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ABSTRACT: A strategy that can be used to develop metal—
organic frameworks (MOFs) to capture per- and poly-fluoroalkyl
substances (PFAS) from water is functionalizing them with
fluorine moieties. We investigated different fluorine-functionaliza-
tion strategies and their performance in removing PFAS from
water using molecular simulations. Perfluorooctanoic acid
(PFOA), one of the most widely encountered PFAS in water
sources, was used as the probe molecule. Our simulations show
that fluorine functionalization by incorporating fluorinated anions
as bridging ligands in MOFs creates additional binding sites for
PFOA; however, the same sites also attract water molecules, which casts doubt on their potential use. In contrast, trifluoromethyl or
fluorine substitution of the MOF ligands results in higher hydrophobicity. However, the pores fluorinated with this method should
have the optimum size to accommodate PFOA. Likewise, post-synthetic fluorine functionalization of MOFs through grafting of
perfluorinated alkanes showed increased PFOA affinity. Fluorine-functionalized MOFs with high hydrophobicity and optimized pore
sizes can effectively capture PFOA from water at very low concentrations of PFOA.
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1. INTRODUCTION These persistent industrial chemical wastes are toxic to living
beings. Human and animal studies of PFAS revealed that these
substances could lead to neurological, liver, and lung problems
and disrupt hormonal balance.'”™** Additionally, the cancer-
ous effect of PFAS was investigated, and results indicate that
PFAS exposure increases the risk of getting kidney and
testicular cancer.””** Epidemiological studies have also shown
that exposure to specific PFAS has several health effects:
immunosuppression among children, adolescents, and adults as
well as other targeted organs such as the placenta in pregnant
women;”* there is also sufficient proven evidence indicating
that PFAS exposure would affect breast milk production and
breastfeeding duration.”>™*>” There are also findings linking
PFAS with elevated cholesterol levels and significant birth
defects.”™*’

Typically, analysis of PFAS can be performed using a
targeted quantitative method, e.g, high-performance liquid
chromatography (HPLC) with tandem mass spectrometry
(MS). However, such a method is limited to the referenced
PFAS in the literature. The emergence of more reliable
methods, ie., suspect screenings and non-targeted analyses

The release of toxic chemicals into the environment, whether
accidental or due to their utilization in industries, has
inevitably led to the contamination of soil, surface water, and
ground water."”” One group of pollutants that has attracted a
great deal of attention recently is per- and polyfluoroalkyl
substances (PFAS) which are found through point sources—
e.g, wastewater treatment plants (WWTPs), landfills, PFAS
manufacturing units, fluorine industries, and fire-fighting
training areas—and non-point sources—e.g.,, household
products, food packaging, wet and dry depositions of the
atmosphere, and surface runoffs.”™> PFAS are known to be
highly resistant to degradation and decomposition due to the
presence of strong carbon-fluorine covalent bonds. As such,
they are ideal for use in harsh conditions.” The chemical and
thermal stabilities of PFAS also mean that they do not break
down easily in nature; as such, they are referred to as “forever
chemicals”. They can be found in soil particles, porous
substrates, and groundwater runoffs, polluting agricultural soil
and freshwater sources.” Thus, PFAS can easily contaminate
soil and eventually get into the groundwater, where it may end
up in food chain resources.””"" They have even been found in
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(NTA), has improved the level of coverage in identifying new
emerging PFAS and enhanced our knowledge of their
distribution.”” New methods are used to identify new PFAS
and their isomers in aqueous samples, such as COnductor-like
Screening MOdel for Real-Solvents (COSMO-RS)™ and in
silico PFAS fragmentation modeling’’ together with data
mining software.”

The removal of PFAS from water has been investigated
extensively due to their potentially harmful effects. Biological
degradation of PFAS with fungal enzymes and microorganisms
or their removal with phytoremediation is simple, cost-
effective, and environmentally friendly yet requires several
months to work.> Degradation of PFAS in water with
oxidation processes, i.e, chemical, photochemical, or ultra-
sonic, can be an effective method, but scaling up of oxidation
processes for the removal of large amounts of PFAS is not
trivial.*>~** Membrane filtration is another technology that can
be utilized for PFAS removal. Microfiltration (MF) and
ultrafiltration (UF) may not be suitable for rejecting low-
molecular weight PFAS compounds. Still, these membranes
can be helpful during pretreatment to concentrate PFAS and
control fouling. High-pressure membrane processes such as
reverse osmosis (RO) and nanofiltration (NF) membranes and
other techniques could improve PFAS removal, e.g., UF-RO
treatment removed >99% PFAS from water.’ However, to
date, most membrane studies were done on a lab/pilot scale
and hence lacked the field application data.” 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.>*>”*® While coagulation is an effective method,
difficulties in controlling agglomeration and the possibility of
side reactions present challenges for its large-scale application
for PFAS removal. In addition to the methods mentioned
above, PFAS can also be removed from water by adsorbents.

