
STRUCTURAL STUDIES OF SUPRAMOLECULAR  

HOST-GUEST SYSTEMS 

 

 

 

A Thesis Submitted to the College of 

Graduate Studies and Research 

In Partial Fulfillment of the Requirements 

For the Degree of Doctor of Philosophy 

In the Department of Chemistry 

University of Saskatchewan 

Saskatoon 

 

By 

 

 

ABDALLA H. KAROYO 

 

 

 

 

 

 Copyright Abdalla Hamisi Karoyo, August 2014. All rights reserved. 

 



 

i 
 

Permission To Use 

 

In presenting this thesis in partial fulfillment of the requirements for a Postgraduate 

degree from the University of Saskatchewan, I agree that the Libraries of this University may 

make it freely available for inspection. I further agree that permission for copying of this thesis 

in any manner, in whole or in part, for scholarly purposes may be granted by Professors L. D. 

Wilson and P. Hazendonk who supervised my thesis work or, in their absence, by the Head of 

the Department or the Dean of the College in which my thesis work was done. It is understood 

that any copying or publication or use of this thesis or part thereof for financial gain shall not be 

allowed without my written permission. It is also understood that due recognition shall be given 

to me and to the University of Saskatchewan in any scholarly use which may be made of any 

material in my thesis. 

 

Requests for permission to copy or to make other use of material in this thesis in whole or 

part should be addressed to: 

Head of the Department of Chemistry 

University Of Saskatchewan 

110 Science Place 

Saskatoon, Saskatchewan 

S7N 5C9 Canada



 

ii 
 

Acknowledgements 

 ه In The Name of Allah The Most Beneficent The Most Merciful ه

I would like to express my sincere thanks to my supervisors Drs. Lee D. Wilson and Paul 

Hazendonk, to whom am deeply indebted by the support and guidance they accorded me 

throughout the course of my PhD program.  

 My heartfelt thanks to the Department of Chemistry for the opportunity to do research 

and further my scientific career. I wish to thank the University of Lethbridge (U of L) for the 

opportunity to train and work on the solid-state NMR spectrometer; the University of 

Saskatchewan for the Graduate Teaching Fellowship; and the Natural Sciences and Engineering 

Research Council (NSERC) for the financial support.  

I am grateful to members of my PhD advisory committee, Drs. Richard Bowles, Steve 

Reid, and Oleg Dmitriev for their expert guidance.  

I wish to thank Drs. Sammynaiken and K. Brown, J. Maley, and K. Thoms 

(Saskatchewan Structural Sciences Center (SSSC)) for their technical support; Dr. P. Sidhu, Alex 

Borisov, and T. Montina (U of L) for their support in Solids NMR; Drs. Wajdi Zoghaib (Sultan 

Qaboos, Oman) and Hashim Ali (Arkansas State, USA) for their words of encouragement. 

To my colleagues in the Lab; Drs. Mohamed, Rui Guo and Jae Kwon, Dawn Pratt, Louis 

Poon, Chen Xue, Shagufta Younis, Leila Dehabadi, and Inimfon for their help in the Lab.  

I wish to thank Mohamed and Regeye, Denis and Catherine for making me feel at home 

away from home, especially during the early days of my stay in Canada. 

Lastly, my special thanks go to the most important person in this journey; my wife, 

Mwanajuma. I never realized how strong a woman she was until I embarked on this journey; her 

patience, love and encouragement allowed me to finish this journey. 



 

iii 
 

Dedications 

This thesis is dedicated to my wife and my sons Hamisi, Faisal, and Fadhil. 

To my parents; my mam Mwanasha Mwacharo, and my dad Hamisi Karoyo. 

To my sisters Mwanamisi, Bibi (twin), Mwanaulu, and Mwanasiti;  

and brothers Baya, Kassim, Dinar, and Juma. 

Thank you for your love and support. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

iv 
 

Abstract 

This research work details a systematic study of the structure and function of 

supramolecular host-guest systems. Host-guest inclusion complexes were formed between β-

Cyclodextrin (β-CD) and its copolymers (as hosts), with several types of guest molecules both in 

aqueous solution and the solid state. The research is divided into two themes; (1) structural 

characterization and dynamic properties of the inclusion compounds of -CD with various guest 

systems in aqueous solution and the solid phase, and (2) heterogeneous adsorption and structural 

studies of β-CD based copolymers with various guest systems in aqueous solutions.  The guest 

systems include alkyl and perfluoroalkyl carboxylates, perfluoroalkyl sulfonate, and p-

nitrophenol (PNP) at variable experimental conditions.  

In the first theme (chapters 2–5), perfluorinated compounds (PFCs), namely; 

perfluorooctanoic acid (PFOA), perfluorobutyric acid (PFBA), and sodium perfluorooctanoate 

(SPFO) represent the guest molecules. The host-guest complexes in the solid state were prepared 

using dissolution and slow cool methods at variable host/guest mole ratios (i.e., 1:1 and 2:1). The 

complexes were further characterized using 
19

F/
13

C DP/MAS and CP/MAS solid-state NMR 

spectroscopy. The solution state complexes were prepared in D2O for structural characterization 

using 
1
H/

19
F NMR spectroscopy. The NMR studies were complemented using FT-IR, thermal 

analyses (DSC, and TGA), and powder X-ray diffraction (PXRD). Evidence for the formation of 

host-guest inclusion compounds (ICs) was provided using CP/MAS solids NMR spectroscopy 

and complexation-induced chemical shift (CIS) values of 
1
H/

19
F nuclei in aqueous solution. The 

β-CD/PFC ICs displayed variable guest geometry and hydration states as determined by the host-

guest stoichiometry and the conformation of the guest. PFOA and SPFO form 1:1 and 2:1 ICs 

with β-CD, wherein the guest adopts a range of gauche and trans conformations, respectively. 



 

v 
 

1:1 host-guest complexes were concluded for short perfluorocarbon chains (i.e., PFBA) where 

the gauche conformation of the PFC guest in the bound state was favoured.   

The phase purity of the β-CD/PFC ICs was assessed using DSC and 
19

F DP/MAS NMR 

spectroscopy at ambient and variable temperature (VT) conditions. The complexes prepared by 

the slow cool method were found to be of relatively high phase purity when compared to 

complexes prepared by the dissolution method. However, a simple modified dissolution method 

was developed to afford complexes with greater phase purity. The phase purity of the complexes 

was further assessed using deconvolution analyses of the 
19

F DP/MAS NMR resonance line 

shapes. 
1
H/

13
C/

19
F NMR relaxation (T1/T2/T1ρ) data of the phase pure β-CD/PFC ICs in the solid 

state revealed variable host and guest dynamics that were governed by dipolar coupling, H-

bonding, and combinations of host-guest motional dynamics that involve peripheral and hydrate 

water within the cavity of β-CD. Coupling constants of the simulated 
19

F spectra and 

deconvolution analyses of selected 
19

F nuclei were used to supplement the 
19

F NMR relaxation 

results. In general, two types of motional dynamics of the guest were concluded; (i) 120° 

rotational jumps of the fluoromethyl (CF3) group at the termini of the PFC chain, and (ii) axial 

(libration) motion of the entire PFC chain. The rotational and axial dynamics of the guest in the 

complexes differ in their distribution and magnitude, in accordance with the host-guest 

stoichiometry and the geometry of the guest within the host.  

In the second theme (chapters 6–8), β-CD based copolymers were used as host materials. 

The structural characterization of a soluble poly-CD material (known as HDI-1) revealed that the 

solution behaviour of such polymeric hosts are sensitive to the presence of guest compounds 

such as p-nitrophenol (PNP) (i.e. chemo-responsive), as well as temperature variations (i.e. 

thermo-responsive). The host-guest chemistry of the soluble poly-CD material, as studied by 2-D 
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solution NMR and induced circular dichroism (ICD) spectroscopy, indicates that PNP was bound 

within the cavity sites of β-CD and the interstitial domains of the copolymer (cf. Scheme 1.6 and 

chapter 6). The observed responsive nature of such polymeric host materials to temperature 

variation and chemical potential resembles behaviour characteristic of ‘smart materials’. Herein, 

‘smart materials’ refer to systems which are responsive to external stimuli (e.g. temperature and 

chemical). 

The adsorption properties of the soluble (HDI-1) and insoluble (HDI-3 and -6) poly-CD 

adsorbents with octyl and perfluorooctyl carboxylate and sulfonate anions were estimated using 

the Sips and BET models. The hydrocarbon (HC) and fluorocarbon (FC) anions form monolayer 

and multilayer structures at the surface of the polymeric adsorbents, respectively. The formation 

of layered structures was controlled by the relative hydrophobicity of the alkyl/perfluoroalkyl 

chains and their mutual miscibility with the adsorbent surface. Other factors include the 

inductive effects of the alkyl/perfluoroalkyl head groups and their interactions with aqueous 

solvent or dipolar domains of the adsorbent surface. The adsorbed species at the liquid-solid 

interface were characterized using FT-IR spectroscopy, thermal analyses, and contact angle. 
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CHAPTER 1 

1. Introduction 

1.1 Introduction to Supramolecular Host-Guest Chemistry 

1.1.1 Supramolecular Chemistry: A Brief History 

Supramolecular chemistry refers to the area of chemistry beyond that of molecules and 

focuses on the collective chemical system made up of a discrete number of assembled 

molecular subunits or components.
1,2

 The concept of supramolecular chemistry can be traced 

back to the beginning of modern chemistry in the early 19
th

 century. However, the field has 

seen significant development and major breakthroughs since the 1960’s. Important concepts 

that have been demonstrated by supramolecular chemistry include molecular self-assembly, 

molecular folding, molecular recognition, host-guest chemistry, mechanically-interlocked 

molecular architectures, and dynamic covalent chemistry. While traditional chemistry focuses 

on the covalent bond, supramolecular chemistry deals with the weak non-covalent 

intermolecular interactions (e.g., hydrogen bonding, metal coordination, hydrophobic forces, 

van der Waals interactions, π-π interactions and electrostatic effects).  

The existence of intermolecular forces was first postulated by Johannes Diderik van 

der Waals in 1873, but it was not until 1894 that Hermann Emil Fischer first introduced the 

concept of supramolecular chemistry.
3
 Fischer suggested that enzyme-substrate systems 

display the “lock and key” interaction which represents a key concept among the fundamental 

principles of molecular recognition and host-guest chemistry. 

The breakthrough in synthetic supramolecular chemistry came with the synthesis of 

the crown ethers by Charles J. Pederson in the 1960s.
4
 This was followed by the works of 

Donald J. Cram, Jean-Marie Lehn, and Fritz Vogtle in the synthesis of shape- and ion-

selective receptors, and the subsequent emergence of the concepts of mechanically interlocked 

molecular architectures in the 1980’s.
5,6

 The rapid expansion of the field over the past few 

decades has seen a significant increase in the diversity of chemical systems. In the 1990’s, 

supramolecular chemistry became even more sophisticated, with researchers such as James 

Fraser Stoddart developing molecular machinery and highly complex self‐assembled 

structures, and Itamar Willner developing sensors and methods of electronic and biological 

interfacing. During this period, electrochemical and photochemical motifs became integrated 

into supramolecular systems in order to increase their functionality.
 
Other related research 
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areas such as synthetic self‐replicating systems, and studies on molecular information 

processing devices followed. The emergence of the field of nanotechnology has strongly 

influenced supramolecular chemistry where diverse building blocks such as fullerenes, 

nanoparticles, and dendrimers represent examples of some complex synthetic systems. Today, 

modern supramolecular chemistry is not just limited to elementary host-guest systems but 

includes other systems such as molecular devices and machines, mechanically-interlocked 

molecular architectures, which involve processes such as molecular recognition, self-

assembly, self-organization and molecular folding.    

 

1.1.2 Supramolecular Host-Guest Chemistry 

The simplest definition of supramolecular host-guest chemistry involves non-covalent 

binding or complexation between a host and a guest as depicted in Scheme 1.1. The non-

covalent interactions involved include hydrogen bonding, ion-pairing, π-π interactions, metal-

to-ligand binding, van der Waals forces, solvent reorganization, and partial made and broken 

covalent bonds (transition states). Some of the most common and natural host-guest systems 

include antigen-antibody, DNA-ligand, enzyme-substrate, and protein-carbohydrate 

complexes.  

 

 

 

 

 

 

 

 

Donald Cram
5 

defined a host-guest relationship as the involvement of complementary 

stereoelectronic arrangement of binding sites between a host and guest. That is, the host must 

possess binding sites that are of the correct electronic character to complement those of the 

guest. The host is commonly defined as a large molecule or aggregate such as an enzyme or 

synthetic cyclic compound that possess a sizeable, pre-organized central hole or cavity (e.g., 

CDs, calixarenes, crown ethers, etc.). The guest may be an organic or inorganic cation, a 

Scheme 1.1 The association of a host (truncated cone) and a guest (rectangle) to form a 

host-guest complex, where Ki is the equilibrium binding constant 

corresponding to a 1:1 host-guest inclusion complex. Note that the contribution 

of solvent is omitted for the sake of clarity. 
 

Ki 
H G 

  
 HG

GH
K 1:1
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simple inorganic anion, an ion pair, or a more complicated organic molecule such as a 

hormone. The host and the guest, as described by Cram, are molecular entities that possess 

convergent (e.g., Lewis acid donor sites, hydrogen bond donors, etc.) and divergent (e.g., 

hydrogen bond acceptor, Lewis acidic acceptor sites or metal cation, etc.) binding sites, 

respectively.  

                                                                                                   

1.1.3 Classification of Supramolecular Host-Guest Systems 

 Supramolecular host-guest systems can generally be divided into three classes; (1) 

cavitates, (2) clathrates, and (3) self-assemblies. The term ‘clathrate’ was coined by H. M. 

Powell in 1948 who gave one of the first formal definitions of a supramolecular cage-like 

host-guest structure. Generally speaking, the classification of host-guest systems is based on 

topological relationship of the host and the guest. Cavitands (host molecules that form 

cavitates, e.g., CDs, calixarenes, and cucurbiturils) possess permanent intramolecular cavities; 

whereas, clathrands possess extramolecular cavities that are created by gaps between two or 

more host molecules in a lattice (cf. Figure 1.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Schematic illustration of the association of a guest (triangle) and (a) a cavitand 

to form a cavitate, and (b) a clathrand to form a clathrate. (c) Formation and 

self-assembly of a supramolecular complex. Adapted from ref. 2   

(c) 

(b) 

(a) 
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Traditionally, clathrates refer to polymeric hosts-molecular guests systems; however, 

the term has recently been used for self-associating molecules such as calixarenes and CDs, as 

well as inorganic lattices such as zeolites.
7
 IUPAC

8
 defines clathrates as inclusion compounds 

in which the guest molecules lie in a cage formed by the host molecule or by a lattice of host 

molecules. Therefore, the cavity in cavitands is an intrinsic property of the host, existing both 

in solution and the solid state. Contrary to the cavitands, clathrands are only relevant in the 

crystalline or solid state. Common examples of clathrates are methane hydrates and channels 

in urea crystals.
9,10

 Self-assembly includes a third category where two molecules, which do 

not fit the typical descriptions of host and guest, associate by non-covalent forces. The 

distinction between the two host classes, and self-assembly is illustrated schematically in 

Figure 1.1. 

 

1.1.4 Nature of Supramolecular Interactions 

Supramolecular host-guest chemistry concerns non-covalent bonding interactions 

between two or more molecules. These interactions often encompass an enormous range of 

attractive and repulsive effects. In fact, much of the emphases in the construction of 

supramolecular host molecules concerns bringing about summative or even multiplicative 

interactions. For example, most of host-guest systems involve a combination of more than two 

non-covalent interactions occurring simultaneously. Thus, the stability of a host-guest 

complex is fundamental and represents a key division within supramolecular host-guest 

chemistry. The most important non-covalent interactions in supramolecular host-guest 

chemistry are listed in Table 1.1, along with their approximate interaction energies.
2 

 

 

 

 

 

 

 

Scheme 1.2 The hydrophobic effect is shown as the association of a host (toroid) and a 

guest (rectangle) in the presence of an aqueous solvent.
2 

Note that the 

molecular dimensions of the host, guest and solvent are not drawn to scale. 
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Among the various interactions listed above (cf. Table 1.1), hydrophobic effects and 

hydrogen-bonding are of crucial importance in the binding of organic guests by CDs and 

similar hosts in aqueous solution. Hydrophobic effects generally relate to the exclusion from 

polar solvents, particularly water, of large particles (solute species) or those that are weakly 

solvated by hydrogen bonding or dipolar interactions.
17

 Since host cavities such as CDs are 

hydrophobic in nature, intracavity water does not interact favourably with the cavity and is 

preferentially released into the bulk solvent where it can interact with other water molecules. 

The interaction of a host and a guest in the presence of an aqueous solvent is depicted in 

Scheme 1.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Generally, the importance of solvent in supramolecular chemistry cannot be 

overstressed, particularly for complexes formed between an apolar host and a guest. Even 

though the host-guest binding process can be simplistically regarded as an interaction between 

a pre-organized host with unsolvated guest (cf. Scheme 1.1); however, solvation processes of 

the host and guest are important considerations in solution (cf. Scheme 1.2). The difference in 

Type of interaction 

Typical 

Energy (kJ mol
-1

) Examples 

Ion-ion 200–300 Tetrabutylammonium chloride 

Ion-dipole 50–200 cation-crown ether complex
4
 

Dipole-dipole 5–50 Dihydroxybenzoic acid-CD complex
12

 

Hydrogen bonding 4–120 R-CO2H dimers,
13

 enzyme-substrates 

π-π 0–50 Protein-ligand complex
14

 

Cation-π 5–80 Fe
2+

-ferrocene complex
15

 

Van der Waals <5 Toluene- calixarene complex
16

 

Hydrophobic Variable CD inclusion complexes 

Table 1.1 Non-covalent Interactions and Their Strengths for Host-guest 

Complexes.
2,11
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Gibbs energy of solvation for an unbound host may be significantly different from those of the 

complexed state, particularly if there is significant conformation changes (induced fit) upon 

binding.
18

 In the solid state, the solvent is often included as a co-guest in the crystalline lattice 

and usually mediates the nucleation and deposition of a crystalline compound from solution. 

