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Perfluoroalkyl substances (PFASs) are a group of anthropogenic chemicals that generate concerns
globally due to its worldwide occurrence in aquatic systems, persistence and resistance to
biological degradation. Unfortunately, conventional remediation methods are not efficient to
sequester PFASs from water, including activated carbons, membrane filtration and other
destructive technologies. This motivates effort to develop new adsorbents for PFASs remediation.
β-Cyclodextrin (β-CD), which is capable of forming stable host-guest complex with a number of
PFASs, has been incorporated into adsorbents to treat PFASs-contaminated water, whereas, the
removal of PFASs by β-CD-based adsorbents at environmentally relevant concentrations (few ng/
L to µg/ L) is barely explored. Moreover, the relationship between the structure of β-CD-based
adsorbents and their affinity for PFASs is poorly understood due to the insoluble nature of β-CDbased adsorbents (Chapter 1). We have focused on the development of β-CD-crosslinked polymers
for PFASs remediation. We first demonstrated that the synthesis of β-CD with a perfluorinated
arene decafluorobiphenyl (DFB) generates cross-linked polymer DFB-CDP that reduces PFOA
from environmentally relevant concentration to below the 2016 U.S. EPA advisory level. The
polymer was not fouled by humic acids, which are major constituents of NOM, and was
regenerated and reused multiple times by washing with methanol (Chapter 2). We further studied
the chemical structure of DFB-CDP intensively and determined important factors that affect the
uptake potential of PFASs by β-cyclodextrin polymers (Chapter 3). We have applied host-guest
chemistry to other systems and developed a high-surface-area calix[4]arene-based polymer which
exhibited high capacities for benzene and other aromatic hydrocarbons (Chapter 4). This work
shows that host-guest chemistry can be tuned to develop new adsorbents for the remediation of
organic pollutants from water and air.
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CHAPTER ONE
APPROACHES TO REMEDIATION OF PERFLUOROALKYL SUBSTANCES
1.1 Abstract
Perfluoroalkyl substances (PFASs) are a group of anthropogenic chemicals that generate
concerns globally due to its worldwide occurrence in aquatic systems, persistence and resistance
to biological degradation. In this chapter we review the PFAS contamination crisis and present
current remediation methods for treating PFAS-contaminated water, including destructive
technologies and non-destructive methods, such as adsorption by activated carbons and membrane
filtration. These remediation methods are either expensive or not effective for removing PFAS at
environmentally relevant concentrations, which motivates efforts to develop effective adsorbents.
We highlight advantages of applying the host-guest chemistry of β-CD in removing PFAS from
water and focus on the development of β-CD-based adsorbents for organic micropollutants and
PFAS remediation.

1.2 Introduction
Organic pollutants are organic substances whose toxicity, bioaccumulativity and
persistency may have a negative effect on the environment and/or organisms. They can be natural
or man-made substances such as pesticides, pharmaceuticals, personal care products, industrial
products, drugs and others.1 Organic micropollutants (MPs) are a group of small organic pollutants
that contaminate water resources across the world. Sources of MPs include industrial and domestic
wastewaters, landfill leachates, runoff from agriculture, livestock and aquacuclture, and hospital
effluents.2 They are present in surface water, groundwater and drinking water, at trace
concentrations, ranging from few ng/L to several µg/L.3 The low concentration and diversity of
micropollutants not only complicate the detection procedures but also generate challenges for
1

water purfication processes.2 Current wastewater treatment plants (WWTPs) are not designed for
the elimination of micropollutants at trace concentrations, thus giving rise to the increase of MPs
in aquatic environments.4 Despite the fact that the ecotoxicological effects of MPs are largely
unknown,5 the occurrence of MPs has been associated with a number of adverse effects, including
endocrine disruption,6 chronic neurotoxcity,7 carcinogenicity,7 antibiotic resistance of
microorganisms,8 and so on.9 Among these organic micropollutants that contaminate the aquatic
environment, perfluoroalkyl substances (PFASs) are a group of anthropogenic chemicals that
generate worldwide concerns within the past decade and its occurrence and contamination will be
discussed in detail in the next section.
Besides MPs that contaminate water resources, volatile organic pollutants could enter the
gas phase and cause severe air pollution, which are also referred to as volatile organic compounds
(VOCs). BTEX, including benzene, toluene, ethylbenzene and xylene, is a group of VOCs that
contaminates air resources and is proven to be toxic. Contamiation and remediation of BTEX will
be covered briefly in this chapter.
1.3 PFASs Contamination and Corresponding Remediation Methods
1.3.1PFASs and applications of PFASs
Per- and polyfluoroalkyl substances (PFASs) are a group of man-made chemicals, where
perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS) are two most widely used
and concerning PFASs (Table 1.1). Due to the combination of hydrophobic perfluorocarbon chain
and hydrophilic functional group (-COO-, -SO3-), PFASs possess unique surface-active properties
and have been used as polymerization aids, surface treatment chemicals, surfactants, and so on.10
For instance, PFOA is used as a processing aid in the manufacture of poly(tetrafluoroethylene)
2

(Teflon)-related consumer products, while PFOS has been widely used in aqueous film-forming
foam formulations,11 photoglithography and semiconductors, metal plating and so on.10
Due to wide application of PFAS and high thermodynamic stability of C-F bonds, PFOA
and PFOS are environmentally persistent, bioaccumulative and PFOS has been catergorized as a
persistant organic pollutants (POPs) by Stockholm Convention in 2009, an international
environemental treaty that aims to eliminate or restrict the production and use of POPs. In the
U.S.A, 3M, the major PFOS manufacturer, decided to phase out the production of PFOS in the
period 2000-2002, eight leading global companies joined the 2010/2015 PFOA Stewardship
Program launched by EPA and eliminated the manufacture and emission of PFOA by 2015. In
2018, a UN expert committee has recommended global ban on PFOA and PFOS. However, since
PFAS has been applied in various products worldwide for the past decades and PFOA/PFOS
related chemicals are still being used in other countries, there are possibilities that these
compounds are released into the water environment through both point-source (industrial and
sewage treatment plant) and non-pointsource (surface run-off and atmospheric) discharges,
bioaccumulate in the food chains and thus become a potential health risk to humans and
ecosystems.10
Table 1.1. Physical and Chemical Properties of PFOS and PFOA. (Data from reference 12,12
unless otherwise noted)
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a. The data was retrieved from reference 13.13
1.3.2 Occurrence of PFAS
According to Prevedouros, K. et al.,14 the global histrorical perfluorinated carboxylic acids
(PFCAs) production from 1951-2004 was 4400-8000 tones, while the estimated global histrorical
PFCAs emissions were 3200-7300 tones. The majority (~80%) of PFCAs released to the
environment is from fluoropolymer manufacture and use, and perfluorooctanoate accounts for 85%
of total PFCAs release by estimation in the year 2000. Meanwhile, the estimated global historical
PFOS emissions were 450-2700 tones from 1970-2002 according to a study by Paul, A. G. et al.
in 2009.15
Due to large production and emissions of PFASs to environmental water systems, ng/L to
µg/L scale of PFOA and PFOS has been detected in environmental water systems globally.16-19
For instance, high concentrations of PFOA has been detected in drinking water systems in the
USA, including Parchment in Michigan (670 ng/L), Warminster in PA (349 ng/L), Little Hocking
in Ohio (4300 ng/L),20 Lubeck in West Virginia (3900 ng/L),20 and so on. As for other countries,
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up to 519 ng/L of PFOA was detected in drinking water in Ruhr area, Germany,21 while 109.0
ng/L of PFOA was detected in tap water in Hangzhou, China.22 What’s worse, PFAS
contamination has affected oceanic water and up to 192 ng/L of PFOA and 57.7 ng/L of PFOS
were detected in Tokyo Bay.23
Due to the persistence of PFAS, both human beings and other living organisms are at risk
of exposure to PFAS contamination. For instance, according to a national report by U.S. Center
for Disease Control and Prevention (CDC) conducted from 2013-2014, the geometric mean
concentration of PFOA detected in the blood serum for the U.S. population is 1.94 µg/L, while
that of PFOS is 4.99 µg/L.24 High concentrations of PFOS and PFOA were also detected in
invertebrates,25-26 fish,25,
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reptiles28-29 and marine mammals30-32 across the world.33 These

findings suggest the bioaccumulation and trophic transfer of PFAS in the food web,25, 34-35 which
expose the public health to greater risk due to potential biomagnification.
1.3.3 Toxicity of PFAS
The mechanisms of toxicity of individual PFAS are not well understood.11 Whereas,
studies on understanding the toxicity of several PFASs have been done and more are underway.
The U.S. Environmental Protection Agency reported the elimination half-lives of several
PFASs in 2009 (Table 1.2).36 Generally, PFASs with longer chain length exhibit longer half-life,
except that perfluorohexanesulfonic acid (PFHxS) has longer half-life than PFOS in humans. In
particular, both PFOS and PFOA have long half-lives in humans, which are 5.4 and 2.3-3.8 years,
respectively. Regardless of PFAS’s chain length, one thing worth noting is that the half-lives of
these PFAS in laboratory animals (rats, mice and monkeys) range from hours to days, but are
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measured in years in humans, suggesting that they will persist longer in humans, and relatively
low exposures could lead to larger burdens in humans.
Table 1.2. Elimination half-lives of PFHxS, PFOS, PFOA, PFNA, PFDA: Number in red
represents that of females, number in blue reprensents that of males (This table was adapted from
reference 36).36

Among PFAS, the toxicity of PFOA has been studied the most. Animal studies suggest that
PFOA may cause several types of tumors,37 and have adverse effects on the immune,38 liver,39 and
endocrine systems.40-41 As for humans, the most consistent findings related to PFOA exposure are
increases in cholesterol.42-44 More limited findings relate PFOA exposure to reduced fetal
weight,45-46 cancer,47 and thyroid disruption.48 As for PFOS, PFOS was found to show higher acute
toxicites than PFOA to plants and aquatic invertebrates.49 While studies of PFOS in rodents and
nonhuman primates have shown reduced body weight, increased liver weight, and reduced
cholesterol level.50-51
Therefore, the world-wide occurrence and adverse health effects of PFASs call for efficient
remediation methods to sequester PFASs from water.
1.3.4 Treatments of PFAS-Contaminated Water
Current water treatment processes are not effective in terms of removing PFAS from water.
Takagi, S. et al analyzed the concentrations of PFOA and PFOS in raw and tap water samples from
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14 drinking water treatment plants in Osaka and found positive correlations of PFAS
concentrations between raw and tap water samples.52 According to their study, the concentrations
of PFOA and PFOS in raw water samples were 0.26-22 ng/L and 5.2-92 ng/L, respectively, while
the concentrations of PFOA and PFOA in tap water samples were 0.16-22 ng/L and 2.3-84 ng/L,
indicating that conventional water treatment methods are ineffective. Appleman, T.D. et al. had
similar findings in their evaluation of 15 full-scale treatment systems for the remediation of PFASs
throughout the U.S.53 Their study suggests that full-scale conventional treatments in the U.S., such
as coagulation followed by physical separation processes, and chemical oxidation, aeration and
disinfection, were unable to remove PFASs effectively. The ineffectiveness of conventional
treatment methods calls for comprehensive understanding of the advantages and drawbacks of
each PFAS treatment technologies and the development of new methods.
Several treatment methods have been applied to to remove PFOA and PFAS from water,
which could be devided into two categories:54
A). Destructive technologies:
•

Oxidation/reduction (Advanced oxidation, electrodegradation and sonolysis)

•

Biodegradation (Anaerobic and aerobic)

B) Non-destructive technologies:
•

Adsorption and filtration

1.3.4.1 Destructive PFAS Treatment Methods
Compared to hydrocarbon derivatives, perfluorochemicals are more thermally stable
(Bond energy of C2H5-H is 101 kcal/mol, while that of C2F5-F is 127 kcal/mol) and resistant to
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oxidation (F + e– → F–, E0 = 3.6 V).55 As a result, destructive technologies are generally
ineffective to treat PFAS contaminated water. For instance, advanced oxidation processes
(AOPs), which decompose organics with hydroxyl radicals, are proven to be ineffective.56-57
Different photolytic methods such as photolysis,57-60 photocatalysis57, 61-64 have shown varying
degrees of degradation efficacy on high concentrations of PFASs (mg/L). Recent reports on
sonolysis/ sonozone (combined process of sonolysis and ozone) could show near complete
conversion of PFOA and PFOS to F-, CO2, CO and SO42-,65-66 the latter one could degrade PFOA
and PFOS efficiently in landfill groundwater samples. However, these destructive methods are in
general high-cost and may produce degradation byproducts such as shorter-chain PFAS.57
1.3.4.2 Non-destructive PFAS Treatment Methods
Non-destructive technologies include adsorption and filtration, while filtration could be
further catergorized into microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse
osmosis (RO). Reverse osmosis and nanofiltration are more applicable for PFAS remediation due
to compatible pore sizes (nonporous or 0.1-1 nm pores of RO and 1-10 nm pores of NF). For
instance, according to the study of 15 full-scale treatment systems for PFAS remediation
throughout the U.S. by Appleman, T.D. et al., reverse osmosis could remove all PFAS, including
short-chain PFAS perfluorobutanoic acid (PFBA), to below method reporting limits (MRLs).53
However, RO has several drawbacks including need for pre- and post-treatment, high-cost, energyintensive and so on. Less costly membrane systems like NF are proven to be potentially effective
for PFAS remediation, with >95% rejection for MWPFAS>300 g/mol.67 Whereas, one other
consideration of using membrane systems for PFAS remediation is the disposal of concentrated
PFAS waste water, which will add to the cost of operation.53
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Another non-destructive technology widely used in the treatment of PFAS contaminated
water is adsorption processes. Adsorption is the adhesion of atoms, ions or molecules of a gas,
liquid or dissolved solid to a surface. Conventional methods for the characterization of adsorption
systems include kinetic adsorptions and isotherms.
Kinetic adsorption measures the adsorption uptake as a function of time at a constant
pressure or concentration of adsorbate and is employed to measure the diffusion of adsorbate in
the adsorbents. Two types of rate laws are widely used to describe the adsorption kinetics，namely
the pseudo-first order and pseudo-second order rate laws (Table 1.3). The equation for pseudofirst order kinetics was introduced initially by Lagergren et al. in 1898, while the equation of
pseudo-second order kinetics was introduced in 1980s and became popular after the publication
by Ho and McKay’s work in 1999.68 The Ho and Mckay’s pseudo-second order kinetic is proven
to show a better fit towards the sorption of dyes, heavy metals onto organic and inorganic materials.
Table 1.3. Linear expression of pseudo-first order and pseudo-second order rate laws.

Isotherm adsorption measures the amount of adsorbates adsorbed onto the adsorbent with
respect to its pressure (gas) or concentration (solute) at constant temperature and pH. Adsorption
equilibrium is established when an adsorbate containing phase has contacted with the adsorbent
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for sufficient time, with both adsorption and desorption rates being equal.69 Typically, the
mathematical correlation, which constitutes an important role towards the modeling analysis, is
usually depicted by expressing the solid-phase against its residual concentration. Therefore, the
physicochemical parameters together with the underlying assumptions provide an insight into the
affinity and surface properties of the adsorbent.70 A variety of models have been used to describe
isotherms with their own assumptions, which include Langmuir, Freundlich, Dubinin–
Radushkevich, Temkin, Flory–Huggins, Hill, Redlich–Peterson, Sips, Toth, Koble–Corrigan,
Khan, Radke–Prausnitz, and Brunauer–Emmett–Teller models. Considering the number of
paramters being used in the formulations, they could be divided into three categories: Two
parameter, three parameter, and multilayer physisorption isotherms.69 For instance, Langmuir and
Freundlich isotherms are classic two parameter models, while Brunauer–Emmett–Teller model
was developed to describe multilayer adsoroption systems. We will focus on the physical
principles as well as mathematical formulations of these three models in the next three paragraphs,
which will be applied in the analysis of the adsorption isotherms in next chapters.
Langmuir model assumes monolayer adsorption onto finite number of binding sites with
identical binding affinity and no interaction between adsorbed molecules. Graphically, it is
representative of a plateau, where all the binding sites are saturated with the adsorbates and no
further adsorption can take place. The mathematical expression of Langmuir isotherm is listed in
Table 1.4, where qe is the amount of adsorbate adsorbed at equilibrium, qm is the maximum
adsorption capacity of adsorbent at equilibrium, Ce is the equilibrium residual adsorbate
concentration in the bulk solution, KL is the equilibrium constant, also known as binding affinity.
Though Langmuir model deviates in many cases, its well-defined physical meaning makes it a
most widely used model for quantifying the adsorption of organic molecules in liquid phase.70-73
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Besides Langmuir model, Freundlich model is another classical formulation used for
describing the adsorption of organic compounds on activated carbon, molecular sieves and other
adsorbents in aqueous phase.69 Different from Langmuir model, it is not limited to monolayer
formation and can be applied for multisite adsorption, where stronger binding sites are occupied
first, until adsorption energy is exponentially decreased upon the completion of adsorption
process.69 The mathematical expression of Freundlich model is listed in Table 1.4, where KF is the
adsorption coefficient and represents the binding affinity of the adsorbate onto the adsorbent, 1/n
indicates the adsorption intensity of adsorbate onto the adsorbent or surface heterogeneity.74
Whereas, this empirical model is often criticized for lacking a fundamental thermodynamic basis.75
Brunauer–Emmett–Teller (BET) isotherm is derived to describe multilayer adsorption in
the gas-solid equilibrium systems. This model is an extension of Langmuir model from
unimolecular layer adsorption to multilayer adsorption, and is based on the following assumptions:
1. Gas molecules physically adsorb on the adsorbent in infinite layers; 2. Each layer could be
described by the Langmuir model; 3. Gas molecules interact with adjacent layers only. The
equation of BET model is listed in Table 1.4, where p, p0, v and vm are adsorbate equilibrium
pressure, adsorbate saturation pressure, adsorbed amount of adsorbate and adsorbed gas molecules
in a monolayer, respectively.
Table 1.4. Linear expression of Langmuir, Freundlich, Brunauer–Emmett–Teller models.
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With regard to adsorption methods for PFAS remediation, granular activated carbon
(GAC) is used as the leading adsorbent because of its low cost, reasonable capacity76 and ease of
operation. However, the sorption kinetics of GAC are very slow,77 and GAC performs poorly in
the presence of other organic co-contaminants or natural organic matter (NOM).78 GACs also have
non-specific binding sites and relatively low affinity for PFOA, which complicates removal at
environmentally relevant concentrations, and PFOA-loaded ACs are difficult to regenerate.79
Besides GACs, other adsorbents have been reported on the removal of PFASs. For instance, Yu et
al. reported the adsorption of PFOA and PFOS on commercially available anion-exchange resin
Amberlite IRA400 (AI400).77 While the maximum capacity for PFOA by AI400 (2.9 mmol/g) is
much greater than that by ACs (0.2-0.7 mmol/g), AI400 exhibits slow adsorption kinetics which
takes at least 168 h to reach the sorption equilibrium. Wang et al. reported a synthetic covalent
triazine-based framework (CTF),80 which exhibits comparable maximum capacity for PFOA (0.65
mmol/g) relative to ACs and different from ACs, the performance of CTF is not suppressed by
humic acids due to homogeneous, nanosized pores (1.2 nm). Whereas, the adsorption kinetic
12

remains slow (60 h to reach equilibrium) and regeneration of the material requires raising the pH
above 11 to suppress the electrostatic interaction. Deng S. et al. also employed the electrostatic
interaction and grafted long polymer brushes poly(2-dimethylamino) ethyl methacrylate
(PDMAEMA) onto the surface of cotton by atom transfer radical polymerization (ATRP). The
cotton bearing quaternary ammonium cations shows high maximum sorption capacities for PFOA
(3.3 mmol/g at pH 5) and PFOS (3.1 mmol/g at pH 5).81 Whereas, all of the mateirals metioned
above including anion-exchange resins and covalent triazine-based framework rely on electrostatic
interaction to capture anionic PFOA, which is likely to be affected by the competition from other
anionic co-contaminants. Therefore, adsorbents with a new binding mechanism, high affinity and
specificity for PFOA, and facile regeneration are needed to address this emerging environmental
problem.
One approach to address this problem is molecularly imprinted polymers. This type of
material uses a “bottom-up” approach and usually involves polymerizing the reagents in the
presence of a template molecule that is extracted afterwards, leaving behind complementary
cavities. When targeted micropollutant is used as a molecular template, the molecular imprinted
polymer could potentially recognize and remove the micropollutant selectively in the sorption
process. In 2008, Yu et al. first reported a molecularly imprinted polymer adsorbent for selective
removal of PFOS from water.82 They polymerized chitosan with epichlorohydrin in the presence
of PFOS, the molecularly imprinted polymer (MIP) exhibited a 115% increase in maximum
capacity for PFOS (0.56 mmol/g) than non-imprinted polymer (NIP, 0.26 mmol/g), and its PFOS
removal performance remains unaffected in the presence of an anionic herbicide, namely 2,4dichlorophenoxyacetic

acid.

