perfluoroalkane functionalized NU-1000, denoted as NU-1000-PF. NU-
1000 is a Zr-based metal-organic framework and it was fluorine functionalized by
inserting PFOA molecules as charge compensating moieties strongly bound to the Zrs
nodes by employing solvent-assisted ligand incorporation (SALI) method [110].
Finally, all-silica zeolite Beta (Figure A-10), which is hydrophobic and was shown to
be a highly selective adsorbent for PFAS, was included in this study for comparison
with fluorinated MOFs [45, 115]. Pore size distribution of the structures were

calculated with the Poreblazer v4.0 software [116].
5.2.1. DFT calculations

The crystal structures of MOFs and all-silica zeolite Beta were obtained from
either Cambridge Crystallographic Data Centre (CCDC) [117] or from the references
given in Table 1 and were geometry optimized with periodic density functional theory
(DFT) calculation, which is performed by moving atoms of the structure to acquire
the most stable structure with lowest ground state energy. The DFT calculations were
carried out with the CASTEP 19.11 software [90]. The PBE functional and ultrasoft
pseudopotentials were used with a 550 eV energy cut-off. Partial atomic charges of

the geometrically optimized MOF structures were calculated using the REPEAT
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method [118], which fits point charges to the DFT derived periodic electrostatic

potential of the structures.
5.2.2. Force Field

The force field used in the molecular simulations included non-bonded and
bonded interactions. Short-range van der Waals interactions and the long-range
electrostatic interactions between non-bonded atoms were computed through the
Lennard-Jones (LJ) and Coulomb potentials, respectively, with the following

equation:

o\ 2 o\° 1 q.q;
Vir;:)=4s: || —| = — 2l
) 8”[(%1’) (TU') ]+47T€o Tij

Where V is the total energy, i and j are interacting atoms, and rij is the distance
between atoms i and j. ij and aij are the LJ well depth and diameter, respectively. g
and g; are the partial charges of the interacting atoms, and ¢o is the dielectric constant.
LJ parameters between different types of atoms were calculated using Lorentz-
Berthelot mixing rules (Eqg. 12 and Eqg. 13).

Partial atomic charges of MOF atoms were derived from DFT calculations as
described in the previous section to have a consistent charge assignment in the whole
MOF structure, and Lennard-Jones parameters for MOF atoms were taken from the
UFF force field that is widely used force field for MOF simulations due to its
adaptability to many chemical environment [86]. The water molecule was represented
with the rigid TIP4P-Ew model because Ewald techniques is employed in simulations

[92]. For the PFOA molecule, we developed a new model that treats CF3 and CF2
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units as united-atom, whereas the atoms on the carboxyl group are treated explicitly
to reduce computation time. Force field parameters for the new PFOA model were
derived from previous force fields used for perfluoroalkanes [119, 120], ketone [121],
alcohols [122] and carboxylic acid [123], and are given in Table 5-2.

Table 5-2. Force Field Parameters of PFOA

atom/group ek o (A) | charge Ref.
(K)
CF; 87 4.36 0 93
HH0)
CF, 275 4.73 0 93
CF-(C) 275 4.73 0.12 93, 97
C 41 3.9 0.42 97
0=(C) 79 3.05 -0.45 97
0-(H) 93 3.02 | -0.46 97
H-(O) 0 0 0.37 97
Bond (fixed length) Length(A) Ref Angle Bend' 0(deg) k6/ kg(K) Ref.
CF;-CF, 1.54 93 CF3-(CF,)-CF, 114 62500 93
CF-CF; 1.54 93 CF-(CF,)-CF, 114 62500 93
C=0 1.214 97 H-O-C 107 17600 97
C-0 1.364 97 0-C=0 123 40300 97
O-H 0.97 97 0O-C-CF, 111 35300 97
0=C-CF, 126 40300 97
Torsion® c0 cl fi c2 c3 c4 Ref.
CF,- CF,- CF,- CF, 0 1666.25 0 247.6 -349.26 -532.94 94
CF;- CF,- CF,- CF, 0 1666.25 0 247.6 -349.26 -532.94 94
CF,-CF»-C=0 2035.58 ~736.9 0 57.84 —293.23 0 95
CF,-CF,-C-O 0 176.6 0 -53.34 769.93 0 96
CF,-C-O-H 0 630 0 1562.4 0 0 97
0=C-0-H 0 630 180 1562.4 0 0 97

Tv(e,) =“2(0-0,)?

§ V(@) = cy + ¢;(1 + cos(@ + f;)) + c,(1 — cos(20)) + ¢;(1 + cos(30)) + ¢,(1 — cos(40))

§ 1-4 interactions are zero

To validate the PFOA model, we did a molecular dynamics (MD) simulation in the
NPT ensemble and reproduced the experimental density of PFOA at 1atm and 298K,

which is 1.8 g/cm?,
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5.2.3. Molecular Dynamic Simulations

Molecular Dynamics (MD) simulation is performed using RASPA software
package to test the derived force field parameter of united-atom model
perfluorooctanoic acid (PFOA) molecule. A simulation box with the size of 40x40x40
angstrom is filled with 100 PFOA molecules and molecular dynamics simulation is
performed under constant temperature and pressure. The short-range van der Waals
interactions were modelled with the Lennard-Jones (LJ) potential and the
Lorentz—Berthelot combining rules were used to calculate the cross-interaction LJ
parameters by applying shifted potential. The long-range coulomb interactions were
calculated using Ewald summation method [124]. Both non-bonded and coulombic
interactions were calculated with a 12 A cutoff distance. NPT simulation is performed
500 000 cycles with Parrinello-Rahman barostat with a coupling time of 0.5 fs at 25°C.
As a result of 0.25 ns NPT simulation the density of PFOA molecules was the same

as experimental value that validates our model.
5.2.4. Monte Carlo Simulations

Monte Carlo (MC) simulations were carried out 1) to calculate Henry’s law
coefficients of PFOA and water, ii) to probe PFOA and water preferred adsorption
sites and iii) to compute PFOA adsorption amount from water in MOFs and zeolite
Beta. Henry’s law coefficients of PFOA and water were calculated with the Widom’s
insertion method [125]. To probe preferred adsorption sites, MC simulations in the
NVT ensemble at 298 K were carried out where translation, rotation and reinsertion
of a single PFOA and water molecule were sampled separately in MOFs and zeolite

Beta. For each structure, 10 independent simulations were carried out. From these
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simulations, radial distribution functions (RDFs) between specific sites of the
adsorbent materials and the PFOA and water were computed and averaged.