In solution, all complexation phenomena are in competition with solvation interactions and 

the solvent is often present in excess levels. Polar solvents such as water compete efficiently 

for binding sites through hydrogen bonding which reveals why hydrophobic (or solvophobic) 

effects are of paramount importance. In nonpolar solvents and in the gas phase, specific host-

guest dipolar and hydrogen bonding interactions may be more significant due to the nature 

and importance of solvation.  

 

1.2 Cyclodextrin Based Inclusion Compounds: Structural Aspects 

1.2.1 Native Cyclodextrins 

Recent research efforts have been directed towards the study of host-guest inclusion 

systems in supramolecular chemistry. Cyclodextrins (CDs) are among the most widely studied 

host molecules and the continued interest in the study of the inclusion complexes involving 

CDs and its copolymers stems from both fundamental science and practical application point 

of view. CDs are enormously important host compounds with a variety of applications in 

food, cosmetics, pharmaceuticals and the environment.
19-21

 CDs are a group of structurally 

related natural products formed during bacterial digestion of starch. These cyclic 

oligosaccharides consist of (α-1,4)-linked α-D-glucopyranose units and contain a lipophilic 

central cavity and a hydrophilic outer surface.
22

 Due to the chair conformation of the 

glucopyranose units, the CDs are toroidal-shaped like a truncated cone rather than 

cylindrically shaped. The hydroxyl groups are located at the periphery of the tori exterior with 

the primary groups at the narrow side of the torus and the secondary hydroxyl groups at the 

wider annulus region. The central cavity is lined with skeletal C-C, C-H, and ether groups 

from the glycosidic linkages, which impart lipophilic character to the CD interior. The native 

α-, β- and γ-CDs consist of six, seven, and eight glucopyranose units, respectively. An 

illustration of the molecular structure of the common types of CDs, along with the cavity sizes 

are shown in Figure 1.2, including their physicochemical properties in Table 1.2. 
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 Type of Cyclodextrin α-CD β-CD γ-CD 

Number of glucose units 6 7 8 

Height (h) of CD (Å) 7.80 7.80 7.80 

Internal (a) cavity outer diameter (Å) 5.7 7.8 9.5 

Internal cavity center diameter (Å) 5.0 6.2 8.0 

Outer (b) diameter (Å) 13.7 15.3 16.9 

Solubility in water (g/L, 25°C) 145 18.5 232 

Cavity volume in 1g CD (cm
3
) 0.10 0.14 0.20 

Crystalline water (wt. %) 10.2 13.2–14.5 8.13–17.7 

pKa (25°C, by potentiometry) 12.33 12.20 12.08 

Table 1.2 Physicochemical Properties of Native α-, β-, and  γ-Cyclodextrins.
2
 

Figure 1.2 The molecular structure of cyclodextrins showing (a) the macromolecule with 

enlarged glucopyranose unit where n = 6, 7 or 8, (b) the toroid shape, and (c) a 

systematic cross-section of the toroid showing the primary and secondary 

hydroxyl groups, intracavity protons, and the framework carbons  

 

 α-CD β-CD γ-CD 

Number of glucose units 6 7 8 

Height of CD (Å) 7.80 7.80 7.80 

Internal cavity outer (a) diameter (Å) 5.7 7.8 9.5 

Internal cavity center diameter (Å) 5.0 6.2 8.0 

Outer (b) diameter (Å) 13.7 15.3 16.9 

Solubility in water (g/L, 25°C) 145 18.5 232 

Cavity volume in 1g CD (cm
3
) 0.10 0.14 0.20 

Crystalline water (wt. %) 10.2 13.2-14.5 8.13-17.7 

pKa (25°C, by potentiometry) 12.33 12.20 12.08 

 Figure 1.2. The structure of cyclodextrins showing (a) the macromolecule with enlarged 

glucopyranose unit where n = 6, 7 or 8, (b) the toroid shape, and (c) a cross-section of the 

toroid showing the primary and secondary hydroxyl groups, intracavity protons, and the 

framework carbons  

 

 

 

Primary 

 

Primary 

Secondary 

 

Secondar

y 

(a) 

 

(a) 

(b) 

 

(b) 

(c) 

 

(c) 
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The native CDs, especially β-CD, have limited aqueous solubility (cf. Table 1.2) 

meaning that complexes resulting from interaction of lipophiles with CDs may have limited 

solubility resulting in precipitation of the complex from aqueous solutions. This characteristic 

of β-CD is important in the preparation of the inclusion compounds between β-CD and 

perfluorinated compounds (PFCs) using dissolution and evaporation methods reported herein 

(§Chapter 2). The low solubility of CDs is thought to be due to relatively strong 

intramolecular hydrogen bonding in the crystal state.
23 

 

1.2.2 Modified Cyclodextrins 

The use of modified CDs as host molecules is well established
24,25

 and provides a way 

to enhance various physical properties e.g. solubility of CDs for tailored application in areas 

such as pharmaceuticals and medicine, catalysis, and separation phenomena. A variety of CD 

derivatives containing one or more substituents at the primary or secondary positions were 

synthesized, many of which have shown improved molecular recognition.
25

 Some of the most 

common CD derivatives that have been used as host materials include; methylated-,
26,27 

heptakis-methylated-,
28,29

 and hydroxyl-based
30,31 

CDs. Other types of derivatives have been 

reviewed elsewhere.
22,25

 

Recently, supramolecular chemistry has been expanding to supramolecular polymer 

chemistry as a way to enhance functionality and tune the physicochemical properties of 

supramolecular materials. CD-based host-guest complexes are presented by three types; (i) 

complex formation between a simple organic/inorganic guest molecule and a native CD host,  

(ii) complex formation between a simple guest and CD-based polymeric host, and (iii) 

complex formation between a native CD host and a polymeric guest. Host-guest 

supramolecular systems of the second type are common in the sorption of organic pollutants. 

The most common supramolecular architectures formed by association of the third type, 

where a CD (or a derivatized CD) with a polymeric guest are involved, include (poly)-

rotaxanes
 
and catenanes.

32-34
 These architectures represent a class of mechanically interlocked 

molecular structures which have potential application in the construction of molecular 

devices. (Poly)-rotaxanes are prepared from axial (cf. Scheme 1.5b) polymeric inclusion 

compounds with bulky terminal capping groups (stoppers) on the guest. Ogino
35

 reported one 

of the first examples of rotaxanes utilizing host-guest inclusion phenomena, where an alkyl 
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chain with metallo-organic stoppers threaded through the α-CD cavity. Common poly-

rotaxanes containing polyethylene glycol threads and α-CD beads have been reported by 

Harada et al.
36,37

 Catenanes consist of two or more macrocyclic units that are interlocked in a 

ring or chain. The schematic representations of a rotaxane and a catenane are depicted in 

Scheme 1.3.  

 

 

 

 

 

 

 

The supramolecular association of CD-based polymeric materials with simple 

organic/inorganic guest molecules is important in this dissertation because of its sorption 

based applications.
38,39

 The design of CD-based polymers as sorbent materials is an extension 

of host-guest chemistry that offers unique opportunities to engineer new materials with 

tunable properties: (1) surface area, (2) pore structure, (3) solubility, (4) life-time 

(regeneration), and (5) the functionality (surface chemistry) of the sorbent to aid in the design 

of optimal sorption properties.  Studies of the application of CD-based copolymers for the 

adsorption of organic pollutants have been reported
40-47

 and some examples are listed in Table 

1.3. 

 

1.2.3 Interaction of Cyclodextrins with Organic Guests  

In general, apolar guest molecules (e.g., organic and inorganic molecules) may be 

favourably bound in the CD cavity (cf. Scheme 1.1). The interaction of a CD with an apolar 

guest molecule in aqueous solution results in the formation of 1:1 inclusion compounds, 

where the guest may be included within the host cavity. Higher order equilibria involving the 

formation of 1:2 and 2:1 complexes are known and may exist simultaneously. Therefore, a 

Scheme 1.3 Schematic representation of (a) a rotaxane showing a polymeric guest threading 

through a CD (truncated cone), and (b) catenane showing two CDs interlocked 

in a chain. The triangles represent functional groups that are of different 

complementarity to CD 

(a)  
(b)  
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model that describes the formation of a host-guest complex must adequately account for the 

various types of host-guest stoichiometry.
48,49

  

 

 

Linker Agents Guest molecules (Adsorbates) Proposed Mode of Sorption Ref. 

Epichlorohydrin Aromatic guests (e.g. Phenol, 

benzoic acid, β-naphthol, and 

dyes). 

Cavity inclusion, adsorption 

onto polymer network, guest-

guest interaction  

40,41 

Diisocyanate Humic acid, geosmine. Cavity inclusion 44 

Diisocyanates Cholesterol (as template). Cavity inclusion  45 

Epichlorohydrin Dodecylbenzenesulfonic acid 

and  benzalkonium chloride. 

Cavity inclusion 46 

2-Hydroxyethyl 

methacrylate and 

Di-isocyanate 

Steroids (cholesterol, 

progesterone, testosterone). Cavity inclusion 47 

 

Scheme 1.4 describes various complexes that were considered in this work. It should 

be noted that multiple equilibria are possible in the case of aliphatic guests with longer alkyl 

chains due to the occurrence of channel structures (cf. Scheme 1.4c and §1.2.5.1). In order to 

form a stable inclusion complex, the guest molecules should fit, at least partly, into the CD 

cavity.
19,20 

Based on Scheme 1.4, the association of a CD with apolar guests can give rise to a 

variety of complexes with variable topologies. The topology of these complexes is determined 

predominantly by size-fit considerations according to the dimensions of the guest with respect 

to the host. Possible topologies of the guest include; (i) complete inclusion within the host 

cavity, (ii) partial inclusion with one end (short guest) or two ends (long guest) protruding 

from the rim(s) of the macrocycle, (iii) sandwich-like inclusion for short and thick guests, and 

Table 1.3 Examples of the Application of Cyclodextrin-based Cross-Linked Polymers 

for the Adsorption of Organic Molecules 
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(iv) binding of the guest at the periphery or exterior of the cavity (non-inclusion binding). 

Several types of host-guest topologies of CD complexes are depicted in Scheme 1.5. 

 

 

 

 

 

 

 

 

 

It is apparent that steric considerations contribute to the association of guest molecules 

to CDs in solution. Other factors such as the release of high energy water, hydrophobic 

effects, van der Waals interactions, dispersive forces, dipole-dipole interactions, charge-

transfer interactions, electrostatic interactions, and hydrogen bonding are important as 

previously described (cf. §1.1.4). The relative cavity size (cf. Table 1.2) and chemical 

modification of the host (e.g., derivatization; cf. §1.2.2) determine the binding affinity of a CD 

host to its guest molecules. In general, the stability of CD inclusion compounds depends on 

the extent to which the cavity is filled by the hydrophobic part of the guest. 

 

 

 

 

 

 

 

 

 

K1:1

K1:2

K2:1

 
 

(a) CD + G       CD-G 

 

(b) CD-G  + G        CD-G2 

 

(c)    CD-G + CD      CD2-G 

Scheme 1.4 A model describing the formation of a host-guest complex according to a 

1:1, 1:2, and 2:1 binding stoichiometry. 

 

Scheme 1.5.  A model describing the formation of a host-guest complex according to a 1:1, 

1:2, and 2:1 binding stoichiometry. 

Scheme 1.5 Topology of cyclodextrin complexes; (a) complete, (b) axial, (c) partial, and 

(d) sandwhich-type inclusion; (e) 2:1 (axial) inclusion compound, and (f) non-

inclusion compound. Adapted from ref. 33 

(a)  

(d)  (e)  (f)  

(b)  (c)  
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1.2.4 Interaction of CD-based Polymers with Organic Guests  

The cross-linking reaction of bi-functional reagents such as epichlorohydrin,
41,42,50

 

diisocyanates
39,44,45,51,52 

and di-acid chlorides
53,54 

with CD affords either soluble or insoluble 

linear or branched polymers, depending on the reaction conditions. The reaction of such cross-

linker reagents with CDs to form a CD-based polymer is schematically represented in Scheme 

1.6. Materials of the type shown in Scheme 1.6 are amorphous in nature and their properties 

vary according to the nature of the cross-linker molecule (i.e., epichlorohydrin, diisocyanates, 

di-acid chlorides, etc.). Such polymeric materials are useful as adsorbents for the removal of 

organic pollutants, such as PFCs and PNP, especially when the inclusion properties of the CD 

cavity are retained. Adsorption onto the linker domains (non-inclusion or interstitial sites; cf. 

Scheme 1.6) is possible. Therefore, these materials can be classified as both cavitands and 

clathrands (cf. Fig. 1.1a,b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A major strategy in the design of CD-based copolymer materials shown in Scheme 1.6 

involves controlling the surface area and pore structure properties of the copolymer 

frameworks by controlling the composition and size of the cross-linker, in agreement with 

   Interstitial 

sites 

Inclusion 

sites 

Stoichiometric 

cross-linker 

Excess 

cross-linker 

Scheme 1.6 Association of a CD (cone) and a bi-functional reagent (e.g., a diisocyanate 

urethane linker; wavy lines) to form linear (top) or branched (bottom) urethane 

based copolymer materials, where guest (spheres) can bind in the inclusion sites 

or within the interstitial regions.   

 

Scheme 1.4. Association of a CD (cone) and a urethane linker (wavy lines) to form urethane 

based (a) Branched or (b) Linear copolymer materials, where guest (spheres) can bind in the 

inclusion sites (filled spheres) or within the interstitial regions (open spheres)   
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studies of solid phase extraction (SPE) materials.
55

 The positive correlation between sorption 

capacity and increasing surface area and pore structure properties have been concluded from a 

previous research reported elsewhere.
56

 However, the precise molecular details of the sorption 

process in polymeric CD materials is poorly understood. In the case of PFCs, there is a need 

to address knowledge gaps with regard to their structure with both native and polymeric CDs 

in order to develop improved sorbent materials with tunable sorption properties. 

In a study by Ma and Li,
52

 the synthesis of urethane-based β-CD materials was 

reported using hexamethylene diisocyanate (HDI) and toluene diisocyanate (TDI) linkers, 

respectively. These urethane-based CD polymers were reported to display very high binding 

affinity with PNP (K =10
8
–10

9
), as compared with native β-CD (K=10–10

3
). The 

determination of the binding constant (K) was obtained using UV-vis spectroscopy where the 

concentration of the residual (i.e. unbound) PNP was used to evaluate K. The underlying 

assumption in their model was that PNP was solely bound in the cavity of β-CD. In the case of 

polymeric β-CD, the binding constant relation simplifies because the activity of the poly-CD 

is unity and the value of K approximately equals to [PNP]
-1

. The assumption that PNP is 

strictly bound within the cavity of CD is problematic since potential sorption occurs at 

interstitial sites within the polymeric framework (cf. Scheme 1.6) as shown by Mohamed et 

al.
56

 Furthermore, the method used to evaluate K by Ma and Li was oversimplified since the 

total number of sorption sites for PNP were underestimated. Therefore, accurate measurement 

of K values requires a better understanding of the nature of the binding sites involved in the 

adsorption process. 

 

1.2.5 The structure of Host-Guest inclusion complexes 

The structure of host-guest inclusion compounds can be probed using several 

techniques. Job’s method, also known as continuous variation method, was one of the first 

methods used for the determination of the stoichiometry of inclusion complexes.
57

 The 

continuous variation method was used in conjunction with NMR
58,59 

and UV-vis
60

 

spectroscopy. Other techniques such as elemental analyses
61-63 

and calorimetric
64

 methods in 

solution have been used to provide information regarding the stoichiometry of host-guest 

systems. Acid-base titration methods can be used to evaluate the stoichiometry of host-guest 

systems involving acidic guests (e.g., PFOA).
65
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Spectroscopic methods (NMR, FT-IR, and Raman) are important in probing the 

structure and motional dynamics of the host/guest, solvation properties and the presence of 

specific interactions e.g., hydrogen bonding interactions. In particular, multinuclear NMR 

spectroscopy with magic angle spinning (MAS) and cross polarization (CP) techniques have 

recently been used to provide unequivocal evidence for the inclusion of a guest within the host 

for a variety of systems.
66-68 

Other techniques have been used to probe through-space 

intermolecular interactions for host-guest systems such as 2D NMR techniques (e.g., ROESY 

and NOESY; §1.5.7).  

NMR relaxation techniques can be used to measure the dynamic properties of the host 

and guest as influenced by the internal rotations, dipolar interactions, and dynamics of the 

host/guest complex, as well as hydrogen bonding and solvation effects. Thermal analyses 

(DSC and TGA) can reveal the formation of stable inclusion complexes and their hydration 

properties, while X-ray diffraction techniques can provide information about the periodic 

structure and packing arrangement of the complexes in the solid state.  

In the case of Poly-CD adsorbent materials, equilibrium sorption parameters extracted 

from isotherm studies can provide important information regarding the possible 

intermolecular interactions. However, detailed structural information of the complexes 

requires additional techniques such as NMR,
68-71 

FT-IR and Raman spectroscopy,
72,73

 ITC,
74

 

PXRD, thermal analyses
75

 and measurement of contact angles.
76

   

The importance of solvent in supramolecular chemistry has been mentioned (§1.1.4). 

In the solid state the solvent is often co-included as a guest within the crystalline lattice. 

Therefore hydrophobic repulsion effects between the guest and solvent are hindered. 