As one of the cheapest and simplest adsorbents, activated
carbon (AC), already used for water remediation and filtering
applications in powdered and granular form, has been tested
for PFAS removal and is often considered a benchmark
material.***”® Other carbon-based adsorbents, such as carbon
nanotubes (CNTs) and graphene, have higher specific surface
areas, porosity, and adsorption capacity; hence, they have
better PFAS removal performance compared to AC, yet these
methods are more expensive.”” Ton exchange resins capture
PFAS through electrostatic and hydrophobic interac-
tions,”**~** and some showed better PFAS capture perform-
ance compared to AC*¥ However, regeneration of the ion
exchange resins has been a formidable issue that still needs to
be addressed.”*®**" Other polymeric materials such as
polyaniline nanotube (PANT), which is more porous than
resin polymers, demonstrated high affinity to PFOA and
perfluorooctanesulfonic acid (PFOS) when they are in their
anionic forms in low-pH solutions.””**** Polymer networks
that contain macrocyclic hosts such as calixarene or f-
cyclodextrin have shown promising performance for capturing
PFAS from water.”™* Zeolites and crystalline and micro-
porous materials have been studied experimentally and
computationally for PFAS removal from water.*™"” In
particular, zeolite Beta showed faster adsorption kinetics and
larger uptake than AC.*

Covalent organic frameworks (COFs) and organic metal
frameworks (MOFs) are porous crystalline structures similar to
zeolites. Amine-functionalized, triazine-based, and cationic
forms of COFs have been used as PFAS removal agents
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from water.**™°° Likewise, MOFs such as ZIF-7, ZIE-8, UiO-
66, MIL-101(Cr), and NU-1000 have been considered for
PFAS removal, and their performance was studied exper-
imentally.”' —*

Previous studies have shown that fluorine functionalization
can improve the adsorptive removal of PFAS from water in
porous materials, such as in calixarenes,** MOFs,>" poly-
mers,””*® and graphene.57 MOFs, in particular, offer great
prospects because their crystalline porous inorganic—organic
nature can be tuned to have the desired pore size, shape, and
chemical functionality. They are an ideal platform to
investigate and compare fluorine functionalization strategies
for PFAS removal from water.

In this work, we investigate MOFs fluorine-functionalized by
different strategies to explore their potential for PFAS removal
from water using computer simulations. We study perfluor-
ooctanoic acid (PFOA), one of the most widely observed
PFAS in groundwater, and analyze specific interactions
between the frameworks and the PFOA molecule. Henry’s
law coefficients computed for PFOA and water in each MOF
considered in this study are used as a quantitative measure to
assess the performance of each MOF for PFOA removal. We
considered 15 MOFs possessing different pore sizes, hydro-
phobicities, and fluorine functionalization strategies. We find
that fluorination, in all cases, improves the performance of
MOFs by increasing the framework—PFOA interactions. The
performance varied significantly depending on MOF topology
and functionalization strategy. We identify the structural and
energetic factors that govern Henry’s law coefhicient, which will
guide us to develop better materials to remove PFAS from
water.

2. COMPUTATIONAL METHODS

In this study, we considered MOFs fluorine-functionalized by
different methods and categorized them following the
convention given in Noro et al>® based on the fluorine
functionalization strategy (Table 1). The first category is

Table 1. Fluorinated MOFs Considered in this Work/

fluorine
functionalization
method MOF name formula ref
fluorinated anion, SIFSIX-1- CyoH,¢CuN,SiF¢ 64
AFg*™ (A = Si and Cu“(Cu(bpy-
Ti) bridging ligands 1),(SiF)Y
TIFSIX-1- CyoHCuN,TiF, 61
Cu”(Cu(bpy-
1),(TiF))
Zn(4,4'- 7 CyoH,6ZnN,SiF¢ 59
bpy),(SiFe)*
Cu(bpy-2),(SiF)?  Cy4H;cCuN,SiF, 62
SIFSIX-2-Cu® C,H,,CuN,SiF, 60
(Culdpa),(SiE))
trifluoromethyl Zn(C,,HgF0,) C3,H,¢F1,04Zn, 65
(-CE;) or fluorine-  ppjop 1 CpAgF N 66
substituted ligands ) " 185518 Vo )
F-Ui0-67 CypH6.FnOi6Zr;  this
work
perfluoraalkane NU-1000-PF’ (CyyH30046Zr5) + 68
grafting C,F;CO0