All MC simulations were performed using the RASPA molecular simulation
software at 25°C degree constant temperature where MOFs and water molecule
(TIP4P-Ew) are rigid and PFOA molecule is flexible [91]. The cut-off distance for the
LJ potential and the real part of the Ewald sum, which was used to compute
electrostatic interactions, was set to 12 A. The unit cells of the MOFs and zeolite Beta

were replicated such that their shortest side was greater than twice the cut off distance.
5.3. Results and Discussion

In this section, we first discuss the results from the molecular simulations for
each group of MOF based on the classification given in Table 1 separately and finish
the section by comparing results from fluorinated MOF materials and zeolite Beta,

which is our benchmark material.

5.3.1. Henry’s Law Coefficients and Preferred Adsorption Sites of

PFOA and Water in Fluorinated MOFs and Zeolite Beta

Henry’s law coefficient provides information about the affinity between a
sorbate molecule and an adsorbent material as it is related to enthalpy of adsorption at
the infinite dilution; i.e. very low loadings. Its calculation is straightforward and
computationally not expensive. Therefore, Henry’s law coefficient can be a powerful
tool to understand how pore size, geometry and chemical functionality affect the
interaction of molecules with porous materials. On the other hand, preferred
adsorption sites can be revealed by computing pair distribution functions; i.e. RDF,
between specific atoms of the sorbate molecules and the adsorbent material. In PFOA

adsorption, both electrostatic and hydrophobic interactions can play a role [43]. The
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electrostatic interactions are due to the interaction of the carboxyl group of PFOA and
the porous material; whereas, the hydrophobic interactions occur as a result of the
interaction of the perfluoroalkyl chain of PFOA and the porous material. However, it
Is the stronger electrostatic interactions that is expected to give distinct peaks in RDF
plots to indicate preferred adsorption sites of PFOA. Therefore; in our RDF analysis
we focus on interactions between the atoms of the framework and the atoms of the

carboxyl group of PFOA.
5.3.1.1. MOFs functionalized with fluorinated anions

Henry’s law coefficients of PFOA and water are given in Table 5-3 for MOFs
that are fluorine functionalized with fluorinated anions. For the same group of MOFs,
PSD plots are given in Figure 1. Despite differences in the pore sizes, Henry’s law
coefficients of water molecules in the MOFs given in Table 5-3 are in the same order
of magnitude, i.e. 10 mol/kgPa, and close to each other.

Table 5-3. Henry’s law coefficients of PFOA and water in MOFs functionalized with
fluorinated anion

MOF name PFOA (mol/kgPa) Water (mol/kgPa)
SIFSIX-1-Cu 4.91 x10° 2.82 x10°3
TIFSIX-1-Cu 2.34 x10°8 3.14 x10°3

Zn(4,4'-bpy)2(SiFs) 2.96 x10° 1.56 x10°3
Cu(bpy-1)2(SiFs) 5.11 x104 4.07 x10°3
SIFSIX-2-Cu 2.0 x103 1.17 x10°3

On the other hand, Henry’s law coefficients of PFOA are much higher than
those of for water, indicating a greater affinity that indicates strong interaction.

Furthermore, Henry’s law coefficient for PFOA shows a dependence on the pore size
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(Figure 5-1) and varies between 10° to 108 mol/kgPa. With increasing pore diameter
Henry’s law coefficient for PFOA first increases but then decreases sharply when the
pore diameter is larger than 10 A, suggesting that too large and too narrow pores do

not provide favourable interactions.

4] ——SIFsIX-1-Cu |
—— TIFSIX-1-Cu |
. Zn(4,4'-bpy),(SiFy)
Cu(bpy-1),(SiFg)
1.0 —— SIFSIX-2-Cu
0.8

r(A)

Figure 5-1. PSD plots of MOFs functionalized with fluorinated anions

To identify preferred adsorption sites we computed and compared RDFs
between different pairs of atoms from NVT Monte Carlo simulations that we carried
out with a single PFOA and single water probe molecule. The RDF plots between
fluorine atoms of MOFs and the hydrogen of PFOA (F-Ho) and the hydrogens of water
(F-Hw) both depict a large peak at around 1.7 A (Figure 5-2), demonstrating that
fluorine anions that are used as bridging ligands are preferred adsorption sites for both
PFOA and water, thanks to the relatively large partial negative charge on the fluorine
atoms. Analysis of other RDF plots did not show any distinct adsorption sites for either

PFOA or water.
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Figure 5-2. RDF plots in MOFs that are functionalized with fluorine anions. F,
fluorine atoms of MOFs; Ho, hydrogen of PFOA; Hw, hydrogen of water
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5.3.1.2. MOFs functionalized with trifluoromehtyl or fluorine

substituted ligands

In Table 5-4, Henry’s law coefficients of PFOA and water are given for MOFs

that are fluorine functionalized with trifluoromehtyl substituted ligands.