However, the dynamics and interaction of water with the host or guest are anticipated to affect 

the structure and stability of the host-guest system. The structure of an inclusion complex in 

solution can be challenging to establish since inclusion may occur in several ways (cf. Scheme 

1.5); through the wide or the narrow rim, in an axial or equatorial position with respect to the 

cavity long axis.
77

 Several techniques have been used to study the structure of host-guest 

complexes, where NMR spectroscopic techniques are possible in the solid and solution 

phases, as described above. For example, the presence of the asymmetric environment of the 

cavity can induce a dichroic signal even for the achiral guests (e.g., PNP). According to the 

Harata-Kodaka rules,
78

 the positive and negative sign of the ICD band indicates the axial and 
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equatorial inclusion of the guest, respectively. Table 1.4 summarizes some of the structural 

parameters and the experimental techniques that can be used for these types of measurements. 

Some of the structural parameters and experimental techniques are discussed in greater detail 

in the following sections. 

 

 

Parameter Techniques of measurement Description 

Stoichiometry 

Elemental analysis C-H, C-F analyses 

NMR, UV-vis titration  Continuous variation 

Acid-base titration Acidic guest (e.g. PFOA) 

ITC Host-guest titration 

Specific interactions FT-IR and Raman spectroscopy e.g. H-bonding or dimers 

Thermal stability, 

hydration properties, 

purity 

DSC and TGA Melting, boiling, 

physical/phase transition. 

Conformation, dynamics, 

solvation properties 

1
H/

19
F NMR spectroscopy and 

Relaxation (T1/T2/T1ρ) NMR 

CIS effects, chain 

conformation, 

rotational/motional dynamics 

Through-space  

interactions 

2-D (ROESY, NOESY), CP/MAS 

NMR techniques 

Spatial/dipolar interaction 

(Guest inclusion) 

Packing arrangement, 

hydration properties 

Powder X-ray diffraction Channel, cage, and layer-type 

structures, crystalline structure. 

Equilibrium binding 

constants 

ITC (Host-guest titrations):  

Thermodynamic parameters NMR spectroscopy 

Host-guest interaction NMR, DSC/TGA, FT-IR, PXRD  

 

Table 1.4 Some Structural Parameters of Host-guest Complexes and the Techniques of 

Measurement. 

 

Table 1.3.  Some structural parameters of host-guest complexes and the techniques of 

measurement 



 

- 16 - 
 

1.2.5.1 Packing Arrangements of Cyclodextrins in Host-Guest Systems 

Single crystal X-ray diffraction is an unequivocal method for determining the structures of 

single crystals CD inclusion complexes and provides an understanding of the mode of 

inclusion, the nature of the host-guest interactions, and the role of solvent. In cases where 

good quality single crystal cannot be obtained (e.g., CD/PFCs complexes), powder X-ray 

diffraction (PXRD) is an alternative method for the identification and characterization of host-

guest complexes.
61,79

 This is because it is not always possible to produce single crystals of 

adequate quality for X-ray analysis and PXRD is amenable to such amorphous materials with 

limited crystalline behavior. Qualitative analysis of PXRD results involves a comparison of 

the diffraction patterns of the host, guest, and the complex, relative to its physical mixtures. 

Other than providing evidence for the formation of unique host-guest complexes, PXRD can 

be used to characterize the packing arrangements of the CD inclusion complexes. 

In a review of CD inclusion complexes,
79,80 

the solid state packing arrangement was 

generally classified into three broad categories; channel, cage and layered structures.  Further 

divisions are observed for CDs depending on the relative orientation of the primary and 

secondary faces (cf. Figure 1.2) but are not of immediate interest to the present work. The 

three types of packing arrangements described above are determined by the orientation of the 

CD and the connectivity between one cavity and the next. Cage-type structures are observed 

when the guest molecule is small enough to be enclosed fully within the cavity (e.g., Scheme 

1.5a). In fact, the CD macromolecule attains such a packing arrangement in its native form 

due to the random arrangement of the molecules.
61

 The cage-type structure results in a 

“herring-bone” arrangement of CD molecules and are common for α-CD. Such structures 

have been reported for complexes with short chain fatty acids such as acetic, propionic and 

butyric acids.
81

 There is no evidence that γ-CD forms cage-type compounds due to its large 

cavity size (cf. Table 1.2).  

 Channel-type structures can be formed by all three types of CDs with large guest 

molecules. A rearrangement from the cage-type to the channel-type structures occurs when 

the guest molecule is so large that it protrudes on both sides of the cavity (e.g., Scheme 1.5b). 

In the channel-type arrangement, the CD cavities are lined up in order to produce an extended 

hydrophobic channel into which guests can thread through in a similar fashion as beads 

through a string, as illustrated by rotaxane systems (cf. Scheme 1.3).  Such structures are 
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observed for the α-CD complex of the pH indicator dye, methyl orange, where the guest spans 

three CD cavities.
2
 Channel-type compounds are also known for β-CD complexes with long 

and medium chain PFCs
61 

and other systems.
32,37,49,71,82,83 

The formation of channel-type 

structures is further classified as either “head-to-head” or “head-to-tail” depending on the 

orientations of the neighboring CD molecules. β-CD is reported to have a strong tendency to 

form “head-to-head” dimers that are held together by multiple hydrogen bonds at the 

secondary rims, where at least one guest molecule can be accomodated.
80

  

The layer-type packing structure is generally associated with large guest molecules and 

has been reported for α-CD/p-bromophenol
84

 and β-CD/cinnamoyl
85 

complexes. In this type 

of structure the CD molecules pack in layers with their macrocyclic ring planes in parallel 

orientation, with alternate layers shifted to produce a ‘brick-in-a-wall’ pattern. The three 

possible packing modes are illustrated in Figure 1.3. 

 

 

 

 

 

 

 

1.2.5.2 Conformation of the Guest Molecule 

 As mentioned earlier, conformation change of a guest may occur upon induced fit 

binding with a host. There are several classifications of isomeric conformers but only three; 

ortho-, gauche-, and anti-conformers, are discussed here with special reference to PFCs. The 

complexity of the subject of torsional energetics of perfluoroalkanes has been noted by many 

researchers and that particular topic is beyond the scope of this work. However, a brief and 

general description of the conformations of PFCs is presented here. The presence of three 

conformational energy minima for the C-C-C-C torsional profile of perfluoroalkanes is well 

established using n-C4F10 as the model compound.
86 

The determination of the three 

conformers for fluorobutane were based on ab initio calculations
87-92

 and N2 matrix-isolation 

(a) 

 

(a) 

(c) 

 

(c) 

(d) 

 

(d) 

Figure 1.3 Schematic representation of the packing of cyclodextrin structure showing (a) 

head-to-head channel type, (b) head-to-tail channel type, (c) cage-type, and 

(d) layer-type structures. Adapted from ref. 80. 

 

Figure 1.3. Schematic representation of the packing of cyclodextrin structure showing (a) 

head-to-head channel type, (b) head-to-tail channel type, (c) cage-type, and (d) layer-type 

packing structures. Indicate if this is adapted from some other reference. 
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Raman spectroscopy.
87-89

 Among the three conformers, the gauche and anti are most common 

for PFCs and are widely reported in the literature.
61,93 

For a simple four-carbon organic 

molecule of the type AX3AX2AX2AX3, the gauche- and anti-conformers can be viewed using 

the Newman projection as shown in Figure 1.4.   

 

 

 

 

 

 

 

In general, the gauche-conformers (g+, g-) have CCCC dihedral angles ca. ±60°, the ortho- 

(o+, o-) ca. ±90 and -90, and the anti-conformers (+a, -a) have dihedral angles ca.180°. Figure 

1.5 below shows the gauche- and anti-conformers of PFOA. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 The Newman projection for the (a) gauche-, and (b) anti-conformers of a 

simple four carbon system.  

 

Figure 1.4. The Newman projection for the (a) gauche-, and (b) anti-conformers of a simple 

four carbon system.  

(a) 

 

(a) 

(b) 

 

(b) 

(b) 

 

(b) 

(a) 

 

(a) 

(c) 

 

(c) 

(d) 

 

(d) 

Figure 1.5 The molecular structure of PFOA displaying the gauche- (b and d) and anti-

conformations (a and c) of the perfluorocarbon chain. Figures c and d represent the 

ball and stick structures of PFOA generated using Spartan ’08 V1.2.0. 

 

Figure 1.5. The molecular structure of PFOA displaying the gauche- (b and d) and anti-

conformations (a and c) of the perfluorocarbon chain. Figures c and d represent the  ball and 

stick structures of PFOA.  
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1.3 Perfluorinated compounds (PFCs) 

1.3.1 Perfluorinated Compounds (PFCs): An Overview.  

Perfluorinated compounds (PFCs) are a series of fluorine-containing chemicals that 

represent a growing list of persistent organic pollutants (POPs) accumulating in Canadian and 

global environments.
94,95

 PFCs have the general formula CF3-(CF2)n-R’ and can be divided 

into the groups of sulfonic (R’ = CF2-SO3H) and carboxylic (R’ = COOH) acids, 

fluorotelomer alcohols (R = CF2-OH), and perfluoroalkanamides (R = CONH2). PFC 

chemicals that are of interest in this research work are PFOA (CF3-(CF2)6-COOH), PFOS 

(CF3(CF2)7-SO3H), PFBA (CF3(CF2)2-COOH) and SPFO (CF3(CF2)6COO
-
Na

+
). These PFCs 

were selected to represent a carboxylic acid (PFOA) and its conjugate base (SPFO); 

long/medium (C8) and short chain (C4) PFCs; including PFCs with variable head groups (i.e., 

a carboxylate vs sulfonate head group). Within the class of PFC chemicals, PFOA and PFOS 

have received considerable attention because of their persistence in the environment, and their 

bioaccumulative and toxic properties.
96

 These compounds are considered as useful reference 

materials, particularly from a toxicological standpoint. Perfluoroalkyl carboxylates and 

sulfonates are amphiphilic because they consist of a PFC alkyl chain that is both hydrophobic 

and oleophobic, while the anion group is hydrophilic in nature.
96,97 

The combination of 

hydrophobic and oleophobic character makes these substances useful as surfactants. The 

molecular structures of some representative PFCs are presented in Figure 1.6. 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.6 The molecular structures of (a) PFOA/SPFO, where R’ = H

+
/Na

+
, (b) PFBA, 

and (c) PFOS 

 

Figure 1.6. The molecular structures of (a) PFOA or SPFO, where R’ = H
+
 or Na

+
, (b) 

PFBA, and (c) SPFO 
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Perfluorinated surfactants have been synthesized by electrochemical fluorination (ECF) 

or telomerisation. Detailed procedures for the production of PFCs are reported elsewhere.
96-98

 

Commercial production of PFOA and PFOS in the Americas is mostly based on ECF; 

whereas, telomerization process is used for the production of perfluoroalkyl carboxylates and 

fluorotelomer alcohols (FTOHs). Perfluorooctanesulfonyl fluoride (POSF)-based polymers 

and the volatile FTOHs can degrade to PFOS and PFOA, respectively.  

 

1.3.2 Physicochemical Properties and Uses of PFCs 

In general, PFCs of the type described above possess unique physicochemical properties, 

as compared with their hydrocarbon analogues. They are generally apolar, have relatively 

good solubility, low volatility and are very stable under extreme conditions. The presence of 

C-F bonds makes these compounds resistant to hydrolysis, photolysis, microbial degradation 

and metabolism.
97,99

 They generally have low vapor pressures (e.g., ∼10 mmHg for PFOA at 

25 °C)
100

 and exhibit long residence times in the environment. They are very surface active 

and can therefore effectively lower the surface tension of aqueous and other solvent systems, 

even at low concentrations, by selective adsorption at the air/solvent interface. The relatively 

high surface activity of PFCs confers their application as high performance surfactants, 

emulsifiers, formulations for firefighting foams and cosmetics, and surface coatings for metals 

and paper.  

The distribution of PFCs in water, air, and sediment depends on their physicochemical 

properties.
101

 Therefore, the propensity of these compounds to adsorb onto solid surfaces 

varies according to differences in various properties such as pKa, solubility, and vapour 

pressure (cf. Table 1.5). In general, PFOA and PFOS have relatively high water solubility and 

therefore tend to stay in the aqueous phase but are also known to strongly bind to particles 

present in the atmosphere. The higher concentrations of PFBA in landfill leachates reported 

by Foen et al.
102 

are attributed to its greater water solubility and reduced propensity to adsorb 

onto solid materials. The short-chain PFCs (C4) are often exclusively detected in dissolved 

solution phase; whereas, long-chain PFCs (C≥8) are strongly adsorbed onto particulates. 

Some of the physicochemical properties for PFOA, SPFO, and PFBA are listed in Table 1.5 

and are compared to those of octanoic acid (OA).  
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Physicochemical Properties 

Alkyl/Perfluoroalkyl compounds 

PFOA PFOS PFBA OA 

Molecular formula C8HF15O2 C8HF17O3S C4HF7O2 C8H16O2 

Molecular weight (g/mol) 414 500 235 144 

Chain length (Å)(*Spartan) ~12 ~13 ~7 ~11 

Physical state (25°C) Solid Solid Liquid Liquid 

Solubility (g/L, 25°C) 340 520 High 0.16 

Melting point (°C) 45-55 >400 -17.5 16.7 

Boiling point (°C) 189-192 133 120 240 

Vapor pressure (mmHg) 4.1-10 ~0 10 0.25 

pKa 2.5 <0 0.08–0.4 4.8 

cmc (mM) 8.7-10.5 8.0 No data No data 

 

1.3.3 Sources and Environmental Concentrations of PFCs 

In general, PFCs with 4–10 carbons were reported to be the dominant species detected 

in landfill leachates in the Americas and globally.
102

 PFOA, PFOS, and other PFCs are 

commonly found in soil, sediments, and aquatic environments because of their ability to 

infiltrate groundwater to varying extents. In particular, PFOA and PFOS do not occur 

naturally, but are mostly available in the environment as synthetic chemicals or as degradation 

products of volatile precursors.
108,109

 These chemicals have been reported to enter the 

environment directly during their production.
110,111

 Due to their low pKa values (cf. Table 1.5), 

PFOA and PFOS are often present in solution in their anionic form at ambient environmental 

conditions. Environmental contamination by PFCs was reported due to the direct discharge of 

industrial waste, such as aqueous firefighting foams
110-113 

and wastewater effluents from water 

Table 1.5 Physicochemical properties of some perfluorinated compounds and 

octanoic acid.
103-107

 

 

Table 1.4. Physicochemical properties of some perfluorinated compounds and octanoic 

acid.
70-74
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treatment plants.
114-117

 Consumption of contaminated foods and inhalation of air laden with 

volatile PFCs (e.g., perfluorinated alcohols and esters) that may be further degraded to PFOA 

or PFOS are other potential ingestion pathways.
117-120

   

Based on the above mentioned activities, human beings are exposed to PFCs on a daily 

basis via a number of different pathways; e.g. pre- and post-natal exposures, drinking water, 

contaminated food, inhalation of contaminated dust, and occupational exposure.
121

 Detectable 

PFC levels vary from a few ng/L to several μg/L, depending on the matrix and the related 

activities (cf. Table 1.6). For example, studies from Canada, the USA, Germany, Denmark, 

and Japan reported elevated levels of PFOS and PFOA (3–17 μg/L) in the cord blood of 

humans.
121-124 

Similar studies reported average PFOS and PFOA concentrations of ~0.04–

0.40μg/L in human breast milk samples.
125,126

  

 

 

 

 

 

 

 

 

 

 

 

 

 

The environmental concentrations of PFOA and PFOS for several matrices (e.g., 

atmosphere, land, water, and living organisms) are well documented by Becker in her thesis 

Matrix Location PFOA PFOS 

Tap water Osaka and Tohoku area, Japan 0.040 0.012 

Ruhr, Germany 0.519 0.022 

Ground water* Air Force Base, Michigan, USA 105 110 

River water Kyoto area, Japan 0.110 0.010 

Pearl and Yangtze River, China 0.260 0.099 

Oder, Vistula, Poland 0.0038 Na 

Lake water  Canadian Arctic 0.016 0.090 

Waste water WWTP, Kentucky, USA 0.334 0.993 

WWTPs, New York, USA 1.050 0.068 

Table 1.6 PFOA and PFOS Levels (μg/L) in Some Aquatic samples: 

*-After Fire-fighting Activity, na - Not Analyzed.
98

 

 

Table 1.5. PFOA and PFOS levels (μg/L) in some aquatic samples: *-after 

fire-fighting activity, na - not analyzed.
65
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report.
98 

Table 1.6 lists some of the PFOA and PFOS levels in aquatic samples, including 

waste water treatment plants (WWTPs). 

 

1.3.4 Toxicity of PFCs 

As we have seen previously, human beings are exposed to PFCs on a daily basis via a 

number of different pathways. However, most of the toxicological studies have been carried 

out in rats and other small animals, and it is uncertain whether the effects observed in animals 

may occur in humans. A wide range of toxicological studies have been carried out for PFOA 

and PFOS over the past decade. While PFOS and PFOA have been extensively studied, other 

PFCs including replacement chemicals such as perfluorobutanesulfonate (PFBS) and PFBA, 

have not been well characterized. Despite the relative lack of data available on these other 

PFCs, it has been assumed that they will display similar toxicology to PFOS or PFOA. 