However, to achieve high binding affinity and selectivity, the synthetic procedures usually include
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prepolymerization with optimizing functional monomer: template: crosslinker ratios and further
polymerization with more functional monomers and crosslinkers, which is time-consuming
(Figure 1.1).83-84

Figure 1.1. Schematic of preparation of molecularly imprinted polymers (MIP).
Table 1.5. Summary of previous reports on adsorbents for PFOA/PFOS remediation.
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Table 1.5 summarizes previous studies on different adsorbents used for PFOA/PFOS
remediation. Besides activated carbons, ion exchange resins, molecularly imprinting polymers that
are mentioned in the above paragraph, inorganic materials including zeolites,76 and alumina85 were
also evaluated for the PFAS adsorption performance in previous studies. In addition to their
drawbacks mentioned above, one other thing worth noting is that the majority of these studies
focuses on removing PFAS starting at mg/L scale (Table 1.5), the concentrations of which are
orders of magnitude higher than the average concentrations of PFOA/PFOS detected in
environmental water matrices (µg/L to ng/L scale, see section 1.3.2 for detail ).18-19, 86 Considering
that U.S. EPA advisory level for the combined concentration of PFOA and PFOS in drinking water
is 70 ng L−1, the real-life scenario to purify PFOA-contaminated water is to remove PFOA/PFOS
at environmentally relevant concentrations (µg/L) to below 70 ng/L, however, the performance of
previously reported materials under this scenario remains unknown. When the initial concentration
of PFOA/PFOS decreases from mg/L to µg/L, the difficulty of removing PFOA/PFOS increases
accordingly, which suggest that the material that performs well at mg/L scale is likely to perform
worse at µg/L.
Therefore, we envision that a different binding mechanism-- host-guest chemistry, could
overcome the drawbacks of previously reported systems and exhibit high affinity and selectivity
for PFASs. In other words, the material employing host-guest chemistry could potentially
sequester PFASs at environmentally relevant concentrations, not be fouled by natural organic
matter and achieve facile regeneration.
1.4 Host-guest Chemistry and Its Application in Water and Air Purification

16

In supramolecular chemistry, host–guest chemistry describes complexes that are composed
of two or more molecules or ions that are held together in unique structural relationships by noncovalent bonds.87 These forces include hydrophobic interactions, hydrogen bonding, electrostatic
interactions, π - π interactions, and so on. The formation of host-guest complexes is often
considered to be bimolecular, there is an equilibrium between unbound state, where host and guest
are separate from each other, and bound state, where host and guest form the inclusion complexes.
The thermodynamic equilibrium process of 1:1 equilibria can be written as follows:

H+G

$%

H·G

(1)

Where H represents host, G represents guest, H · G represents host-guest inclusion complexes.
Taking into account the originally included or interactiong solvent molecules, for instance, water
as solvent, the 1:1 host-guest equilibrium process can be modified as follows:

H · gH( O + G · hH( O

$%

H · G · g + h − i H( O + iH( O

(2)

where g represents the number of tightly bound hydration water molecules inside the free host
cavity, h represents the number of water molecules interacting with the free guest, and i is the net
displacement of water upon complexation.
The association constant Ka can be derived from equation 1 and expressed simply as equation 3:
𝐾/ =

[2·3]

(3)

[2]·[3]

The higher the Ka, the more favorable the formation of host-guest complex would be.
Considering equation 2 and 3, maximizing host–guest affinity through various supramolecular
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interactions and optimizing release of high-energy solvent molecules from the solvated host and
guest are two critical design criteria. The thermodynamic parameters for supramolecular
complexation could be significantly altered by switching from one solvent to another.88
Ka could be determined from supramolecular titrations via a number of techniques,
including NMR, UV-Vis, fluorescence, isothermal titration calorimetry and so on. For instance,
NMR is one of the most informative techniques for supramolecular titration. Apart from the
quantitative information derived from NMR titration, the relative chemical shifts and changes in
symmetry upon the formation of the inclusion complexes can often give valuable information on
how the host and guest interact and the stoichiometry of the interaction.89
Given the high selectivity and adaptability to chemical modifications, host-guest
chemistry has wide applications in many research areas, including biomedical applicatoins,90-91
stimuli-responsive materials,92-93 self-healing materials,94-96 sensing,97-98 water and air
remediation materials.99 In the field of water and air remediation, adsorbents using host-guest
chemistry have been developed and attracted a lot of attention due to their high selectivity, good
tolerance of co-contaminants, ease of regeneration and so on. For instance, insoluble βcyclodextrin polymers have been exploited as water purification adsorbents for decades and are
proven to remove a broad-spectrum of organic micropollutants from water, other supramolecular
moieties capable of forming host-guest complexes, including calixarene,99-100 pillararene,101
cucurbituril,102-103 are either grafted to an insoluble matrix or polymerized into crosslinked
network for aqueous or vapor phase purification. For instance, a porous calix[4]arene-based
polymer CalP-4 was developed by Shetty et.al and it removes bisphenol A within a minute and
exhibits high maximum capacity at 403 mg/g.99 The micropollutant-loaded polymer could also
be regenerated several times by ethanol wash.
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1.5 Cyclodextrins and Their Properties
Cyclodextrins, a family of cyclic oligosaccharides, have been explored for host-guest
chemistry for decades. They are produced from starch via a simple enzymatic conversion, which
makes them easily accessible for industrial production on the thousands-of-tons scale.104 They
commonly consist of D-glucopyranoside units connected by α-1,4-glycosidic bonds, forming
torus-shaped cavities (Figure 1.2A).104 α, β, γ-Cyclodextrins (CDs), consisting of six, seven and
eight glucose units, are the most well-known and commercially available ones (Figure 1.2B). Due
to the thermodynamically favored chair conformation of glucose binding units, all the primary
hydroxyl groups on C6 of the glucose unit form on one rim of the cavity, while all the secondary
hydroxyl groups on C2 and C3 of the glucose unit form a larger rim of the cavity, resulting in the
truncated cone shape of CDs (Figure 1.2C). The top and bottom diameters of the cavities of most
widely used cyclodextrins are 4.7 and 5.3 Å for α-cyclodextrin, 6.0 and 6.5 Å for β-cyclodextrin,
and 7.5 and 8.3 Å for γ-cyclodextrin, respectively (Table 1.6).105
In terms of their solubility, β-cyclodextrin shows an anomalously low solubility in water
(18.5 g/L at 25 ℃, Table 1.6). The solubility of cyclodextrins increases as the temperature
increases. According to Hedges, A., the lower solubility of β-cyclodextrin in water compared to
other CDs is due to the orientation of its C2 and C3 hydroxyls that maximizes the interaction with
each other, thus hindering their interactions with water molecules.106 Cyclodextrins are insoluble
in most organic solvents due to the hydrophilicity of their hydroxyl groups, including
tetrahydrofuran, acetone, acetonitrile and methanol,107 however, they are soluble in some polar
aprotic solvents, such as dimethylsulfoxide (DMSO), dimethylformamide (DMF) and
methylpyrrolidone (NMP).106
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Deprotonation of cyclodextrins in alkaline medium was investigated by pH potentiometry
by Gelb, R. I. et al in early 1980s, and the pka of α, β, γ-CD at 25 ℃ is 12.332, 12.202 and 12.081,
respectively.108-109 Maeztu, R. et al. used high-resolution 1H-NMR to measure the pKa of three
types of hydroxyls of each CD at 25 oC, the pK1-3 values of three CDs in D2O were summarized in
Table 1.6.110 Out of three types of hydroxyls in the cyclodextrins, hydroxyl groups at 6-position
are the most basic and often most nucleophilic, those at 2-position are the most acidic and those at
3-position are the least accessible.111 Lower pKa by secondary hydroxyls is possibly due to the
stabilization of their alkoxide ions by means of an intramolecular hydrogen bond to a neighboring
hydroxyl group.112 As for the nucleophilic substitution reaction, the reactivity of alkoxides is
normally as follows: 6-position>2-position>3-position.
The exterior of cyclodextrin cavity is highly polar and hydrophilic due to twenty-one
hydroxyl groups, the interior is relatively hydrophobic and non-polar (Figure 1.2C), which enables
cyclodextrins to form host-guest inclusion complexes with a variety of small organic molecules in
solution or in solid state.105 Among these three cyclodextrins, β-CD is the most well-studied one
due to its abundant availability and superior capability of binding hundreds of small organic
molecules.
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Figure 1.2. A) Chemical structure of cyclodextrins: D-glucopyranoside units connected by α-1,4glycosidic bonds, n=6 refers to that of α-CD, n=7 refers to that of β-CD, n=8 refers to that of γCD; B) Chemical structure of α-, β-, γ-cyclodextrins; C) Schematic representation of the
hydrophobic and hydrophilic regions of a cyclodextrin cylinder.
Table 1.6. Characteristics of α-, β-, γ-cyclodextrins (Adapted from reference 105).105

1.6 The Host-guest Chemistry of Cyclodextrins
β-cyclodextrin can form host-guest inclusion complexes with a large variety of organic and
inorganic compounds due to good “size-fit” complementarity between the host and guest, such as
1-adamantylammonium, 2-naphthalenesulfonate, benzo[α]pyrene, protriptylin and so on (Figure
1.3).113 Houk, K. N. et al. summarized the association constants of 1257 examples of host-guest
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complexes with α-, β-, γ-CDs and found out that 68% of these complexes fall in the range of 101.4103.6 M-1, while 95% of the complexes lie in the 100.3-104.7 M-1 range.114

Figure 1.3. Chemical structure of 1-adamantylammonium, 2-naphthalenesulfonate,
benzo[α]pyrene, protriptylin and the stability constants (log K) of their host-guest complexes with
β-cyclodextrin at 25 ℃ in water.
Besides aromatics, adamantane derivatives, perfluoroalkyl substances are also known to bind to
β-CD with high affinity. Weiss-Errico, M. J. et al used different NMR techniques to investigate
the host-guest complexes between cyclodextrins and several PFASs.115-116 According to their
research, β-CD forms the strongest complexes with all studied PFASs, while moderate
interactions with γ-CD and weak interactions with α-CD were observed. Both hydrophobic (van
der Waals interactions between perfluorinated chain and CD cavity) and hydrophilic interactions
(hydrogen-bonding between PFAS polar head groups and CD primary hydroxyl groups) were
found to affect the binding affinity between β-CD and PFAS. For instance, the association
constants of the 1:1 host-guest complex between β-CD and PFOA/PFOS are (5.00±0.10)·105
M−1 and (6.96±0.79)·105 M−1, respectively. Meanwhile, β-CD binds to 2,3,3,3-tetrafluoro-2(heptafluoropropoxy)propanoate (GenX) two orders of magnitude more weakly than PFOA
because of GenX’s branched structure that interferes both the hydrophobic interaction and
hydrogen bonding between host and guest (Ka = (7.45±4.27)·102 M−1). Considering β-CD’s high
selectivity and high binding affinity for PFOA and PFOS, we envisioned that by a simple
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polymerization between β-CD and cross-linkers, the insoluble polymer could remove PFOA and
PFOS at environmentally relevant concentrations while not being fouled by other contaminants,
such as natural organic matter, and potentially being regenerated facilely.

Figure 1.4. Schematic of 1:1 host-guest complexation between β-CD and PFOA/GenX.
1.7 β-CD-based Polymers that Remove Organic Micropollutants (MPs) from Water
Because of β-CD’s capability of forming host-guest complexes with hundreds of small
organics and its 21 hydroxyl groups available to form a number of linkages, β-CD has been
extensively used in material science to develop β-CD-containing adsorbents for decades.
According to a review by Morin-Crini, N. et al.,117 two major procedures have been applied for
the conversion of β-CD into materials capable of sequestering pollutants from aqueous solutions.
The first method is to attach β-CD to an insoluble matrix chemically such as silica,118-119
cellulose,120-121 chitosan,122-123 alginate,124 zeolite125 and so on.117 Compared to bulk
polymerization, the immobilization of β-CD onto the surface of insoluble matrix is advantageous
in terms of controlling product morphology and sizes and enhancing adsorption kinetics,121
however, it suffers from low β-CD loading which could lead to low maximum capacity for
micropollutants.121
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The second procedure for generating β-CD-containing adsorbent is bulk polymerization,
which involves direct modification of β-CD via cross-linking with a cross-linker to form an
insoluble three-dimensional network. The properties of the polymers can be tailored by the
properties of cross-linker, the molar ratios between β-CD and cross-linker, experimental
conditions such as solvents, bases, temperature, reaction time, and so on. The nature of the crosslinker is essential to determine the properties of the polymer, including porosity, hydrophobicity,
surface charges, and even the binding affinity of β-CD. A number of cross-linking agents have
been used for the synthesis of β-CD crosslinked polymer, including epichlorohydrin (EPI),126
dicarboxylic acids,127-128 glutaraldehyde,129 diacyl chlorides,129-130 carboxylic anhydrides,131
diisocynates,132-133 (3-glycidyloxypropyl)trimethoxysilane,134 diglycidyl ethers,135 and so on
(Figure 1.5).117 Among these cross-linkers, epichlorohydrin is the most well-documented and wellstudied one for micropollutant and metal removal due to its high reactivity and inexpensiveness.117
EPI β-CD polymer is normally synthesized by polycondensation in alkaline medium. Morin-Crini,
N. et al. reviewed the temporal development of EPI crosslinked β-CD-based materials for
environmental applications and pointed out several disadvantages of using EPI as the
crosslinker:136
1. EPI is toxic and not a green reagent, the handle of it requires delicate operation;
2. EPI β-CD-crosslinked polymers exhibit low specific surface areas (Normally between
0.5 and 10 m2/g);
3. It is difficult to reproduce EPI β-CD-crosslinked polymers of the same cross-linking
density.
The latter two drawbacks of EPI will affect the performance of EPI β-CD-crosslinked
polymers on micropollutant removal significantly. For instance, low surface area of polymers will
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affect the mass transfer of micropollutants and accessibility of β-CD cavities, thus hindering the
adsorption kinetics, this is proven by the observation that it usually takes hours to days for EPI βCD-crosslinked polymers to reach adsorption equilibirum.117 Moreover, although EPI β-CDcrosslinked polymers contain both hydrophobic moieties (β-CD cavity) and hydrophilic moieties
(hydroxyl groups of β-CD and cross-linker), EPI β-CD polymer tends to be hydrophilic and this
may not be favored when it comes to the adsorption of hydrophobic organic micropollutants. In
fact, molar ratio of EPI: β-CD lower than 10 generates water soluble polymer, even for a reaction
time as long as 60 h.137

Figure 1.5. Representative examples of reported crosslinkers used for the synthesis of β-CD-based
polymers, the category of these crosslinkers is as follows. First row: Epichlorohydrin (EPI),
dicarboxylic acids, glutaraldehyde, diacyl chlorides, carboxylic anhydrides; Second row:
Diisocynates, (3-glycidyloxypropyl)trimethoxysilane, diglycidyl ethers.
As shown in Figure 1.5, the majority of reported cross-linkers are aliphatic and generate
polymers with low porosity. We envisioned that by using flexible hydrocarbon chain as the crosslinker, the pores of three-dimensional network may collapse due to the use of poor solvents or high
vacuum during the workup. As a result, using rigid aromatics as cross-linkers may restrict the
rotation of chemical bonds, thus frustrating efficient packing of macromolecule networks and
generating polymers with high porosity. Meanwhile, rigid aromatic cross-linker could enhance the
hydrophobicity of β-CD-based polymer, so that the hydrophilicity/ hydrophobicity balance of β-
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CD-based polymer could be tuned to a greater extent. In 2015, Li, H. et al. first reported a hypercrosslinked β-CD polymer with a BET surface area up to 1225 m2/g.138 They benzylated β-CD to
get BnCD functionalized with rigid aromatics, then applied Friedel-Crafts alkylation to generate
hyper-crosslinked polymer network. 0.2 g/L of this high-surface-area polymer could reach
equilibrium removal of 0.1 mM methyl orange within 1-2 hours.
A month later, our group reported a mesoporous β-CD polymer crosslinked with rigid
aromatic tetrafluoroterephthalonitrile (TFN) using a single-step nucleophilic aromatic substitution
reaction (Figure 1.6A).139 The BET surface area of derived porous β-CD-containing polymer (PCDP) could reach up to 263 m2/g. We compared bisphenol A (BPA) uptake by P-CDP, NP-CDP,
which is a non-porous version of TFN β-CD-crosslinked polymer (SBET = 6 m2/g), a non-porous
EPI β-CD polymer (EPI-CDP, SBET = 23 m2/ g), and three types of mesoporous ACs: A hybrid
AC/ion exchange resin used in commercial Brita point-of-use filters (Brita AC, SBET = 507 m2/g),
DARCO granular activated carbon (GAC, SBET = 612 m2/ g), and Norit RO 0.8 activated carbon
(NAC, SBET = 984 m2/ g), which is a leading AC typically used for high-value water purification.
Each adsorbent (1 g/L) eventually removed most of the bisphenol A from a 0.1 mM (22.8 mg/L)
aqueous solution, corresponding to equilibrium uptakes of 19–24 mg BPA per g adsorbent (Figure
1.6C), with P-CDP near the high end of this range (22 mg/g). More importantly, P-CDP removed
bisphenol A much more quickly than all other adsorbents, reaching ~95% of its equilibrium uptake
in 10 s. In contrast, NP-CDP required 30 min to reach equilibrium and adsorbed only 46% of its
equilibrium value in 10 s, indicating that the near-instantaneous adsorption of bisphenol A by PCDP is attributable to its porosity. Likewise, EPI-CDP required more than 1 h to reach equilibrium
and only adsorbed 22% of its equilibrium value after 10 s, which is consistent with previous
reports.140 Finally, Brita AC and GAC each required more than 1 h to reach equilibrium, while
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NAC required 10 min (Figure 1.6B, C). NAC only adsorbed 53% of its equilibrium value in 10 s
despite its nearly four times higher surface area than P-CDP. Besides rapid removal of organic
micropollutants by this porous β-CD polymer P-CDP, the polymer can be regenerated several
times using a mild methanol washing procedure with no loss in performance.139 What’s more,
further study suggests that P-CDP might not be fouled by natural organic matter (NOM) due to
much smaller cavity size compared to the size of NOM.141 Taken together, P-CDP addresses
several deficiencies of activated carbon and therefore might be developed into a viable alternative
or complementary adsorbent in water and wastewater treatment.141