“Detailed structural representations of the MOFs listed in Table 1 are
given in the ESI, Figure SI. bFigure S2. “Figure S3. dFigure S4.
“Figure S5./Figure S6. £Figure S7. "Figure $8. ‘Figure 9. ’bpy and
py-1 = 4,4 -bipyridine; bpy-2 = 1,2-bis(4-pyridyl)ethene); dpa = 4,4'-
dipyridylacetylene
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Figure 1. Unit cells of the structures considered in this study. Larger figures of the unit cells and color coding of the atoms can be found in the ESI

(Figures S1—-S10).

fluorinated anion functionalized MOFs, where AF¢*~ anions (A
= Si or Ti) are used as bridging ligands.sg_64 The second
category is substitution with trifluoromethyl or fluorine.®>*®
The two MOFs considered in this category, FMOF-1°° and
Zn(C17H8F604),65 have trifluoromethyl-substituted ligands.
For MOFs with ligands substituted with fluorine atoms, we
considered fluorine-functionalized UiO-67, denoted by F-UiO-
67. A fluorine-substituted UiO-67 has not been reported
experimentally in the literature to the best of our knowledge;
however, fluorine-functionalized UiO-66, which has short
bridging ligands compared to UiO-67 but has the same
topology, was reported experimentally.”” Therefore, fluorine-
functionalized UiO-67 structures were constructed computa-
tionally 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.®”

The third and last category is MOFs that are fluorine-
functionalized by grafting perfluoraalkanes.*®” In this
category, we considered perfluoro alkane 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
to the Zrs nodes by employing the solvent-assisted ligand
incorporation (SALI) method.”® Finally, all-silica zeolite Beta,
which is hydrophobic and was shown to be a highly selective
adsorbent for PFAS, was included in this study as a benchmark
material for comparison with fluorinated MOFs.**”® Unit cells
of the MOFs and zeolite Beta are shown in Figure 1.
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2.1. DFT Calculations. The crystal structures of MOFs
and all-silica zeolite Beta were obtained from either the
Cambridge Crystallographic Data Centre (CCDC)”" or from
the references in Table 1. We employed geometry optimization
for each structure using periodic density functional theory
(DFT). The DFT calculations were carried out with CASTEP
19.11 software.”” The PBE functional and ultrasoft pseudopo-
tentials were used with a 550 eV energy cut-off. Partial atomic
charges of the geometrically optimized MOF structures were
calculated using the REPEAT method.”? In this method, point
charges are fit to reproduce the DFT-derived periodic
electrostatic potential of the MOF.

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:

12 6
c c
7 T

where Vis the total energy, i and j are interacting atoms, and i
is the distance between these atoms. ¢; and oy are the well
depth and diameter, respectively. g; and g; are the partial
charges of the interacting atoms, and finally, €, is the dielectric
constant in vacuum. L] parameters between different types of
atoms were calculated using Lorentz—Berthelot mixing rules.
As described in the previous section, the partial atomic charges
of MOF atoms were derived from DFT calculations, and the

L

4re,

V(ry) = 4¢; [ .
Y
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Table 2. Force Field Parameters for the PFOA Molecule

atom/group Z{k)B ((r ) charge Ref.

CF; 87 436 | 0 77

CE 27.5 | 473 |0 77

CF-(C) 27.5 | 473 | 0.12 77,81

C 41 39 0.42 81

0=(C) 79 | 3.05 | -04s 81

O-(H) 93 | 3.02 | -046 81

H-(0) 0 0 0.37 81

Bond (fixed length) Length(A) Ref Angle Bend" 8(deg) k8/ ks(K) Ref.

CF3-CF, 1.54 77 CF3-(CF,)-CF, 114 62500 77

CE-CE, 1.54 77 CF,-(CF,)-CF, 114 62500 77

C=0 1214 81 H-O-C 107 17600 81

C-O 1.364 81 0-C=0 123 40300 81

O-H 0.97 81 O-C-CE, 111 35300 81
0=C-CE 126 40300 81

Torsion® c0 cl fi 2 c3 c4 Ref.

CEF- CE:- CF:- CE, 0 1666.25 0 247.6 -349.26 -532.94 78

CFs- CE:- CF:- CE, 0 1666.25 0 247.6 -349.26 -532.94 78

CFE-CE-C=0 2035.58 -736.9 0 57.84 -293.23 0 79

CE-CE-C-O 0 176.6 0 -53.34 769.93 0 80

CE-C-O-H 0 630 0 1562.4 0 0 81

0=C-O-H 0 630 180 1562.4 0 0 81

“V(Hlj) = @(9 —0,)%. V(D) = co + (1 + cos (D+ f,)) + &,(1 — cos (2@)) + ¢5(1 + cos (30)) + ¢,(1 — cos (4@)); 1—4 interactions are zero.