Table 5-4. Henry’s law coefficient of PFOA and water in MOFs functionalized with

trifluoromethyl substituted ligands

MOF name PFOA (mol/kgPa) Water (mol/kgPa)
Zn(C17HsF604) 2.42 x101 1.67 x10
FMOF-1 1.11 x10°3 4.52 x1077

For the same group of MOFs, PSD plots are shown in Figure 5-3. Henry’s law
coefficients of water in this group of MOFs are lower; i.e. more hydrophobic,
compared to those of for MOFs functionalized with fluorinated anions. On the other

hand, the low Henry’s law coefficients of PFOA in Zn(C17HsFsO4) and FMOF-1 may

be attributed to their narrow pores.

43




19 Zn(C17H8F604)
—— FMOF-1
1.0 -
0.8 1
0.6 -
0.4
0.2
0.0 Y — T v T v T \ Y T
0 1 2 3 4 .’ 6

r(A)

Figure 5-3. PSD plots of MOFs functionalized with trifluoromehtyl substituted

ligands

RDF plots for MOFs functionalized with trifluoromehtyl substituted ligands

are shown in Figure 5-4.
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Figure 5-4. RDF plots of MOFs functionalized with trifluoromethyl substituted
ligands
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In Zn(C17HsFsO4) there are two distinct pores, one fully fluorinated with
trifluoromehtyl substituted ligands and the other one non-fluorinated. While PFOA
prefers to be adsorbed in the fluorinated pores (Figure 5-4a, RDF plot for F-Ho), water
prefers to be adsorbed in the non-fluorinated pores, where ligands have hydrogens
(Figure 5-4a, RDF plot for H-Ow). This is further supported by the F-Hw RDF plot
(Figure 5-4a) which shows that the water molecules remain far from the fluorine atoms

of the Zn(Ci7HsFsOa4).

Figure 5-5. Snapshot that shows the distances between the hydrogen (white) atom of
PFOA and the fluorine (pink) atoms of Zn(Ci7HsFsOa4); hence the broad F-Ho RDF
peak in Figure 5-4

The broad nature of the peaks in the F-Ho and H-Ow RDF plots in Zn(Ci7HsFsO4) is

due to the homogenous nature of the pores; i.e. fully fluorinated or fully non-
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fluorinated. For instance, while the distance between hydrogen of PFOA and the
closest fluorine atom in the pore is around 3 A, the distance with all other fluorine
atoms in the same pores covers a range of approximately 3 to 7 A (Figure 5-5), which
results in a broader peak.
In FMOF-1, all pores are fluorinated; hence, this MOF has the lowest Henry’s law
coefficient for water. Therefore, RDF analysis did not reveal a preferred adsorption
site for water (Figure 5-4b); whereas, the hydrogen of PFOA preferably interacts with
fluorine of FMOF-1 as shown by the RDF plot of F-Ho in Figure 5-4b.

To study MOFs that are functionalized with fluorine substituted ligands, UiO-
67 was fluorinated incrementally until all hydrogens on the linkers were substituted
with fluorine atoms. Table 5-5 gives Henry’s law coefficient of PFOA and water in
UiO-67 and fluorine functionalized F-UiO-67-n% structures, where n is 25, 50, 75 and
100, indicating the percentage of fluorine functionalization.

Table 5-5. Henry’s law coefficients of PFOA and water in UiO-67 and fluorine
functionalized UiO-67s; i.e. F-Ui0-67s, with different degrees of fluorine substitution

MOF name PFOA (mol/kgPa) Water (mol/kgPa)
UiO-67 0.97 x10° 3.94 x10®
F-UiO-67-25% 1.6 x10° 4.32 x10®
F-Ui0-67-50% 2.23 x10° 4.61 x10°®
F-UiO-67-75% 3.11 x10° 4.89 x10°6
F-UiO-67-100% 4.31 x10° 5.3 x10®

Their PSD plots are shown in Figure 5-6. Henry’s law coefficients of water in all
structures are all in the order of 106 mol/kgPa and it exhibits a gradual increase from

the non-fluorinated UiO-67 until fully fluorinated F-UiO-67-100% resulting in 35%
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increase between UiO-67 and F-UiO-67-100%. Although UiO-67 should become
more and more hydrophobic due to increasing fluorine content, the small increase in
Henry’s law coefficient of water may be attributed to the pores becoming slightly
narrower; hence, stronger framework-water interactions. On the other hand, Henry’s
law coefficients of PFOA are in the order of 10® mol/kgPa and the fluorine
functionalization of ligands has a much more significant effect on PFOA Henry’s law

coefficients, as it increases about four times from non-fluorinated to fully fluorinated

ligands.
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Figure 5-6. PSD plots of UiO-67 and fluorine functionalized F-UiO-67s with

different degrees of fluorine substitution

RDF plots in UiO-67 and F-UiO-67s that have different degrees of fluorine
functionalization provide insights about the preferred adsorption sites of PFOA and

water molecules (Figure 5-7 and Figure 5-8).
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Figure 5-7. RDF plots in UiO-67 and F-UiO-67s. H, hydrogen atoms on the ligands
of UiO-67 and F-UiO-67; F, fluorine atoms of F-UiO-67s; Ho, hydrogen atom of
PFOA; Hw, hydrogen atoms of water
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Figure 5-8. RDF plots in UiO-67 and fluorine functionalized UiO-67s; i.e. F-UiO-
67s, with different degrees of fluorine substitution. H, hydrogen atoms on the ligands
of UiO-67 and F-UiO-67-25%, 50%, 75%; Oc, oxygen atom of PFOA double
bonded to carbon; and Ow, oxygen atom of water
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Both PFOA and water molecule strongly interact with hydrogens of HOH sites
in UiO-67 and F-UiO-67s (Figure 5-8, RDF plots for Huon-Oc and Hyuon-Ow), that is,
PFOA and water compete for the same adsorption site.