Figure 1.6. A) Synthesis of the high-surface-area porous P-CDP from β-CD and TFN; B) Timedependent adsorption of aqueous bisphenol A (0.1 mM) by each adsorbent (1 g/L); C) Comparison
of percentage bisphenol A removal efficiency by each adsorbent after 10 s and at equilibrium,
percentage equilibrium removal efficiency after 10 s, and the amount Qe, in units of milligrams
per gram, of bisphenol A adsorbed by each adsorbent at equilibrium.
1.8 β-CD-based Materials that Remove Perfluoroalkyl substances (PFASs) from Water
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Several groups have taken advantage of the high binding affinity for PFOA/PFOS by βCD, and developed several β-CD-based adsorbents for PFOA/PFOS removal. Similar to the
procedures of synthesizing β-CD-based materials for removing other micropollutants, two major
strategies are applied to incorporate β-CD into the material for PFAS adsorption.
The first approach is to coat or tether β-CD on a substrate chemically, such as
polystyrene,142 silica particles143 and so on. For instance, Kawano S. et al. tethered mono-6-amino6-deoxy-β-CD (NH2-β-CD) onto the surface of polystyrene particles, and 10 g/L of the PS-β-CD
with 36% β-CD content shows almost complete removal of PFHxA, PFOA, and PFOS starting at
concentrations of 50 µg/L each (Figure 1.7A).142 Bhattarai, B. et. al coated β-CD onto silica by
hexamethylene diisocyanate (HMDI) as the crosslinking reagent and 1.5 g/L of the synthesized
material could remove 98.4% of 50 µg/L PFOA within 48 hours (Figure 1.7B).143 Whereas, these
adsorbents suffer from high dosage (> 1 g/L) partially due to low β-CD loading. For instance,
according to the report of Bhattarai, B. et. al, the highest β-CD loading in the material is 0.76 g βCD per 1g silica, since the molar ratio between β-CD and crosslinking agent HDMI is constant at
1:7, the highest molar concentration of β-CD in the reaction agents is 0.26 mmol/g only.143
The second approach to incorporate β-CD into a material for PFOA/PFOS adsorption is to
crosslink β-CD with crosslinking agents so that a robust, crosslinked polymer network could be
generated. The loading of β-CD varies by tuning the feed ratios between β-CD and crosslinking
agents. Some of the β-CD-based polymers are proven to exhibit high maximum capacity for
PFOA/PFOS. For instance, Karoyo A.H. et al. polymerized β-CD with hexamethylene
diisocyanate (HMDI) and the resulting polymer exhibits 1.35 mmol/g maximum adsorption of
PFOA.133, 144
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Despite the fact that some β-CD polymers show high maximum capacity for PFOA, β-CD
based adsorbents that sequester PFOA/PFOS at environmentally relevant concentrations are barely
explored. The material that has high maximum capacity for PFOA may not exhibit high affinity
as well since these two parameters are testing two different properties. Meanwhile, the starting
concentrations of PFOA reported in publications are normally much higher than environmentally
relevant concentrations. For instance, when 1.5 g/L β-CD coated silica (Figure 1.7B) removed
98.4% of 50 µg/L PFOA, the residual PFOA concentration was reduced to 0.8 µg/L, which is 10
folds higher than EPA advisory level in 2016, 70 ng L-1. As a result, to develop new β-CD-based
adsorbents for real-life PFOA adsorption, we aim to crosslink β-CD into water-insoluble polymer
with a single step and test its affinity for PFOA at 1 µg/L.
Meanwhile, although TFN-CDP comprises β-CD in the polymer network and exhibits high
affinity for a number of organic micropollutants, it removes PFOA poorly, even at high
concentration of PFOA. For instance, 400 mg/L of TFN-CDP exhibits no removal of PFOA at 200
µg/L. The most extensively studied β-CD crosslinked polymer EPI-CDP is also proven to show
little to no removal of PFOA. Reasons why those β-CD-based polymers exhibit low affinity for
PFOA are rarely explored as well. We hope to provide insight into these outstanding challenges
and develop new β-cyclodextrin-based polymers to sequester PFOA at environmentally relevant
concentrations.
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Figure 1.7. Schematic of coating β-CD on different substrates: A) Chloromethylated polystyrenecodivinylbenzene resin (PS-Cl); B) Silica for PFOA adsorption.
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CHAPTER TWO
A β-CYCLODEXTRIN POLYMER NETWORK SEQUESTERS PFOA AT
ENVIRONMENTALLY RELEVANT CONCENTRATIONS
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2.1 Abstract
Per- and poly-fluorinated alkyl substances (PFASs),
notably perfluorooctanoic acid (PFOA), contaminate many
ground and surface waters and are environmentally
persistent. The performance limitations of existing
remediation methods motivate efforts to develop effective
adsorbents. Here we report a β-cyclodextrin (β-CD)-based polymer network with high affinity,
rapid kinetics, and comparable capacity with respect to granular activated carbon (GAC) for
PFOA. The β-CD polymer reduces PFOA concentrations from 1 μg/ L to <10 ng/ L, at least seven
times lower than the 2016 US EPA advisory level (70 ng/ L), and was regenerated and reused
multiple times by washing with MeOH. These results are promising for treating PFOAcontaminated water and demonstrate the versatility of β-CD-based adsorbents.
This work was performed in collaboration with Yuhan Ling, Alaaeddin Alsbaiee, Chenjun
Li, and Prof. Damian E. Helbling in the School of Civil and Environmental Engineering at Cornell
University. This work was first published in the Journal of the American Chemical Society: Xiao,
L.; Ling, Y.; Alsbaiee, A.; Li, C.; Helbling, D. E.; Dichtel, W. R. J. Am. Chem. Soc. 2017, 139
(23), 7689–7692 and is reproduced with permission.
2.2 Introduction
The contamination of ground and surface waters by PFASs, including perfluoroalkyl
sulfonic acids, fluorotelomer sulfonic acids, and perfluoroalkyl carboxylic acids,1-4 has emerged as
an environmental and health crisis in many communities. PFASs are used in the manufacture of
poly(tetrafluoroethylene) (Teflon®) and many other industrial processes, consumer products, and
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aqueous film-forming foam formulations used to suppress aviation fires.5 They are associated with
negative ecological and human health effects, including liver damage,6 thyroid disease,7-8 cancer,9
and

others.10-12

There

is

particular

concern

over

the

occurrence

of

PFOA

and

perfluorooctanesulfonic acid (PFOS) in groundwater. The US Environmental Protection Agency
recently assigned a health advisory level of 70 ng/ Lfor the combined concentration of PFOA and
PFOS in drinking water,13 and negative effects are noted at lower concentrations.14 Many
communities near industrial sites, military installations, and airports exceed this threshold.15-16 For
example, states of emergency were declared in Hoosick Falls, New York, and Bennington,
Vermont, in 2016 because of PFOA-contaminated drinking water, and many other communities
will soon need to address PFOA and PFAS contamination.
2.3. Results and Discussion
Scheme 2.1. Design and synthesis of a cross-linked β-CD polymer with high PFOA affinity (DFBCDP, top), inspired by P-CDP (bottom), which binds many organic micropollutants but has only
moderate affinity to PFOA.

PFOA is environmentally persistent and difficult to degrade because of the high
thermodynamic stability of C–F bonds. Oxidative,17 photochemical,18 sonochemical,19 and
electrochemical20 methods are expensive and/or produce degradation byproducts of unknown
toxicity.18,19 Adsorption processes remove PFASs rather than degrading them, and adsorbents
based on activated carbon and carbon fiber,21-23 carbon nanotubes,24-25 organic polymers,26-27 anion
43

exchange resins have been explored. Activated carbon (AC) has emerged as the leading adsorbent
because it is inexpensive and has reasonable capacity. However, it performs poorly in the presence
of other organic co-contaminants or natural organic matter.28 ACs also have relatively low affinity
for PFOA,21, 23 which complicates removal at environmentally relevant concentrations, and PFOAloaded ACs are difficult to regenerate.29 Therefore, adsorbents with high affinity, PFOA
specificity, and inexpensive regeneration are needed to address this emerging environmental and
health problem.
β-cyclodextrin (β-CD), a macrocycle comprised of seven glucose units,27 forms host-guest
complexes with thousands of organic compounds. Cross-linked β-CD polymers30-31 have been
explored for water purification but their performance has historically lagged ACs. We recently
reported a porous cyclodextrin polymer (P-CDP, Scheme 2.1) derived from crosslinking β-CD
with tetrafluoroterephthalonitrile (TFN, 2).32 P-CDP outperforms ACs for the uptake of many
organic micropollutants but has only moderate affinity for PFOA.33 We hypothesized that a β-CD
polymer with perfluoroarene cross-linkers would bind PFOA more effectively. Here we report a
β-CD containing polymer that removes PFOA to <10 ng/L (our limit of quantification) with
excellent kinetics, comparable capacity to ACs, and the ability to be easily regenerated. These
findings demonstrate that the selectivity of β-CD polymers can be tailored to target pollutants of
interest and show promise for treating PFOA-contaminated water.
The nucleophilic substitution of decafluorobiphenyl (DFB, 1) by β-CD provided the
crosslinked polymer network DFB-CDP (Scheme 2.1). After heating the monomers and K2CO3 in
N-methyl-2-pyrrolidone (NMP) at 85 °C, the suspension gelled after 24 h and was isolated in this
form after 40 h. After Soxhlet extraction and solvent removal, the gel collapsed to provide DFBCDP as an insoluble powder. FTIR spectroscopy of DFB-CDP indicated the presence of 1 and

44

β-CD moieties in the polymer (Figure S2.4). Bands at 3330, 2930, and 1020 cm–1 correspond to
O–H stretching, aliphatic C–H stretching, and C–O stretching modes, respectively, which are
diagnostic of β-CD. The spectrum also showed absorbance at 1460 cm-1, corresponding to aromatic
C–C stretches. It is difficult to determine the regiochemistry of the ether linkages formed during
the polymerization of DFB-CDP because its solid-state

19

F NMR spectrum exhibited broad

resonances (Figure S2.8). Model reactions of 1 with n-BuOH and cyclohexanol suggest that the
DFB-CDP polymer contains the expected fluorinated biphenyls, which are primarily (but not
exclusively) 4-substituted or 4,4ʹ-disubstituted by alkoxy groups (Figures S2.1–S2.3). These
observations, combined with elemental analysis (C, H, N, F; Table S2.2), confirmed the formation
of the DFB-CDP polymer network.
The optimal composition of DFB-CDP for PFOA removal was determined by conducting
the polymerization using 1: β-CD molar feed ratios ranging from 3 to 7. The polymers from
polymerizations with increased [DFB] showed increased residual fluorine content, as determined
by elemental analysis (Table S2.2), corresponding to larger amounts of fluorinated biphenyl
groups in the polymer. Given the complex mixture of products observed in model substitution
reactions of 1, it is difficult to determine the 1: β-CD ratios of a DFB-CDP without further
assumptions. For example, 1: β-CD feed ratios of 3 and 5 provided DFB-CDP with 24.33 and
31.06 wt% fluorine, respectively. These fluorine contents correspond to 1: β-CD ratios of 3.4 and
5.8, assuming disubstitution of all DFB groups. These estimates are reasonable upper bounds given
that they do not account for the partial incorporation of monosubstituted DFB groups, which is
increasingly likely at higher 1: β-CD feed ratios. In contrast to the permanent porosity and high
surface area of P-CDP, the DFB-CDP samples were non-porous, with Brunauer-Emmett-Teller
surface areas (SBET) <10 m2 /g (Figure S2.6). Although in preliminary experiments we obtained a
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permanently porous sample (SBET = 140 m2/ g) of DFB-CDP, it had lower PFOA affinity compared
to

the

non-porous

derivatives

described

here

and

was

not

investigated

further.

Figure 2.1. (A) Time-dependent PFOA adsorption ([PFOA]0 = 1 µg L-1) of DFB-CDP samples
(10 mg/L) of varying DFB: β-CD feed ratio. Each experiment was performed in triplicate; error
bars indicate the maximum and minimum measured values. (B) Kinetics of PFOA adsorption by
DFB-CDP (DFB: β-CD feed ratio = 3) at high concentration (blue, [PFOA]0 = 200 µg L-1; [DFBCDP] = 400 mg L-1; average of two experiments) and low concentration (red, [PFOA]0 = 1 µg L1
; [DFB-CDP] = 10 mg L1; average of three experiments).
DFB-CDP derived from a 1: β-CD feed ratio of 3 also removed PFOA with excellent
kinetics at both high and low PFOA concentrations (Figure 2.1B). Additional kinetic adsorption
experiments conducted at higher [PFOA]0 (200 μg L-1, 0.48 μM) and [DFB-CDP] (400 mg L-1)
showed nearly complete PFOA removal within 2 hours. The rates of adsorption at both low and
high [PFOA]0 were best described by Ho and McKay’s pseudo second-order adsorption model,34
as determined by the high correlation coefficients (R2 = 0.982 for [PFOA]0 = 1 μg L-1; R2 = 0.999
for [PFOA]0 = 200 μg L-1). The model provides a figure-of-merit for how quickly an adsorbent
reaches equilibrium, kobs, which is 2.88 g mg-1 h-1 at [PFOA]0 = 1 μg L-1 and [DFB-CDP] = 10 mg
L-1 and 64.8 g mg-1 h-1 at [PFOA]0 = 200 μg L-1 and [DFB-CDP] = 400 mg L-1. These fits suggest
kinetics associated with chemical adsorption, for which capacity is proportional to the number of
available PFOA active sites. In the meantime, the kobs of PFOA uptake by CCAC is 594 g mg-1 h-1
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at [PFOA]0 = 1 μg L-1 and [CCAC] = 10 mg L-1. This suggests that the PFOA adsorption kinetics
generally favor CCAC. Whereas, noting that high surface area derivatives of P-CDP remove other
micropollutants in seconds or minutes of contact time,33 future optimization of the DFP-CDP
polymerization conditions might provide adsorbents with even faster kinetics.

Figure 2.2. PFOA adsorption isotherm by DFB-CDP ([PFOA]0 = 1–12 mg L-1; [DFB-CDP] = 100
mg L-1). Lines show fits to Langmuir (red) and Freundlich (blue) models. Error bars show the
minimum and maximum uptake of three experiments.
Table 2.1. Langmuir and Freundlich parameters derived from plots of the PFOA binding isotherm
in Figure 2.2.

We attribute much of the DFB-CDP’s desirable adsorption kinetics to its accessible binding
sites with superior PFOA affinity relative to other adsorbents. A PFOA binding isotherm (Figure
2.2) was constructed using [DFB-CDP] = 100 mg L-1 and [PFOA]0 ranging from 1–12 mg L-1.
Fitting the Langmuir model to the isotherm provides an affinity coefficient (KL) of 2.2･105 M-1
(Table 2.1), which is an order of magnitude greater than the KL measured for GAC of 1.8･104 M-1
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and 2.5 times higher than that of PAC.21 This value also exceeds those of other adsorbents, such
as ion-exchange resins21 and a recent triazine-linked polymer,35 which explains DFB-CDP’s
superior removal of PFOA at environmentally relevant concentrations. Based on the Langmuir fit,
the estimated capacity of the DFB-CDP polymer is 34 mg g-1, which is within the range of that
reported for GAC (53 mg g-1).36 Furthermore, although both the Langmuir and Freundlich models
fit the adsorption isotherm well (Table 2.1), the Freundlich model may be more appropriate to
describe equilibrium adsorption because saturation behavior is not observed over this
concentration range. In this respect, the estimated capacity of the DFB-CDP polymer should be
interpreted as conservative.

Figure 2.3. Equilibrium PFOA removal efficiency ([PFOA]0 = 1 µg L−1) by equal mass
concentrations (10 mg L−1) of P-CDP, CCAC, and DFB-CDP. Error bars: P-CDP and CCAC,
standard deviations of five experiments; DFB-CDP, standard deviation of three experiments.

The high affinity of DFB-CDP for PFOA allows it to remove PFOA to lower equilibrium
concentrations than other adsorbents on an equivalent mass basis (Figure 2.3). We compared its
equilibrium removal efficiency to P-CDP (SBET = 218 m2 g-1, Scheme 2.1), which rapidly removes
many organic micropollutants,32-33 and sieved coconut shell activated carbon (CCAC, SBET = 1085
m2 g-1). The equilibrium PFOA removal was evaluated using [PFOA]0 = 1 µg L-1 and [absorbent]
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= 10 mg L-1. DFB-CDP lowered the concentration of the residual PFOA to below our limit of
quantification (10 ng L-1) at equilibrium, whereas CCAC and P-CDP removed only 56.3% and
around 0% of the PFOA, respectively.
As was observed for P-CDP loaded with model organic compounds,32 PFOA-contaminated
DFB-CDP shows promise for facile regeneration (Figure 2.4). Four consecutive adsorption /
desorption experiments were performed. For the adsorption experiments, [DFB-CDP] (400 mg L1

) and [PFOA]0 (200 μg L-1) were chosen. Desorption experiments were conducted by suspending

the PFOA-contaminated adsorbent in MeOH (400 mg L-1) for 24 h. Under these conditions, the
amounts of adsorbed and recovered PFOA were very similar over all four cycles, and the DFBCDP showed no apparent decrease in performance. Further experiments indicated that PFOA may
be desorbed fully from DFB-CDP in 10 minutes, which shows promise for rapid and efficient
regeneration of the adsorbent, a noted deficiency of PFOA-contaminated ACs.29

Figure 2.4. Regeneration and reuse of DFB-CDP by washing with MeOH. Adsorption
experiments: [DFB-CDP] = 400 mg L-1, [PFOA]0 = 0.2 mg L-1, 12 h; Desorption: DFB-CDP was
suspended in MeOH for 24 h.

49

The performance of activated carbon is highly affected in the presence of other organic cocontaminants or natural organic matter, β-CD based polymers, having specific binding sites, are
proven to be less affected.33 We conducted the PFOA adsorption kinetic experiment using [PFOA]0
= 1 µg L-1, [DFB-CDP] = 10 mg L-1 in the presence of 20 mg L-1 humic acid (Figure S2.9). The
kinetic and equilibrium removal remained unaffected by the addition of humic acid, further studies
in more complex water system could provide us more information on this.
2.4 Conclusion
In conclusion, β-CD was crosslinked with decafluorobiphenyl under nucleophilic
aromatic substitution conditions. The resulting DFB-CDP polymer binds PFOA with more than
ten-fold increased affinity, superior kinetics, and comparable capacity relative to an equivalent
mass of activated carbon. Modest amounts of the polymer adsorbent reduce [PFOA] from μg L-1
concentrations, typical of contaminated ground water, to low ng L-1 concentrations, well below
EPA health advisory limits. DFB-CDP was also regenerated and reused multiple times after
washing with MeOH at room temperature. These characteristics make DFB-CDP a promising
candidate for PFOA remediation. Given the powder morphology of the polymer, we envision that
this polymer could be applied to pressure columns or mixed together with granular activated
carbon to enhance PFOA removal in water-remediating facilities. More control over the particle
size of the polymer could help minimize the backpressure. In the meantime, more investigations
will be needed on the lifespan of DFB-CDP, whether there will be chemical leaching from this
polymer in natural water, and the competition between PFOA and other PFASs. Finally, this study
demonstrates that the selectivity of CD-based polymer adsorbents may be tuned through the
judicious modification of their composition.
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I. Materials and Instrumentation
A. Materials.
β-cyclodextrin (β-CD, ≥97%) and K2CO3 were purchased from Sigma Aldrich and dried
at 80 °C overnight. Decafluorobiphenyl (1, 99%) was purchased from Sigma Aldrich and used
without further purification. N-methyl-2-pyrrolidone (NMP, >99.5%) was purified and dried with
calcium hydride by vacuum distillation. Anhydrous α,α,α-trifluorotoluene (≥99%) was purchased
from Sigma Aldrich and used without further purification. Aqueous solutions of pollutants were
prepared using 18 MΩ deionized H2O at neutral pH. Pollutant model compound perfluorooctanoic
acid (PFOA, 96%) was purchased from Sigma Aldrich and used as received. P-CDP was prepared
using the previously reported procedure.32
B. Instrumentation.
Pollutant removal experiments were performed at 25 °C on a stir plate with a 500 rpm
stirring rate. Aqueous samples from adsorption experiments were filtered in syringes equipped
with Whatman 0.2 µm inorganic membrane filters.
Quantification of PFOA (10 µg/L to 200 µg/L) from the adsorption studies (kinetic
experiments at [PFOA]0 = 200 µg/L and isotherm experiments) was performed by means of
Agilent 1200 Series high performance liquid chromatography coupled with a ESI-ion trap mass
spectrometer Bruker Amazon X (USA). The analytical method was adapted from one previously
reported for PFOA.37 The mobile phase consisted of (A) Milli-Q water and (B) HPLC-grade
methanol: water = 85:15 (Sigma Aldrich, USA), each amended with 10 mM ammonium acetate
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(Sigma Aldrich, USA). Samples were injected at 10 µL volumes and were loaded onto an
HypersilTM BDS (Keystone Scientific, Bellefonte, PA) C-18 column (3 mm x 50 mm, particle size
5 µm) with a loading pump delivering 400 µL min-1 of a mobile phase consisting of 85% B. The
column temperature was held constant at 40 °C. The HPLC-MS was operated with electrospray
ionization in negative polarity mode. MS/MS was operated and mass transition was m/z 412.8 →
368.8 → 218.9 for PFOA. Matrix-matched calibration standards (n = 5-6) were prepared with
concentrations ranging between 10 µg/L to 200 µg/L for external calibration. Analytes were
quantified from calibration standards based on the PFOA responses by linear least-squares
regression. Calibration curves were run at the beginning of the analytical run. Instrument blanks
were run before and after the calibration curve and each batch of triplicate samples.
Quantification of perfluorooctanoic acid (0.01 µg/L to 1 µg/L) from the adsorption studies
(kinetic at [PFOA]0= 1 µg/L by CCAC, P-CDP) was performed by means of HPLC-MS/MS
(QExactive, ThermoFisher Scientific). The analytical method was adopted from one previously
reported for ultratrace level screening of polar and semi-polar organic chemicals33 and included
on-line solid phase extraction (EQuan Max Plus, ThermoFisher Scientific). Briefly, samples were
injected at 5 mL volumes and were loaded onto an XBridge (Waters) C-18 Intelligent Speed (2.1
mm × 20 mm, particle size 5 µm) trap column. Elution from the trap column and onto an XBridge
(Waters) C-18 analytical column (2.1 mm × 50 mm, particle size 3.5 µm) was performed using a
gradient pump delivering 200 µL min-1 of a water and MeOH mobile phase, each containing 0.1
vol% formic acid. The HPLC-MS was operated with electrospray ionization in negative polarity
mode. The MS acquired full-scan MS data within a mass-to-charge range of 100–500 for each
sample followed by a data-dependent acquisition of product ion spectra (MS/MS). PFOA was
quantified from external calibration standards based on the analyte responses by linear least-
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squares regression. Limits of quantification for each analyte were determined as the lowest point
in the external calibration curve at which at least 5 MS scans were measured across a
chromatographic peak and the most intense MS/MS product ion was still detected.33
Quantification of perfluorooctanoic acid (0.01 µg/L to 1 µg/L) from the adsorption studies
(kinetic at [PFOA]0 = 1 µg/L by DFB-CDPs,) was performed as described for the kinetic
experiment but the mobile phase gradient was modified to obtain a retention time for PFOA of 7
minutes.
Exact molecular masses (m/z), ionization behavior, retention times, and limits of
quantification used for the detection and quantification of each analyte are provided in Table S2.1.
Table S2.1. Analytical data required for PFOA quantification.