Lennard—Jones parameters for MOF atoms were taken from
the UFF force field.”* For zeolite Beta, Lennard—Jones
parameters and partial atomic charges were taken from the
TraPPE-zeo force field.”” The water molecule was represented
with the rigid TIP4P-Ew model.”

For the PFOA molecule, we developed a new model that
treats each CF; and CF, unit as united atoms, whereas the
atoms on the carboxyl group are treated explicitly. Force field
parameters for the new PFOA model were derived from
previous force fields used for perfluoroalkanes,”””® ketones,”
alcohols,** and carboxylic acid®! and are given in Table 2. To
validate the PFOA model, we performed a molecular dynamics
(MD) simulation (see the ESI for details) in the isobaric
isothermal ensemble (NPT), which reproduced the exper-
imental density of PFOA at 1 atm and 298 K (1.8 g/cm?).

The protonation state of PFOA highly depends on the
environment. PFOA is expected to be in the deprotonated
state in hydrophilic environments due to presence of liquid
water, whereas near hydrophobic surfaces, it is expected to be
in the neutral state. Recent molecular dynamic simulation
studies investigating PFOA adsorption in clay minerals® and
cyclodextrin-based polymers®* employ deprotonated models of
PFOA because these systems are hydrophilic and liquid water
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is expected to be present in the pores and cavities of such
materials. On the other hand, fluorine-functionalized MOFs
considered in this study are expected to be hydrophobic (as we
show later in the Results and Discussion section based on
computed Henry’s law coeficients) with no significant amount
of water expected in the pores, apart from local water clusters
that can form around certain specific binding sites. In support
of this argument, experimental data shows that when defects
are created in the highly hydrophobic zeolite Beta, PFOA
uptake decreases dramatically. This is due to water adsorption
by the defect sites.*® Based on this, we conjecture that PFOA is
primarily neutral in the fluorine-functionalized hydrophobic
pores and we model it as neutral.

2.3. Monte Carlo Simulations. All Monte Carlo (MC)
simulations were performed using the RASPA molecular
simulation software.** The cut-off distance for the L] 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. We used MC
simulations for two purposes: (i) to compute Henry’s law
coefficients of PFOA and water and (ii) to probe PFOA and
water-preferred adsorption sites. Henry’s law coeflicients of

https://doi.org/10.1021/acs.jpcc.2c07737
J. Phys. Chem. C 2023, 127, 3204—-3216
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PFOA and water were calculated with Widom’s insertion
method®® by sampling at least 10 million random insertions.
To probe PFOA and water-preferred adsorption sites, we
employed MC simulations in the NVT ensemble. During
conformational sampling, we allowed translation, rotation, and
reinsertion of a single PFOA or water molecule in the MOFs
and zeolite Beta frameworks. We used at least 2 million MC
moves to ensure convergence for each simulation. From these
simulations, radial distribution functions (RDFs) between
specific sites of the adsorbent materials and the PFOA or water
were computed. For each system, we conducted 10
independent MC simulations, and the RDFs reported are
averages from these independent simulations.

2.4. Henry's Law Coefficients and Preferred Adsorp-
tion Sites of PFOA and Water in Fluorinated MOFs and
Zeolite Beta. Because the PFOA concentrations detected in
water resources are usually at extremely low,*****™ it can be
safely assumed that the solubility of PFOA obeys Henry’s law
at these conditions. Calculation of Henry’s law coefficient
(HLC) is straightforward and computationally cheap, and it
can be a powerful tool to assess the role of pore size, geometry,
and chemical functionality on the performance of material for
PFOA removal. In our earlier work, we showed that HLC is a
useful metric to assess the PFOA removal capacities from
water.** An ideal material should have a high HLC for PEOA
and, at the same time, a low HLC for water, i.e., hydrophobic.
Thus, in our comparisons, we used the HLC ratio, Ry =
HLCproa/HLC, ey where HLC, is the Henry’s Law
coeflicient of PFOA or water, to quantitatively rank the
MOFs for PFOA removal. The preferred adsorption sites were
revealed by pair distribution functions, i.e., RDF, between
specific atoms of the sorbate molecules and the adsorbent
material. Topology analysis of the MOFs and zeolite Beta is
done by computing pore size distribution with Poreblazer v4.0
software.”

To establish structure—function relationships for the PFOA
removal of fluorine-functionalized MOFs, we analyzed the
MOF topologies and their interactions using pore size
distributions (PSD) in conjunction with radial distribution
functions (RDF). The first one reports the geometric features
that dictated the adsorption; the latter provides information on
the energetics of the interactions between the specific sites on
the host and guest molecules. In PFOA adsorption, both
electrostatic and hydrophobic interactions can play a role.**
The electrostatic interactions are mostly due to the interaction
of the carboxyl group of PFOA and the porous material. In
contrast, the hydrophobic interactions occur due to the
interaction of the perfluoroalkyl chain of PFOA with the
porous material. However, it is the electrostatic interactions
that are expected to give distinct peaks in RDF plots indicative
of the preferred adsorption sites.