PFOA and PFOS are essentially nonvolatile and exposure is most likely via the oral 

route in contaminated food or water. They are well absorbed orally and are very slowly 

eliminated from the body in humans with a half-life of approximately nine and four years,
103

 

respectively. Animal data suggest that they have moderate acute oral toxicity with major 

effects on the gastrointestinal tract and the liver. Other risks associated with exposure to 

PFOA and PFOS include suppression of immunity and effects on developmental and 

reproductive organs.
127-134

 Reports have associated PFOA and PFOS with increased incidents 

of aborted pregnancies in animals.
135-137

 Several studies have shown both PFOA and PFOS to 

induce tumors in animals at relatively high doses.
132,137-139

 In other reports, high levels of 

serum POPs, mainly made up of PFCs, were suggested to be the cause of breast cancer risks 

among the Inuit population of Greenland and Canada.
140 

Following reports of the global distribution and toxicity of PFOA and PFOS, several 

organizations and city councils have acted towards addressing the associated health and 

environmental concerns. For example, in 2000, 3M which is the largest producer of PFOS-

related substances announced its intention to phase out production of such compounds by 

reformulating its entire range of “Scotch” brand products with chemistry based on the short 

chain PFBS, that is reported to be less bioaccumulative than PFOS. In addition to US-EPA 

and other health organization (e.g., UK-HPA) issuing ‘provisional health advisories’ for the 

acceptable levels of PFOS and PFOA for short term exposure, several city councils have 
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recently established drinking water guidelines for these chemicals. Table 1.7 presents some of 

the guidelines showing acceptable levels of PFOS and PFOA in drinking water.
141

 

 

 

 

 

 

  

 

 

 

 

 

 

 

1.3.5 Perfluorinated Compounds as Guest Molecules: Their Challenges 

The challenges associated with obtaining good quality crystals of inclusion complexes 

with -CD have generally precluded detailed X-ray studies of PFCs in the solid state. The 

structure and distribution pathways of these surface active compounds are poorly understood 

because of their amphiphilic behaviour and non-ideal mixing behaviour with hydrocarbon 

materials. The solution and colloidal behavior of surface-active agents may be attenuated by 

their complexation with host compounds such as CDs, where NMR techniques both in the 

solution and solid phases offer possibilities to the study of the short-range order of such 

complexes.  

A limitation to the study of low melting compounds such as PFOA (cf. Table 1.5) 

presents another challenge for solids NMR studies under MAS NMR conditions. This is 

because compounds with low melting points can cause rotor instability and damage to the 

NMR probe when spun at frequencies as low as 8 kHz or for longer periods due to the heat 

generated through fast spinning. The study of SPFO reported herein (chapter 5) enables its 

structural investigation as a model PFC in its unbound state. The structural and dynamic 

State/organization PFOA (μg/L) PFOS (μg/L) 

US-EPA 0.2 0.4 

UK-HPA 0.3 10 

Canada 0.3 0.7 

Minnesota 0.3 0.2 

North Carolina 2 N/A 

New Jersey 0.04 N/A 

Germany 0.1 (sum of PFOA and PFOS) 

Table 1.7 PFOA and PFOS Safe Levels for Various 

Organizations and Governments.
141 

N/A; Not Applicable. 

 

Table 1.6. PFOA and PFOS safe levels for various organizations 

and governments.
108
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information obtained from SPFO is expected to shed light into the structure of PFCs in their 

native states of such perfluorocarbon chains. 

Numerous studies have reported the inclusion complexes involving CDs and PFCs in 

the solution phase. Reinsborough et al.
142

 and Guo et al.
93

 were among the first groups to 

study CD/PFCs inclusion complexes using such techniques as conductometry and NMR 

spectroscopy, respectively. In particular, Guo et al. studied the association of α-, β-, and γ-

CDs with C4-C9 sodium perfluoroalkyl salts using 
19

F NMR spectroscopy in solution. As 

well, Druliner and Wasserman
143

 examined the interaction of α- and β-CD with unsubstituted 

acyclic and cyclic perfluoroalkanes in solution. The association of the various fluorocarbon 

surfactants with α-CD inclusion was found to be fairly weak because the size of the cavity is 

too small (cf. Table 1.2) to accommodate the guests. In contrast, the cavity size of β-CD is 

large enough to accommodate PFCs up to 8 carbons long in a 1:1 or 2:1 host/guest 

stoichiometry. In the case of γ-CD, favourable binding at the 1:1 and 1:2 (host/guest) mole 

ratios is anticipated for longer chain PFCs.  Favourable association of PFC guests with -CD 

in solution is controlled by the size-fit complementarity of the host and guest,
142

 as well as an 

induced fit via a conformation change of the guest. For instance, in the 1:1 and 2:1 β-

CD/PFOA complexes, the perfluorocarbon guest may adopt the coiled (gauche or helical) and 

extended (trans or zigzag) conformations, respectively, in order to adopt the cavity 

dimensions of the host (cf. Table 1.2 and 1.5 and Fig. 1.5).  

Among the three types of CDs, β-CD was chosen for this study due to its size-fit 

complementarity with the PFC guests (i.e., PFOA, SPFO, PFBA, and PFOS). In fact, 

complexes of β-CD/perfluoroalkyl carboxylates with variable chain length were concluded to 

form stable inclusion complexes in aqueous solution, according to 
19

F/
1
H NMR 

spectroscopy,
26,94,144

 viscometry,
144 

conductometry,
142,145,146 

and sound velocity
147 

in aqueous 

solutions. In particular, β-CD and SPFO form more stable 1:1 and 2:1 host/guest complexes in 

solution.  

There are relatively few examples of the formation of solid-state inclusion complexes 

between β-CD and PFC guests (e.g., PFOA) in the literature, relative to studies in aqueous 

solution. In fact, no studies have reported the inclusion complexes of β-CD and SPFO in the 

solid state. Tatsuno and Ando
61

 have examined the solid inclusion complexes of β-CD with 

C9F20 and C20F42 using solid state NMR, where 2:1 and 4:1 host-guest complexes were 
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Figure 1.7 (a) Molecular structure of p-nitrophenol, and (b) three different inclusion 

modes of the phenolate guests within the cavity of a CD host as determined 

from intermolecular NOE spatial interactions.
155

 

 

Figure 1.9. (a) Molecular structure of p-nitrophenol, and (b) three different inclusion modes 

of the phenolate guests within the cavity of a CD host as determined from intermolecular 

NOE spatial interactions. 
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reported, respectively. However, several other studies have examined modified PFCs
143 

and 

semi-fluorinated polymers
148,149 

in the solid state. Recently, Koito et al.
66

 studied inclusion 

complexes of β-CD and hydrofluoroether using solid state NMR spectroscopy and wide-angle 

X-ray diffraction. Thus, solid-state structural studies of CD/PFC inclusion compounds remain 

largely unexplored. This knowledge gap contributes to a limited understanding of the structure 

and dynamics properties of PFCs and their complexes. In contrast, single-crystal XRD studies 

of β-CD/hydrocarbon carboxylic acids have been reported.
150-152 

Single-crystal XRD studies 

of CD complexes can provide rich structural information regarding the spatial orientation of 

the guest within the host, including the role of solvation properties in governing the structure 

and stability of the complex.
151,152

 In the absence of single crystal X-ray data, solid-state NMR 

spectroscopy provides the opportunity to obtain detailed structural information of such 

amorphous and crystalline host/guest materials.
153 

 

1.3.6 Other Organic Guest Compounds 

Phenolate guests, particularly PNP (cf. Figure 1.7a), represent commonly used model 

compounds of aromatic environmental pollutants owing to their structural relevance to 

pharmaceuticals, explosives, dyes and agrochemicals.
154

 

 

 

 

 

 

 

 

 

PNP is a simple model guest for studying -CD and its related copolymers because its 

complexes are amenable for study by using NMR
155 

and UV-vis
156

 spectroscopy, 

calorimetry,
157 

electrospray ionization mass spectrometry
158

 and X-ray crystallography.
159 

Of 
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paramount importance to the study of CD/PNP complexes is the use of Nuclear Overhauser 

Effect (NOE) (cf. §1.5.7) NMR techniques in solution. Two-dimensional NMR methods such 

as NOESY and ROESY are useful in structural studies of through-space interactions between 

the guest and the host. More importantly, intermolecular NOEs provide information about the 

spatial interactions and inclusion modes of host/guest complexes. For example, Figure 1.7b 

illustrates a typical NOE application for phenolates with α-CD complexes, which may occur 

in three possible inclusion modes (I-III).
157 

The 2D-ROESY spectrum of p-iodophenolate with 

α-CD showed the inclusion mode I.
160

 The 2-D ROESY spectrum of β-CD/PNP is reported in 

greater detail in this study (§Chapter 6). The use of PNP in this work as a model guest for β-

CD and its copolymers was based on the utility of various methods wherein studied in 

solution. Moreover, Ma and Li
52

 used PNP and their results provide a comparison for the 

binding affinity studies of urethane-based copolymers. The binding properties of the 

copolymers toward PNP constitute one of the research hypotheses for this work (cf. §1.7).  

 

1.4 Methods for Removing PFCs from the Environment 

Since most PFCs are resistant to hydrolysis, photolysis, microbial degradation and 

metabolism, these compounds are not amenable to conventional chemical or biological 

degradation methods. Alternative approaches for the removal of PFCs such as ultrasonic
161

 

and UV irradiation
162 

are limited due to their demanding capital cost and time requirements. 

Adsorption with activated carbon
163-167 

offers a general utility, technical simplicity, and 

relatively low cost for the removal of such pollutants. Other carbonaceous materials (e.g., 

carbon nanotubes; CNTs)
168,169

 were recently evaluated as potential adsorbent materials for 

the removal of PFCs and HC surfactants from aqueous environment. However, carbonaceous 

materials were generally found to have limited uptake of PFCs due to their inert character and 

relative immiscibility of PFCs with HC adsorbent materials.
170,171

  

We hypothesized in this work that improved molecular recognition of target substrates 

(e.g., PFOA) is possible using synthetically engineered adsorbent materials possessing 

macromolecular units (e.g., β-CD) within a copolymer framework (cf. Scheme 1.6). The 

incorporation of macromolecular porogens within copolymer frameworks is a bottom-up 

strategy which offers the possibility of tuning the physicochemical properties of the adsorbent 

by controlling the reagent ratios and reaction conditions. There are comparatively few studies 
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reported for the sorptive removal of PFCs using copolymer adsorbent materials. Most of these 

studies have reported the selective removal of PFOS from aqueous solution using molecularly 

imprinted polymers (MIPs) where PFOA and PFOS were used as molecular templates.
172,173

 

In contrast, a number of reports have described the sorption of PFCs onto commercially 

available resins.
174,175 

The use of polymeric adsorbent materials (cf. Scheme 1.6) offers a 

potential strategy for the sorptive removal of PFCs with tunable properties such as ease of 

regeneration, high sorption capacity, and shorter equilibration times. We describe in this 

section some aspects of sorption phenomena that are necessary for understanding the 

thermodynamics of heterogeneous adsorption of organic molecules onto the surface of solid 

materials.   

 

1.4.1 Adsorption Phenomena 

Adsorption is the accumulation of molecules (the adsorbate) on a surface of the 

adsorbent in contact with air or a water phase. It is important to distinguish between the terms 

“adsorption” and “absorption”. While adsorption is the accumulation of molecules onto the 

surface of a solid adsorbent material, absorption is the partitioning of molecules within the 

inner structure (across the interface) of the adsorbent. Since both adsorption and absorption 

may occur simultaneously, the term sorption is often used to describe a combination of both 

processes. Therefore, the terms sorption and adsorption will be used interchangeably in the 

course of this thesis. Similarly, the terms sorbate/adsorbate and sorbent/adsorbent will be used 

interchangeably. 

Adsorption processeses can be categorized into two types; (1) Physisorption and (2) 

Chemisorption. Physisorption describes the non-covalent interaction between the adsorbate 

and the adsorbent through such forces as van der Waals interactions, surface charge 

interaction (i.e., electrostatic forces), dipolar (e.g., hydrogen bonding), and CH-π or π- π 

interactions. Chemisorption involves covalent bonding interactions between the adsorbate and 

adsorbent. 

The interaction of the adsorbate with CD-based copolymer adsorbent involves one of the 

binding topologies described in Scheme 1.6, where multiple binding sites may be available as 

long as there are no steric effects.  Non-covalent interactions are crucial in the binding process 

and for adsorptive applications. The hypothesis considered here was related to understanding 
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the structure and function of adsorbent-adsorbate systems, including nature and mode of 

interactions involved, and the role of the solvent (water) (cf. §1.6 - 1.7). 

 

1.4.2 Adsorption Isotherms  

Sorption phenomena are usually described using isotherms to provide a detailed 

understanding of the thermodynamic properties of the adsorbate/adsorbent system. Gas 

porosimetry measurements have been used to characterize the adsorption of gaseous species 

onto adsorbent materials.
176

 Solid-gas isotherms have been used to classify adsorption profiles 

into six types. The adsorption profile of the gas at constant temperature is related to the 

adsorbent pore size and surface characteristics. Four common isotherms (types I–IV) are 

shown in Figure 1.8 and are discussed briefly herein. The other types of isotherms (not 

shown) have been described in detail elsewhere.
177 

 

 

 

 

 

 

 

 

 

 

 

The type I isotherm represents sorption behavior of micro-porous solids whose pore size 

does not exceed a few molecular diameters (typical pore width ≤2 nm) of the adsorbate. This 

type of isotherm depicts monolayer sorption that is well described by the Langmuir isotherm 

(§1.4.3).  Physical adsorption for this type of isotherm involves adsorption within the micro-

Figure 1.8 Types of adsorption isotherms. Point A represents the regions where monolayer 

coverage is complete.  

 

Figure 1.7. Types of adsorption isotherms. Point A represents the regions where monolayer 

coverage is complete.  
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pores. Upon saturation of these sites, no further adsorption occurs. Materials which exhibit 

type I isotherms include GAC and zeolites.  

The type II isotherms are encountered when adsorption occurs on non-porous or macro-

porous materials (pore widths >50 nm). Type II behaviour involves multilayer adsorption 

which occurs after subsequent adsorption onto the first adsorbed monolayer after point A (cf. 

Figure 1.8).  

Type III isotherm describes multilayer sorption which occurs in non-porous adsorbents 

with characteristic weak adsorbent-adsorbate interaction. As adsorption proceeds, further 

cooperative adsorption is facilitated because the adsorbate interaction with an adsorbed layer 

is greater than the interaction with the adsorbent surface.  

Type IV isotherm is typical for meso-porous adsorbents (pore widths ~2–50 nm). It is a 

variation of type II, with a characteristic hysteresis loop. The hysteresis loop is associated 

with the secondary pore filling process of capillary condensation.  

  

1.4.3 Equilibrium Isotherm Models 

Many of the adsorption processes are described by one of the four adsorption isotherms 

above. The results of an adsorption process are usually expressed as a plot of equilibrium 

uptake of adsorbate species from aqueous solution by the adsorbent phase (Qe; mmol/g or 

mg/g) against the residual equilibrium concentration of unbound adsorbate species (Ce; 

mmol/L or mg/L) as described by eqn 1.1. Co refers to the initial adsorbate concentration prior 

to sorption, m is the mass (g) of adsorbent, and V is the volume (L) of the solution. 

                      
m

VCC
Q eo

e


  

Sorption isotherms are analyzed using appropriate isotherm models to simulate the 

observed sorption behavior. The physical parameters obtained from fitting sorption isotherm 

data to an appropriate model provides insight about the thermodynamics of the adsorption 

process, including the sorption capacity and the affinity of the adsorbent.
178

 Two sorption 

models (Sips and Brunauer-Emmett-Teller (B.E.T)) were considered in this work and are 

described along with the Langmuir and Freundlich models.  

 

1.4.3.1 Langmuir Isotherm  

Equation 1.1 
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In its formulation, the Langmuir isotherm
179

 involves three assumptions; (1) monolayer 

adsorption occurs onto the adsorbent surface, (2) adsorption can only occur at equivalent 

adsorption sites, and (3) there is no lateral interaction or steric hindrance between adsorbed 

molecules, even at adjacent sites. Therefore, the model assumes homogeneous adsorption 

where all sites have equal affinity for the adsorbate with no lateral migration of the adsorbate 

in the plane of the surface. Since CD-based copolymers potentially contain two binding sites 

(cf. Scheme 1.6) with variable adsorption enthalpies, this model is not valid for such multi-site 

adsorption. The Langmuir isotherm model (eqn 1.2) is graphically represented and similar to 

the type I isotherm in Figure 1.8. Qm is the monolayer surface coverage of the adsorbate on the 

surface and KL is the equilibrium adsorption constant for the adsorbent/adsorbate system.  

                                
eL

emL
e

CK

CQK
Q




1
 

1.4.3.2 Freundlich Isotherm model 

The Freundlich isotherm
180

 (eqn 1.3) is the earliest known model which describes the non-

ideal and reversible adsorption, not restricted to the formation of monolayer. This empirical 

model assumes heterogeneous adsorption that also applies to multilayer adsorption, with non-

uniform distribution of adsorption activation energies and affinities over the heterogeneous 

surface. Such a model would be appropriate for the CD copolymer/PFCs systems. However, 

the model is limited in its ability to accurately determine Qm since the ratio of the adsorbate 

onto a given mass of adsorbent varies at different solution concentrations.  