Infrared spectroscopy was performed on a Thermo Nicolet iS10 with a ZnSe crystal ATR
attachment.
Surface area measurements were conducted on a Micromeritics ASAP 2020 Accelerated
Surface Area and Porosimetry Analyzer. Each sample (20-50 mg) was degassed at 90 °C for 24 h
and then backfilled with N2. N2 isotherms were generated by incremental exposure to ultra high
purity nitrogen up to 1 atm in a liquid nitrogen (77 K) bath, and surface parameters were
determined using BET adsorption models included in the instrument software (Micromeritics
ASAP 2020 V4.00).
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Thermogravimetric (TGA) analysis was performed on a TA Instruments Q500
Thermogravimetric Analyzer. Parameters included a heating range of 20-600 °C using a 10 °C/min
ramp under N2.
Scanning electron microscopy was performed on a Hitachi S-3400N-II operating at 5.00
kV and a working distance of 10.1 mm. Samples were mounted on the stubs with electricallyconductive carbon tape, which was then attached to an aluminum platform sample holder.
19

Solution

F NMR was performed on an Agilent DD2 500 MHz system. (Integrated

Molecular Structure Education and Research Center) Solid-state
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F NMR was conducted on a

Bruker 600 MHz NMR system with 4.0 mm MAS 1H-19F-X probe. (National High Magnetic Field
Laboratory, FL)
ESI-Ion Trap Mass Spectrometer and Agilent 6890N GC System with an electrospray
ionization were employed to verify the structure of model reaction mixtures.
II. Synthetic Procedures
A. Polymer Synthesis
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hours. The pink gel was cooled and then packed into a teabag with DI water, and the solid was
isolated and activated by water soxhlet extraction for 1 day and methanol soxhlet extraction for 1
day. Finally, the gel was dried under vacuum at rt for 1 day and heated under vacuum at 80 °C for
1 day. DFB-CDP (0.533 g, 70.8% yield) was obtained as a white powder and subsequently
characterized. Anal.Calcd. for (C42H66O35)1•(C12F8.8)3: C, 45.37; H, 3.22; F, 24.29; Found: C,
43.10; H, 2.94; F, 24.33; N < 0.02.
Other DFB-CDP samples were prepared using the above procedure by adjusting the 1:βCD molar feed ratio to 4, 5, 6, and 7. Elemental analysis of each sample is listed in Table S2.2.
Table S2.2. Elemental composition of DFB-CDP samples as a function of 1: β-CD feed ratio.

a.
Assumes disubstitution of all DFB groups; should be considered as an upper limit.
b.
For this level of fluorination, it is very likely that many of the DFB groups are
monosubstituted. For example, 5 disubstituted DFB units and 7 monosubstituted DFB units fit this
elemental composition reasonably well.
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B. Model Reactions
It is difficult to determine the regiochemistry of the ether linkages formed during the
polymerization of DFB-CDP spectroscopically because its solid-state
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F NMR spectrum

exhibited broad resonances (Figure S2.8). We are also aware of only a few reports of SNAr
reactions between 1 and aliphatic hydroxides.38-42 We gained insight into the likely DFB-CDP
structure through the model reactions of DFB with n-BuOH, cyclohexanol, and the absence of
added nucleophiles under the polymerization conditions (see below). For example, the reaction
with n-BuOH provided two major products: monosubstituted 4-butoxy (S1, 32%) and disubstituted
4,4′-dibutoxy (S2, 56%) perfluorobiphenyls, respectively. The remainder of the mass balance
(12%) included side products containing 4-substituted phenols, which likely derive from the
reaction of 1 with either K2CO3 or H2O, as well as trace amounts of other n-butoxy-substituted
regioisomers. A similar product distribution was obtained using cyclohexanol as the nucleophile.
These combined observations support the hypothesis that the DFB-CDP polymer contains the
expected fluorinated biphenyl crosslinkers, which are primarily substituted at the 4 and 4′
positions. Based on these results, it is plausible that DFB-CDP is substituted at both the primary
and secondary hydroxyl groups and contains both disubstituted and monosubstituted fluorinated
biphenyl groups. It may also contain small amounts of phenolated biphenyl groups similar in
structure to S4.
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Substitution of 1 with n-BuOH: 1 (0.353 g, 1.056 mmol) and K2CO3 (0.613 g, 4.435 mmol) were
added to a flame-dried, 20 mL scintillation vial equipped with a magnetic stir bar. NMP (10 mL)
was then added and the vial was purged with N2 for 10 min. n-BuOH (0.226 mL, 2.464 mmol) and
internal standard α,α,α-trifluorotulene (0.0432 mL, 0.352 mmol) were added and the vial was
stirred at 85 °C. Aliquots (1 mL) were taken at 40 h and centrifuged, from which 0.6 mL of the
supernatent was mixed with 0.2 mL DMSO-d6. These solutions were characterized by 1H,
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F

NMR spectroscopy and LC-MS (Amazon SL). α,α,α-Trifluorotoluene was employed as an internal
standard to quantify fluorinated species using 19F NMR spectroscopy.
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Figure S2.1. Partial 19F NMR spectra (DMSO-d6, 500 MHz, rt) of crude MR. S1. (A) 19F NMR of
the crude reaction mixture (40 hour reaction time); (B) 19F NMR of S1; (C) 19F-NMR of S2; (D)
19
F NMR of S3 (3a peak is around -159 ppm, which is covered by 2a peak); and (E) 19F NMR of
S4.
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Substitution of 1 with cyclohexanol: 1 (0.353 g, 1.056 mmol) and K2CO3 (0.613 g, 4.435 mmol)
were added to a flame-dried, 20 mL scintillation vial equipped with a magnetic stir bar. NMP (10
mL) was then added and the vial was purged with N2 for 10 min. Volatile reagents cyclohexanol
(0.513 mL, 4.928 mmol) and internal standard α,α,α-trifluorotoluene (0.0432 mL, 0.352 mmol)
were added with N2 purging and the vial was stirred at 85 °C. Aliquots (1 mL) were taken at 40 h
and centrifuged, from which 0.6 mL of the solution was mixed with 0.2 mL DMSO-d6. These
solutions were characterized by 1H,

19

F NMR spectroscopy LC-MS (Amazon SL). α,α,α-

Trifluorotoluene was employed as an internal standard to quantify fluorinated species using 19F
NMR spectroscopy.
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Figure S2.2. Partial 19F NMR spectra (DMSO-d6, 500 MHz, rt) of crude MR. S2. (A) 19F NMR of
the crude reaction mixture (40 h reaction time); (B) 19F NMR of S5; (C) 19F-NMR of S6, (D) 19F
NMR of S7 (7c peak overlaps with 3d peak).
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Reaction of 1 with K2CO3 (no alkoxides present): 1 (0.353 g, 1.056 mmol), α,α,αTrifluorotoluene ( 0.0432 mL, 0.352 mmol) and K2CO3 (0.613 g, 4.435 mmol) were added to a
flame-dried 20 mL scintillation vial equipped with a magnetic stir bar. NMP (10 mL) was then
added and the vial was stirred at 85 °C. Aliquots (1 mL) were taken at 40 h and centrifuged, from
which 0.6 mL of the solution was mixed with 0.2 mL DMSO-d6. These solutions were
characterized by 1H, 19F NMR spectroscopy and LC-MS (Amazon SL). α,α,α-Trifluorotoluene
was employed as an internal standard to quantify fluorinated species using 19F NMR
spectroscopy.
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Figure S2.3. Partial 19F NMR spectra (DMSO-d6, 500 MHz, rt) of crude MR. S3. (A) 19F NMR of
the crude reaction mixture (24 h reaction time); (B) 19F NMR of S3; and (C) 19F NMR of 1.
III. Batch Adsorption Studies of PFOA and Regeneration
A. Kinetic adsorption studies.
The batch kinetics experiments at 1 µg/L PFOA (Figure 2.1A) by DFB-CDP were
performed in 125 mL glass Erlenmeyer flasks with magnetic stir bars at 23 °C on a multi-position
stirrer (VWR) with the stirring rate at 400 revolutions per minute (rpm). The adsorbent dose was
10 mg/L and PFOA stock solution was spiked to generate an initial concentration of 1 µg/L.
Prior to PFOA adsorption experiments, vacuum-dried adsorbents were rehydrated. 10 mg
of adsorbent (DFB-CDP or CCAC) was added to a 20 mL amber vial with 10 mL Milli-Q water
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to yield a 1 g/L suspension, which was mixed with a vortex mixer (Fisher Scientific) for 30
seconds. The suspension was sonicated for 1 minute to disperse small aggregates and then stirred
on a multi-position stirrer for 30 minutes at 360 rpm. After this procedure, 98 mL of Milli-Q water,
1 mL of the PFOA solution (100 µg/L), and 1 mL of the adsorbent suspension were added to a
flask successively. Samples were collected in 8 mL volumes at predetermined sampling times (0,
1, 2, 5, 13, 17, 24, 37, 48 hours) and filtered with a 0.22 µm syringe filter (Restek). Control
experiments to account for PFOA losses were performed in the same condition with no addition
of adsorbent and samples were collected at 48 hours. All batch kinetic experiments (including
controls) were performed with 3 replicates.
The batch adsorption experiments at 1 µg/L PFOA (Figure 2.3) by P-CDP and CCAC were
performed using similar procedures as the above. Samples were collected in 8 mL volumes at
predetermined sampling times (0, 3s, 10s, 30s, 1, 5, 10, 30, 60, 90, 120 mins) and filtered with a
0.22 µm PVDF syringe filter (Restek). Control experiments to account for PFOA losses were
performed in the same condition with no addition of adsorbent and samples were collected at 2
hours. All batch kinetic experiments (including controls) were performed with 5 replicates.
The batch kinetic experiments at 1 µg/LPFOA, 10 mg/L DFB-CDP and 20 mg/L humic
acid (Figure S2.8) were performed using similar procedures as the above. Humic acid was added
to the adsorbent suspension together with PFOA solution. Samples were collected in 8 mL volumes
at predetermined sampling times (0, 1, 3, 5, 8, 10, 12.5, 24, 36 hours) and filtered with a 0.22 µm
PVDF syringe filter (Restek). Control experiments to account for PFOA losses were performed in
the same condition with no addition of adsorbent and samples were collected at 36 hours. All batch
kinetic experiments (including controls) were performed with 3 replicates.
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The batch kinetics experiments at 200 µg/L PFOA (Figure 2.1B) by DFB-CDP were
performed in 20 mL glass amber glass vials with magnetic stir bars. The experiments were
conducted at 23-24 °C on a stirring plate with the stirring rate at 600 revolutions per minute (rpm).
The adsorbent dose was 400 mg/L and PFOA stock solution was spiked to generate an initial
concentration of 0.2 mg/L.
Prior to PFOA adsorption experiments, vacuum-dried adsorbents were rehydrated. 8 mg of
adsorbent (DFB-CDPs) was added into a 20 mL amber vial with 16 mL Milli-Q water to yield a
500 mg/L suspension and then sonicated for 1 minute to disperse small aggregates and then stirred
on a multi-position stirrer for 2 hours at 600 rpm. Following this procedure, PFOA solution (4 mL,
1 mg/L) was added to the vials containing adsorbent suspensions. Samples were collected in 1 mL
volumes at predetermined sampling times (0, 1, 3, 5, 10, 30, 60, 120 min) and filtered with a 0.2
µm Whatman inorganic syringe filter. Control experiments to account for PFOA losses were
performed in the same condition with no addition of adsorbent were collected at 2 hours. All batch
kinetics experiments (including controls) were performed in duplicate.
The efficiency of pollutant removal by the sorbent was determined by Eq. S2.1:
Equation S2.1:
𝑀𝑃 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 =

𝐶? − 𝐶@
∗ 100
𝐶?

where C0 (ng/L) and Ct (ng/L) are the initial and residual concentration of pollutant in the stock
solution and filtrate, respectively.
The amount of pollutant bound to the sorbent was determined by Eq. S2.2:
Equation S2.2:
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𝑞@ =

𝐶? − 𝐶@
𝐶E

where qt (mg/g) is the amount of a micropollutant adsorbed on the solid phase at any time t(h); C0
(ng/L) is the average concentration of a MP in the samples of the control experiments; Ct (ng/L) is
the concentration of a MP in the liquid phase at any sample time t(h); and CA (mg/L) is the
concentration of adsorbent. The batch kinetics of each adsorbent can then be described with Ho
and McKay’s pseudo-second-order adsorption model in a linearized form as Eq. S2.3:
Equation S2.3:
𝑡
𝑡
1
= +
𝑞@ 𝑞G 𝑘IJK 𝑞G(
where qe (mg/g) is the amount of a MP adsorbed on the solid phase at equilibrium; and kobs
(g/(mg*h)) is the rate constant of adsorption.
B. Isotherm adsorption studies.
The batch isotherm experiments (Figure 2.2) were performed in 20 mL amber glass
scintillation vials with magnetic stir bars. For DFB-CDP, the experiments were conducted at 2324 °C on a stirring hot plate with the stirring rate at 600 revolutions per minute (rpm). The
adsorbent dose was 100 mg/L and PFOA stock solution was spiked to generate initial
concentrations of 1, 2, 4, 6, 8, 10, 12 mg/L. The suspensions were stirred for 24h to reach the
equilibrium, then filtered by Whatman 0.2 µm inorganic membrane filters, and the filtrate was
measured by LC-MS. Control experiments to account for PFOA losses were performed in the same
condition with no addition of adsorbent and samples were collected at 24h. All batch experiments
were performed with triplicates.
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Langmuir adsorption and Freundlich isotherm fits were generated by Non-linear Least
Square Regression in Eq. S2.4 and Eq. S2.5:
Equation S2.4:
1
1
1
=
+
𝑞e 𝑞m 𝐶e×𝑞m×𝐾L
Where qe (mg/g) is the amount of pollutant adsorbed at equilibrium. qm (mg/g) is the maximum
adsorption capacity of adsorbent at equilibrium. Ce (mg/L) is the residual pollutant concentration
at equilibrium. KL (L/mg) is the equilibrium constant.
Equation S2.5:
N/P

𝑞G = 𝐾M 𝐶G

Where qe (mg/g) is the amount of pollutant adsorbed at equilibrium. Ce (mg/L) is the residual
pollutant concentration at equilibrium. KF (mg/g)(L/mg)1/n is the Freundlich constant. n is an
indicator of the intensity of the adsorption.
C. DFB-CDP Regeneration Experiments (Figure 2.4).
Adsorption Experiments: DFB-CDP (40 mg) was added to an Erlenmeyer flask
containing a PFOA solution (100 mL, 0.2 mg/L). The adsorption experiments were conducted at
23-24 °C on a stirring plate for 12 hours with the stirring rate at 600 rpm. The resulting suspension
was filtered on a Whatman filter paper and the residual PFOA concentration was measured by LCMS.
Desorption Experiments: PFOA-loaded DFB-CDP was regenerated by soaking in MeOH
([DFB-CDP] = 400 mg/L) for 24 hours and recovered by filtration. The MeOH filtrate was
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concentrated under vacuum, and the residual solid was dissolved in deionized H2O with the same
initial volume of methanol and measured by LC-MS to determine the amount of recovered PFOA.
IV. Molecular and Materials Characterization
A. FT-IR characterization.

Figure S2.4. FTIR (ATR) of as-synthesized DFB-CDP and P-CDP. (Red: 1, blue: β-CD, brown:
P-CDP, purple: DFB-CDP)

71

Table S2.3. Assignments of major IR peaks of DFB-CDP in Figure S2.1.

B. Thermal gravimetric analysis (TGA).

Figure S2.5. TGA of DFB-CDP (1: β-CD feed ratio = 3).
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C. Porosity and surface area measurements.
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Figure S2.6. N2 sorption isotherm (77K) and surface area data analysis of DFB-CDP.
D. Morphology of DFB-CDP by Scanning Electron Microscopy(SEM).