3. RESULTS AND DISCUSSION

To derive structure—function relationships between fluorine-
functionalized MOF materials for PFOA removal from water,
we studied 15 materials. The materials are selected with
varying pore sizes, chemical compositions, and fluorination
strategies. Figure 1 displays the structure of the materials under
study. In Table 3, we provide details of the individual HLC
values for water and PFOA in each system. We plot in Figure 2
the ratio of the Henry Law coefficient ratio (Ry) of PFOA and
water for all systems studied.
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Table 3. Henry’s Law Coeflicients of PFOA and Water in
MOFs and Zeolites under Study”

MOF name PFOA (mol/kgPa) water (mol/kgPa)
zeolite Beta 3.4(3) x 10* 1.711(7) x 107¢
SIFSIX-1-Cu 6(1) x 10° 2.8(4) x 1073
TIFSIX-1-Cu 1.9(7) x 10° 3.1(7) x 1073
Zn(4,4'-bpy),(SiF) 3.9(7) x 10° 1.6(5) x 1073
Cu(bpy-2),(SiFs) 4.6(6) x 10* 4.1(7) x 107
SIESIX-2-Cu 3.4(9) x 10° 12(3) x 1073
Zn(C,,HgF04) 2.6(3) x 107! 1.67(1) x 107°
FMOEF-1 4.2(6) 4.52(3) x 1077
Ui0-67 9.7(4) x 10* 39(2) x 107°
F-Ui0-67-25% 1.6(3) x 10° 4.31(2) x 107¢
F-Ui0-67-50% 22(7) x 10° 4.62(3) x 107¢
F-Ui0-67-75% 3.1(7) x 10° 49(2) x 107¢
F-Ui0-67-100% 4.3(7) x 10° 5.3(1) x 107°
NU-1000 3.09(7) x 10* 4.18(9) x 1076
NU-1000-PF 1.7(3) x 10° 3.8(9) x 107¢

“The values in parenthesis show the statistical uncertainty of the final
digit.
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Figure 2. Ratio of PFOA to Water Henry’s Law coefficients (Ry).

3.1. Assessment of Strategy with Zeolite Beta. To
assess the accuracy of the set criteria of Ry, we study a system
known for good PFOA removal performance. Zeolites are
crystalline porous materials that have been extensively used in
adsorption processes. All-silica zeolite Beta has shown high
PFOA removal from water in experimental studies,*® providing
an excellent benchmark system to assess our computational
methodology. We computed the HLC of PFOA and water in
zeolite Beta (Table 3). The HLC of water shows a low value.
In contrast, the HLC of PFOA is very high. The Ry value of
1.9 X 107" will be our criteria for other materials.

To understand what makes zeolite beta show a high Ry
value, we looked at the PSDs and RDFs. Zeolite beta shows a
pore size distribution peaking at 5.8 A (Figure 3). The RDFs,
on the other hand, show no preferred adsorption sites (Figure
4). At the same time, we observe strong hydrophobic
properties for water. Taken together, the high performance
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Figure 3. PSD plot of zeolite Beta.
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Figure 4. RDF plots in zeolite Beta. O, oxygen atoms of zeolite Beta;
Hy, hydrogen atom of PFOA; and Hyy, hydrogen atoms of water.

of zeolite Beta can be inferred due to the strong hydro-
phobicity of the framework and its pore size in which PFOA
molecules perfectly fit.

3.2. Impact of Fluorination on the Interactions of
MOF with PFOA. To elucidate the impact of fluorination on
MOF materials, we study UiO-67. We functionalize this MOF
with fluorine-substituted ligands. The fluorination was done
incrementally, and its impact on the HLC, PSD, and RDF was
monitored. In Figure 2 and Table 3, we show how Ry values
change when UiO-67 is gradually fluorine-functionalized, i.e.,
F-UiO-67-n%, where n is 25, 50, 75, and 100 percentages of
functionalization. We observe that the fluorine substitution
increases the Ry approximately four times, going from the non-
fluorinated UiO-67 to the fully fluorinated F-UiO-67-100%.
The higher the fluorine content, the higher the Ry; (Figure 2).
We looked at what happens to the pores during fluorine
substitution. The PSD plots show the bimodal distribution in
UiO-67 (Figure S). Upon substitution, only subtle changes
happened. The fluorination mostly impacts the larger pores.
The HLCs of water in all structures are all in the order of 107°
mol/kgPa and increase marginally by about 35% from the non-
fluorinated UiO-67 to fully fluorinated F-UiO-67-100%.
Although UiO-67 should become more and more hydrophobic
due to increasing fluorine content, the small increase in HLC
of water may be attributed to the pores becoming slightly
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Figure S. PSD plots of UiO-67 and fluorine-functionalized F-UiO-67s
with different degrees of fluorine substitution.

narrower, hence the stronger framework—water interactions.
On the other hand, the HLCs of PFOA are in the order of 103
mol/kgPa, and the fluorine functionalization of ligands has a
significant effect on PFOA HLCs.