                                 fn

eFe CKQ
1

  

 

1.4.3.3 Sips Isotherm Model 

The Sips isotherm model
181 

(eqn 1.4) combines features of the Langmuir and Freundlich 

models. Ks is the Sips equilibrium constant and ns is a heterogeneity parameter. Values of ns 

that deviate from unity infer that the adsorbent is heterogeneous; while values of ns = 1 

indicate a homogenous surface that resembles the Langmuir isotherm. In the limit where  

(KsCe)
sn
<< 1, the model converges with the Freundlich model. The versatility and general 

applicability of this model lies in the ability to describe Langmuir and Freundlich behavior. In 

Equation 1.2 

Equation 1.3 
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general, the model reduces to Freundlich isotherm at low adsorbate concentrations, whereas, it 

predicts a monolayer adsorption profile characteristic of the Langmuir model at higher 

concentration. Therefore, the Sips model is useful for GAC/PFC systems and for β-CD based 

polymeric adsorbents/PFC systems for monolayer adsorption. 
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1.4.3.4 BET Isotherm Model 

Brunauer–Emmett–Teller (BET) isotherm
176 

(eqn 1.5) is widely used to describe 

multilayer adsorption systems as first derived by Stephen Brunauer, Paul Emmett and Edward 

Teller. It is the model of choice for most adsorption systems that involve PFC adsorbates due 

to their tendency to aggregate and form multilayers. The BET model involves an initial 

adsorbed layer which acts as a substrate for subsequent adsorption. The BET model describes 

adsorbate-adsorbent systems that involve cooperative adsorption as anticipated for most 

systems that involve PFCs as adsorbates. The parameters KBET and Cs are the equilibrium 

adsorption constant and saturated concentration of the adsorbate, respectively. For surface 

active compounds such as PFOA and PFOS, Cs values are interpreted as or close to the cmc 

values. 
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1.5. NMR Spectroscopy of Host-Guest systems 

1.5.1. NMR spectroscopy: An Overview 

Nuclear Magnetic Resonance, commonly known as NMR, is a spectroscopic technique 

that measures the intrinsic magnetic properties of atomic nuclei in the presence of an external 

magnetic field. The concept of NMR was first demonstrated in 1946 in condensed matter 

simultaneously by two research groups; that of Felix Bloch and that of Edward Mills Purcell. 

Bloch and Purcell were jointly awarded the Nobel Prize for Physics in 1952 for their 

discovery. Since then the field of NMR has seen tremendous developments in both the 

instrumental and experimental aspects. Recent experimental advances have made the NMR 

Equation 1.4 

Equation 1.5 
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technique a method of choice for many solution and solid sample analyses. The development 

of two-dimensional NMR experiments during the 1970s signaled the start of a new era in 

NMR spectroscopy.  

This overview begins by describing aspects of magnetic properties of nuclei as a 

prerequisite for understanding the basic theory of NMR spectroscopy. From there, more 

advanced NMR techniques will be explained. Attention will be confined mostly to 
1
H, 

19
F, 

and 
13

C nuclei in our discussion. A detailed theory of NMR spectroscopy with reviews on 

quantum mechanics, which is beyond the scope of this work, is provided elsewhere.
182-184 

 

1.5.2 Matter, Spin and Magnetism 

Matter is made up of atoms, which are made up of electrons and nuclei. The four 

important physical properties that define a nucleus include mass, electric charge, magnetism 

and spin. Nuclear magnetism and spin have almost no effect on the normal chemical and 

physical behavior of substances, but provide a wonderful tool for NMR. 

NMR involves detailed manipulations of nuclear spins. A spinning object possesses a 

quantity called angular momentum, P, which is quantized:  

                                      1 IIP  

In eqn 1.6, ħ = h/2π (where h is Planck’s constant = 6.6256 x 10
-34 

J.s) and I is the angular 

momentum quantum number or simply, the nuclear spin. Spin is a form of angular 

momentum; however, unlike angular momentum, spin is not produced by the rotation of a 

particle but rather it is an intrinsic property of nuclei, as described above. The overall spin 

quantum number I of the magnetic particle is determined by the number of neutrons and 

protons in the nucleus and is given by either a half-integer or a whole number as shown in 

Table 1.8.  

The angular momentum P has associated with it a magnetic moment μ, both of which 

are vector quantities and are proportional to each other: 

                                   P   

The proportionality factor γ is the gyromagnetic ratio and is a property of each nuclide 

(i.e., each isotope of each element; cf. Table 1.8). The detection sensitivity of a nuclide in the 

NMR experiment depends on γ; nuclides with a large value of γ (e.g., 
1
H and 

19
F) are said to 

Equation 1.6 

Equation 1.7 
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be sensitivity, while those with small γ (e.g., 
13

C) are said to be insensitive. Also, nuclides 

with spin I = 0 (e.g., 
12

C) have no nuclear magnetic moment (ref. to eqns 1.6 and 1.7, cf. Table 

1.) and are NMR inactive or silent. 

 

 

Nuclide Spin 

I 

Natural 

abundance 

(%) 

Magnetic 

Moment 

μz/μM 

Electric 

quadrupole 

moment 

(10
-30

m
2
) 

Magnetogyric 

ratio γ 

(10
7 
rad T

-1
 s

-1
) 

NMR 

frequency 

(MHz; B0; 

2.3488 T) 

Relative 

receptivity 

1
H ½ 99.9885 2.7928 - 26.7522 100 1.00 

2
H 1 0.0115 0.8574 0.2860 4.1066 15.3506 9.65x10

-3
 

12
C 0 98.9 -  - - - 

13
C ½ 1.07 0.7024 - 6.7283 25.1450 1.59x10

-2
 

14
N 1 99.63 0.4038 2.044 1.9338 7.2263 1.01x10

-3
 

15
N 1/2 0.368 -0.2832 - -2.7126 10.1348 1.04x10

-3 

16
O 0 99.96 - - - - -

 

17
O 5/2 0.038 -1.8938 -2.558 -3.6281 13.5565 2.91x10

-2 

19
F ½ 100 2.6269 - 25.1815 94.0940 8.32x10

-1 

23
Na 3/2 100 2.2177 10.4 7.0809 26.4519 9.27x10

-2 

31
P ½ 100 1.1316 - 10.8394 40.4807 6.65x10

-2 

 

If a nucleus with angular momentum P and magnetic moment μ is placed in a static 

magnetic field Bo, the angular momentum takes 2I+1 possible orientations defined by m = I,  

I-1, …..-I.  For a nucleus with 2I+1 possible orientations, there are also 2I+1 energy states 

known as the nuclear Zeeman levels. For 
1
H and 

13
C nuclei, both of which have I = 1/2, there 

are two energy levels in the magnetic field corresponding to the two m values +1/2 (spin up) 

and -1/2 (spin down) as shown in Figure 1.9. These energy states are not degenerate, i.e. the 

nuclear magnetic moments of the nuclei (e.g. 
1
H) can align with Bo in a manner that it either 

reinforces it (spin up) or opposes it (spin down). The energetically preferred orientation has 

the magnetic moment aligned parallel with the applied field. Thus, the lower energy 

orientations (spins) of spins-1/2 (e.g., 
1
H and 

19
F) and spins-1 (e.g., 

2
H and 

14
N) nuclei are ½ 

and 1, respectively. 

 

Table 1.8 Properties of Some Common NMR Spectroscopy Nucleids.
184
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In the absence of external fields at equilibrium, the energy states are degenerate and 

the spin angular momenta are isotropically (uniformly) distributed in all possible directions as 

depicted in Figure 1.10.  

 

 

 

 

 

 

 

Note that the rotational axis of the spinning nucleus cannot be oriented exactly parallel 

(or anti-parallel) with the direction of the applied field Bo, which is arbitrarily chosen to be 

the z-axis, but must precess about this field at an angle Ө as depicted in Figure 1.11. Thus, the 

magnetic moment μ experiences a torque perpendicular to its direction causing it to precess in 

a cone along the magnetic field direction with a frequency termed as the nuclear Larmor 

frequency (o) described by eqn 1.8, where B
o 
is the magnetic field at the site of the particle. 

                                                B



                        Equation 1.8  

Figure 1.10 The orientations of the nuclear magnetic moments at equilibrium in the 

absence of external magnetic field are isotropically distributed.
182,183

  

 

Figure 1.10.  The orientations of the nuclear magnetic moments at equilibrium in the 

absence of external magnetic field are isotropically distributed.  

Figure 1.9 The energy difference ΔE between two adjacent energy levels for spin-1/2 

nuclei as a function of the magnetic flux density B0. 

Nβ 

Nα 

ΔE = hν 

      = (hγ/2π)Bo 
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1.5.3 Macroscopic Magnetization 

As described above, the spin polarizations are isotropically distributed in the absence 

of an external magnetic field (Bo). However, if a magnetic field is suddenly turned on, all 

nuclear spins begin to experience a Larmor precession around the field. On a macroscopic 

level, the sample in the presence of a magnetic field consists of an ensemble of magnetic 

moments with slightly different magnitude and direction. This is because small fluctuations in 

the fields due to the thermal motion of the environment cause a gradual breakdown of the 

constant angle cone precession (cf. Figure 1.11) of the nuclear spins. Over time, the magnetic 

moment of each nuclear spin moves between different ‘precession cones’ and eventually 

sampling the entire range of possible orientations.  

 

 

 

 

 

 

 

 

 

 

 

 

Bo 

 

Bo ωo 

 

ωo 

μ 

 

μ 

Figure 1.11 Precession of the spin magnetic moment in the presence of external field Bo 

 

Figure 1.11. Precession of the spin magnetic moment in the presence of external field Bo 

Figure 1.12 (a) A cluster of spins precessing at the Larmor frequency (ωo) in the presence of 

external magnetic field Bo along the z-axis, and (b) the corresponding longitudinal 

magnetization vector.  

 

Figure 1.12. (a) A cluster of spins precessing at the Larmor frequency (ωo) in the presence of 

external magnetic field Bo along the z-axis, and (b) the corresponding longitudinal magnetization 

vector.  
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The net distribution of spin orientations with magnetic moments along the field (z-

axis) are more probable than orientations with magnetic moments opposed to the field as 

shown in Figure 1.12. This gives rise to a longitudinal net magnetization Mo due to thermal 

equilibrium. The vector Mo plays an important role in the description of all types of pulsed 

NMR experiments.    

 

1.5.4. The Basic Pulsed NMR Experiment 

The longitudinal nuclear spin magnetization described above is very small and not 

detectable. NMR measures nuclear spin magnetization perpendicular to the field (i.e., in the x-

y plane). Transverse magnetization is achieved by rotating the polarization of every single 

spin at thermal equilibrium by π/2 radians (90°) around the z-axis (cf. Figure 1.13). This is 

equal to applying a radio frequency (RF) pulse to bring the polarization to the x-y plane in 

order to generate a transverse magnetization, which is the basis of a simple NMR pulse 

sequence. Once the RF pulse is turned off, a fraction of the nuclear spins are bunched together 

in phase as they begin to precess about the field direction. This condition is called phase 

coherence. The precessing nuclear spins eventually lose their coherence due to slight 

fluctuations of local fields. The transverse magnetization decays slowly as it is impossible to 

maintain exact synchrony between the precessing nuclear magnets. The precessing transverse 

magnetization after an RF pulse is very small. Nevertheless, it is detectable because it 

oscillates at a very well-defined frequency.    

 

 

 

   

 

 

 

 

Figure 1.13 Net magnetization is shown (a) in longitudinal (z-axis) before the π/2 RF pulse, 

(b) rotated in the transverse plane by the π/2 RF pulse, and (c) Larmor precession 

of the transverse magnetization. 

 

Figure 1.13. (a) Simple 1-D π/2 NMR pulse sequence. Net magnetization is shown (b) in 

longitudinal (z-axis) before the π/2 RF pulse, (c) rotated in the transverse plane by the π/2 RF 

pulse, and (c) Larmor precession of the transverse magnetization. 
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 For a one channel single-pulse sequence, an NMR spectrum is recorded using a pulsed 

experiment as the one shown in Figure 1.14. First a delay of the order of a few seconds, 

known as the relaxation or recycle delay (rd), is left in order to allow the spins to come to 

equilibrium. Then the sample is irradiated with a pulse from a dedicated transmitter that 

produces an RF signal at a frequency (ʋ1) close to the Larmor frequency of the selected 

nuclear isotope defined by eqn 1.9. 

                                          B01 2 










  

This RF pulse disturbs the equilibrium of the nuclear spin system and creates 

transverse nuclear magnetization. The pulse sequence is switched off during detection. The 

precession of the nuclear spin magnetization sets up oscillations in the tuned circuit, which 

gives rise to a transient signal known as free induction decay (FID), which is a function of 

time. The FID is recorded for a time called the acquisition time (taq) which usually lasts 

between 50 ms to a few seconds. Finally, the FID signal is subjected to mathematical 

operations called Fourier transformation which converts the NMR signal into an NMR 

spectrum, which is a plot of the intensity of absorption (or emission) on the vertical axis 

against frequency (ppm) on the horizontal axis.  

 

 

 

 

 

 

1.5.4.1 The Chemical Shift and Shielding 

Only a single peak would be expected from the interaction of RF energy and a strong 

magnetic field in accordance with eqn 1.9. Luckily that is not the case, because if it were, 

NMR technique would be of no use. The nucleus in a molecule is shielded to some extent by 

its electron cloud, the density of which varies with the chemical environment, giving rise to 

Equation 1.9 

Figure 1.14 One channel single-pulse NMR sequence. 
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differences in chemical shift positions. The ability to efficiently discriminate among the 

individual absorptions (resonance lines) describes high-resolution NMR spectroscopy. 

The basic NMR equation (i.e., eqn 1.9) for all spins in a nucleus can be modified to 

give the effective frequency that accounts for the shielding factor as shown in eqn 1.10, where 

the symbol σ is the shielding constant. Note that at any given B0, ʋ1 < ʋeff. 

 

                   



 





 1

2 0Beff
 

The degree of shielding depends on the density of the circulating electrons, as well as 

on the inductive effect of neighboring atoms, among other factors. The difference in the 

absorption position of a particular nucleus in a molecule from the absorption position of a 

reference peak is called the chemical shift of that nucleus. Further detailed information on 

chemical shift is given elsewhere.
184-186

 The focus here is on the factors that influence the 

chemical shift. The main factors relevant to this work that influence chemical shift include; 

electron density and inductive effects. Other influences such as ring current effect and 

hybridization also exist
186

 but are not discussed here.  

 Electrons under the influence of a magnetic field circulate generating their own 

magnetic field known as the local field, either increasing or decreasing the influence of the 

applied external magnetic field. The shielding of nuclei can generally be expressed as the sum 

of four terms; 

                         
solvneigparadia

  

Where σdia is the diamagnetic shielding, σpara is the paramagnetic shielding, σneig is the 

neighbouring group shielding, and σsolv is the solvent shielding. For 
1
H and other nuclei with 

spherically symmetric charge distribution, the diamagnetic shielding term reduces the strength 

of the external magnetic field resulting in chemical shifts moving to a higher field (also 

upfield or low frequency). Paramagnetic shielding effects arise only for nuclei in non-

spherical molecules (e.g., electrons in p-orbitals). Paramagnetic shielding terms tend to 

increase the strength of the external magnetic field, consequently, resulting in chemical shift 

moving to lower field (also downfield or high frequency).   

Equation 1.10 

Equation 1.11 
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Shielding arising from the neighboring groups also plays an important role in 

determining the chemical shifts. This term may be expressed in terms of the contributions 

from one of the electronic effects i.e. inductive and γ-gauche effects. The inductive effect of, 

for instance, an electron-withdrawing group (e.g., fluorine) connected to a proton on the same 

carbon atom in a molecule, will decrease the electron density around the proton resulting in 

higher chemical shifts (deshielding). Since the inductive effect propagates through the σ-

bonds of the molecule and decrease with the inverse cube of the distance (1/r
3
), much smaller 

shielding effects are observed for protons on the β-carbon. On the contrary, the protons on the 

γ-carbon will experience a significant shielding effect due to what is termed as the γ-gauche 

effect.   

Concentration and solvent molecules also have very significant contribution to the 

shielding constant, particularly in solution NMR. The most important contributions occur in 

terms of diamagnetic and neighboring group shielding. For example, the inclusion of a guest 

within the cavity of host (e.g., β-CD) in aqueous solution presents a typical example where the 

influence of electron density and neighboring group shielding are at play. The effect of 

solvent on NMR chemical shifts comes from several contributions such as bulk magnetic 

susceptibility, magnetic anisotropy, and contributions from van der Waals and hydrogen-

bonding interactions.
187,188

 van der Waals interactions make a relatively large contribution to 

19
F chemical shifts and such interactions depend upon solute size as well as on the 

polarizability and ionization potential of the solvent.
188

 For instance, the 
19

F nuclei are highly 

polarizable in polar aqueous solvent resulting in increased van der Waals interactions and 

upfield shifts in their environment. 

 

1.5.4.2 Chemical Shift Anisotropy 

For most molecules, the secondary (or local) field induced by the electrons, and hence 

the size of the chemical shift, depends on the orientation of the molecule with respect to the 

applied magnetic field (cf. Figures 1.10 and 1.12). This is generally described by saying that 

the chemical shift is anisotropic. In liquid samples, the molecules are tumbling so rapidly that 

they experience an average local field, and hence have an average chemical shift, called the 

isotropic shift. Nevertheless, at any instant, the local field is different for molecules at 

different orientations. The local field due to the chemical shift is not necessarily parallel to the 
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applied field, it can point in any direction and therefore this local field can be a source of 

relaxation mechanism (§1.5.6). 

The extent to which the local field varies as the molecule tumbles depends on the 

anisotropy of the chemical shift. With the exception of nuclei at sites of high symmetry, such 

as isolated atoms or nuclei in octahedral or tetrahedral sites, all chemical shifts are 

anisotropic. As a rough guide, the shift anisotropy is of the order of the chemical shift range 

for that nucleus. Thus, for protons the shift anisotropy is a few (~5) ppm; whereas, for 
13

C and 

19
F, the anisotropy can easily be in the order of 100 ppm or more.       

 

1.5.5 Overview of Solid-state NMR Spectroscopy 

Solid-state NMR is perhaps the most important technique for determining the structure 

and dynamics of a variety of systems e.g. polymers, host-guest systems, and proteins. An 

informative introduction to the basics of solid-state NMR with an emphasis on applications in 

supramolecular chemistry has been described by Ripmeester and Ratcliffe.
189

 The 

fundamental difference in spectrometer design for solid samples is based on the anisotropic 

effects of powder samples. Thus, the spectra of solid samples are characterized by broader 

peaks compared to narrow lines for similar samples in the solution phase. For isolated spins-

1/2 nuclei (e.g., 
19

F and 
13

C) in the solid state, CSA is the major source of line broadening. As 

previously described, NMR spectra of samples in solution experience rapid random molecular 

tumbling that averages the orientation dependence of the shielding to an isotropic value. 