Figure S2.7. Representative SEM image of the as-synthesized DFB-CDP.
E. Solid state 19F NMR of DFB-CDP.
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Figure S2.8. 19F MAS NMR of the as-synthesized DFB-CDP.
V. Additional PFOA Adsorption Experiments
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Figure S2.9. Time-dependent Ratio between PFOA removal by DFB-CDP in the presence of
humic acid and PFOA removal by DFB-CDP without humic acid.
VI. Comparison of PFOA Sorption on Activated Carbons
Table S2.4. Comparison of PFOA kinetic and thermodynamic adsorption parameters by AC in the
literature.
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CHAPTER THREE
CROSSLINKER CHEMISTRY DETERMINES THE UPTAKE POTENTIAL OF
PERFLUORINATED ALKYL SUBSTANCES BY β-CYCLODEXTRIN POLYMER
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3.1 Abstract
Per- and poly fluorinated alkyl substances
(PFASs),

notably

perfluorooctanoic

acid

(PFOA) and perfluorooctanesulfonic acid
(PFOS), contaminate many ground and
surface water resources and are environmentally persistent. Furthermore, there are many other
PFASs in use and many are likewise persistent and found to contaminate fresh water resources. A
polymer consisting of β-cyclodextrin (β-CD) crosslinked with decafluorobiphenyl (DFB-CDP) has
shown promise for sequestering PFOA at environmentally relevant concentrations, though its
efficacy to remove other PFASs from water has not yet been explored. Additionally, although the
DFB-CDP was designed to sequester PFASs on the basis of favorable fluorous interactions, the
rationale for its relatively high affinity for PFOA compared to other previously synthesized β-CD
polymers remains unknown. In this study, we explored crosslinker chemistry as a potential
determinant of PFAS affinity for β-CD polymers. We synthesized three DFB-CDP derivatives
with varying degrees of phenolation in the crosslinker (to evaluate effects of polymer surface
charge) along with two β-CD polymers crosslinked by two other chemically distinct strategies,
epichlorohydrin and 2-isocyanatoethyl methacrylate. We measured the equilibrium removal of ten
PFASs from water by each of the five polymers at environmentally relevant concentrations. We
found that β-CD polymers crosslinked by perfluorinated aromatics with low degrees of
phenolation are more favorable for PFASs adsorption. These findings provide insight into the
mechanism of PFASs adsorption by β-CD-based polymers and will inspire modular designs of βCD-based adsorbents to target other PFASs and micropollutants.
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J.; Reineke, T. M.; Helbling, D. E.; Dichtel, W. R. Macromolecules 2019, 52 (10),3747-3752 and
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3.2 Introduction
The contamination of ground and surface water by per-and polyfluorinated alkyl
substances (PFASs), notably perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid
(PFOS), has emerged as an environmental and health crisis throughout the world.1-2 PFASs are
used in the production of fluoropolymers,3-4 aqueous film-forming foam (AFFF) formulations to
suppress fires,5-6 and many other industrial processes and consumer products.4, 7-8 Because of the
widespread usage of PFOA and PFOS, their ecological persistence, and their noted occurrence in
drinking water resources, several communities in the United States declared states of emergency
for PFOA and PFOS in 2016. Furthermore, although these two contaminants have drawn
significant regulatory and legal attention, there are many other PFASs in use.9 Granular activated
carbon (GAC) is presently used as an adsorbent-of-last-resort in affected communities, but its
intermediate affinity for PFASs makes it expensive to achieve residual aqueous phase
concentrations below the regulatory thresholds.10 GAC is also fouled by natural organic matter
(NOM),11 and regeneration of PFAS-loaded GAC is energy-intensive.12
β-cyclodextrin (β-CD), a macrocycle composed of seven glucose units, forms host−guest
complexes with a variety of PFASs.13 For instance, the association constants of the 1:1 host-guest
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complex between β-CD and PFOA and PFOS are (5.0±0.1)·105 M−1 and (7.0±0.8)·105 M−1
respectively.14 Despite these relatively high association constants, some previous β-cyclodextrinbased polymers remove PFOA poorly, including a β-CD polymer crosslinked by
tetrafluoroterephthalonitrile (TFN-CDP) that rapidly removes many organic chemicals from
water.15-16 Recently we reported a β-cyclodextrin (β-CD)-based polymer network, referred to as
DFB-CDP, that reduces PFOA concentrations from 1 µg L-1 to <10 ng L-1.17 The adsorbent was
not fouled by humic acids, which are major constituents of NOM, and was regenerated and reused
multiple times by washing with MeOH. These characteristics make DFB-CDP a promising
candidate for PFOA remediation. Although DFB-CDP was designed to stabilize β-CD-PFAS
inclusion complexes through secondary noncovalent interactions with the crosslinkers, these
interactions and the effects of crosslinker chemistry on PFASs uptake are not yet understood.
Recently we reported a side reaction during the polymerization of TFN-CDP in which a
fluorine of TFN could be substituted by a hydroxyl group and the resulting phenolated TFN could
be incorporated into the polymer network. More heavily phenolated polymers showed increased
capacity to bind Pb2+ ions and increased binding affinity for 83 micropollutants,18 yet all of the
phenolated TFN-linked polymers had low affinity to anionic PFASs suggesting that phenolation
may not be desired in β-CD polymers designed for PFAS uptake. Here we explore the role of
crosslinker chemistry in modulating the removal of PFOA, PFOS and eight other PFASs. Within
the DFB-CDP family, we explore the role of phenolation on the kinetics and thermodynamics of
PFAS uptake. Noting the large difference in affinity between the DFB-CDP and β-CD polymers
crosslinked by TFN, we also explored β-CD polymers crosslinked by two other chemically distinct
strategies: epichlorohydrin, (EPI-CDP), a commonly studied CD-based adsorbent, and a urethanecontaining methacrylate β-CD network (IEM-CDP) (Scheme 3.1). This broad comparison
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demonstrates that the nature of the crosslinkers plays an important role in PFAS uptake, and the
superior PFASs uptake shown by the DFB-CDP establishes design criteria for further improving
PFASs uptake.
Scheme 3.1. Design and synthesis of five cross-linked β-CD polymers: DFB-CDP-1, DFB-CAP2, DFB-CAP-3, EPI-CDP and IEM-CDP.
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3.3 Results and Discussion
Model Studies. Because DFB-CDP is insoluble, it is difficult to determine the regiochemistry of
the ether linkages and side reactions formed during polymerization. Model reactions of DFB with
n-butanol in anhydrous DMSO imitate the reactions of hydroxyls of β-CD with DFB (Scheme 3.2).
The dominant product observed by

19

F NMR was the 4,4′-dibutyl ether 1a (83.5%), and minor

products include the mono-phenolated 1b (4.9%) and mono-phenolated, mono-butyl ether 2b
(7.7%) (Scheme 3.2). The presence of 2b suggests the possibility of phenolated DFB being
incorporated into the β-CD polymer network.
To control the side reactions and tune the concentrations of phenolated DFB incorporated
into the polymer, we added 5% and 10% water to anhydrous DMSO to favor increased phenolation
(Scheme 3.2). The formation of dibutyl ether 1a is inhibited in reactions 2 and 3 compared with
that in reaction 1, with only 60.8% and 48.3% of 1a being detected after 48 hours (Scheme 3.2).
The phenolated product 2b was formed in increased yield, with 21.4% of 2b in reaction 2 and
35.8% in reaction 3 (Scheme 3.2). These experiments demonstrate that phenolation occurs readily
in the presence of water. This model study suggests that polymerizations conducted with increased
water content will provide DFB-CDP samples with higher amounts of phenolation.
Scheme 3.2 Model reactions between n-butanol and DFB.

Polymer Synthesis and Characterization of DFB-CDPs. To tune the degree of phenolated DFB
incorporated into DFB-CDP polymers while keeping the structure morphology of DFB-CDPs as
similar as possible, we polymerized β-CD and DFB with the same molar feed ratio 1:3 in different
solvents (DMSO: H2O = 100: 0, 95:5, 90:10). After the monomers and K2CO3 were heated in
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solvents at 85oC, the suspensions gelled and were isolated in this form after 40-48h Gels exhibited
darker colors from polymer DFB-CDP-1 to DFB-CDP-3, with the colors ranging from light yellow
to light brown. Elemental analysis results of C, H, and F suggested that DFB-CDPs have similar
crosslinking densities, with β-CD: DFB incorporation ratios ranging from 1:2.5 to 1:2.9 (Table
3.1). Meanwhile, DFB-CDPs had different concentrations of phenolated DFB incorporated into
the polymers. The phenolate concentration in the polymers was determined by deprotonating the
phenols using Li2CO3 and determining the amount of bound Li+ using inductively coupled plasma
optical emission spectroscopy (ICP-OES).18 DFB-CDP-1 has the lowest phenolate concentration
at 0.063±0.008 mmol g-1, which indicates that 4.8±0.6% of DFB incorporated into the polymer is
phenolated. Meanwhile, DFB-CDP-2 and DFB-CDP-3 have similar and much higher phenolate
concentrations incorporated into the polymers, with the values being 0.22±0.011 mmol g-1
(16.1±0.8% phenolated DFB) for DFB-CDP-2 and 0.25±0.018 mmol g-1 (17.4±1.3% phenolated
DFB) for DFB-CDP-3. These results are consistent with the model studies (Scheme 3.2) and
demonstrate a way to control the phenolate concentration in the DFB-CDPs.
Table 3.1. β-CD:Crosslinker Ratio, bound Li+ concentrations and bound phenolate concentrations
in polymer samples

The presence and relative concentrations of phenolates in the polymers were further
confirmed by zeta potential measurements (Table S3.2) and solid-state 19F NMR (Figure S3.3).
The 19F MAS NMR spectrum of as-synthesized DFB-CDP-3 exhibited two broad peaks at -142.4
and -159.2 ppm (Figure 3.1A). These chemical shifts are similar to those found in the 19F NMR
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spectrum of model compound 1a obtained in solution (δ= -142.9 and -159.0 ppm). This
observation indicates that the DFB-CDP polymers are linked mostly by 4,4’-disubstituted
decafluorobiphenyl groups. The spectrum of as-synthesized DFB-CDP-3 also exhibits a shoulder
around -164.0 ppm, which corresponds to the fluorines adjacent to the phenol in the neutral form
of 2b (2b’, δ = -163.3 ppm, Figure S3.1). Upon treatment of DFB-CDP-3 with K2CO3 to
deprotonate the as-synthesized polymer, the chemical shifts of the shoulder shifted to -172.4 ppm,
and a similar shift was observed in the solution spectrum of 2b upon deprotonation (δ = -171.4
ppm, Figure S3.1). These observations suggest that the shoulder corresponds to fluorines on
phenolated aryl rings that are incorporated into DFB-CDP-3. Notably, the shoulder at -172.4 ppm
is much less prominent in the spectrum of the less-phenolated DFB-CDP-1 (Figure 3.1B), which
is consistent with the loadings determined by ICP-OES.

Figure 3.1. 19F MAS NMR of DFB-CDPs at 600 MHz while spinning at 48 kHz. A. 19F MAS
NMR of as-synthesized and deprotonated DFB-CDP-3. Orange trace: As-synthesized DFB-CDP3; Blue trace: DFB-CDP-3-Deprotonated; B. 19F MAS NMR of deprotonated DFB-CDPs. Red
trace: DFB-CDP-1-Deprotonated; Blue trace: DFB-CDP-3-Deprotonated.
PFOA Adsorption in Nanopure Water by DFB-CDPs. The degree of phenolation incorporated
into DFB-CDPs was inversely associated with their PFOA equilibrium removal percentage. The
PFOA removal efficiency of each sample was characterized in a batch experiment using [PFOA]0
85

of 1 µg L−1 in nanopure water, and [DFB-CDP] of 10 mg L−1. Each adsorbent was sieved to
between 20 µm and 45 µm to minimize differences in adsorption behavior that can be attributed to
differences in particle sizes. Each of the DFB-CDPs adsorbs PFOA under these conditions and
exhibits similar adsorption kinetics when comparing the rates of adsorption using Ho and McKay’s
pseudo-second-order adsorption model (Figure 3.2).19 The values of kobs from 0 to 25.5 h are 28.2,
27.4 and 19.7 g mg−1 h−1 for DFB-CDP-1, DFB-CDP-2 and DFB-CDP-3 respectively. DFB-CDP1 removed 86.6±7.1% of PFOA at equilibrium, while DFB-CDP-2 and DFB-CDP-3 exhibited
68.2±1.5% and 65.0±2.1% equilibrium removal of PFOA. The average PFOA removal at
equilibrium was inversely associated to the phenolation levels of DFB-CDPs 1-3. Therefore,
through comparing three DFB-CDPs with similar crosslinking density and morphology, these
experiments demonstrate that the thermodynamics of PFOA uptake by β-CD polymers are
negatively

influenced

by

the

presence

of

phenolates.

Figure 3.2. Kinetics of PFOA adsorption by three DFB-CDPs ([PFOA]0 = 1 µg L–1; [DFB-CDP]
= 10 mg L–1) in nanopure water. Error bars: Standard deviation of 3 experiments.
Polymer Synthesis and Characterization of EPI-CDP and IEM-CDP. Two other β-CD-based
polymers were prepared and evaluated to further understand how crosslinker chemistry influences
PFASs adsorption. Epichlorohydrin-cyclodextrin polymer (EPI-CDP, Scheme 3.1B) was selected
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because it has been studied extensively as an alternative adsorbent and lacks hydrophobic
crosslinkers.20 Another β-CD polymer was prepared by modifying β-CD with 2-isocyanatoethyl
methacrylate (IEM), followed by radical polymerization of the methacrylate groups (IEM-CDP,
Scheme 3.1C). IEM-CDP was designed as a more hydrophobic polymer that lacks perfluoroarene
linkers. Both materials were formed as insoluble, water swellable solids with structural parameters
given in the SI.
PFAS Adsorption Studies. The three DFB-CDPs, EPI-CDP, IEM-CDP were evaluated for their
ability to remove a mixture of ten PFASs with different chain lengths and polar head groups. Six
PFASs are perfluoroalkyl carboxylic acids (PFCAs) with n = 4, 6, 7, 8, 9, and 10 carbons, three
are perfluoroalkyl sulfonates (PFSAs) with n = 5, 7, and 9 backbone atoms, including sulfur from
sulfonic acid groups and the tenth PFAS is an ammonium perfluoroalkyl ether carboxylate
associated with the Chemours GenX process. Batch experiments were performed to evaluate the
equilibrium removal (contact time = 9 hours) of 1 µg L–1 of each PFAS in the presence of each of
the five CD-based adsorbents (10 mg L–1) in a 1 mM phosphate buffer solution at pH 7.5 (Figure
3.3). DFB-CDP-1 performed the best and exhibited more than 70% removal of PFOA, PFNA,
PFDA, PFHxS and PFOS, along with modest removal of some shorter-chain PFASs, with 5–40%
equilibrium removal noted for PFBA, PFHxA, PFHpA, and PFBS. The trend of higher affinity for
longer-chain PFASs was observed for all five β-CD-based polymers, indicating that the
hydrophobic interaction between β-CD-based polymers and PFASs is affecting β-CD-based
polymers’ affinity for PFASs. Likewise, all five β-CD-based polymers exhibited better removal of
perfluorosulfonic acids (PFSA) than perfluorocarboxylic acids (PFCA) with the same carbon
number (except for PFBA and PFBS removal by EPI-CDP), which is consistent with the
adsorption affinity of GAC, anion exchange resins, and other adsorbents for PFASs.21-22 Notably,
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none of the five β-CD-based polymers exhibited significant removal of GenX. Weiss-Errico and
coworkers found that β-CD binds GenX two orders of magnitude more weakly than PFOA because
of GenX’s branched structure (Ka = (7.5±4.3)·102 M−1), which is consistent with the poor removal
of GenX by all five β-CD-based polymers observed here. Furthermore, the observation of poor
GenX uptake suggests that β-CD is involved during the adsorption of the other PFASs.13

Figure 3.3. Equilibrium adsorption of ten PFASs by five β-CD-based polymers in 1 mM pH 7.5
phosphate buffer ([PFAS]0 = 1 µg L–1; [Adsorbent] = 10 mg L–1). Error bars: Standard deviation
of 3 experiments. Bottom row: Backbone atom numbers of each PFAS, including polar head
groups.

Among the three DFB-CDP polymers, DFB-CDP-2 and DFB-CDP-3 exhibited similar and
lower equilibrium removal of several PFAS than DFB-CDP-1, including PFHpA, PFOA, PFNA,
PFBS and PFHxS. This observation is consistent with the 1 µg L–1 PFOA adsorption results in
nanopure water (Figure 3.2) and can be explained by more phenolated DFB incorporated into the
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polymer network of DFB-CDP-2 and DFB-CDP-3 than DFB-CDP-1. The other two β-CD-based
polymers linked with epichlorohydrin (EPI-CDP) and 2-isocyanatoethyl methacrylate (IEM-CDP)
exhibited significantly lower removal for 8 out of 10 PFASs than the three DFB-CDPs, in which
EPI-CDP had the poorest performance and removed no more than 50% of any PFAS at
equilibrium. These results are informative considering that both EPI-CDP and IEM-CDP exhibited
less negative zeta potential values at pH 7.5 than DFB-CDPs, with EPI-CDP being close to neutral,
-1.29±0.55 mV, and IEM-CDP being -9.16±0.43 mV. This suggests that surface charge may be
one important factor, but not the only factor that determines a β-CD-based polymer’s affinity for
anionic PFASs.
To further evaluate the role of surface charge on PFAS uptake, we repeated the PFAS
experiments in a 1 mM phosphate buffer solution at pH 5.5. The surface charge of four of the five
polymers (all except for EPI-CDP) became less negative at pH 5.5. All β-CD-based polymers
exhibited improved removal for the majority of the PFASs at pH 5.5 than at pH 7.5 (Figure S3.8).

Figure 3.4. Comparison of equilibrium removal % for (A) PFOA and (B) PFHxS by five β-CDbased polymers at pH 7.5 (blue) and 5.5 (red). ([PFAS]0 = 1 µg L–1; [Adsorbent] = 10 mg L–1;
Matrix: 1 mM phosphate buffer). Error bars: Standard deviation of 3 experiments.
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Figure 3.4 shows the comparison of equilibrium removal percentage of PFOA and PFHxS
at pH 7.5 and pH 5.5 among the five polymers. Each polymer exhibited a broad-spectrum increase
of PFAS removal when the pH was lowered from 7.5 to 5.5. The performance gain was largest for
polymers that exhibited relatively poor removal of a particular PFAS at pH 7.5. For example,
among the three DFB-CDPs, the increase in removal of PFOA at pH 5.5 was greater for DFBCDP-2 and DFB-CDP-3. Similarly, the increase in removal of PFHxS at pH 5.5 was greater for
DFB-CDP-2 and DFB-CDP-3. This further demonstrates the role that polymer surface charge
plays in the removal of PFASs among structurally similar β-cyclodextrin polymers. The
performance of the EPI-CDP polymer also increased at pH 5.5 despite more subtle changes in the
surface charge. For example, the surface charge of EPI-CDP is -1.29±0.55 mV and -0.87±0.23 mV
at pH 7.5 and 5.5, respectively. These results suggest that the enhanced removal of PFASs at lower
pH is not only due to the protonation of β-CD-based polymers’ functional groups, but other factors
such as the chemical nature of the PFAS. Moreover, despite the fact that EPI-CDP exhibited better
removal of PFAS at pH 5.5, the performance of EPI-CDP remains modest, with removal of all
PFAS except PFOS remaining less than 50% (Figure S3.8). This further demonstrates that other
properties of β-CD-based polymers are affecting their affinity to PFAS besides surface charge.
Taken together, our data suggests that an optimized microenvironment around β-CD is essential
for maximum affinity for PFASs, which is the combination of crosslinker chemistry, crosslinking
density,17 and surface charges.
3.4 Conclusions
Three decafluorobiphenyl β-CD crosslinked polymers with similar crosslinking density
and different amounts of phenolated decafluorobiphenyl incorporated into the polymer network
were synthesized. Both zeta potential measurement and 19F MAS NMR of the three polymers are
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consistent with the presence and concentrations of phenolated crosslinkers in the polymer network.
DFB-CDP-1, the polymer with the lowest phenolate concentration, exhibited the highest affinity
for PFOA in nanopure water, and for 10 PFASs in buffered solutions as well. These findings
suggest that negative charges around β-CD hinder the capture of negatively charged PFASs. Two
other β-CD-based polymers with different crosslinkers, epichlorohydrin and 2-isocyanatoethyl
methacrylate, were synthesized and showed inferior affinity compared to DFB-CDPs for 8 out of
10 PFASs. This finding indicates that other properties of β-CD-based polymers besides zeta
potential will affect their affinity for PFASs, such as the chemical nature of the crosslinker and the
crosslinking density. Finally, this study demonstrates that the affinity of β-CD-based polymer
adsorbents to certain micropollutants can be tuned through the judicious modification of their
composition.
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I. Materials and Instrumentation
A. Materials.
Reagents for the synthesis of DFB-CDPs: Potassium carbonate (anhydrous, 99%, freeflowing) was purchased from Sigma-Aldrich and dried at 120 ̊C before use. Dimethyl sulfoxide
(DMSO, anhydrous, ≥99.9%) was purchased from Sigma-Aldrich. 4Å molecular sieves (Grade
514) were purchased from Fisher Chemical and activated at 170 ̊C under high vacuum overnight.
β-cyclodextrin (β-CD, ≥97%) was purchased from Sigma-Aldrich and stored in the dessicator.
Decafluorobiphenyl (DFB, 99%) was purchased from Sigma-Aldrich and used without further
purification.
Reagents for the synthesis of EPI-CDP: Epichlorohydrin (99%) was purchased from
Sigma-Aldrich and used without further purification. Sodium hydroxide (Pellets/Certified ACS)
was purchased from Fisher Chemical and used without further purification.
Reagents for the synthesis of IEM-CDP: All chemicals and solvents were purchased from
Sigma-Aldrich (St. Louis, MO) and used without further purification, unless otherwise noted. 2Isocyanatoethyl methacrylate was purchased from TCI America and used without further
purification. Food grade β-CD was supplied by Wacker Chemie AG (Charleston, TN) and dried at
80 ̊C under high vacuum before use. Dry dimethyl formamide (DMF) was obtained using an
MBRAUN MB solvent purification system manufactured by M. Braun Inertgas-Systeme GmbH
(Garching, Germany) using HPLC grade solvent.
Reagents for model reactions: Dimethyl sulfoxide-d6 (DMSO-d6, 99.9 atom% D) was
purchased from Cambridge Isotope Laboratories and used without further purification. n-BuOH
(Certified ACS) and anhydrous α,α,α-trifluorotoluene (≥99%) were purchased from Sigma94