Once fluorinated; however, a distinct adsorption site is created for the PFOA
molecule. In Figure 5-7a, the RDF plots of the hydrogen atoms of the ligands and the
hydroxyl oxygen of PFOA (H-On) and the oxygen atoms of water (H-Ow) show that
the hydrogens on the MOF ligands are not preferred adsorption sites. However, the
RDF plots between fluorine atoms of F-UiO-67s and hydrogen atom of PFOA (F-Ho)
show sharp peaks around 2.5 A (Figures 5-7b-e), indicating the creation of new
binding sites on the ligand; whereas, it is clear that the hydrogens of water molecules
do not bind to the fluorine atoms on the ligands (RDF plots for F-Hw in Figures 5-7b-
e). As such, the increase in the PFOA affinity in UiO-67 with increasing fluorine
substitution of UiO-67 ligands may be attributed to the introduction of distinct

adsorption sites for PFOA.

5.3.1.3. MOFs functionalized with grafting of perfluorinated

alkanes

For the experimentally reported MOFs considered before this section, fluorine
functionalization of the framework was achieved during synthesis. However, MOFs
can also be functionalized post-synthetically. One example of this is the perfluorinated
alkane functionalization of NU-1000 through the SALI method [110]. Here, we
consider the structure, denoted by NU-1000-PF, where the PFOA molecules were
used as the source of the perfluoroalkyl chain that was covalently bonded to the

terminal —OH group sites on the NU-1000 metal nodes as a result of the ligand
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incorporation reaction (Figure 5-9). The incorporation is an acid-base reaction, which
occurs between terminating hydroxyl groups on the Zr node of NU-1000 and
carboxylic acid group of PFOA molecules that gives water molecules as side products.
The water molecules are produced by combination of terminating —OH groups and

hydrogens of PFOA’s carboxylic acid or pOH sites of the nodes.
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\ ’,zk/\ n RCOOH, DMF /\”‘Zr.\
VR TN U
1
Ho_2r<—a~\zi_o.+ 20110 o__z,<\—a/~\zi_o
O (o]
C|)H OH )\(lj O/t

FZ FZ FZ
o) [ C c CF
RCOOH= N T Wt G 2
Fa ) Fs
OH

Figure 5-9. Schematic of ligand incorporation reaction of NU-1000

Table 5-6 gives Henry’s law coefficient of PFOA and water in NU-1000 and NU-

1000-PF. PSD plots of these two structures are given in Figure 5-10.

Table 5-6. Henry’s law coefficient of PFOA and water in NU-1000

MOF name PFOA (mol/kgPa) Water (mol/kgPa)
NU-1000 3.00 x10* 4.01 x10°®
NU-1000-PF 1.82 x10° 3.82 x10°©
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Figure 5-10. PSD plots of NU-1000 and NU-1000-PF

As a consequence of the incorporation of perfluoroalkyl chains, the size of the
largest pore in NU-1000 reduces from =30 A to =14 A in NU-1000-PF, and both
structures also have narrower pores ranging from 7 to 9 A. Henry’s law coefficient for
water in both structures are almost the same and are in the order of 10-® mol/kgPa, that
is, their hydrophobicity is similar to those functionalized with trifluoromethyl and
fluorine substituted ligands (Tables 5-4 and 5-6). For PFOA; however, the Henry’s
law coefficient is an order of magnitude higher in NU-1000-PF compared to NU-1000.
This increase in the Henry’s law coefficient may be attributed, at least partially, to
stronger framework-PFOA interactions due to relatively narrow pores of NU-1000-
PF. RDF analysis provide more insights about the increase in Henry’s law coefficient
of PFOA after NU-1000 is functionalized with perfluoroalkyl chains (Figure 5-11 and

Figure 5-12).
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Figure 5-11. RDF plots of NU-1000 and NU-1000-PF
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In NU-1000, PFOA molecule mainly prefers to be adsorbed in the triangular pores

which are relatively narrow (Figure 5-12, RDF plots for C-Ho and C-CFs3).
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Figure 5-12. RDF plots in NU-1000 and NU-1000-PF. C, carbon atom of NU-1000
and NU-1000-PF; Ho, hydrogen atom of PFOA; and CFs3, trifluorocarbon united
atom of PFOA
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The hydrophilic head of PFOA, i.e. the carboxyl group, does not interact strongly with
any particular site; whereas pOH is a preferred adsorption site for water molecules
(Figure 5-11a, RDF plots for Huon-Oc and Huon-Ow). Interestingly, after
perfluoroalkyl grafting, the HOH becomes a preferred adsorption site for the PFOA
molecule as well, which is demonstrated by the peak observed in the RDF plot of
Huon-Oc in NU-1000-PF (Figure 5-11b). The emergence of this new biding site for
PFOA is also a factor in the increase of Henry’s law coefficient of PFOA in NU-1000-
PF compared to NU-1000. The intensity of the Huon-Ow peak in NU-1000-PF is
higher compared to NU-1000, which is due to the decrease in the number of uOH sites

as a result of the SALI reaction.
5.3.1.4. Zeolite Beta

Zeolites are crystalline porous materials that have been extensively used in
adsorption processes. All-silica zeolite Beta, which has pores of =6 A in diameter
(Figure 5-13), has been shown to adsorb PFOA from water in experimental studies
[45]. Henry’s law coefficient of PFOA and water in zeolite Beta are given in Table 5-
7. All-silica zeolite Beta is a hydrophobic material as the Henry’s law coefficient of
water is one of the lowest among all structures considered in this study. The Henry’s
law coefficient of PFOA is relatively high despite having no preferred adsorption sites
in zeolite Beta (Figure 5-14), which suggest that the pore size of zeolite Beta provides
a good fit for the PFOA molecule that results in relatively strong interactions with the
framework.