To investigate the specific interactions between the MOFs
and ligands, we analyzed the RDF plots. 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 6 and
Figure S12). Both PFOA and water molecules strongly interact
with the hydrogens of 4OH sites in UiO-67 and F-UiO-67s
(Figure S11, RDF plots for H,ou-O¢ and H,o-Oy), 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 6a, the RDF plots of the
hydrogen atoms of the ligands and the hydroxyl oxygen of
PFOA (H-Oy) and the oxygen atoms of water (H-Oyy) show
that the hydrogens on the MOF ligands are not preferred
adsorption sites. However, the RDF plots between the fluorine
atoms of F-UiO-67s and hydrogen atom of PFOA (F-Hg)
show sharp peaks at around 2.5 A (Figure 6b—e), indicating
the creation of new binding sites on the ligand. Here, the
hydrogens of water molecules do not bind to the fluorine
atoms of the ligands (RDF plots for F-H,y in Figure 6b—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. Overall, our results demonstrate the impact of
fluorination, that is, increasing fluorination of UiO-67 results
in increasing Ry values. In the rest of this section, we present
the results by grouping the MOFs based on the fluorine
functionalization method used in their synthesis.

3.3. MOFs Functionalized with Fluorinated Anions.
HLCs of water in MOFs functionalized with fluorinated anions
show relatively lower hydrophobicities than other MOFs
(Table 3). In contrast, HLCs of PFOA are six to nine orders of
magnitude higher than water, favoring PFOA adsorption
(Table 3). Based on our set criteria, we find that TIFSIX-1-Cu
and Zn(4,4'4’-bpy),(SiFs) show the best performance among
this type of MOFs (Figure 2).

Pore size distributions of these MOFs show a unimodal
shape with pore sizes ranging between 7.5 A for SIFSIX-1-Cu
to 11 A for SIFSIX-2-Cu (Figure 7). To understand the role of
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Figure 6. (a—e) RDF plots in UiO-67 and fluorine-functionalized F-
UiO-67s with different degrees of fluorine substitution. H, hydrogen
atoms on the ligands of UiO-67 and F-UiO-67-25%, 50%, and 75%; F,
fluorine atoms of the F-UiO-67s; Ho, hydrogen atom of PFOA; Oy,
oxygen atom of PFOA bonded to hydrogen; Hy, hydrogen atoms of
water; and Oy, oxygen atom of water. See Figures S12 and S13 for
snapshots from simulations that illustrate the interactions between
atom pairs for which RDF plots are shown in Figure 6. See Table S1
for the location of the peak centers for the RDF plots given here.

chemical composition on PFOA adsorption, we analyzed
preferred adsorption sites by comparing RDFs between MOF
framework atoms and the guest molecules. We computed the
RDFs of hydrogen atoms of PFOA (F-Hg) to the MOF
fluorine atoms and compared this with MOF fluorine—water
hydrogens (F-Hy,) (Figure 8). Interestingly, for all MOFs
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Figure 7. PSD plots of MOFs functionalized with fluorinated anions.

under study, we observe a strong peak at around 1.7 A,
suggesting direct binding between fluorine anions and PFOA,
thanks to large partial negative charge on the fluorine atoms.
Water also shows similar binding with a smaller amplitude of
RDF, suggesting weaker interactions. Analysis of other RDF
plots did not show any distinct adsorption sites for either
PFOA or water.

Analysis of PSD and RDF together allowed for deriving an
important conclusion. Neither too narrow nor too wide PSD
show high HLC values despite their major RDF peak height
suggesting strong affinity to the PFOA (Figure 8), highlighting
the importance of topology in PFOA capture in aqueous
media. We find that HLC shows the highest value in the pore
diameters ranging 8—9 A (Figure 2 and Table 3).

3.4. MOFs Functionalized with Trifluoromethyl
Substitution. Another method to functionalize MOFs is
employing trifluoromethyl substitution. In this category, we
study Zn(C,,HgF40,) and FMOF-1. Similar to the previous
section, we investigate the impact of functionalization by
computing HLCs, PSD, and RDF. The HLCs of water and
PFOA in this MOF group are lower than the previous ones
(Table 3). These two MOFs are more hydrophobic compared
to those functionalized with fluorinated anions, but at the same
time, the HLCs of PFOA are also low due to the narrow pore
sizes (Figure 9). Hence, the relative ratio of HLCpppa/
HLC,,er remains much lower than other MOFs (Figure 2).