Aldrich and used without further purification. Dimethyl sulfoxide (DMSO, anhydrous, ≥99.9%)
was purchased from Sigma-Aldrich.
Reagents for zeta potential measurements: 0.1 M phosphate buffer solution (pH 7.5 at
25 ̊C) was purchased from Sigma-Aldrich and then diluted to 10 mM with nanopure water.
Reagents for the quantification of phenolates by ICP-OES: Lithium ICP standard solution
(1006 ± 2 µg/mL Lithium, 0.1% (v/v) HNO3) was purchased from Inorganic Ventures and used
without further purification. Nitric acid (70%, Purified by redistillation, ≥99.999% trace metals
basis) and hydrogen peroxide (≥30%, for ultratrace analysis) were purchase from Sigma-Aldrich
and used without further purification.
Reagents for PFOA study: Aqueous solutions of perfluorooctanoic acid (PFOA) were
prepared using Milli-Q H2O. Pollutant model compound PFOA (96%) was purchased from SigmaAldrich and stored in the dessicator.
Reagents for PFAS panel study: Ten perfluorinated alkyl substances (PFAS) were acquired
from Sigma-Aldrich (PFBA, PFHpA, PFOA, PFNA), TCI (PFHxA, PFBS), Alfa Aesar (PFDA),
Santa Cruz Biotechnology (PFHxS, PFOS) and SynQuest Laboratories (GenX). Stock solutions
of PFBA, PFOA, PFBS, PFHxS, PFOS, GenX were prepared in 100% methanol. Stock solutions
of PFHxA, PFHpA, PFNA, and PFDA were prepared in 96% methanol and 4% HPLC-grade
water. All stock solutions were prepared at 1 g L-1. A mixture of all ten PFASs was prepared at a
concentration of 1 mg L-1 in nanopure water.
B. Instrumentation.
Quantification of PFOA (50 ng L-1 to 1000 ng L-1) from the adsorption studies in nanopure
water was performed by means of Agilent 1200 Series high performance liquid chromatography
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coupled with a ESI-ion trap mass spectrometer Bruker Amazon X (USA). The mobile phase
consisted of (A) Milli-Q water and (B) HPLC-grade methanol:water = 85:15 (Sigma-Aldrich,
USA), each amended with 10 mM ammonium acetate (Sigma-Aldrich, USA). Samples were
injected at 20 µL volumes and were loaded onto an ZORBAX Eclipse Plus (Agilent, Santa Clara,
CA) C-18 column (Narrow Bore RR, 2.1 mm x 50 mm, particle size 3.5 µm) with a loading pump
delivering 400 µL min-1 of a mobile phase consisting of 85% B. The column temperature was held
constant at 40 °C. The HPLC-MS was operated with electrospray ionization in negative polarity
mode. MS/MS was operated and mass transition was 168.8 (412.8→368.9) or 412.8→368.9 for
PFOA (Fragment ion 168.8 (412.8→368.9) was chosen when m/z at 412.8→368.9 gave low S/N
ratio). Matrix-matched calibration standards (n = 7) were prepared with concentrations ranging
between 50 ng L-1 to 1000 ng L-1 for external calibration. Analytes were quantified from calibration
standards based on the PFOA responses by linear least-squares regression. Calibration curves were
run at the beginning of the analytical run. Instrument blanks were run before and after the
calibration curve and every 9 samples.
Quantification of PFAS from the adsorption studies at [PFAS]0= 1 µg L–1 in 1 mM
phosphate buffer was conducted using large volume injection and high performance liquid
chromatography (LC) coupled with a quadrupole-orbitrap mass spectrometer (QExactive,
ThermoFisher Scientific). Briefly, the mobile phase consisted of (A) Milli-Q water amended with
20 mM ammonium acetate and (B) HPLC-grade methanol. Samples were injected at 5 mL volumes
onto a Hypersil Gold dC18 12 µm 2.1 x 20 mm trap column (ThermoFisher Scientific) and were
eluted onto an Atlantis dC18 5 µm 2.1 x 150 mm analytical column (Waters) with a gradient pump
delivering 300 µL min-1 of a mobile phase gradient starting at 40% B. The column temperature
was held constant at 25 ̊C. The HPLC-MS was operated with electrospray ionization in negative
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polarity mode. Matrix-matched calibration standards (n = 9) were prepared with concentrations
ranging between 0 ng L–1 to 1000 ng L–1 for external calibration. Analytes were quantified from
calibration standards based on the PFAS responses by linear least-squares regression. Calibration
curves were run at the beginning of the analytical run. Instrument blanks were run before and after
the calibration curve and each batch of triplicate samples.
Infrared spectroscopy was performed on a Thermo Nicolet iS10 with a ZnSe crystal ATR
attachment.
Elemental analysis was performed by Robertson Microlit Laboratories. Carbon, hydrogen,
and nitrogen were quantified by combustion analysis and Fluorine elemental analysis was done by
ion-selective electrode methodology.
Zeta potential measurements were performed on a Nano Zetasizer (Malvern Instruments
Ltd.) with a He-Ne laser (633 nm, Max 5 mW).
Solution

19

F NMR was performed on an Agilent DD2 500 MHz system. (Integrated

Molecular Structure Education and Research Center)
Solid state 19F NMR was performed on a Bruker 600 MHz 89 mm system (National High
Magnetic Field Laboratory, FL). 600 MHz 1.3 mm Fast MAS probe, 1H–X (Bruker H13755) was
used. 1D 19F MAS NMR analysis was performed and the spinning rate was 48 kHz, with 1024
scans per sample. Spectra was referenced by external reference at -61.5 ppm.
II. Synthetic Procedures
A. Polymer Synthesis
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Synthesis Procedure for DFB-CDP-1: Anhydrous DMSO was dried with activated 4Å
molecular sieves before use. An oven-dried 15 mL heavy-wall pressure vessel equipped with a
cylindrical magnetic stir bar was charged with β-CD (0.400 g, 0.352 mmol), DFB (0.353 g, 1.056
mmol), and K2CO3 (0.613 g, 4.435 mmol). The vessel was then bubbled with N2 gas for 5 min.
Anhydrous DMSO was added to the vial and N2 gas was purged into the vial for 10 min. The
vessel was placed on a hot stirring plate (85 °C) and stirred at 600 rpm for 40 hours. The gel was
cooled and then packed into a teabag, and the solid was activated by soxhlet extraction by H2O for
30 hours and by methanol for 1 day. Finally, the gel was dried under vacuum at room temperature
overnight, then dried in vacuum oven at 90 °C overnight. DFB-CDP-1 (0.552 g, 73.3% yield) was
obtained as a white powder and subsequently characterized. Elemental analysis: C, 41.2; H, 3.84;
F, 20.14. IR (ATR): 3404.45 (O-H stretch), 2930.20 (Aliphatic C-H stretch), 1650.63 (Aromatic
C=C stretch), 1485.91, 1370.40, 1088.14, 1024.77 (C-O stretch), 979.17, 858.34, 726.10 cm-1.
SBET: No value could be generated because of non-porosity.
Synthesis Procedure for DFB-CDP-2: A 20 mL scintillation vial equipped with a magnetic
stir bar was charged with β-CD (0.400 g, 0.352 mmol), DFB (0.353 g, 1.056 mmol), K2CO3 (0.613
g, 4.435 mmol) and 9.5 mL anhydrous DMSO, 0.5 mL Milli-Q water. The vial was placed on a
hot stirring plate (85 °C) and stirred at 600 rpm for 48 hours. The vial was cooled and the crude
was filtered and neutralized by 1M HCl, then the solid was washed by soaking in deionized H2O
(2 x 50 mL) for 30 min, THF (1 x 50 mL) for 30 min, and CH2Cl2 (1 x 50 mL) for 30 min. Finally,
the gel was dried under vacuum at room temperature overnight, then dried in vacuum oven at 90
°C overnight. DFB-CDP-2 (0.485 g, 64.4% yield) was obtained as a white powder and
subsequently characterized. Elemental analysis: C, 43.8; H, 3.61; F, 20.8. IR (ATR): 3394.65 (OH stretch), 2929.51 (Aliphatic C-H stretch), 1651.27 (Aromatic C=C stretch), 1485.32, 1372.23,
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1088.90, 1023.58 (C-O stretch), 847.55, 725.33 cm-1. SBET: No value could be generated because
of non-porosity.
Synthesis Procedure for DFB-CDP-3: A 20 mL scintillation vial equipped with a magnetic
stir bar was charged with β-CD (0.400 g, 0.352 mmol), DFB (0.353 g, 1.056 mmol), K2CO3 (0.613
g, 4.435 mmol) and 9 mL anhydrous DMSO, 1 mL Milli-Q water. The vial was placed on a hot
stirring plate (85 °C) and stirred at 600 rpm for 48 hours. The vial was cooled and the crude was
filtered and neutralized by 1M HCl, then the solid was washed by soaking in deionized H2O (2 x
50 mL) for 30 min, THF (1 x 50 mL) for 30 min, and CH2Cl2 (1 x 50 mL) for 30 min. Finally, the
gel was dried under vacuum at room temperature overnight, then dried in vacuum oven at 90 °C
overnight. DFB-CDP-3 (0.439 g, 58.2% yield) was obtained as a white powder and subsequently
characterized. Elemental analysis: C, 44.8; H, 3.41; F, 21.8. IR (ATR): 3381.53 (O-H stretch),
2928.53 (Aliphatic C-H stretch), 1651.09 (Aromatic C=C stretch), 1484.17, 1370.94, 1086.98,
1019.24 (C-O stretch), 861.05, 724.43, 663.90 cm-1. SBET: No value could be generated because of
non-porosity.
Synthesis Procedure for EPI-CDP: β-CD (2.996 g, 2.64 mmol) was dissolved in aqueous
NaOH (1.25 g, 31.25 mmol NaOH in 5.00 mL Milli-Q water) at 60 °C. Epichlorohydrin (2.50 mL,
32.4 mmol) was added to this solution dropwise while stirring vigorously at 60 °C. The mixture
turned into a yellow gel within 1 hour, after which 10 mL of deionized H2O was added, and the
mixture was filtered on a Büchner funnel. The solid was washed by soaking in deionized H2O (2
x 100 mL) for 0.5 hour, THF (1 x 100 mL) for 30 min, acetone (1 x 100 mL) for 30 min, and
CH2Cl2 (1 x 100 mL) for 15 min. The solid was finally dried under high vacuum at room
temperature for 24 hours to give EPI-CDP (3.01 g, 50.2 % yield) as a white powder. Elemental
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analysis: C, 46.06; H, 6.68. IR (ATR): 3393.44 (O-H stretch), 2879.64 (Aliphatic C-H stretch),
1361.13, 1027.43 (C-O stretch), 855.11, 730.50, 699.80 cm-1. SBET: 3.99 m2 g-1.
Synthesis Procedure for IEM-CDP:
Monomer β-cyclodextrin-isocyanatoethyl methacrylate (IEM-CD): Anhydrous βcyclodextrin (5.83 g, 5.14 mmol) was weighed and stirred in 41 mL anhydrous DMF in a 250 mL
round bottom flask at 80 °C until completely dissolved to give a clear solution. Subsequently,
isocyanatoethyl methacrylate (IEM, 2.39 g, 15.42 mmol), dibutyltin dilaurate (DBTDL, 107 mg),
and dibutylhydroxytoluene (BTH, 20 mg) were added and the reaction mixture was allowed to stir
at room temperature for 48 hours. Afterward, the solution was slowly poured into 700 mL toluene
followed by filtration of the resulting precipitates. The filtrates were washed with toluene and dried
under vacuum to yield the IEM-CD monomer with near-quantitative yield (>95%).
Poly (β-cyclodextrin-isocyanatoethyl methacrylate) (IEM-CDP): The IEM-CD monomer
(1.02 g) and 10 wt% AIBN initiator (102 mg, 0.62 mmol) were dissolved in 3 mL DMF and 1 mL
THF in a 20 mL vial equipped with a stirring bar. The reaction vessel was degassed by three freezepump-thaw cycles and then placed in a preheated oil bath at 80 °C and allowed to vigorously stir
overnight. After 14 hours, the solids were washed with THF (2 x 5 mL), EtOAc (2 x 5 mL), DMF
(2 x 5 mL), and H2O (3 x 5 mL) via centrifugation. Finally, the isolated product was lyophilized
for 48 hours to yield IEM-CDP polymer as a white powder with near-quantitative yield (>90%).
Elemental analysis: C, 44.65; H, 6.24; N, 2.91. IR (ATR): 3373.37 (O-H stretch), 2931.84
(Aliphatic C-H stretch), 1708.12 (C=O stretch), 1530.32, 1255.61, 1153.74, 1028.40 (C-O stretch),
844.94, 759.29 cm-1. SBET: 3.36 m2 g-1.
B. Model Reactions
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Due to the addition of water to DMSO in model reaction 2 and 3 (Scheme 2), the solubility
of non-polar 1a in the solution decreased and part of 1a precipitated after the reactions were cooled
to room temperature. We analyzed the products in aqueous phase and solid phase separately to
keep track of the conversion of DFB.
Substitution of DFB with n-BuOH: DFB (0.353 g, 1.056 mmol) and K2CO3 (0.613 g, 4.435
mmol) were added to a flame-dried, 20 mL scintillation vial equipped with a magnetic stir bar. To
Model reaction 1) Anhydrous DMSO (10 mL); 2) Anhydrous DMSO (9.5 mL) and H2O (0.5 mL);
3) Anhydrous DMSO (9 mL) and H2O (1 mL) were then added and the vial was purged with N2
for 10 min. n-BuOH (0.226 mL, 2.464 mmol) was added and the vial was stirred at 85 °C. 40-48
hours later (40 hours for model reaction 1, 48 hours for model reaction 2 and 3), the vial was
cooled down to room temperature and sonicated to get a good suspension, aliquots (1 mL) were
taken and centrifuged, the supernatant and the sediment were separated. The supernatant was
marked as 1/2/3-Liquid phase, it was then mixed with DMSO-d6 and 5 mg α,α,α-trifluorotoluene.
The sediment was mixed with 1 mL DMSO-d6 and sonicated for 5 minutes to get products residuals
in the solid phase dissolved into the liquid phase, the suspension was centrifuged and the
supernatant was labeled as 1/2/3-Solid phase, which was mixed with 5 mg α,α,α-trifluorotoluene.
These solutions were characterized by

19

F NMR spectroscopy. α,α,α-Trifluorotoluene was

employed as an internal standard to quantify fluorinated species using 19F NMR spectroscopy. 19F
NMR Chemical shift (ppm): 1a: δ=-143.01 (4F), -159.09 (4F); 1b: δ=-142.13 (2F), -151.20 (2F),
-158.02 (1F), -165.36 (2F), -171.37 (2F); 2b: δ=-143.60 (2F), -151.30 (2F), -160.32 (2F), -171.40
(2F); 3b: δ=-151.10 (4F), -171.97 (4F). Splitting patterns and detailed assignment of fluorine peaks
of 1a, 1b, 2b could be found in a previous report.1 Detailed 19F-NMR spectra of 3b is shown in
Figure S3.2. Percentages of these species in the reaction crudes were listed in Table S3.1.
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Table S 3.1. Percentages of 1a, 1b, 2b, 3b in model reaction 1-3.

Acidification of Model Reaction 3-Liquid phase: 100 µL 1 M HCl was added to 0.5 mL of
model reaction 3-Liquid phase and pH was adjusted to 1. 0.2 mL DMSO-d6 was added to the
acidified model reaction 3-Liquid phase. The acidified crude was centrifuged and supernatant was
mixed with α,α,α-trifluorotoluene. The solution was then characterized by 19F NMR spectroscopy.
The chemical shift changes of 2b before and after the acidification are shown in Figure S3.1. 19F
NMR Chemical shift (ppm): 2b: δ = -143.6 (2F), -151.3 (2F), -160.3 (2F), -171.4 (2F); 2b’: δ=143.2 (2F), -144.4 (2F), -159.3 (2F), -163.3 (2F).
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Figure S3.1. 19F NMR spectra (500 MHz, DMSO-d6) with peaks labeled for 2b and 2b’ (from
model reaction 3-Liquid phase).
Formation and Identification of 3b: DFB (0.353 g, 1.056 mmol) and K2CO3 (0.613 g, 4.435
mmol) were added to a flame-dried, 20 mL scintillation vial equipped with a magnetic stir bar. To
model reaction 4) Anhydrous DMSO (5 mL) and H2O (5 mL) were then added and the vial was
purged with N2 for 10 min. n-BuOH (0.226 mL, 2.464 mmol) was added and the vial was stirred
at 85 °C. 40 hours later, the vial was cooled down and sonicated to get nice suspension, aliquots
(1 mL) were taken and centrifuged. 0.5 mL of the supernatant was mixed with DMSO-d6 and α,α,αtrifluorotoluene, marked as 4-Liquid phase. The solution was characterized by
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F NMR

spectroscopy and one of the major products is 3b. The fluorine peaks of 3b are assigned in Figure
S3.2. 19F NMR Chemical shift (ppm): 3b: δ = -150.79 (4F), -170.28 (4F) (The chemical shifts of
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fluorine peaks of 3b in this reaction were slightly different from those of 3b in model reaction 1-3
due to solvent effects).

Figure S3.2. 19F NMR spectra (500 MHz, DMSO-d6) with peaks labeled for 3b (from model
reaction 4-Liquid phase).

III. Materials Characterization
A. Solid state 19F NMR of DFB-CDP.
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Figure S3.3. 19F MAS NMR of deprotonated and as-synthesized DFB-CDPs.

B. FT-IR of β-CD Polymers
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Figure S3.4. FT-IR (ATR) of as-synthesized DFB-CDPs. (Green: DFB-CDP-3; Blue: DFB-CDP2; Purple: DFB-CDP-1.)
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Figure

S3.5.

FT-IR

(ATR)

of

Figure S3.6. FT-IR (ATR) of as-synthesized EPI-CDP.
C. Zeta Potential Studies of β-CD Crosslinked Polymers
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as-synthesized

IEM-CDP.