Table 5-7. Henry’s law coefficient of Zeolite Beta

Structure PFOA (mol/kgPa) Water (mol/kgPa)

Zeolite Beta 3.24 x104 1.71 x106
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Figure 5-14. RDF plot of Zeolite Beta
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5.4. Conclusions

In this study, we investigated the effect of different fluorine functionalization
methods on the in MOFs that are functionalized by different strategies. We wanted to
investigate their PFOA removal capability of these MOFs by exploiting their fluorine
rich nature. Therefore, MOFs have been categorised and analysed based on their
functionalization methods. The research started with deriving a reliable force field for
PFOA model to probe MOFs efficiently and correctly. Hence, we accomplished
deriving a united-atom PFAO model that can produce experimental density value of
PFOA as a result of MD simulation in NPT ensemble. MOFs character analysis began
with calculation of Henry’s law coefficient values of PFOA and water molecules
within each MOF. The results showed that all the fluorinated MOFs have higher
affinity to PFOA molecule compared to water molecules. However, the amount of
affinity is not the same. We observed that pore size distribution influences the PFOA
affinity of MOFs that are functionalized with fluorine anions. In the case of
introducing fluorine atoms by using fluorine substituted ligands or grafting
perfluorinated alkanes also changes the affinity of PFOA to MOFs. NU-1000 and
UiO-67 MOFs are functionalized with grafting perfluorinated alkanes and fluorine
substituted ligands, respectively. As a result of chemical environment change within
MOFs compared to non-fluorinated structures the PFOA affinity to MOFs increased.
The adsorption behaviour of PFOA and water molecules are investigated by analysing
the RDF plots. Although PFOA affinities of fluorine anion functionalized MOFs are
different from each other, their preferred adsorption sites for PFOA and water
molecules are same. The fluorine anion functionalized MOFs’ fluorine atoms are

strongly interacting with hydrogen atom of PFOA and water molecules. On the other
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hand, introducing fluorine atoms into UiO-67 create a separate adsorption site for
hydrogen of PFOA molecule that reduces the competition between PFOA and water
molecule to be adsorbed by fluorinated UiO-67 structure. NU-1000 has preferred
adsorption site only for water molecule and after fluorine functionalization of NU-
1000 a preferred adsorption site for PFOA molecule is introduced however, the newly

introduced adsorptio site is the same preferred adsorption site for water molecules.
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Chapter 6. Adsorption Simulations of PFOA from

Water

6.1. Introduction

In Chapter 5, we compared the Henry’s law coefficients computed for PFOA
and water in various MOFs that are fluorine functionalized by different approaches,
non-fluorinated MOFs and zeolite Beta. Furthermore, preferred binding sites for
PFOA and water molecules were identified through RDF plots which provided
additional understanding of how fluorine functionalization affects MOF-PFOA and
MOF-water interactions. To remove PFOA from water efficiently using a porous
material its affinity for PFOA should be as large as possible and conversely its affinity
for water should be as low as possible. This rationale can be used to identify porous
materials that are promising for the removal of PFOA from water, and then the amount
of PFOA removed from water in a porous material can be predicted by grand canonical
monte carlo (GCMC) simulations.

6.2. Materials and Methods

When we look at the Henry’s law coefficients of the MOFs that are fluorine
functionalized with fluorinated anions (Table 6-1), two of them (TIFSIX-1-Cu and
Zn(4,4'-bpy)2(SiFe)) have the highest Henry’s law coefficients for PFOA among all
the materials considered in this study. However, despite showing strong affinity
towards PFOA they also have very high Henry’s law coefficient for water. That is,
they are relatively hydrophilic and may not be efficient at removing PFOA. The two

trifluoromethyl functionalized MOFs considered have the lowest Henry’s law
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coefficients for water (Table 6-1). On the other hand, they also have the lowest

Henry’s low coefficients for the PFOA due their pores being too narrow.

Table 6-1. Henry’s law coefficient of PFOA and water in MOFs and zeolite

MOF name PFOA (mol/kgPa) Water (mol/kgPa)
Zeolite Beta 3.39 x10% +/- 2.74 x10% | 1.71 x10°° +/- 7.13 x10°°
SIFSIX-1-Cu 5.5 x10° +/- 6.3 x10° 2.8 x103+/- 4.2 X104
TIFSIX-1-Cu 2.34 x106 +/- 2.94 x106 3.14 X103 +/- 7.3 x10*

Zn(4,4'-bpy)2(SiFs)

2.96 x10° +/- 2.75 x10°

1.56 x10°3 +/- 4.5 x10*

Cu(bpy-2)2(SiFs)

5.11 x10* +/- 5.3 x10*

4.1 X103 +/- 7.2 x10*

SIFSIX-2-Cu 2.7 x10% +/- 1.3 x103 1.2 x10°3 +/- 3.1 x10*

Zn(C17HsFsO4) 2.6 x10 +/- 3.1 x10? 1.7 x10°6 +/- 1.1 x10°®

FMOF-1 4.2 +/-5.5 %10 4.5 x107 +/- 2.6 x107°
Uio-67 0.97 X103 +/- 0.42 x10? 3.94 x10°¢ +/- 1.48 x1077

F-UiO-67-25%

1.6 x103 +/- 2.6 x10?

4.32 x10° +/- 8.7 x10°8

F-Ui0-67-50%

2.2 x10% +/- 6.6 x10?

4.6 10 +/- 9.8 x108

F-UiO-67-75%

3.11 x10% +/- 6.8 x10?