RDF plots for MOFs functionalized with trifluoromethyl-
substituted ligands are shown in Figure 10. We observe that in
Zn(C;HgF0,), PFOA prefers the fluorinated pores (Figure
10a, RDF plot for F-Hy), and water prefers the non-fluorinated
pores, where ligands have hydrogens (Figure 10a, RDF plot for
H-Oy). This is further supported by the F-Hy, RDF plot
(Figure 10a), which shows that the water molecules remain far
away from the fluorine atoms of the Zn(C,;HgF4O,). The
broad nature of the peaks in the F-Hg and H-Oyy RDF plots in
Zn(C;HgFcO,) is due to the heterogeneous nature of the
pores, i.e., fully fluorinated or fully non-fluorinated pore sizes
results in broadening of the RDFs. For instance, while the
distance between the 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 S15), resulting in a broader
peak distribution. In FMOF-1, on the other hand, all pores are
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Figure 8. (a—e) RDF plots in MOFs that are functionalized with
fluorine anions. F, fluorine atoms of MOFs; Ho, hydrogen of PFOA;
and Hy, hydrogen of water. See Figure S14 for snapshots from
simulations that illustrate the interactions between atom pairs for
which RDF plots are shown here.
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Hy, hydrogen atom of PFOA; Hy, hydrogen atoms of water; and Oyy,
oxygen atom of water. See Figures S15 and S16 for snapshots from
simulations that illustrate the interactions between atom pairs for
which RDF plots are shown in (a) and (b), respectively.

fluorinated; hence, this MOF has the lowest HLC for water.
Therefore, RDF analysis did not reveal a preferred adsorption
site for water (Figure 10b). In contrast, the hydrogen of PFOA
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preferably interacts with fluorine of FMOF-1, as shown by the
RDF plot of F-Hy in Figure 10b. Taken together, the low
HLCs of PFOA in Zn(C,,;HgF;0O,) and FMOF-1 may be
attributed to their narrow pores and lack of direct favorable
interaction with the PFOA molecule.

3.5. MOFs Functionalized with Grafting of Perfluori-
nated Alkanes. In the MOFs considered in the previous
sections, fluorine functionalization of the framework was
achieved by chemical synthesis. However, MOFs can also be
functionalized post-synthetically. One example of this kind is
the perfluorinated alkane functionalization of NU-1000
through the SALI method.®® 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 by ligand incorporation reaction (Figure
11). The incorporation is an acid—base reaction, which occurs

HO —2Z _\ Sz—o0
Py \ n RCOOH, DMF /\ TN, \
OH_HOP™ | ¥/Sbyy OH. 0= 1~
B Sy |
—\TH . = H~
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Figure 11. Solvent-assisted incorporation of PFOA ligands in NU-
1000.

between the terminating hydroxyl groups on the Zr node of
NU-1000 and the carboxylic acid group of PFOA molecules
that gives water molecules as side product.

Table 3 gives the HLCs of PFOA and water for NU-1000
and NU-1000-PF. In Figure 2, we show the RH values. The
PSD plots of these two structures are given in Figure 12. The
Ry in NU-1000-PF is the highest among all the materials
studied. The fairly good performance of NU-1000 is further
improved upon fluorine functionalization (Figure 2). HLCs for
water indicate only modest enhancement in hydrophobicity
upon perfluoroalkane functionalization, in line with exper-
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Figure 12. PSD plots of NU-1000 and its perfluoroalkyl function-
alized version, NU-1000-PF.
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imental ﬁndings.68 They are in the order of 107 mol/ kgPa,
that is, the hydrophobicities of NU-1000 and NU-1000-PF are
similar to those functionalized with trifluoromethyl and
fluorine-substituted ligands (Table 3). For PFOA, however,
the HLC is an order of magnitude higher in NU-1000-PF than
NU-1000.

Due to the incorporation of perfluoroalkyl chains, the size of
the largest pore in NU-1000 reduces from ~30 to ~14 A in
NU-1000-PF, and both structures show narrower pores
ranging from 7 to 9 A. This may be attributed to stronger
framework—PFOA interactions due to the relatively narrow
pores of NU-1000-PF. RDF analysis provides more insights
into the increase in HLC of PFOA after perfluoroalkane
functionalization of NU-1000 (Figure 13 and Figure S17). In
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Figure 13. RDF plots in NU-1000 and NU-1000-PF. H,, oy, hydrogen
atom of #OH sites in NU-1000 and NU-1000-PF; O, oxygen atom
of PFOA double bonded to carbon; and Oy, oxygen atom of water.
See Figures S19 and S20 for snapshots from simulations that illustrate
the interactions between atom pairs for which RDF plots are shown
here.