However, appreciable CSA may still be observed in solution and only affects relaxation 

processes where it is the dominant mechanism for rare spins such as 
13

C (§1.5.6).  

 In contrast to NMR spectra in solution, the full effects of anisotropic interactions are 

observed in the spectra of solid samples. The NMR line shapes of powder samples are a 

summation of the statistical distribution of multiple crystallite orientations, as shown in Figure 

1.15. Consequently, broader lines are generated for solid samples compared to solution 

samples. Furthermore, the presence of direct nuclear dipole-dipole (D-D) interactions in 

solids, which are averaged to zero in solution, leads to an additional source of broadening in 

solid samples
190,191

 as shown in Figure 1.16. For nuclei with spins >1/2 (e.g., 
23

Na), the 

quadrupolar interaction is often the dominant source of line broadening. 
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High resolution solid-state NMR can provide similar information that is available from 

corresponding solution NMR spectra if specialized techniques are incorporated such as magic 

angle spinning (MAS), cross polarization (CP), and 2D NMR methods. Furthermore, NMR 

relaxation offers an option for the study of the motional dynamics of host/guest complexes, 

including the role of solvent in the complex.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.5.5.1 Magic Angle Spinning (MAS)  

The dipolar and chemical shielding interactions contain (3cos
2
Ө-1) terms. In Magic-

angle spinning (MAS), the axis of the sample rotor is placed at the magic angle (54.74°) with 

respect to B0, where the term 3cos
2
Ө - 1 = 0, when Ө = 54.74°. The rate of spinning must be 

greater than or equal to the magnitude of the anisotropic interaction to average it to zero. Solid 

samples are normally packed tightly into rotors and spun at rates of up to 60 kHz at the magic 

Figure 1.15 Distribution of spin orientation (ovals) in (a) solution, and (b) solid samples.  

Rapid molecular tumbling in solution averages the orientation dependence to an 

isotropic value and sharp resonance line (a). Anisotropic effects in solid samples 

result in broad NMR spectral lines (b). 

 

Figure 1.14. Distribution of spin orientation (ovals) in (a) solution, and (b) solid samples.  

Rapid molecular tumbling in solution averages the orientation dependence to an isotropic value 

and sharp resonance line (a). Anisotropic effects in solid samples result in broad NMR spectral 

lines (b). 

(a) 

 

(a) 

(b) 

 

(b) 

Figure 1.16 Dipolar coupling of two spins presents a source of line broadening in solid 

NMR. 

 

Figure 1.15.  Dipolar coupling of two spins presents a source of line broadening in solid 

NMR. 
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Figure 1.17 Schematic interpretation of the magic angle (Ɵ = 54.74°). Samples are spun at 

this angle with respect to the vertical axis. 

 

Figure 1.16.  Schematic interpretation of the magic angle. Samples are spun at this angle 

with respect to the vertical axis (Alia). 

angle (cf. Figure 1.17), depending on the rotor size and type of the spectrometer. If the sample 

is spun at a rate that is less than the magnitude of the anisotropic interaction, a series of 

spinning sidebands which are separated by the rate of spinning (in Hz) are observed.  

It is important to note that the presence of broad line shapes can be used to provide 

important information about the structure and dynamics in the solid state. For example, 

relaxation and cross polarization (CP) techniques are dependent on dipole-dipole interactions.  

 

 

 

 

 

 

 

 

 

1.5.5.2 Polarization Transfer Techniques 

Cross polarization (CP) is one of the most important techniques in solid-state NMR 

spectroscopy which is mediated by dipolar interactions. In this technique, polarization from 

abundant spins such as 
1
H or 

19
F is transferred to dilute spins (e.g. 

13
C) to aid in their spin 

states. CP techniques can also be used to perform some spectral editing and to obtain 

information about the proximity of spins in space.
192

 Observing dilute spins such as 
13

C 

presents a number of problems; 1) the low abundance of the nuclei means that the signal-to-

noise (S/N) ratio is generally poor, and 2) the relaxation times of low abundant nuclei tend to 

be long because of the absence of strong homonuclear dipolar interactions which can drive 

such relaxation transitions. Long relaxation times often require longer recycle delays (§1.5.4), 

sometimes on the order of several minutes between successive scans. Such problems can be 

eliminated by using CP techniques which can enhance the signal from dilute spins potentially 

by a factor of γ(
1
H)/γ(X), where γ(

1
H) and γ(X) are the gyromagnetic ratios of the protons (or 
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any other abundant spin) and dilute spins, respectively. Secondly, there is a potential 

reduction in the acquisition time through elimination of the wait time for slowly relaxing 

dilute nuclei since the recycle delay is dependent upon the T1ρ of the abundant nuclei (e.g., 
1
H 

and 
19

F).  

The pulse sequence of a typical CP experiment is shown in Figure 1.18.
193

 Polarization 

is transferred during the spin locking period or the contact time, tcp. Spin locking involves 

applying a resonant RF field to suppress the free evolution of transverse magnetization, 

locking it to a particular direction in the x-y plane (rotating frame). The π/2 pulse is only made 

on the abundant nucleus, followed by decoupling of the abundant nucleus to eliminate 

splitting patterns and inhomogeneous line broadening. A direct polarization (DP) pulse 

sequence would be similar to the simple π/2 pulse (cf. Figure 1.14) except for an additional 

decoupling channel, as required.   

 

 

 

 

 

 

 

 

 

Cross polarization requires that nuclei are dipolar coupled to one another and the 

method works even when samples are spun rapidly at the magic angle, as long as the spinning 

rate does not exceed the anisotropic interaction. The key to obtaining efficient cross 

polarization is setting the Hartmann-Hahn
194 

match (eqn 1.12) properly. In this case, the RF 

fields of the dilute spin (e.g., ωC-13) are set equal to that of the abundant spin (e.g., ωH-1). This 

is usually achieved experimentally by keeping the power on the 
1
H channel constant while 

Figure 1.18 A typical cross polarization pulse sequence for observing dilute nucleus X 

where magnetization is transferred from an abundant nucleus e.g., 
1
H to X 

during spin lock time (tcp).  

 

Figure 1.17. A typical cross polarization pulse sequence for observing dilute nucleus S where 

magnetization is transferred from an abundant nucleus I to S during spin lock time (tcp).  
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adjusting the power level on the X channel so that the most intense 
1
H spin spectrum is 

observed. 

                                BB HHXX 11
   

1.5.5.3 High Power Decoupling Techniques 

The use of heteronuclear dipolar decoupling in the presence of MAS techniques is one of 

the key factors to obtaining high resolution spectra in solid-state NMR spectroscopy. The use 

of multiple decoupling techniques over the conventional continuous wave (CW) decoupling 

becomes more important in MAS NMR because the residual line width under CW conditions 

increase with higher spinning frequency.
195-197

 The CW decoupling sequence was originally 

used in liquid-state NMR and later applied in SS-NMR under MAS,
198-201

 but it was soon 

realized that resonance offsets could result in inefficient decoupling and residual line 

splitting.
202,203

 It is essential to apply efficient decoupling at higher MAS conditions. In high 

power CW decoupling, the abundant spins (e.g., 
1
H, cf. Figure 1.18) are irradiated with a 

strong RF field of typically 20–250 kHz, where the decoupling quality improves with 

increasing field strength.  

The two-pulse phase modulated (TPPM) decoupling sequence was the first multi-pulse 

heteronuclear decoupling method that was applicable for solid samples with dense 

homonuclear coupling network. There are a number of variations and modifications of the 

TPPM decoupling sequence, but a typical TPPM decoupling sequence consists of a train of 

RF pulses separated by a duration of one rotation, τr, and alternating phases (–φ/2, +φ/2, –

φ/2…etc.), as illustrated in Figure 1.19. 

 

 

 

 

 

 

 

 

         Equation 1.12 

 

γC-13BC-13 =  γH-

1BH-1           Equation 1.7 

Figure 1.19 A cross polarization MAS NMR pulse sequence with TPPM heteronuclear 

decoupling of spin I. 

 

Figure 1.18. A cross polarization MAS NMR pulse sequence with TPPM heteronuclear 

decoupling of spin I. 
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1.5.5.4 Technical Aspects of High Resolution 
19

F Solids NMR 

 Now that we have an understanding of the basic NMR concepts, we provide an 

overview of the properties of the 
19

F nuclide and its NMR features since 
19

F NMR 

spectroscopy represents a common technique used in this thesis.  

19
F has a spin of ½ and natural abundance of 100 %, and along with 

1
H is considered 

as one of the easiest nuclides to observe. It has a relatively high resonance frequency, close to 

that of the proton, which along with the other properties makes this nucleus possess very 

favourable sensitivity (cf. Table 1.8). The chemical shift range of 
19

F is comparable to that of 

13
C and considerably wider (several orders of magnitude) than that for 

1
H. Thus, the spectra of 

19
F are simpler than those of the analogous hydrogen compounds since there is less 

overlapping between the groups of the peaks. Since fluorine forms compounds with nearly all 

other elements, such nucleus presents a wealth of structural information. It follows that, when 

it comes to choosing a nucleus to study the structure of fluorinated materials containing 
19

F, 

13
C and 

1
H, fluorine will often be preferred. 

 The total amount of high-resolution 
19

F solids NMR work on host-guest 

supramolecular systems containing 
19

F and 
1
H is relatively limited, and may be due to 

technical problems associated with 
19

F solids NMR measurements. Ando et al.
204

 cited the two 

advantages of the nucleus, namely the 100% natural abundance and its high magnetic 

moment, as the reason for some of the technicalities of high-resolution 
19

F NMR spectroscopy 

in the solid state. This is because homo- and heteronuclear dipolar interactions are likely to be 

extremely strong making discrimination of individual 
19

F lines a challenge. Some technical 

problems associated with high resolution 
19

F NMR of fluorinated systems containing 
1
H can 

be summarized as: 

1) The presence of extremely strong 
1
H-

19
F heteronuclear dipolar interactions means that 

very high decoupling powers and very fast MAS (>20 kHz) are required.  

2) Fast MAS conditions present the same degree of line narrowing throughout the 

experiment which defeats the purpose of NMR, i.e. the possibility to manipulate and 

separate interactions. Therefore, even under high-speed MAS, proton-fluorine 

double/multiple resonance experiments, e.g., CP experiments with simultaneous 

decoupling are desirable.    
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3) Achieving high resolution 
19

F spectra of perfluorinated systems may still present a 

challenge even with efficient 
1
H decoupling because of the strong 

19
F-

19
F dipolar 

interactions. Such homonuclear dipolar interactions often require either multi-pulse 

decoupling techniques (e.g. TPPM) or very fast MAS (≥ 20 kHz) conditions. 

4) Finally, the low melting point of some perfluorinated compounds e.g. PFOA (~45-55 °C) 

implies that NMR measurements of such samples under conditions of fast MAS are only 

possible at extremely low temperature (<0 °C).   

 

1.5.6 Relaxation  

We have already seen that at equilibrium we have magnetization along z-axis, and 

none in the transverse x-y plane. The thermal equilibrium of the spin system is disturbed by 

irradiating at the resonance frequency. This alters the population ratios and creates transverse 

magnetic field components Mx and My. When the perturbation ceases the system relaxes until 

it reaches equilibrium again. Relaxation is how the bulk magnetization from the spins reaches 

its equilibrium value. We distinguish between two types of relaxation processes; the 

relaxation in the z direction, which is characterized by the spin-lattice or longitudinal 

relaxation time T1, and relaxation in the x-y plane, which is characterized by the spin-spin or 

transverse relaxation time T2.    

Relaxation in NMR is generally on the order of between milliseconds and a few 

seconds or even hours in extreme cases. Comparing that to the lifetime of an excited 

electronic state which is a few microseconds, or the lifetimes of vibrational and rotational 

energies of molecules which are a few nanoseconds, we see that relaxation processes in NMR 

are unusually slow. The advantage of slow relaxation is that it gives ample time for the 

transverse magnetization to be manipulated and observed. Slow relaxation also means that the 

FID persists for long enough for us to obtain high-resolution spectra. The disadvantage of 

slow relaxation is that it limits the rate at which an experiment can be repeated since sufficient 

relaxation delay is required to allow the equilibrium magnetization to be re-established (relax) 

before the experiment can be repeated. Referring to the pulse sequence in Figure 1.14, after 

the 90° pulse the transverse magnetization relaxes with a rate that is a function of the 

longitudinal relaxation time, T1, of the nucleus. Thus, a recycle delay of 5-7T1 must be 
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allowed to ensure that the magnetization has recovered to approximately 99-100% of its 

original value. 

We will see in the forthcoming sections that in NMR the rate of relaxation is sensitive 

to the physical environment and the nature of motion of the nuclei. Thus, relaxation can be 

conveniently used to probe both the environment and dynamics of the nuclei. Furthermore, 

relaxation processes can manifest in the Nuclear Overhauser Effect (NOE; cf. §1.5.7), which 

is a very important phenomenon in characterizing the spatial orientations of host-guest 

systems. 

 

1.5.6.1. Longitudinal and Transverse Relaxation Time Constants 

Relaxation in the direction of applied field (z-axis) is characterized by the spin-lattice 

or longitudinal time T1. Such relaxation is brought about by the transverse components of 

local magnetic fields which are oscillating at the Larmor frequency. These oscillating local 

fields are generated by the spins and act like a pulse but are highly localized. Recall that at 

equilibrium there is magnetization along the z-axis (Mz = Mz(t)) and none in the transverse 

plane (Mxy = 0). A 90° RF pulse equalizes the populations of the two energy levels; whereas, a 

180° pulse inverts the population ratio. Spin-lattice relaxation is always associated with a 

change in the energy between two reservoirs; the magnetic energy of the spins and the energy 

of thermal motion. After the perturbation, the equilibrium condition Mz = Mz(t) reasserts itself 

(cf. Figure 1.20).  

Typical T1 values range from a few seconds for 
19

F and 
1
H nuclei, to hundreds of 

seconds for 
13

C nuclei in small molecules. T1 largely depends on the time scale of the local 

fluctuating fields and is often dependent on the temperature and viscosity of the material.  

The transverse relaxation (T2) is the decay of the transverse magnetization to its 

equilibrium value of zero (cf. Figure 1.20). The significance of T2 values lie in their 

relationship to the line width of the observed NMR signals (half-height width = 1/πT2). There 

are two contributions to transverse relaxation; the transverse components of local fields which 

are oscillating at the Larmor frequency, and the distribution of the z-components of the local 

fields. Recall that an RF pulse creates phase coherence between spins (§1.5.4). Fluctuations 

caused by the local time-dependent magnetic fields cause the loss of this synchronization over 

time. This loss of coherence can be observed as a decaying transverse magnetization. The 
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transverse relaxation is characterized by the time constant, T2, which is different from T1. Note 

that the energy of the spin system is not altered by spin-spin relaxation, only the phase 

coherence of the nuclear spins is lost. Decays of longitudinal and transverse magnetizations at 

rates defined by T1 and T2, respectively, are graphically shown in Figure 1.20. In order to be 

able to compare T1 and T2, we need to define correlation time, τc, which is used to determine 

and quantify random thermal motion.  

 

 

 

 

 

 

 

 

 

1.5.6.2 Correlation Time 

As described above, to cause longitudinal relaxation the transverse component of the 

local field must be oscillating at or near the Larmor frequency (ωo). A molecule is likely to be 

executing two distinct types of motion: vibrations/librations (which modulate the dipolar 

interaction), and overall rotation (which modulates the local fields due to both the dipolar 

interaction and CSA). Molecular vibrations typically take place at frequencies of 10
11

 to 10
13

 

Hz, which represent a time-scale of ~10 ps (ν =1/2πτc). On the other hand, molecular rotations 

are in the order of 10
9
 Hz (~10 ns) (cf. Figure 1.21).

182,183
 The highest attainable Larmor 

frequency is in the order of ~10
9
 Hz.  

Vibrational and rotational motions are generally characterized by their correlation 

times (τc), which is the average time needed by a molecule to achieve an orientation one 

radian away from its starting position. τc depends on the temperature, and size and viscosity of 

the molecule. Only those molecular motions whose frequencies match the Larmor frequencies 

lead to rapid/efficient relaxation of the molecule. Note that molecular libration and rotation 

Mz(t) 

Mxy(t) 

Figure 1.20 Relaxation drives the z-magnetization to its equilibrium value (dotted line) 

and the transverse magnetization to its equilibrium value of zero.
183
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can be reduced significantly particularly in host-guest systems where the dynamics of the 

guest are relatively hindered by the host.  

The relationship between the Larmor frequency and correlation time is important in 

understanding relaxation processes as it helps define the motional regimes of a molecule. For 

a random fluctuating field (Bx) along the x-axis, the amount of motion present at the required 

frequency can be represented by the spectral density function, J(ν), which is related to the 

correlation time and given as shown in eqn 1.13.  

            
2)2(1

2
c

cJ


 


  

The higher the value of J(ν), the more efficient the relaxation. Efficient spin-lattice 

relaxation (T1) requires fluctuations in the local field at frequencies of hundreds of megahertz 

(Larmor time-scale) and this roughly equates to correlation times of nanoseconds. On the 

other hand, spin-lattice relaxation in the rotating frame (T1ρ) requires fluctuations of tens of 

kilohertz (spectral time-scale), equating to correlation times on the order of microseconds. 

Typical NMR time-scales are depicted in Figure 1.21. 

 

 

 

 

 

 

 

 

Thus, if the transverse field fluctuates rapidly, the correlation time (τc) is short and the 

spectral density is broad such that the value of J at any particular frequency is small. 