4.89 x106 +/- 1.87 x10”/

F-UiO-67-100%

4.3 X103 +/- 7.4 x10?

5.3 x10° +/- 1.34 x10°”

NU-1000

3.09 x10* +/- 6.7 x10?

4.18 X106 +/- 8.66 x10

NU-1000-PF

1.7 x10° +/- 2.5 x10*

3.8 x10 +/- 9.2 x10”7

MOFs functionalized with fluorine substituted ligands exhibit high levels of
hydrophobicity (Table 6-1); however, the Henry’s law coefficients for PFOA in these
MOFs, even after complete fluorine substitution, are still not very high. The remaining
three materials; NU-1000 and its perfluoralkane grafted version NU-1000-PF and
zeolite Beta, do not have the highest Henry’s law coefficients for the PFOA (Table 6-

1); i.e. one to two orders of magnitude lower than those of for TIFSIX-1-Cu and
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Zn(4,4'-bpy)2(SiFs); however, they have the highest PFOA/water Henry’s law
coefficient ratio among all materials considered (Figure 6-1).
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Figure 6-1. Ratio of PFOA to Water Henry's Law Coefficients

In NU-1000 and zeolite-Beta and in NU-1000 the PFOA/water Henry’s law
coefficient ratios are in the order of 10° and 10'%, respectively. Whereas, in Zn(4,4'-
bpy)2 (SiFs), the same ratio is in the order of 10°.
6.2.1. Grand Canonical Monte Carlo Simulations

Based on the above analysis, adsorption simulations were carried out in NU-
1000, NU-1000-PF and all-silica zeolite Beta to predict their PFOA removal
capacities. To calculate the adsorption amount of PFOA from water, we did Monte
Carlo simulations in the grand canonical ensemble (GCMC). Translation, rotation,

reinsertion and insertion/deletion of the PFOA and water molecules were sampled. In
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GCMC simulations, insertion of large molecules in to narrow pores can be
problematic. This is because there is a very high probability of the insertion being
rejected due to the atoms of large molecule overlapping with framework atoms. To
avoid such problems and increase the efficiency of the insertion/deletion of the PFOA
molecule, we employed the continuous fractional component - Monte Carlo (CFC-
MC) method [126, 127]. In the CFC-MC method, a fractional molecule coupled to the
system with a A parameter, which ranges between 0 and 1, is inserted to the system
rather than insertion of a whole molecule. Changes in A is randomly sampled besides
the aforementioned MC moves. If A reaches 1, a full molecule is inserted; whereas, if
A reaches to 0, a molecule is deleted. To ensure that the sampled probability of A is
flat, a weight function (W(L))is used [126, 128]. A typical CFC-MC simulation we
carried out started with 100,000 initialization cycles followed by 100,000 cycles of
equilibration. During the latter W(A) for the CFC-MC method is computed using the
Wang-Landau algorithm [129, 130]. Finally, production runs that ranged between
1,000,000 to 10,000,000 cycles were performed and average PFOA and water uptakes
were reported. Each MC cycle consists of N Monte Carlo trial moves, where N is
equal to the number of molecules in the system. For the composition of the bulk
mixture, mol fraction of PFOA in water was set to 10-°. This PFOA mol fraction
corresponds to 23 pg PFOA per litre of water which is representative of the
concentration of PFOA detected in various water resources [16, 37, 131-134]. Higher
equilibrium concentrations; i.e. up to 100 mg PFOA per litre of water, were also
considered in the GCMC simulations. The acceptance/rejection rule for the
insertion/deletion moves of the molecules requires the fugacity of water and PFOA in

the mixture [135]. Given the very small concentrations of PFOA considered in this

63



study, it can be assumed that PFOA/water mixture is an ideal mixture, and that the
fugacity of PFOA is equal to the mol fraction of PFOA in the mixture times the pure
component fugacity of PFOA. Since the vapour pressure of PFOA at 298K is very
low; i.e. 70 Pa, it can further be assumed that the fugacity of PFOA is equal to its
vapour pressure. The fugacity of water on the other hand was calculated with the Peng
Robinson equation of state [136].

All GCMC simulations were performed using the RASPA molecular simulation
software [91]. The cut-off distance for the LJ potential and the real part of the Ewald
sum, which was used to compute electrostatic interactions, was set to 12 A. The force
field parameters for all other criteria of simulation are the same as detailed description
presented in Chapter 5. The unit cells of the NU-1000, NU-1000-PF and zeolite Beta
were replicated such that their shortest side was greater than twice the cut off distance

6.3. Results and Discussion

Figure 6-2 shows the amount of PFOA and water adsorbed in NU-1000, NU-
1000-PF and all-silica zeolite Beta as a function of PFOA equilibrium concentration
in water. The loading amount of PFOA computed from GCMC simulations are in very
good agreement with experimental data for all-silica zeolite Beta, which is only
available at high equilibrium concentration[45]. The adsorption patterns of PFOA and
water in zeolite Beta are similar at low PFOA concentration and at the same time
different compared to those in NU-1000 and NU-1000-PF because after certain PFOA
concentration there is sharp PFOA uptake in zeolite Beta. In zeolite Beta, the uptake
of PFOA remains relatively constant at lower PFOA equilibrium concentrations.
However, after passing certain PFOA equilibrium concentration PFOA loading

increases sharply with increasing PFOA equilibrium concentration and plateaus
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around 400 mg/g. Like zeolite Beta at lower PFOA equilibrium concentrations the

PFOA uptake of both NU-1000 and NU-1000-PF is low like zeolite Beta. On the other

hand, after certain PFOA equilibrium concentration the loading uptake of both NU-