NU-1000, the PFOA molecule prefers to be adsorbed in the
relatively narrow triangular pores, evidenced by the RDF plots
for C-Hgy and C-CF;, where C is the carbon atoms on the
ligands of NU-1000 and NU-1000-PF (Figure S17). Although
the perfluoroalkyl chain has expectedly weak interactions, the
carboxyl group serving as the hydrophilic head of PFOA does
not interact strongly with any particular site. In contrast, yOH
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is a preferred adsorption site for water molecules (Figure 13a,
RDF plots for H,ou-Oc and H,op-Oy). Interestingly, after
perfluoroalkyl grafting, the pOH becomes a preferred
adsorption site for PFOA, which is reflected by the peak
observed in the RDF plot of H,ou-O¢ (Figure 13b). We
observe that the so-called weak interactions between the
fluorine atoms on the grafted perfluoroalkyl chains and those
on PFOA were not found to play an important role (Figure
S18). The emergence of H,oy as a new binding site for PFOA
is also a factor in the increase of HLC of PFOA in NU-1000-
PF compared to NU-1000. The intensity of the H,,o;-Oyy peak
in NU-1000-PF is higher compared to NU-1000, which is due
to the decrease in the number of OH sites as a result of the
SALI reaction. It should be noted that although the atoms of
the perfluoro-alkyl chain were fixed during the MC
simulations, in reality, they are expected to be flexible and
can affect the packing of PFOA molecules in the pores of NU-
1000-PF during PFOA adsorption. However; we do not expect
this flexibility to change our overall conclusion that NU-1000-
PF has a higher affinity to PFOA than NU-1000.

4. CONCLUSIONS

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 in their
structures. PFAS has been detected in surface and groundwater
sources, human urine, and serum samples. There are growing
concerns about PFAS pollution as they have been linked to
severe health issues. Adsorption by porous materials can be
used to capture PFAS from water. In this respect, metal organic
frameworks (MOFs) have been considered promising
adsorbent materials. One strategy that can be used to develop
MOFs to capture PFAS from water is functionalizing them
with fluorine moieties. In this work, by using molecular
simulations, we investigated different methods employed to
design fluorine-functionalized MOF materials.

In this study, we considered three different fluorine
functionalization methods: (i) incorporation of fluorinated
anions as bridging ligands, (ii) trifluoromethyl or fluorine
substitution of the ligands, and (iii) grafting of perfluorinated
alkanes. Perfluorooctanoic acid (PFOA), one of the most
widely encountered PFAS in water sources, was used as the
probe molecule.

When we look at HLCs of the MOFs that are fluorine-
functionalized with fluorinated anions (Table 3), two of them,
TIFSIX-1-Cu and Zn(4,4"-bpy),(SiFs), have the highest HLCs
for PFOA among all the materials considered in this study.
However, despite showing a strong affinity toward PFOA, they
also show high HLC for water. They are relatively hydrophilic
and may not be good at removing PFOA in water. The two
trifluoromethyl functionalized MOFs considered here have the
lowest HLCs for water (Table 3). On the other hand, they also
have the lowest HLCs for the PFOA due to their narrow pores.
MOFs functionalized with fluorine-substituted ligands exhibit
high levels of hydrophobicity (Table 3); however, the HLCs
for PFOA in these MOFs, even after complete fluorine
substitution, are still not very high. The remaining three
materials—NU-1000, its perfluoralkane grafted version NU-
1000-PF, and zeolite Beta—do not have the highest HLCs for
the PFOA, ie., one to two orders of magnitude lower than
those of for TIFSIX-1-Cu and Zn(4,4"-bpy),(SiFs); however,
they have the highest PFOA/water HLC ratio among all
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materials considered, ie., in the order of 10.'° Whereas, in
Zn(4,4"-bpy), (SiFg), the same ratio is in the order of 10.”

Our analysis of the 15 different kinds of MOFs reveals the
following observations. The fluorination enhances the frame-
work—PFOA interactions and serves as a viable strategy to
remove PFAS from water resources. To effectively remove
PFOA from water, the affinity of MOF to PFOA should be as
large as possible, and conversely, its affinity for water should be
as low as possible. The best performance can be achieved by
creating hydrophobic pores. Due to the size of the PFOA, the
topology of the pores also plays a crucial role. The MOFs that
have pore sizes below 6 A are too narrow to uptake PFOA. We
found the ideal pore size that enhances PFOA removal to be
8—10 A. This rationale can be used to identify and optimize
porous materials for the removal of PFOA from water
resources at very low concentrations of PFOA.
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