The zeta potentials of β-CD polymers at pH 5.5 and 7.5 were determined with 100 mg/L
polymer in 9 mM phosphate buffer at 25 oC, and the pH at 5.5 was adjusted by concentrated
hydrochloric acid. Zeta potential measurements were performed on a Nano Zetasizer (Malvern
Instruments Ltd.) with a He-Ne laser (633 nm, Max 5 mW). Five β-CD polymers were tested,
including EPI-CDP, IEM-CDP and DFB-CDPs.
10 mg of each polymer was added to a 20 mL scintillation vial with 10 mL Milli-Q water
to yield a 1 g/L suspension and then sonicated for 1 minute to disperse small aggregates and then
stirred on a stirrer for 24 hours at 500 rpm. 1 mL of the 1 g/L suspension was added to a 20 mL
polypropylene vial with 9 mL 10 mM phosphate buffer (pH at 5.5 or 7.5), and then stirred on a
stirrer for 4 hours at 500 rpm. The pH of the 100 mg/L polymer suspension in 9 mM phosphate
buffer was measured by pH meter after 4-hour stir. Before each measurement of the zeta potential,
the polymer suspension was shaken and 1 mL aliquot was transferred to folded capillary cell. Each
sample was measured in triplicate.
Table S3.2. Zeta potential values of five β-CD polymers at pH 5.5 and 7.5.

D. Phenolation Studies of β-CD Crosslinked Polymers
The concentrations of phenolated crosslinker in the DFB β-CD polymers were determined
by acidification by HCl, deprotonating the phenolated crosslinker with concentrated Li2CO3, then
digesting the polymers and analyzing the concentrations of Li+ by ICP-OES. Since one phenolated
crosslinker binds with one Li+, the concentration of the phenolated crosslinker could be calculated
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based on [Li+]. Li+ binding by EPI-CDP and IEM-CDP were also quantified using the same
procedure.
150 mg of each polymer was suspended in 15 mL 1 mol L-1 HCl for 30 minutes, filtered
and washed copiously with 30 mL Milli-Q water. These samples were dried in a vacuum oven at
90 °C for 12 hours. Dried samples (25 mg, triplicate of each polymer) were then mixed in a
concentrated Li2CO3 (12 g L-1, 2.5 mL) solution for 30 minutes. These samples were then filtered
and washed with Milli-Q water (5 mL) on the filter cake to wash out excess Li2CO3. The samples
were dried in a vacuum oven at 90 °C for 12 hours. Transfer the samples to the microwave tubes
and measure the mass of the solid transferred. The samples were then digested in HNO3 (70%, 8
mL) and H2O2 (30%, 2 mL) in a microwave at 180 °C (10 min ramp, 30 min hold, 30 min
exhaustion).
The clear solutions (1 mL) of digested samples were diluted with 9 mL Milli-Q water and
injected into ICP-OES for Li+ quantification. After second oven drying, every transfer of the mass
of the solid, solutions and dilutions were taken for accuracy. Six calibration standards of Li+ with
same matrix as diluted digested samples were prepared. The concentrations of standards from 1 to
6 are: 10, 5, 2.5, 1.25, 0.625, 0.3125 ppm. The mass of the standards was measured after the
addition of each reagent so that the accurate concentrations of standards could be calculated based
on mass.
Table S3.3. Volumes of reagents in serial dilution of Li+ standards 1-6.
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IV. Batch Adsorption Studies
A. PFOA adsorption studies by DFB-CDPs in Milli-Q water
The batch adsorption experiments at 1 µg L-1 PFOA by DFB β-CD polymers were
performed in 20 mL Kimble Chase™ polypropylene scintillation vial at 23-24 °C on a stirring
plate with the stirring rate at 500 revolutions per minute (rpm). The adsorbent dose was 10 mg L1

and PFOA stock solution was spiked to generate an initial concentration of 1 µg L-1.
Prior to PFOA adsorption experiments, vacuum-dried adsorbents were rehydrated. 10 mg

of sieved adsorbent (DFB-CDPs, 20 µm < particle size < 45 µm) was added to a 20 mL scintillation
vial with 10 mL Milli-Q water to yield a 1 g L-1 suspension. The suspension was sonicated for 1
minute to disperse small aggregates and then stirred on a stirrer for 1 hour at 500 rpm. After 1 hour
stir, 2 mL 1 g L-1 suspension was added into a 20 mL scintillation vial with 18 mL Milli-Q water
to yield a 100 mg L-1 suspension and then stirred on a multi-position stirrer for 1 hour at 500 rpm.
Following this procedure, 2 mL 100 mg L-1 suspension and PFOA solution (1 mL, 20 µg L-1) were
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added into a 20 mL polypropylene vial with 17 mL Milli-Q water to yield a 10 mg L-1 polymer
suspension with [PFOA]0= 1 ug L-1 and then stirred on a multi-position stirrer at 500 rpm. Samples
were collected in 1 mL volumes at predetermined sampling times (0.5, 1, 2, 4, 6, 20, 25.5 h) and
filtered with 0.22 µm cellulose acetate syringe filters. Control experiments to account for PFOA
losses were performed in the same condition at 20 and 25.5 h with no addition of adsorbent. All
batch kinetics experiments (including controls) were performed in triplicate. Samples were
collected in 1 mL volumes and analyzed by HPLC-MS.
The efficiency of pollutant removal by the sorbent was determined by Eq. S1:
Equation S1:
𝑀𝑃 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 =

𝐶? − 𝐶@
∗ 100
𝐶?

where C0 (µg L-1) and Ct (µg L-1) are the initial and residual concentration of pollutant in the
stock solution and filtrate, respectively.
The amount of pollutant bound to the sorbent was determined by Eq. S2:
Equation S2:
𝑞@ =

𝐶? − 𝐶@
𝐶E

where qt (mg g-1) is the amount of a micropollutant adsorbed on the solid phase at any time t (h);
C0 (µg L-1) is the average concentration of a MP in the samples of the control experiments; Ct (µg
L-1) is the concentration of a MP in the liquid phase at any sample time t (h); and CA (mg L-1) is
the concentration of adsorbent. The batch kinetics of each adsorbent can then be described with
Ho and McKay’s pseudo-second-order adsorption model2 in a linearized form as Eq. S3:
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Equation S3:
𝑡
𝑡
1
= +
𝑞@ 𝑞G 𝑘IJK 𝑞G(
where qe (mg g-1) is the amount of a MP adsorbed on the solid phase at equilibrium; and kobs (g
mg-1 h-1) is the rate constant of adsorption, which was calculated from 0 to 25.5 h. In Figure S3.7,
the slope of each plot corresponds to 1/qe, while the intercept corresponds to 1/(kobsqe2).

Figure S3.7. t/qt as a function of time according to pseudo-second order model given in Equation
S3: A) DFB-CDP-1; B) DFB-CDP-2; 3) DFB-CDP-3.
B. Ten PFAS Adsorption Study by Five β-CD Polymers
The batch experiments at 1 µg L–1 of PFASs were performed in 125 mL polypropylene
flasks with magnetic stir bars. The experiments were conducted at 23 °C on a stirring plate with
the stirring rate at 500 revolutions per minute (rpm). The adsorbent dose was 10 mg L–1 and the
PFAS mixture solution was spiked to generate an initial concentration of each PFAS at 1 µg L–1.
The matrix was 100 mL of 1 mM phosphate buffer at either pH 7.5 or pH 5.5. Prior to experiments,
vacuum-dried adsorbents were rehydrated as previously described. Samples were collected in 8
mL volumes at 9 hours and filtered with a 0.45 µm cellulose acetate filter (Restek), spiked with
isotope labelled internal standards (13C8-PFOA and 13C8-PFOS), and measured by means of LC-
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MS as previously described. Separate matrix-matched calibration curves were prepared at each
pH. Control experiments to account for PFAS losses were performed at the same condition except
for the addition of adsorbents. All batch experiments were performed with triplicates.

Figure S3.8. Equilibrium adsorption of 10 PFAS by five β-CD-based polymers in 1 mM pH 5.5
phosphate buffer ([PFAS]0 = 1 µg L–1; [Adsorbent] = 10 mg L–1). Error bars: standard deviation
of 3 experiments. Bottom row: Backbone atom numbers of each PFAS, including polar head
groups.
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CHAPTER FOUR
BENZENE REMOVAL BY A POROUS 4-TERT-BUTYLCALIX[4]ARENE POLYMER
NETWORK
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4.1 Abstract
Aromatic compounds, such as benzene, toluene, ethylbenzene, and xylenes (BTEX),
impact air quality around the world. Here we report a high-surface-area 4-tert-butylcalix[4]arene
(CA4)-based polymer with high capacity for benzene adsorption. The CA4-based polymer was
synthesized in one step and exhibited 5.83 mmol/g maximum capacity and an isosteric heat of
adsorption of 54.4 kJ/mol for benzene. The polymer’s high binding energy for benzene is attributed
to the host-guest chemistry between benzene and CA4 cavity based on dispersion-corrected DFT
simulations that suggest strongest binding interactions with the calixarene groups. The uptake
performance for three other hydrocarbons including propane, n-butane, n-hexane, and
perfluorohexane was investigated as well to further understand the binding energies of the CA4based polymer to different analytes.
This work was performed in collaboration with Yijun Liao and Prof. Josep T. Hupp in the
Department of Chemistry at Northwestern University, and Haoyuan Chen and Prof. Randall Q.
Snurr in the Department of Chemical and Biological Engineering at Northwestern University.
4.2. Introduction
The presence of volatile organic compounds (VOCs) in air resources has raised concerns
over potential negative effects on ecosystems and human health. One group of the most hazardous
VOCs is BTEX, which includes the aromatic compounds benzene, toluene, ethylbenzene and
xylenes. Major sources of BTEX released into the environment are the petroleum and chemical
industries, vehicle exhaust, coal and biomass combustion.1 VOC exposure is associated with
adverse health effects on lymphatic, hepatic, hematopoietic, nervous and renal systems.2-3 The
U.S. Environmental Protection Agency (EPA) considers benzene as a human carcinogen by all
routes of exposure,4 and a consistent link between benzene and one subtype of leukemia was
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identified by an epidemiologic literature review.5 Therefore, efficient methods to remove benzene
from air are needed to address this environmental problem.
Calix[n]arenes are macrocycles with a variable number of phenol units linked by
methylene bridges at the 2 and 6 positions.6 They are produced via condensation reactions from
inexpensive and readily available reagents such as phenols and aldehydes, and calixarenes
containing four phenols are the most common.7 They possess a three-dimensional π-electron rich
cavity capable of forming host-guest complexes with small organic molecules, including aromatic
hydrocarbons，8 as well as n-butylammonium9 and guanidinium ions.10 In particular, 4-tertbutylcalix[4]arene (CA4) binds to aromatic compounds selectively and has been used to sense
trace polycyclic aromatic hydrocarbons (PAHs).8,

11-12

The lower rim of the CA4 cavity is

surrounded by polar hydroxyl groups, and bulky, nonpolar tert-butyl groups decorate the upper
rim. Each of these positions can be functionalized to enhance analyte selectivity or facilitate
polymerization.13 Thus far, the polymerization of CA4 has mostly been conducted through the
upper rim, which first requires multiple synthetic transformations to introduce polymerizable
groups.13-15 Moreover, CA4-based polymers are underexplored as adsorbents for VOCs.16 We
hypothesized that the phenols of CA4 might be polymerized with hydrophobic crosslinkers in a
single step, reminiscent of our prior work on porous cyclodextrin polymers. introducing CA4 into
such a rigid, hydrophobic structure might offer high affinities for binding benzene from the vapor
phase. Here we report a high-surface-area CA4-containing polymer crosslinked with a
hydrophobic perfluoroarene, decafluorobiphenyl (DFB). The polymer DFB-CA4P exhibits high
capacity for benzene compared with n-alkanes, and detailed characterization on the polymer are
conducted to understand the role of CA4 with regard to the performance of DFB-CA4P.
4.3 Results and Discussion
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Scheme 4.1 Synthesis of DFB-CA4P from CA4 and DFB.

Polymer Synthesis and Characterization of DFB-CA4Ps. The nucleophilic substitution of
decafluorobiphenyl (DFB) by 4-tert-butylcalix[4]arene (CA4) provided the crosslinked polymer
network DFB-CA4Ps (Scheme 4.1). The molar feed ratio of CA4:DFB was 1:2 to maintain
stoichiometric balance between the phenols and most reactive fluorines at the 4 and 4ʹ positions of
the DFB. After the monomers and NaH were heated in anhydrous DMF at 30 oC, the suspension
gelled and was isolated in this form after 48 hours. After acidification, soxhlet extraction and
solvent removal by supercritical CO2, the gel was dried in vacuum oven at 90 oC , which yielded
the DFB-CA4P polymer in 68% yield. The permanent porosity of DFB-CA4P was measured by
N2 adsorption isotherms at 77K (Figure 4.1A), which provided a Brunauer-Emmett-Teller (BET)
surface area of 620 m2/g. Non-local density functional theory (NLDFT) calculations applied to the
N2 isotherm indicate that DFB-CA4P exhibits a wide distribution of micropores and mesopores
(Figure 4.1B), with the smallest pore at 12.4 Å determined by N2 adsorption isotherm. To gain
further insight into the micropores of DFB-CA4P and characterize the presence of the CA4 cavity,
we conducted CO2 adsorption isotherm at 273 K.17 Figure 4.1C shows the micropore distribution
of DFB-CA4P, and two major micropores are determined to be 5.59 and 8.21 Å, which
corresponds well to the size of the CA4 cavity measured from its crystal structure (see SI for
detailed information).
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Figure 4.1. A) N2 adsorption isotherm of DFB-CA4P measured at 77 K; B) Cumulative surface
area as a function of pore size of DFB-CA4P derived from NLDFT calculations on nitrogen
adsorption isotherm; C) Incremental surface as a function of pore size of DFB-CA4P derived from
DFT calculations on CO2 adsorption isotherm.
FTIR spectroscopy and solid-state 13C Magic-Angle-Spinning (MAS) NMR of DFB-CA4P
suggested that the polymer is comprised of DFB and CA4 moieties. On the FT-IR, bands at 2958
cm-1 correspond to aliphatic C-H stretches associated with the CA4, and the absorbance at 726 cm1

indicates the presence of DFB (Figure S4.4). On the 13C NMR, carbon peaks at 33.5 and 30.6

ppm correspond to tertiary and primary carbons of tert-butyl groups, also, the appearance of new
carbon peaks at 138 and 98.6 ppm was attributed to the incorporation of DFB into the polymer
network. Combustion analysis ( C, H, N, F) suggest that all four hydroxyls of CA4 in the polymer
network reacted with DFB, with a CA4:DFB incorporation ratio of 1:2 and two fluorines per DFB
was substituted by ether linkages. Based on these findings, the molar concentration of CA4 in the
polymer is estimated to be 0.808 mmol/g. Meanwhile, elemental analysis in combination with the
FTIR spectrum indicate the hydrophobicity of the polymer due to the presence of hydrophobic
moieties (perfluorinated biphenyls and arenes) and the absence of hydrophilic groups (hydroxyls).
Since CA4 is known to exhibit four different conformations, termed the cone, partial cone, 1,2alternate, and 1,3-alternate forms, we conducted further solid state 13C-NMR studies to probe the
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conformation of CA4 incorporated into the polymer network. According to Jamie et al.,18 the
conformation of calix[4]arenes may be assigned from the

13

C-NMR chemical shift of the

methylene groups connecting each pair of aromatic rings. The methylene signals appear around 31
ppm when the phenyl rings beside each methylene are in a syn orientation, and methylene signals
appear around 37 ppm when both aromatic rings are in an anti orientation. Because carbon peaks
of tert-butyl groups (δ = 33.5 and 30.06 ppm) overlap with those of methylene groups, we
synthesized an isotopically enriched sample in which CA4 was prepared from 4-tert-butylphenol
and 13C-labelded formaldehyde. The polymerization between DFB and 13C-labeled CA4 provided
DFB-CA4P-2 with 13C-labeled methylene groups. The solid-state 13C MAS NMR spectrum of
DFB-CA4P-2 indicates two peaks at 37.79 and 30.06 ppm (Figure S4.3). These chemical shifts
could be assigned to methylene groups connected to two phenyl rings in an anti and syn orientation,
respectively. Moreover, the integration ratio between two peaks at 37.79 and 30.06 ppm is 1:1.6,
which indicates that methylene groups connected to two phenyl rings in a syn orientation are more
than those in an anti orientation. Therefore, the minimum amount of CA4 adopting cone
conformation in DFB-CA4P is calculated as 23% out of all CA4 ((0.6/4)/ (0.6/4+1/2)=0.23).
Hydrocarbon adsorption isotherms by DFB-CA4P. Since DFB-CA4P is a highly porous and
hydrophobic material and contains CA4 as the binding cavity, we envisioned that it could be used
for hydrocarbon gas separation or storage applications. Propane, n-butane, n-hexane and benzene
isotherms were run at 40 oC for comparison. The pressure of propane and n-butane gases ranged
from ~1 to 800 mmHg, while that of n-hexane and benzene vapors started from ~0.02 mmHg, and
ended around 120 and 78 mmHg, corresponding to their vapor pressure at room temperature.
Figure 4.2 shows how the hydrocarbon adsorption varies from three n-alkanes to benzene. DFBCA4P uptakes benzene the most at the same equilibrium pressure, with 5.83 mmol/g of benzene
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adsorbed at 78 mmHg (0.104 bar), while the uptake of propane, n-butane, n-hexane at 78 mm Hg
is 0.43, 0.78 and 1.82 mmol/g, respectively (Table 4.1). Among the three n-alkanes, a longer nalkane chain results in higher adsorption, which is logical given the stronger Van der Waals
interactions between longer alkyl chains and hydrophobic polymer. All four isotherms exhibit two
steps of adsorption: a rapid increase of uptake at low pressure region, and a slow increase of uptake
at high pressure region. Whereas, different from propane and n-butane where the second
adsorption step does not start until ~100 mmHg, DFB-CA4P exhibits a sharp increase in benzene
and n-hexane adsorption within 5 mmHg, with the uptake of benzene and n-hexane at 5 mmHg
being 0.82 and 0.61 mmol/g, respectively. The selectivity of benzene over three n-alkanes at 5
mmHg was derived from the uptake values, and the selectivity values from propane, n-butane and
n-hexane are 15.5, 4.82 and 1.34, respectively. In addition to selective uptake of benzene compared
to n-alkanes in low pressure region, the slope of the second step adsorption of benzene uptake is
also higher, which corresponds to the increased selectivity of benzene over n-hexane and n-butane
at 78 mm Hg (Table 4.1). These observations suggest that DFB-CA4P exhibits at least two binding
sites with different binding energies for four tested hydrocarbons, and its binding energy for
benzene at different adsorption stages is higher than that of three n-alkanes.
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Figure 4.2. Adsorption isotherms of benzene, n-hexane, n-butane and propane by DFB-CA4P at
40 oC. Inset (a) represents uptake (mmol/g) isotherms of four adsorbates from 0-6 mmHg, while
inset (b) represents uptake (mmol/g) isotherms of four adsorbates from 0-80 mmHg.
Table 4.1. The vapor uptake (mmol/g) of benzene, n-hexane, n-butane and propane by DFB-CA4P
around 5 mmHg and 78 mmHg (0.104 bar), the selectivities of benzene over three n-alkanes are
given at 5 mmHg and 78 mmHg (selectivities were determiend by Uptake (Benzene)/Uptake (nalkane)).

121

Measurements of isosteric heats of adsorption of four hydrocarbons by DFB-CA4P. To
further explore the difference in binding energies of hydrocarbon uptake by DFB-CA4P, vapor
adsorptions of benzene, n-hexane, n-butane and propane were measured at three temperatures (10,
25 and 40 oC for propane and n-butane, 25, 40, 60 oC for n-hexane, 40, 60, 80 oC for benzene). Fit
curves based on virial equations were applied to three isotherms of each analyte, and isosteric heats
of adsorption, Qst, were calculated accordingly (Figure 4.3).19 The Qst values of benzene, n-hexane,
n-butane and propane at zero-coverage are 54.4, 50.5, 39.2, and 30.6 kJ/mol, respectively. The
order of Qst values of four adsorbates from high to low is benzene, n-hexane, n-butane, propane.
This finding supports our conclusion that DFB-CA4P has higher binding energy for benzene
compared with n-alkanes. Moreover, four traces of Qst as a function of adsorbate loading n exhibit
the same trend, where Qst decreases as the uptake increases, and plateaus at high adsorbate loading.
The plateaued Qs value decreases from benzene to n-hexane, n-butane and propane, indicating that
at high adsorbate loading, the binding energy to benzene by DFB-CA4P remains higher than other
n-alkanes.
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Figure 4.3. Isosteric heats adsorption, Qst of propane, n-butane, n-hexane and benzene for DFBCA4P. Qst values are calculated using experimental points only without any extrapolation.