Similarly, if the transverse field fluctuates slowly, the correlation time is long and the spectral 

density is sharply peaked around ν = 0, so that the value of J at any frequency is zero. 

Relaxation at frequency (ν), which might be the resonance frequency (ωo) of the spins in the 

Equation 1.13 

Figure 1.21 Typical NMR time-scales and related motional dynamics. Adapted from ref. 

184. 
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sample, is most efficient when the molecular motion results in a fluctuating magnetic field of 

the same frequency. Relaxation is therefore most effective at an intermediate value of τc 

where the spectral density is neither too broad nor too narrow. There is a value of correlation 

time when the spectral density is maximum, defined as 2πντc = 1 or τc =1/2πν. It follows that 

T1 will also be most efficient when τc =1/2πν, as this is the correlation time that gives the 

maximum spectral density at the Larmor frequency. Therefore, for the most efficient T1 

relaxation the correlation time must neither be too long nor too short, but must be within a 

reasonable range (1/2πν).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From here, we distinguish two motional regimes; the fast motion or extreme narrowing 

(2πντc << 1) and slow motion or spin diffusion limit (2πντc >> 1) regimes. In the extreme 

narrowing, the motion of the molecule is very fast (i.e. the correlation time is very short) and 

the spectral density is independent of the Larmor frequency (i.e. J(ν) ~ τc). At very short 

rotational correlation times (at the extreme narrowing limit), the values of T1 and T2 are nearly 

equal. That is the case for small molecules or mobile fluids where static dipolar fields are 

averaged out. As the correlation time is increased (slow motion), T1 passes through a 

Figure 1.22 Relationship between longitudinal and transverse relaxation rate constants as a 

function of correlation time. Adapted from ref. 205. 
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minimum and then increases. The transverse relaxation time constant T2, continues to 

decrease which means that the NMR peaks get progressively broader as the molecular mass is 

increased. In the solid state, T2 is generally shorter than T1 (i.e. T2<T1), because return of 

magnetization to the z-axis inherently causes loss of magnetization in the x-y plane. The 

relationship between T1 and T2 as a function of correlation time is depicted in Figure 1.22. 

In practice, T1 depends on temperature because the random field fluctuations originate 

in the molecular environment, and τc is temperature dependence. The effect of temperature on 

T1 depends on the location of τc with respect to the minimum. For example, for systems with 

long τc (right side of the T1 minimum on Fig. 1.22), warming the sample reduces T1. 

Conversely, for systems with short τc, warming the sample increases T1 (Refer to the T1 curve 

in Figure 1.22).  

 

1.5.6.3 Relaxation Mechanisms 

A particular source of a local magnetic field is called a relaxation mechanism. Generally, 

for spins-1/2 nuclei, relaxation is caused by fluctuating magnetic fields at the sites of the 

nuclear spins, caused by thermal motion of the molecules. Various relaxation mechanisms are 

recognized as contributing to the spin-lattice and spin-spin relaxation processes. Of the 

various mechanisms, two are common and more relevant to this work; dipole-dipole (D-D or 

dipolar) interactions and chemical shift anisotropy (CSA). 

 

1.5.6.3.1 Dipole-dipole (DD) relaxation 

The dipolar mechanism is due to the magnetic moment (or magnetic dipole) experienced 

by a spin from a neighboring spin. D-D relaxation shows very strong distance dependence, 

and operates most effectively between directly bonded nuclei or those that are in close 

proximity. Generally, the precise role of D-D and CSA relaxation effects depends on details 

of the system. For example, for host-guest systems involving β-CD and organic guest 

molecules (e.g., PFCs), contributions to T1/T2 generally come from heteronuclear (
1
H/

19
F, 

13
C/

19
F) dipolar interactions modulated by the dynamics of the guest. 

19
F/

19
F, 

1
H/

1
H 

homonuclear dipolar interactions are also known to drive such relaxations. In general, the 

main contribution to T1 relaxation comes from D-D interactions. Structural peculiarities of a 

molecule determine how D-D interactions affect T1 relaxation.
184

 For example, the T1 of a 
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terminal methyl (CH3 or CF3) group can be appreciably longer due to its internal rotation that 

tends to reduce dipolar coupling. As well, hydroxyl (e.g., in the case of β-CD) and carboxyl 

groups (e.g., in carboxylic acids) can form H-bonds limiting the mobility of part or the entire 

molecular segments. Also, individual parts of a molecule can move at different rates, where 

the rigid parts can act as anchors for the side chains decreasing T1 values for the groups 

adjacent to the anchor point.    

  

1.5.6.3.2 Chemical shift anisotropy (CSA) 

The CSA mechanism results from the presence of a strong applied field which is thought 

to induce local fields from the electrons. The magnitude of the induced local field depends on 

the orientation (anisotropy) of the molecule with respect to the applied magnetic field. 

Molecules in liquids rapidly experience all the possible orientations relative to the direction of 

applied magnetic field so that the observed σ is an averaged value. However, the tumbling 

motions that produce this value cause oscillations of the local magnetic field and these time-

varying fields lead to relaxation. CSA gives rise to T1/T2 of elements such as 
19

F and 
13

C 

nuclei, but not the 
1
H nucleus since it has a relatively small CSA (5 ppm). CSA has generally 

been shown to make a minor contribution to 
19

F T1 relaxation, but adds significantly to the 
19

F 

signal line width (T2 relaxation).
206

 

 

1.5.6.4 Measurement of Relaxation Times (T1/T2/T1ρ) 

This part describes the measurement of spin-lattice relaxation time constants in the 

laboratory (T1), and rotating (T1ρ) frames, as well as spin-spin relaxation constant (T2).  

 

1.5.6.4.1 Inversion Recovery: Measurement of T1 

As noted above, T1 characterizes the return of the bulk magnetization of a sample to its 

equilibrium state, after it has been isolated from its equilibrium state by some form of 

perturbation (such as an applied RF pulse). The usual technique for measuring T1 is called 

inversion recovery, as illustrated in Fig. 1.23.
182

  

The first 180° pulse inverts the magnetization in the negative z-axis (“inversion”), and 

then the magnetization is allowed to recover (by a spin lattice relaxation process) for a 

specified period of time τ (“recovery”). The final 90° “read” pulse places the partially relaxed 
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magnetization into the x-y plane where the amount of recovery (i.e. signal intensity) is 

measured.  

 

 

 

 

 

Typically, 15-20 recovery times (τ) are chosen for a single T1 measurement, where the 

inversion recovery process is characterized by equation 1.14. 

                                    1/
21

T

o eMM





  

Equation 1.14 can be rearranged to: 

                                           
1

2
T

Ln
M

MM
Ln

o

o  


 

The initial condition (τ = 0) immediately after the 180° pulse is given by Mτ = -Mo (i.e. 

the initial magnetization is along the –z-axis).  The equilibrium condition at τ = ∞ is given as 

Mτ = +Mo (i.e., the magnetization is in its equilibrium position along +z-axis).  

From Equation 1.15, a plot of ln[(Mo-Mτ)/Mo] vs. τ will yield a slope of -1/T1. For 

solids, T1 values are usually on the order of a few milliseconds to seconds in magnitude. 

 

1.5.6.4.2  Spin Echoes: Measurement of T2 

Recall that T2 represents the time constant for the decay of magnetization from some 

non-zero value to zero. T2 can be measured using a Hahn echo
207

 pulse sequence, as shown in 

Figure 1.24, by variation of the τ spacing between the 90° and the 180° pulses. 

The 90° pulse places the magnetization in the x-y plane, where it begins to dephase 

under relaxation for a period of τ1.  The 180° pulse is a refocusing pulse, where after τ2 delay 

the spectral intensity reflects solely T2 relaxation, with magnetic field inhomogeneities being 

refocused.  

 

Equation 1.14 

Equation 1.15 

Figure 1.23 Inversion recovery pulse sequence for measuring the rate constant for 

longitudinal relaxation (T1). 

 

Figure 1.23.  Inversion recovery pulse sequence for measuring the rate constant for longitudinal 

relaxation (T1). 
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T2 measurements are characterized by eqn 1.16 or its rearranged form (Eqn 1.17). 

2T

o
eMM







  

                                  
2TM

M
Ln

o
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  

A plot of ln(Mτ/Mo) vs. τ yields a slope of -1/T2.  For solids, the T2 values are on the order of a 

few milliseconds to tens or hundreds of microseconds. 

 

1.5.6.4.3 Spin Locking: Measurement of T1ρ 

Another property that is routinely measured in the study of relaxation and dynamics is 

the spin-lattice relaxation in the rotating frame, or T1ρ.  Experimentally T1ρ is measured by 

rotating the longitudinal magnetization to the transverse plane using a 90° pulse. This is 

followed by subsequent application of a lower amplitude pulse (also known as spin-locking 

pulse or field) with the same phase as the resulting transverse magnetization, for a period τ. 

The applied spin-locking pulse is typically on the order of milliseconds, as opposed to 

microseconds for ordinary π/2 pulses. The pulse sequence for measuring T1ρ is shown 

below;
208 

 

 

 

 

 

B1x 

 

B1x 

τ 

 

τ 

(π/2)y 

 

(π/2)y Spin-lock 

 

Spin-lock 
Figure 1.25 Pulse sequence for measuring T1ρ 

 

Figure 1.25.  Pulse sequence for measuring T1ρ 

πx 

 

πx 

τ1 

 

τ1 

(π/2)x 

 

(π/2)x 

τ2 

 

τ2 

Figure 1.24 The simple spin echo pulse sequence used to measure the rate constant for 

transverse relaxation. 

 

Figure 1.24. The simple spin echo pulse sequence used to measure the rate constant for 

transverse relaxation. 
Equation 1.16 

Equation 1.17 
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If the spin-lock field strength is large enough (50-100 kHz), the spin magnetization is 

locked into position along the axis corresponding to the phase of the locking pulse and 

precession occurs about this axis. After period τ, B1 is turned off allowing the magnetization 

to decay in a “T1-like” process which is governed by the time scale of the locking power 

rather than the Larmor frequency. The equation describing T1ρ decay is the same as that for T2 

decay, and the same graphical treatment can applied for T1ρ if the T2 is replaced with T1ρ in 

Equation 1.17. 

 

1.5.7 The Nuclear Overhauser Effect (NOE) 

The Nuclear Overhauser Effect (NOE) is an important consequence of D-D relaxation. 

It is the transfer of nuclear spin polarization from one nuclear spin population to another via 

cross-relaxation. The NOE is an extension of the seminal work of American physicist Albert 

Overhauser who in 1953 proposed that nuclear spin polarization could be enhanced by the 

microwave irradiation of the conduction electrons in certain metals.
209 

The general Overhauser 

effect was demonstrated experimentally by other scientists and in 1963 it was experimentally 

observed and explained by Kaiser in an NMR experiment where the spin polarization was 

transferred from one population of nuclear spins to another.
210

  

Subsequent to its discovery, the NOE process was shown to be highly useful in NMR 

spectroscopy for characterizing and refining organic chemical structures. A distinction is 

made between 2D NMR methods that exploit the NOE effect (e.g., ROESY and NOESY) and 

those that use spin-spin or J-coupling (e.g., COSY and TOCSY). While NOE occurs through 

space, the latter occurs through chemical bonds. Thus, atoms that are in close proximity to 

each other can yield a measureable NOE, whereas scalar or J-coupling is observed only when 

the atoms are connected by 2–3 chemical bonds. The inter-atomic distances derived from the 

observed NOE can often help to confirm a precise molecular conformation, i.e. the three-

dimensional structure of a molecule. In 2002, Kurt Wüthrich was awarded the Nobel Prize in 

Chemistry for demonstrating that the NOE could be exploited using two-dimensional NMR 

spectroscopy to determine the three-dimensional structures of biological macromolecules in 

solution. Some two-dimensional NMR experimental techniques exploiting spin coupling and 

the NOE effect are described below. 

 

http://en.wikipedia.org/wiki/Spin_polarization
http://en.wikipedia.org/wiki/Relaxation_%28NMR%29
http://en.wikipedia.org/wiki/United_States
http://en.wikipedia.org/wiki/Physicist
http://en.wikipedia.org/wiki/Albert_Overhauser
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http://en.wikipedia.org/wiki/Two-dimensional_nuclear_magnetic_resonance_spectroscopy
http://en.wikipedia.org/wiki/Two-dimensional_nuclear_magnetic_resonance_spectroscopy
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1.5.7.1 2-D COSY 

The COSY (Correlation Spectroscopy) experiment is one of the most popular and 

useful of all 2-D experiments. It is a homonuclear 2-D technique that is used to correlate the 

chemical shifts of mostly 
1
H (also 

19
F) nuclei which are J-coupled.

211
 From a COSY NMR 

spectrum it is possible to identify the chemical shifts of spins which are scalar coupled, 

enabling interpretation of the J-coupling network in the molecule. Figure 1.26 shows a 

schematic COSY NMR spectrum which consists of two types of peaks; cross peaks and 

diagonal peaks. Cross peaks (grey ovals) have different frequency coordinates in F1 and F2.  

Diagonal peaks (black ovals) have the same frequency coordinates in F1 and F2, and are 

centered at the chemical shift of each spin and serve to locate the chemical shift values in the 

spectrum.  The spectrum in Figure 1.26 shows that a resonance line at δA is coupled to a peak 

at δB, or more generally the following couplings are present: A-B, B-C, and F-D.  

 

 

 

 

 

 

 

 

 

 

 

The pulse sequence for COSY in Figure 1.27 can be explained as follows; the first π/2 

pulse creates transverse magnetization components which evolve under the chemical shift and 

homonuclear J-coupling during the evolution period t1. The second pulse (π/2 or π/4) mixes 

the magnetization components among all the transitions that belong to the same coupled spin 

A 

   

B 

 

F 

C 

 

D 

 

 

A 
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D 

 

F1 

 

F1 

F2 

 

F2 

       D                 C    F            B            A 

  

 

       D                 C                    B            A 

  

Figure 1.26 A Schematic 2-D COSY spectrum showing cross peaks (grey ovals) and 

diagonal peaks (black ovals) and scalar coupled peaks (shown by dotted 

lines).
179

 

 

Figure 1.26. A Schematic 2-D COSY spectrum showing cross peaks (grey Ovals) and 

diagonal peaks (black ovals) and scalar coupled peaks (dotted lines) 
151

 



 

- 58 - 
 

systems. The final distribution of labeled magnetization components is detected by measuring 

their precession frequencies during the detection period t2. 

  

 

 

 

 

 

 

1.5.7.2 TOCSY 

Total correlation spectroscopy (TOCSY) is similar to COSY in that cross peaks of 

coupled spins are observed. However, unlike in COSY where coherence transfer is restricted 

to directly spin coupled nuclei, in TOCSY oscillatory exchange is established which proceeds 

through the entire coupling network so that there is net magnetization transfer from one spin 

to another even in the absence of direct coupling. For example, if spin A is coupled to spin B 

and B is coupled to C, then in a TOCSY experiment cross peaks between A and C will be 

observed even though they are not directly coupled. The isotropic mixing which occurs during 

the spin-lock period of the TOCSY sequence (Fig. 1.28)
183,212 

exchanges all of the in-phase as 

well as anti-phase coherences.  

 

 

 

 

 

1.5.7.3 NOESY 

A 2-D NOESY (Nuclear Overhauser Effect Spectroscopy) spectrum looks similar to a 

COSY, except that the cross peaks are generated not by coherence transfer through couplings, 

but by cross relaxation through direct dipolar coupling.
213

 Thus, the cross peaks of a NOESY 

spectrum indicates which protons are close to each other in space.  

 

Figure 1.28 Basic 2-D TOCSY pulse sequence. 

 

Figure 1.28.  Basic 2-D TOCSY pulse sequence. 

t1 

 

t1 

τmix 

 

τmix 

t2 

 

t2 

Figure 1.27 Basic 2-D COSY pulse sequence. 

 

Figure 1.27.  Basic 2-D COSY pulse sequence. 

t1 
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The basic NOESY sequence consists of three π/2 pulses (cf. Figure 1.29). The 

sequence will be analyzed for two spins that are undergoing dipolar relaxation and assuming 

there is no scalar coupling between the two spins. The first part of the sequence π/2-t-π/2 has 

already been analyzed in the COSY experiment (cf. §1.5.7.1). During t1, transverse 

magnetization acquires a phase label according to the offset (δ); this transverse magnetization 

is rotated onto the z-axis by the second pulse. During the mixing time τ cross polarization may 

transfer this labeled z-magnetization to other spins. The final pulse rotates the z-magnetization 

into the transverse plane, allowing a signal to be detected.  

 

1.5.7.4 ROESY 

ROESY (Rotating-frame Overhauser Effect Spectroscopy) is analogous to NOESY 

experiment, except that instead of generating cross peaks by cross relaxation between the z-

magnetization of different spins, the cross peaks in ROESY arise from cross relaxation 

between spin-locked transverse magnetization. The experiment is a useful alternative for 

NOESY as the cross peaks in a ROESY NMR spectrum always have the same sign, regardless 

of the value of the correlation time (τc). ROESY is therefore used to look for NOE 

enhancements in molecules with intermediate (~1000–5000 Da) molecular weights or in 

molecules whose τc make the conventional NOEs zero or close to zero.
214,215

 The pulse 

sequence for a 2-D ROESY is shown in Fig. 1.30. 

 

 

 

 

 

 Figure 1.30 Basic 2-D ROESY pulse sequence 

 

Figure 1.30.  Basic 2-D ROESY pulse sequence 
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Figure 1.29 Basic 2-D NOESY pulse sequence. 