1000 and NU-1000-PF starts to increase but not in a same pattern as zeolite Beta.
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Figure 6-2. Adsorption isotherm of a) PFOA and b) water in NU-1000, NU-1000-PF

and all-silica zeolite Beta
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The loading uptake of NU-1000 and NU-1000-PF is increasing gradually up
to around 173 and 298 mg/g, respectively, with increasing PFOA equilibrium

concentration (Figure 6-2a).
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Figure 6-3. Logarithmic scale graph of Adsorption isotherm of a) PFOA and b)
water in NU-1000, NU-1000-PF and all-silica zeolite Beta

66



To do further analysis of uptake behaviour of these structure loading uptake
graph is plotted in logarithmic scale in the Figure 6-2. The initial relatively larger
uptake of PFOA in zeolite-Beta compared to NU-1000 and NU-1000-PF may be
attributed to their water adsorption characteristics. Among the three materials, zeolite
Beta is the most hydrophobic and does not adsorb any appreciable amount of water;
whereas, NU-1000 and NU-1000-PF initially adsorbs significant amounts of water
due to different chemical composition. However, as the PFOA equilibrium
concentration increases, the adsorbed PFOA molecules displace water molecules
(Figure 6-2b and 6-3b). The initial large water uptake in NU-1000 and NU-1000-PF
may be attributed to the presence of pOH sites. Water molecules bound to these sites
(Figure 5-8) initiate water condensation leading to the filling of pores. In NU-1000,

condensation does not take place in the large pores; i.e. 30A, and only the small pores

are filled (Figure 6-4).

Figure 6-4. Snapshot from GCMC simulations of PFOA and water adsorption in
NU-1000 (at 1200mg/L concentration)
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In NU-1000-PF; however, since all the pores are relatively small; i.e. 10-15A,

majority of the pore volume is filled water molecules (Figure 6-5).

Figure 6-5. Snapshot from GCMC simulations of PFOA and water adsorption in
NU-1000-PF

As the PFOA equilibrium concentration increases, water molecules in the
centre of the pores are displaced by the adsorbed PFOA molecules. Although zeolite
Beta has highest adsorption in the isotherm (Figure 6-2), the plateau at the end
indicated that it is saturated unlike increasing trend of NU-1000 and NU-1000-PF.
Since zeolite Beta reached its maximum capacity, we can surmise that at higher
concentrations, NU-1000 and NU-1000-PF adsorb more PFOA compared to zeolite
Beta which may be explained by their larger pore volumes. Finally, within the
considered range of PFOA equilibrium concentration in water, NU-1000-PF adsorbs
more PFOA compared to NU-1000 (Figure 6-2 and 6-3) thanks to functionalization

by perfluoroalkyl grafting (Figure 5-6).
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6.4. Conclusions

GCMC simulations are performed for three structures at different PFOA equilibrium
concentration. These three structures were chosen because of their high affinity to
PFOA molecule, however in addition to having high Henry’s law coefficient of PFOA
they should show enough low affinity to water molecules. At lowest PFOA
concentration both NU-1000 and NU-1000-PF adsorbed significant amount of water
molecules. Since PFOA and water molecules does not have different binding sites
within MOFs the binding sites indicated in RDF plots are saturated with water
molecules. However, with increasing PFOA concentration the adsorbed PFOA
molecules are increasing considerably. Although the adsorbed amount of water is
much higher than PFOA at low concentrations, at some point adsorbed amount of
PFOA became much higher than adsorbed water molecules. The increasing trend on
the graph implies that NU-1000 and NU-1000-PF can capture more PFOA molecules.
Also the snapshots in Figure 6-4 and 6-5 are from the simulation with highest PFOA
concentration solution and it has seen that more than half of the MOFs is empty. For
zeolite Beta structure the adsorption isotherm trend is different than NU-1000 and NU-
1000-PF. Due to high hydrophobicity and small pore size the adsorbed amount of
water is never high for zeolite Beta structure. Besides, we reached the maximum
PFOA adsorption capacity of zeolite Beta sooner than MOFs and computed maximum
PFOA adsorption capacity of zeolite Beta is close to the experimental value.
Observing good agreement with simulation and experimental data PFOA adsorption
within zeolite Beta supports that new united-atom PFOA model developed in this

study is a reliable molecule model to be employed in further studies.
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Chapter 7. Conclusions and Future Studies

In this chapter will provide a summary of the general conclusion of this Thesis and
how these results can lead to other works.

The removal of toxic substances especially something non-degradable is a significant
topic for the whole world and many researchers are working on preventing
environmental pollution. In this thesis we focused on one of the very resistant and very
challenging classes of toxic substances that are contained per- and polyfluoroalkyl
chains. These per- and polyfluoroalkyl substances (PFAS) are an emerging class of
persistent polluters that do not break down in nature due to the presence of strong
carbon-fluorine covalent bonds in their structures. PFAS are very small and mobile
hence have been detected in surface and ground water sources. Due to significant
increase of their concentration in water supplies and they are also found in human
urine and serum samples that lead to serious effects on human health. The interaction
characteristics of these toxic substances have been investigated in this thesis to
understand the adsorption mechanism and find suitable adsorbent materials to clean
water resources.

In Chapter 4 we started this quest with a polymeric material that contain calixarene
molecule, which is known by its selective and effective adsorptive characteristics. Our
collaborators worked on the experimental part of the research, and we worked on
simulation part to understand the capturing mechanism of these molecules. Our
molecule model was all-atom model and Monte Carlo simulations are performed to
observe how the toxic molecule interact with calixarene contained polymeric
materials. The simulations and experiments gave significant insight about toxic

molecule and what kind of interaction mechanism it prefers to attach the adsorbent. In
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this polymeric structure both PFOA molecule and water molecule interact with
polymer by making hydrogen bonds between oxygen atom of calixarene and hydrogen
atoms of PFOA and water molecules. Four different forms of calixarene polymer have
been tested and two of them were fluorinated version of two compounds. Fluorinated
polymers showed better adsorption performance, because fluorine atoms of the
polymers indicated strong interaction with hydrogen atom of only PFOA molecules
not water molecules in this case. The binding energy calculations performed and the
simulations results are in agreement with experimental data. The radial distribution
function plots showed interaction behavior of these molecules very clearly in
simulations. In addition to simulation results, experimental adsorption studies support
simulations results by adsorbing significantly more PFOA molecules than non-
fluorinated polymeric materials.