Thermogravimetric uptake of several hydrocarbons and perfluorohexane by DFB-CA4P. To
further probe DFB-CA4P’s uptake capacities for other aromatic compounds and perfluorohexane,
we dried DFB-CA4P to constant weight and placed the solid into a thermogravimetric balance
while the temperature was kept at 26 oC. For liquid analytes including n-hexane, benzene, oxylene, mesitylene, and perfluorohexane, the flow of carrier gas was switched from pure N2 to N2
that passed over a reservoir containing the liquid analyte. We determined the adsorption capacities
for these liquid analytes by DFB-CA4P. As shown in Table 2, the uptake for benzene, o-xylene
and mesitylene by DFB-CA4P are 3.44, 2.90, and 2.97 mmol/g, respectively, while maximum 2.29
mmol/g of n-hexane was uptaken, which is 33.4% less than that of benzene. Despite the fact that
perfluorohexane exhibits the highest vapor pressure (218 mmHg at 25 oC) compared with other
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liquid analytes, no perfluorohexane was adsorbed by DFB-CA4P. This finding is different from a
previous report in which Chen et al. developed a fluorinated metal-organic framework MOFF-5
with a perfluorinated aromatic ligand and achieved 224.8 wt% uptake of perfluorohexane.20
Reasons for different binding affinities for perfluorohexane by these two materials are worthy of
exploration in the future.
Table 4.2. Thermogravimetric uptake of n-hexane, benzene, o-xylene, mesitylene, and
perfluorohexane by DFB-CA4P at 26 oC and the vapor pressure of each analyte at 25 oC.

Computational simulation of the binding enthalpies between 4DFB+CA4 moiety and guest
molecules. To further correlate the experimental values of isosteric heat of adsorption with the
chemical structure of the polymer DFB-CA4P, we conducted computational simulations of the
binding enthalpies between 4DFB+CA4 moiety and guest molecules using dispersion-corrected
density functional theory (DFT) calculations. We generated and optimized the structures of four
DFBs connected to four hydroxyls of one CA4 and used the moiety 4DFB+CA4 to imitate the
repeating units of the polymer DFB-CA4P (Figure 4.4A). Then binding enthalpies between
4DFB+CA4 and each analyte were calculated using the optimized structures starting from placing
the analyte molecule inside the CA4 cavity or near the crosslinker DFB (Figure 4.4B, C). Table
4.3 summarizes the calculated binding enthalpies. Binding enthalpies of four hydrocarbons to CA4
cavity are significantly higher than their binding energies to DFB crosslinker. For instance, Eb
(CA4) of n-hexane is -50.2 kJ/mol, while Eb (DFB) is -26.8 kJ/mol, indicating that n-hexane prefers
to bind to CA4 cavity at low loading. Meanwhile, Eb (CA4) of n-hexane is in agreement with the
experimental Qst value of n-hexane at -50.5 kJ/mol, which proves that CA4 cavity is responsible
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for high binding energies for n-hexane. Eb (CA4) values of n-butane and benzene agree reasonably
well with experimental Qst values, with the differences being 6.1 and 4.9 kJ/mol, respectively.
However, Eb (CA4) of propane is 9.4 kJ/mol higher than experimental Qst, and reasons for the
discrepancy is under investigation. Finally, calculated Eb (CA4) and Eb (DFB) of perfluorohexane
are significantly lower than those of four hydrocarbons, this is in good correlation with our
observation of no perfluorohexane uptake using thermogravimetric method. We believe that its
large cross-sectional area and fluorine-rich backbones make perfluorohexane unfavorable to bind
to CA4 cavity or DFB.

Figure 4.4. Optimized chemical structure of A) moiety 4DFB+CA4, B) n-hexane binding to CA4
cavity of the moiety 4DFB+CA4, and C) n-hexane binding to crosslinker DFB of the moiety
4DFB+CA4 (n-Hexane molecule is circled in red).
Table 4.3. Calculated binding energies between five analytes and crosslinker DFB or CA4 cavity
of the 4DFB+CA4 moiety The experimental Qst values and differences with Eb (CA4) of propane,
n-butane, n-hexane, and benzene are given.
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4.4 Conclusion
In conclusion, tert-butylcalix[4]arene was crosslinked with decafluorobiphenyl using
nucleophilic aromatic substitution reactions. The resulting DFB-CA4P polymer exhibits high BET
surface area, at 620 m2/g, and it exhibits high maximum capacity for benzene at 5.83 mmol/g.
Through correlation of computational simulation and experimental measurements of Qst for several
analytes including benzene, it is likely that CA4 is the binding site at low analyte loading. These
results demonstrate the feasibility of synthesizing high-surface-area CA4-based polymer within a
single step and could inspire more research on the adsorption properties of polymers using hostguest chemistry in gas phase.
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I. Materials and Instrumentation
A. Materials.
Reagents for the synthesis of DFB-CA4P: Sodium hydride (60% dispersion in mineral oil) was
purchased from Sigma-Aldrich and stored in the dessicator before use. Dimethyl formamide (DMF)
was was purified and dried in a custom-built activated alumina solvent purification system using
HPLC grade solvent. 4-tert-Butylcalix[4]arene (CA4, 99%) was purchased from Alfa Aesar and
used without further purification. Decafluorobiphenyl (DFB, 99%) was purchased from SigmaAldrich and used without further purification.
Reagents for the synthesis of DFB-CA4P-2: 4-Tert-butylphenol (99%) and diphenyl ether
(ReagentPlus®, 99%) were purchased from Sigma-Aldrich and used without further purification.
Formaldehyde (13C, 99%) in H2O (~20% w/w) was purchased from Cambridge Isotope
Laboratories and used without further purification. Triethylene glycol (99%) was purchased from
ACROS Organics and used without further purification.
Reagents for vapor phase adsorption study: Propane and n-butane were purchased from Airgas.
n-Hexane was purchased from Sigma-Aldrich. Tetradecafluorohexane (perfluorohexane, 99%)
was purchased from Sigma-Aldrich. Benzene, o-xylene were purchased from Sigma-Aldrich.
B. Instrumentation.
Surface area measurements were conducted on a Micromeritics ASAP 2420 Accelerated
Surface Area and Porosimetry System. Each sample (20–50 mg) was activated at 100 °C under
high vacuum until outgas rate reads no higher than 1 µmHg/min after 60s and then backfilled with
N2. N2 isotherms were generated by incremental exposure to ultrahigh-purity nitrogen up to 1 atm
in a liquid nitrogen (77 K) bath, and surface parameters were determined using BET adsorption
models included in the instrument software (Micromeritics ASAP 2420 V2.09).
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Gas isotherm adsorption of propane and n-butane was collected using Micromeritics ASAP
2020 instrument. Vapor phase isotherm measurements of n-hexane and benzene was collected
using Micromeritics 3Flex Surface Characterization Analyzer.
Infrared spectroscopy was performed on a Thermo Nicolet iS10 with a ZnSe crystal ATR
attachment.
Elemental analysis was performed by Robertson Microlit Laboratories. Carbon, hydrogen,
and nitrogen elemental analysis was performed by combustion analysis and Fluorine elemental
analysis was done by ion-selective electrode methodology.
Solution

13

C NMR was performed on a Bruker Avance III HD 500 Hz system, and 1H

NMR was performed on a Varian Inova 500 Hz system. (Integrated Molecular Structure Education
and Research Center)
Solid state

13

C MAS NMR was performed on a Bruker Avance III HD 400 Hz system

equipped with Bruker 4 mm HX probe. (Integrated Molecular Structure Education and Research
Center)
II. Synthetic Procedures
A. Polymer Synthesis
Synthesis Procedure for DFB-CA4P-1: Dry DMF from solvent purification system was purged
with N2 for 30 min. A 1 Dram glass vial equipped with a magnetic stir bar was dried in the oven.
It was then charged with 4-tert-Butyl calix[4]arene (0.286 g, 0.44 mmol), then degassed by high
vacuum and purged with N2 two times. 60% NaH (0.212 g, 5.28 mmol) was added to the vial under
N2, and degassed and purged with N2 for one more time. 1 ml N2-purged DMF was added to the
vial and the mixture was stirred at 600 rpm for 30 min to allow complete evolution of H2 gas. DFB
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(0.294g, 0.88 mmol) was then added to the vail and the vail was heated to 30 °C and stirred at 600
rpm for 48 hours. The light yellow gel was cooled and excess NaH was quenched by the addition
of few aliquots of water, and the solid was transferred to 50 ml Falcon tube, 50 ml water was added
and stirred the solid for 1 hour. After filtration, the solid was added to 200 ml water and neutralized
by 1 M HCl. After 1 hour stir, the solid was filtered and transferred to a teabag, which was
subjected to acetone soxhlet extraction 24 hours. Finally, the wet solid was activated by
supercritical CO2 followed by drying under vacuum at 90 °C for 24 hours. DFB-CA4P-1 (0.393
g, 67.7% yield) was obtained as a white powder and subsequently characterized. Elemental
analysis: C, 63.70%; H, 4.14%; F, 24.80%. IR (ATR): 3404.45 (O-H stretch), 2930.20 (Aliphatic
C-H stretch), 1650.63 (Aromatic C=C stretch), 1485.91, 1370.40, 1088.14,1024.77 (C-O stretch),
979.17, 858.34, 726.10 cm-1. SBET= 620 m2/g.
B. Synthesis Procedure for DFB-CA4P-2:
Synthesis of 13C-labeled 4-tert-butyl calix[4]arene: 30 ml microwave tube was charged with ptert-butylphenol (0.861 g, 5.73 mmol), 20% w/w formaldehyde-13C aqueous solution and 10 M
sodium hydroxide aqueous solution (0.077ml, 0.77 mmol). The tube was then heated by 150W
single mode microwave irradiation at 150 °C for 5 min. After cooling, 3.44 mL diphenyl ether and
6.88 mL triethylene glycol were added to the brown mixture, followed by heating again for 10
minutes with the irradiation set at 230 °C. After cooling to room temperature, 20 mL acetone was
added the mixture to produce precipitates. The precipitates were filtered and washed with 10 mL
acetone and 10 ml water to yield the white powder. Finally, the powder was dried under vacuum
at 90 °C overnight. 13C-labeled 4-tert-butyl calix[4]arene (0.205 g, 19.0%) was obtained as a white
powder and subsequently characterized.
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Synthesis of

13

C-labeled DFB-CA4P (DFB-CA4P-2): Dry DMF from solvent purification

system was purged with N2 for 30 min. A 1 Dram glass vial equipped with a magnetic stir bar was
dried in the oven. It was then charged with synthesized

13

C-labeled 4-tert-butyl calix[4]arene

(0.144 g, 0.22 mmol), then degassed by high vacuum and purged with N2 two times. 60% NaH
(0.106 g, 2.64 mmol) was added to the vial under N2, and degassed and purged with N2 for one
more time. 0.5 ml N2-purged DMF was added to the vial and the mixture was stirred at 600 rpm
for 30 min to allow complete evolution of H2 gas. DFB (0.147 g, 0.44 mmol) was then added to
the vail and the vail was heated to 30 °C and stirred at 600 rpm for 48 hours. The dark orange gel
was cooled and excess NaH was quenched by the addition of few aliquots of water, and the solid
was transferred to 50 ml Falcon tube, 50 ml water was added and stirred the solid for 1 hour. After
filtration, the solid was added to 200 ml water and neutralized by 1 M HCl. After 1 hour stir, the
solid was filtered and transferred to a teabag, which was subjected to acetone soxhlet extraction
24 hours. Finally, the wet solid was activated by supercritical CO2 followed by drying under
vacuum at 90 °C for 24 hours. DFB-CA4P-2 (0.156 g, 53.7% yield) was obtained as orange solid
and subsequently characterized.
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III. Materials Characterization
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Figure S4.1. A) 1H-NMR of 13C-labeled 4-tert-butyl calix[4]arene in CDCl3; B) Splitting pattern
of its aromatic protons; C) Splitting pattern of its methylene protons.

Figure S4.2. 13C-NMR of 13C-labeled 4-tert-butyl calix[4]arene in CDCl3.
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Figure S4.3. Solid state 13C-NMR of DFB-CA4P-1 and DFB-CA4P-2.

Figure S4.4. FTIR spectra of starting materials CA4 (blue) and DFB(orange), and polymer DFBCA4P-1 (gray) and DFB-CA4P-2 (yellow).

IV. Vapor and Gas Uptake of Hydrocarbons by DFB-CA4P-1
A. Vapor Sorption Isotherms of n-Hexane, Benzene, n-Butane and Propane by DFB-CA4P1
Gas isotherm adsorption of propane and n-butane was collected using Micromeritics ASAP
2020 instrument. Samples were prior activated under vacuum at 100 °C with a final outgas rate no
greater than 1 µmHg/min held for longer than 1 minute on ASAP 2020. In order to calculate the
heats of adsorption (Qst), isotherms of propane and n-butane were measure at three temperatures,
10 °C, 25 °C, and 40 °C. Qst values were obtained via a thermal adsorption equation describing
the pressure and temperature dependence of the uptake of adsorbates in a virial form. All isotherms
were at least duplicated to confirm the repeatability of adsorption experiments. Temperature
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control was done through a VWR digital circulating temperature control bath (Cat. No. 89202970).
For Vapor phase isotherm measurements of n-hexane and benzene, 30-50 mg of DFBCA4P was transferred to a pre-weighed glass sample tube and capped with a Transeal. Samples
were then transferred to Micromeritics 3Flex Surface Characterization Analyzer and heated at a
rate of 2 °C /min from room temperature to a final temperature of 100 °C. Samples were considered
activated when the outgas rate at 100 °C was less than 1 µmHg/min. Evacuated tubes containing
degassed samples were then transferred to a balance and weighed to determine the mass of sample.
The tube was transferred to the analysis port of the instrument. All non-cryogenic measurements
were performed using Micromeritic ISO controller with a thermoelectric cooled dewar. The dewar
section is placed on the instrument dewar elevator and raiser into position for analysis. Liquid
hexane or benzene was added to the 3Flex vapor adsorption apparatus. The liquids were frozen by
a cooling bath (dry ice/acetone or liquid N2), then the solid was melted, and the freeze-pump thaw
procedure was repeated two more times. 2 sample tubes with DFB-CA4P and one blank tube were
measured at the same time for vapor isotherm adsorption.
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Figure S4.5. n-Hexane isotherms of DFB-CA4P measured at 25, 40, 60 oC. The filled and empty
symbols represent adsorption of two trials.
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Figure S4.6. Benzene isotherms of DFB-CA4P measured at 40, 60, 80 oC. The filled and empty
symbols represent adsorption of two trials.

Figure S4.7. n-Butane isotherms of DFB-CA4P measured at 10, 25, 40 oC. The filled and empty
symbols represent adsorption of two trials.
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Figure S4.8. Propane isotherms of DFB-CA4P measured at 10, 25, 40 oC.
B. Calculations of Isosteric Heats of Adsorption
Virial equations were used to calculate the isosteric heats of adsorption of four analytes
(propane n-butane, n-hexane, benzene) on DFB-CA4P. The virial equation is written as follows:
𝐥𝐧𝒑 = 𝐥𝐧 𝒏 +

𝟏
𝑻

𝑴
𝒊[𝟎

𝒂𝒊 𝒏𝒊 +

𝑵
𝒊[𝟎

𝒃𝒊 𝒏𝒊

where n is the amount of adsorbates adsorbed (mmol/g), p is the adsorption pressure at equilibrium
(Torr), T is the adsorption temperature (K), ai and bi are temperature independent empirical
parameters, M and N are the number of terms required to describe the isotherms.
The isosteric heats of adsorption Qst (kJ/mol) were calculated by the resulting virial
coefficients 𝑎0 through 𝑎𝑀 with the following equation:
𝑸𝒔𝒕 = −𝑹
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𝑴
𝒊[𝟎

𝒂𝒊 𝒏𝒊

where R is the universal gas constant (8.314*10-3 kJ/(mol·K)).
The isosteric heats of adsorption at zero-coverage is given by
𝑸𝒔𝒕 = −𝑹𝒂𝟎

C. Gravimetric Adsorption of n-Hexane, Benzene, Perfluorohexane, o-Xylene and
Mesitylene by DFB-CA4P
The setups for vapor adsorption of several liquid analytes are shown in Figure S4.9 A, B.
The N2 gas flows through two lines and the flowrates of two lines were controlled to be equal by
two flowmeters. One gas line was connected to a bubbler containing the liquid adsorbate. A 4-way
valve was used to direct the gas stream of either pure N2 gas or analyte vapor/N2 mixture to Netzsch
Jupiter F3 STA instrument. The flowrate of gas flowing through STA instrument was monitored
by the instrument and kept at 55 mL/min. 2-6 mg of DFB-CDA4P solid was weighted by
microbalance and added to an 85 µL Al2O3 crucible, the crucible was then put on the
thermobalance of STA instrument under N2 flow. It was then held at 26 oC until a constant weight
was obtained. After 5 min N2 flow through the STA instrument, the 4-way valve was switched
from position A to B, and N2 flow was switched to a second N2 gas stream that was saturated with
the vapor of adsorbate at 25 oC. In most cases, the weight reached a plateau within 25 min, the
adsorbate/N2 flow was switched back to pure N2 flow at the same temperature (26oC). With regard
to analytes with low vapor pressure such as o-xylene, 25 min adsorbate vapor/N2 flow was not
enough to saturate the polymer, hence longer flow time of adsorbate vapor/N2 was used in order
to see the plateau of weight. Control experiments were conducted under the same condition without
the polymer to account for mass change due to switch from N2 gas to analyte vapor/N2. For analyte
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whose vapor is heavier than N2, the analyte vapor/N2 flow will lift up the crucible, leading to a
decrease in mass.

Figure S4.9. Schematic diagram of the apparatus for gravimetric adsorption of liquid analyte
vapor by DFB-CA4P.
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Figure S4.10. Mass change of the crucible when 1) n-hexane/N2 flows through without polymer
DFB-CA4P (Green trace); 2) n-hexane/N2 flows through with polymer DFB-CA4P (Blue trace).
Red trace represents the actual adsorption of n-hexane by DFB-CA4P.
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Figure S4.11. Gravimetric adsorption of n-Hexane (C6H14, switch to vapor/N2 after 5 min, switch
to pure N2 after 35 min).

Figure S4.12. Gravimetric adsorption of Benzene (C6H6, switch to vapor/N2 after 5 min, switch to
pure N2 after 30 min).
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Figure S4.13. Gravimetric adsorption of perfluorohexane(C6F14, switch to vapor/N2 after 5 min,
switch to pure N2 after 30 min).

Figure S4.14. Gravimetric adsorption of o-Xylene (C8F10, switch to vapor/N2 after 5 min, switch
to pure N2 after 45 min).
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Figure S4.15. Gravimetric adsorption of mesitylene (C9F12, switch to vapor/N2 after 5 min, switch
to pure N2 after 80 min).
V. Computational Simulation of Binding Enthalpies Between 4DFB+CA4 Moiety and
Different Analytes
All electronic structure calculations were carried out in the Gaussian 16 package (revision
A.03)1 with the B3LYP density functional2,3 and the DFT-D3 dispersion correction4 with BeckeJohnson damping.5,6 For the geometry optimizations and thermochemistry calculations, the 631G(d) basis set7 was used. The electronic energy for all species were further refined by
performing single point calculations with the larger 6-31+G(d,p) basis set.7 To correct for the basis
set superposition error (BSSE), counterpoise (CP) corrections8,9 were applied to all the host-guest
complexes. All binding enthalpies between host and guest molecules reported in this paper are
defined as H(binding) = H(complex) – H(host) – H(guest) + E(CP), where each enthalpy value is
calculated as H = H(6-31G(d)) – E(6-31G(d)) + E(6-31+G(d,p)).
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