In Chapter 5 we aim to investigate MOFs that can be employed in removal PFOA
molecules from water and since previous study showed that fluorination improve the
ability of capturing PFOA from water fluorinated MOFs have been researched.
Besides investigating fluorinated MOFs to overcome long simulations times and also
sample the effect of torsional moves of PFOA molecules a new PFAO model is needed
to be developed. Hence, we introduced a united-atom model of PFOA. After extensive
research we combined the relative force field parameters and accomplished to have
proper force field for the united atom structure of PFOA. This model and force field
indicated that we could simulate the experimental physical characteristics of the PFOA
molecule. In addition to building more effective PFOA model we wanted to
investigate metal organic frameworks (MOFs) and their adsorptive characteristics to

remove these toxic substances from water. Since aforementioned results in the Chapter
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4 indicated how fluorination increases the effectivity of PFOA adsorption, in this
chapter fluorinated MOFs are investigated thoroughly. The fluorine functionalization
of MOFs can be performed by employing different methods. Three different fluorine
functionalization methods were considered in this study; incorporation of fluorinated
anions as bridging ligands, trifluoromehtyl or fluorine substitution of the ligands, and
grafting of perfluorinated alkanes. The MOF-PFOA and MOF-water affinities were
quantified by calculating the Henry’s law coefficients of PFOA and water within the
structures. The affinity between MOFs and PFOA was higher than between MOFs and
water for all structures. Also, the amount fluorine atoms within MOFs increase affinity
between PFOA and MOFs. Besides Henry’s law coefficient calculations PFOA and
water molecules were simulated to probe structure to find preferred adsorption sites
within the structures. The Monte Carlo simulations produced radial distribution
functions plots that are indicated the interaction mechanism of water and PFOA
molecules within structures and preferred binding sites of adsorbate molecules.

In Chapter 6 based on Henry’s law coefficient values three promising structures, two
MOFs and one zeolite Beta, were employed for adsorption study. GCMC simulations
were performed on NU-1000, NU-100-PF and all-silica zeolite Beta structure to test
the PFOA uptake of structures. PFOA and water loadings are computed at different
PFOA equilibrium concentration to find out how the amount of PFOA loading
changes with PFOA concentration in water solution. At very low concentration NU-
1000 and NU-1000-PF indicate higher PFOA uptake compared to all-silica zeolite
Beta due to their higher pore size than all-silica zeolite Beta and less hydrophobic
characteristics of NU-1000 and NU-1000-PF facilitate adsorption of PFOA at very

low concentrations. After a threshold PFOA equilibrium concentration PFOA uptake
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of all-silica zeolite Beta increase very sharply and reach maximum PFOA loading
capacity. Both NU-1000 and NU-1000-PF also indicate an increasing PFOA uptake
trend after a threshold concentration, but it is not as sharp as all-silica zeolite Beta and
they do not reach maximum PFOA uptake capacity even at the highest PFOA
equilibrium concentration simulated in the study. Since the experimental PFOA
uptake results are in good agreement with simulated values we can conclude that our

PFOA model is good enough to simulate possible PFOA removal candidates.
7.1. Outlook

The results of these studies indicated that the PFOA simulation models are in good
agreement with experimental values and showed the interaction behavior of PFOA
with adsorbents. Similar to the revelation of how fluorine functionalization of
materials contributes to improved PFOA molecule adsorption, various other types of
functionalization can be applied to both similar and distinct porous structures. These
investigations can help improving the PFOA capturing ability of materials and
introduce more efficient water filtration systems. In all these structures there were
specific binding sites that capture PFOA molecules and the non-binding sites were
mostly linkers of the structures. Therefore, these fluorinated structures can be
modified by changing their linker molecules. The linker change will influence
chemical environment that can lead to enhance the effectivity of binding sites of
adsorbent structures. This research is mostly focused on investigating the effect of
surface chemistry of the porous material on adsorption behavior of PFOA molecule
by introducing fluorine environment. Besides fluorine other chemical moieties can be
tested on. Besides manipulating the surface chemistry, the effect of pore shape and

size can also be studied to understand how spatial changes influence the interaction
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between adsorbate and adsorbent. Further research can also be done for adsorption
simulation studies. Since the adsorption simulations are performed with grand
canonical Monte Carlo simulation that is a statistical approach and has provided
limited information on adsorption simulations, deterministic approach can also be
tested with Molecular Dynamics simulation to acquire more insight about how PFOA
molecules behave within water solution in the adsorbent. One of the advantages of
employing MD simulations is considering the flexibility of crystal structure. In this
study, all crystal structures were rigid and flexibility of adsorbent materials can have

significant effect on effectivity of capturing PFOA molecules.
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Appendix A. Supporting information of Chapter 5 &

Chapter 6

In the Appendix the schematics of MOFs and zeolite Beta that have been employed

for the simulations are presented.
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Figure A-2. TIFSIX-1-Cu
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Figure A-4. Cu(bpy-1)2(SiFs)
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Figure A-7. FMOF-1
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Figure A-8. UiO-67; H2 biphenyl-4,4'-dicarboxylate (BPDC); H2FBPDC linker and
F-UiO-67-100%

Figure A-9. NU-1000 & NU-1000-PF
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Figure A-10. All-silica zeolite Beta
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