 

Figure 1.29.  Basic 2-D NOESY pulse sequence. 
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The pulse sequence for 2-D ROESY is very similar to that for NOESY in that frequency 

labeled magnetization is prepared during t1. The difference arises from the mixing time. In 

NOESY, the frequency magnetization is rotated to the z-axis, where cross relaxation takes 

place. In ROESY, it is the x-magnetization present at the end of t1 which is spin-locked so that 

transverse cross relaxation can take place.  

 

1.6. Overall Research Objectives 

The overall objectives of this research work can be classified into two main themes: (1) To 

study the structure of β-CD based supramolecular host-guest inclusion compounds (ICs) using 

perfluorinated compounds (PFCs) as guest molecules, and (2) To examine the host-guest 

properties of β-CD based copolymers as potential adsorbent materials for hydrocarbon (HC) 

and fluorocarbon (FC) compounds. Based on the overall objectives, the thesis is sub-divided 

into five main projects;  

1) Preparation and characterization of β-CD/PFCs host-guest inclusion compounds (ICs) in 

aqueous solution and the solid state,  

2) Investigation of the structural and dynamic properties of the β-CD/PFCs host-guest ICs,  

3) Structural characterization of β-CD-based copolymers (Poly-CDs) and their inclusion 

properties with a model phenolic guest molecule (i.e. PNP) in aqueous solution,  

4) Application of synthetically engineered CD-based copolymers (or MIMs) for the 

adsorption of alkyl and perfluoroalkyl carboxylates, and 

5) Structural investigation of the adsorptive interactions of the alkyl and perfluoroalkyl 

carboxylates/sulfonates onto the (MIMs). 

 The motivation to carry out a detailed and systematic study of the complexes formed 

between β-CD and PFCs was based on the fact that there are no detailed X-ray and 

spectroscopic studies documenting the structure of β-CD/PFCs complexes in the solid state. 

Moreover, reports on the adsorption of perfluorinated contaminants using synthetic polymeric 

adsorbents containing cyclodextrins are relatively limited. 

The main objectives of the first theme of this thesis which comprises projects 1 and 2 

(chapters 2 – 5) were to develop better methods for preparing host-guest inclusion complexes 

containing β-CD and PFCs at various host/guest mole ratios (i.e. 1:1 and 2:1), and to further 

characterize the structural and dynamic properties of the guest in the complexes. Two 
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methods (dissolution and slow cool) were developed by comparison to prepare β-CD/PFC 

complexes using PFOA as the model guest. A modified dissolution method was later adopted 

to afford host-guest complexes with greater phase purity where various PFCs guests were 

used. The guests were chosen to represent long chain (PFOA; C8) and short chain (PFBA; 

C4) acids, and the conjugate base of PFOA (SPFO; C8). The complexes formed between β-

CD and PFCs were characterized using 
1
H/

19
F/

13
C solution/solid-state NMR and FT-IR 

spectroscopy, thermal analyses (DSC and TGA), and PXRD. Complexes of β-CD/PFCs in 

solution were studied using NMR with D2O as the solvent system. 

The second theme of the thesis comprises projects 3 – 5 (chapters 6 – 8). The main 

objectives of this part of the thesis were to characterize the structure of CD-based polymeric 

host materials and to evaluate their adsorption properties towards fluorocarbon and 

hydrocarbon guests. The polymeric host materials were synthetically engineered from 

hexamethylene diisocyanate (HDI) linker at different loading ratios (i.e., 1, 3, and 6 with 

respect to β-CD) to form HDI-1, -3, and -6 copolymers, respectively. The copolymer materials 

were referred to as macromolecular imprinted materials (MIMs), because they contain β-CD 

which serves as a macromolecular imprint site where guests can be preferentially bound. This 

part of the thesis starts with the structural characterization of the soluble copolymer (HDI-1) 

where its complexes with PNP as a model guest in aqueous solution were characterized using 

NMR, FT-IR and Raman spectroscopy, thermal analyses (DSC, TGA), induced circular 

dichroism (ICD), and dynamic light scattering (DLS) (chapter 6). The structure of HDI-1 

copolymer was characterized in aqueous solution as a function of guest concentration and 

temperature.  

The adsorption properties of a series of polymeric adsorbent materials (i.e., HDI-1, -3, 

and -6 or MIMs) were evaluated towards perfluorooctyl (PFOA) and octyl (OA) carboxylate 

anions, as well as perfluorooctyl sulfonate (SPFO) anions. The main objectives were to 

compare the adsorption properties of the different MIMs towards a variety of guest molecules 

in order to be able to propose possible interaction modes between the host/guest systems. The 

adsorption results for MIMs were compared to similar results using conventional activated 

carbon adsorbent materials. Spectroscopic methods were later employed to provide 

unequivocal evidence for the types and nature of interactions involved in the binding of the 

guests onto the surface of MIMs.    
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The adoption of the urethane-based host copolymers grew out of the PhD research 

work of M. H. Mohamed.
54

 The research presented in this thesis report was aimed at 

extending the study of simple host-guest systems to polymeric hosts whilst preserving the 

unique host-guest chemistry of -CD.  

 

1.7. Specific Research Objectives 

This PhD thesis research was aimed at addressing various knowledge gaps and 

hypotheses: 

1) To develop improved preparative methods for producing phase pure β-CD/PFCs ICs in 

the solid state. 

2) To understand the structure and conformational preferences of PFC chains in their 

unbound and bound states in aqueous solution and the solid state. 

3) To characterize and understand the motional dynamic properties of PFC guests in 

host-guest complexes in the solid state.  

4) To study the effect of guest concentration and temperature variations on the structure 

of urethane-based copolymer materials in aqueous solution. 

5) To characterize the types and nature of the active binding sites present in polymeric 

hosts, such as inclusion and interstitial (polymeric framework) regions. In a 

controversial study by Ma and Li,
51

 an anomalously high binding affinity was reported 

between urethane-based copolymers and PNP (10
8
–10

9
), as compared to native β-CD 

(10–10
3
). The assumption by Ma and Li

51
 indicates that PNP is bound solely in the 

cavity sites of β-CD and not within the interstitial regions. 

6) To understand the sorption behaviour of alkyl and fluoroalkyl carboxylate anions 

using CD-based urethane copolymer adsorbents in aqueous solution. 

The end goal of this work is to gain further insights about the structure/dynamics 

relationship of host-guest systems in order to be able to rationalize the design of polymeric 

adsorbent materials for improved function.   

 

1.8. Scope of Work  

As described above, this PhD thesis mainly deals with the structural studies of 

supramolecular host-guest systems. β-cyclodextrin (β-CD) and β-CD-based copolymers were 
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used as host materials where several fluorocarbon and hydrocarbon guest molecules were 

studied (PFOA, PFOS, SPFO, PFBA, and OA). 

The thesis work is divided into 9 chapters; where chapters 1 and 9 are the introductory 

and concluding chapters, respectively. Chapters 2–7 are published articles and submitted 

manuscripts as outlined below; 

1. Karoyo, A. H.; Borisov, A.; Hazendonk, P.; Wilson, L. D. Formation of Host-Guest 

Complexes of β-Cyclodextrin and Perfluorooctanoic Acid. J. Phys. Chem. B 2011, 

115, 9511–9527. (Chapter 2) 

2. Karoyo, A. H.; Sidhu, P.; Hazendonk, P.; Wilson, L. D. Characterization and 

Dynamic Properties for the Solid Inclusion Complexes of β-Cyclodextrin and 

Perfluorooctanoic Acid. J. Phys. Chem. B 2013, 117, 8269–8282. (Chapter 3) 

3. Karoyo, A. H.; Sidhu, P.; Hazendonk, P.; Wilson, L. D. Characterization and 

Dynamic Properties for the Solid Inclusion Complexes of β-Cyclodextrin and 

Perfluorobutyric Acid. J. Phys. Chem. C 2014, 118, 15460–15473 (Chapter 4).  

4. Karoyo, A. H.; Sidhu, P.; Borisov, A.; Wilson, L. D.; Hazendonk, P. Probing the 

Effect of Sodium Counterions on the Structure and Dynamics of the Solid inclusion 

complexes of β-Cyclodextrin and Sodium Perfluorooctanoate. Manuscript in 

Preparation (Chapter 5) 

5. Wilson, L. D.; Karoyo, A. H. Structural Characterization of a Urethane-based 

“Molecular Accordion” in Aqueous Solution. Submitted to Langmuir August 2014 

(Chapter 6) 

6. Karoyo, A. H.; Wilson, L. D. Tunable Macromolecular-based Materials for the 

Adsorption of Perfluorooctanoic and Octanoic Acid Anions. J. Colloid. Interf. Sci. 

2013, 402, 196–203. (Chapter 7) 

7. Karoyo, A. H.; Wilson, L. D. Investigation of the Adsorption Processes of Alkyl and 

Perfluoroalkyl Carboxylates onto Macromolecular Imprinted Materials. Submitted to 

J. Am. Chem. Soc. August 2014 (Chapter 8). 

 

In Chapter 2, the thesis firstly introduces the formation of the inclusion complexes 

between β-CD and PFCs, where two preparative methods were developed. PFOA is used as 

the model compound to prepare solid ICs with β-CD at the 1:1 and 2:1 host/guest mole ratios 
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using dissolution and slow cool methods. The β-CD/PFOA ICs were characterized using 

NMR and FT-IR spectroscopy, thermal analyses (DSC and TGA), and PXRD methods. The 

results were further complemented using solution NMR spectroscopy of the complexes in 

D2O.  

In chapter 3, the preparative conditions for the dissolution method developed in chapter 2 

were optimized to obtain β-CD/PFOA ICs with greater phase purity, where the solid 

complexes were characterized as above. The phase purity of the complexes prepared by the 

modified dissolution method was assessed using thermal analyses and 
19

F DP/MAS NMR 

spectroscopy at ambient and variable temperature conditions. Multinuclear and relaxation 

NMR techniques were used to provide unequivocal evidence for the inclusion of the PFOA 

guest within the CD cavity and to study the dynamics of the guest in the complexes, 

respectively. 

In chapter 4, the modified dissolution method was used to prepare β-CD/PFBA 

complexes. These complexes were characterized using the techniques described above in the 

solid state and complemented by NMR spectroscopy in D2O. The dynamics of the guest were 

further characterized through interpretation of the coupling constants from simulated 
19

F 

PFBA spectrum to supplement the NMR relaxation data.  

In chapter 5, the structure and dynamic properties of the inclusion complexes formed 

between β-CD and SPFO were studied. This work was aimed at probing the effect of 

counterions (i.e., Na
+
 vs. H

+
) on the structure of the complexes formed between SPFO and 

PFOA with β-CD, respectively. CIS values of 
1
H/

19
F/

13
C nuclei in aqueous solution and the 

solid state were quantitatively used to elucidate the geometry of the guest in the 1:1 and 2:1 β-

CD/SPFO complexes. Simulated 
19

F CF3 lines at MAS 25 kHz and variable dipolar coupling 

strengths were used in conjunction with deconvolution analyses of the CF3 line shapes to 

probe the dynamics of the sodium-rich guest and its complexes with β-CD and to supplement 

NMR relaxation data.  The physical, structural and dynamic properties for the PFOA, PFBA, 

and SPFO guests and their complexes with β-CD, respectively, were compared and tabulated 

(cf. Table 5.6).  

In chapter 6, a soluble CD-based copolymer material was used as the host system, where 

the physicochemical properties of the copolymer in aqueous solution were characterized using 

various methods. The structure of the inclusion complexes formed between the soluble 
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copolymer with a model guest molecule (i.e. PNP) in aqueous solution was characterized 

using such techniques as 1-D/2-D NMR spectroscopy, ICD, and DLS.  

In chapter 7, the adsorption properties of PFCs onto CD-based copolymer adsorbent 

materials were studied. PFOA was used as the model PFC guest due to its abundance as an 

environmental marker and the fact that this PFC has widely been studied from a toxicological 

viewpoint. In this study, both the soluble and insoluble copolymer materials (referred to as 

MIMs) were used as adsorbents, and the sorption results were compared to similar results for 

activated carbon adsorbents. As well, the adsorption properties of PFOA onto MIMs/GAC 

adsorbent systems were compared to the adsorption results of the hydrocarbon analogue 

(octanoic acid; OA).  

Chapter 8 focused on characterizing the molecular details of the sorption interactions for 

the fluorocarbon/hydrocarbon carboxylate anions (PFOA/OA) with the MIMs, respectively. 

This study involved analyses of the host-guest interactions at the liquid-solid interface and the 

molecular structures related to the sorption of PFOA/OA onto the surface of the MIMs. The 

sorptive mechanism of PFOA onto MIMs was further probed by comparing its sorption 

behavior to that of PFOS, according to the nature of the head group.        
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CHAPTER 2 

Manuscript no. 1 

Description 

In this work, the inclusion complexes of β-CD and PFOA were prepared using two methods, 

namely; dissolution and slow cool (cf. §2.3.2). The two protocol methods were developed by 

comparison for the preparation of β-CD/PFCs complexes. The β-CD/PFOA complexes were 

prepared at the 1:1 and 2:1 host/guest mole ratios and were characterized using NMR and FT-IR 

spectroscopic methods, thermal analyses (DSC and TGA), and PXRD.  

 

Author’s Contribution 

The idea to prepare and characterize the structure of the inclusion compounds formed between β-

CD and PFCs was proposed by Drs. Lee Wilson and Paul Hazendonk (University of Lethbridge; 

UofL). The preparation and characterization of the β-CD/PFOA complexes were done entirely 

by myself. Most of the initial solid state NMR measurements for this work were done by Alex 

Borisov at the UofL NMR facility; while the solution NMR, FT-IR, PXRD, and thermal analyses 

were done by myself. I prepared the first draft of the manuscript and subsequent drafts were 

edited by Drs. Wilson and Hazendonk. 

 

Relation of Manuscript 1 to Overall Objective of this Project 

The work of this manuscript was very important to the overall objective of the research project 

because it served as a preliminary study to the preparation and characterization of the inclusion 

complexes of β-CD and PFCs. The β-CD/PFOA complexes were used as a model system for the 

preparation and characterization of β-CD/PFCs complexes; where two preparative methods, 

namely dissolution and slow cool, were developed.  
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Research Highlights 

 Two preparative methods (dissolution and slow cool) for the inclusion complexes between β-

CD and PFOA were developed. The complexes were prepared at the 1:1 and 2:1 β-CD/PFOA 

mole ratios.  

 The host-guest stoichiometry was estimated by acid/base titration in conjunction with 

gravimetry and revealed host/guest stoichiometric ratios (r) slightly exceeding 1:1 or less than 

2:1. The host-guest ratios, 2:1 > r > 1:1, arose from excess host, reduced guest, or formation 

of small amounts of both the 1:1 and 2:1 complexes.  

 The β-CD/PFOA complexes formed in this work were generally found to be phase impure, i.e. 

there was a possible formation of inclusion and non-inclusion compounds, in addition to small 

amounts of unbound guest.  
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2.1 Abstract 

Solid inclusion complexes of -cyclodextrin (-CD; host) and perfluorooctanoic acid (PFOA; 

guest) were prepared by comparison using two methods; dissolution and slow cool. The structure 

and dynamic properties of the β-CD/PFOA complexes were further characterized using 

1
H/

19
F/

13
C NMR spectroscopy in aqueous solution and the solid state. Thermal analyses (DSC 

and TGA), PXRD, and FT-IR results provided complementary support that inclusion complexes 

were formed between β-CD and PFOA with variable stoichiometry and guest inclusion 

geometry. The dynamics of the guest molecules in the complexes prepared by the two methods 

were studied using 
19

F DP/MAS solids NMR at variable temperature (VT). The guest molecules 

were observed to be in several different molecular environments, providing evidence of variable 

host/guest stoichiometry and inclusion geometry, in accordance with the preparation method of 

the complex and the conformational preference of PFOA. It was concluded from PXRD that β-

CD and PFOA form inclusion complexes with “channel-type” structures. 
19

F DP/MAS solids 

NMR at variable spin rate (VSR)  was used to assess the phase purity of the two types of 

complexes (i.e., dissolution and slow cool) and it was revealed that slow cooling resulted in 

relatively pure phases. 
1
H/

19
F spectra for β-CD/PFOA complexes in solution were acquired using 

D2O as the solvent system, where complexation-induced chemical shifts (CIS) of the 
1
H and 

19
F 

nuclei provided additional support for the formation of 1:1 and 2:1 β-CD/PFOA inclusion 

complexes. The dynamics of the guest molecule in the β-CD/PFOA complexes in D2O solutions 

were probed using 
19

F NMR at variable temperature and revealed variable guest conformations 

and exchange dynamics as a function of temperature, and the relative host/guest mole ratios.   

 

 

 



 

- 80 - 
 

2.2 Introduction 

Many fluorine-containing compounds such as pharmaceuticals, pesticides, coatings, 

adhesives, and surface active agents represent a growing list of persistent organic pollutants 

(POPs) accumulating in Canadian and global environments. This is particularly true for 

recalcitrant perfluorinated compounds (PFCs) of the type; CF3-(CF2)n-R', where R' = CF2-OH, 

COOH, CONH2, or CF2-SO3H. There is a considerable interest in developing innovative green 

strategies that involve the sequestration of such PFCs with suitable sorbent materials that exhibit 

good sorption capacity and molecular selectivity. For example, Deng et al. developed a 

molecular imprinted polymer with good sorption toward perfluorooctane sulfonic acid (PFOS; R' 

= CF2-SO3H) in aqueous solution.
1 

PFCs of the type described above possess unique physicochemical properties, as 

compared with their hydrocarbon analogues since they are generally apolar and relatively inert 

owing to the stability of the C-F bond.
2
 They generally have low vapor pressures (~10 mmHg for 

PFOA; R’ = CF2-CO2H, at 25°C)
3
 and exhibit long residence times in the environment. The 

relatively high surface activity of PFCs confers their application as high performance surfactants, 

emulsifiers, and surface coatings for metals and paper.
3
 PFOA and PFOS are commonly found in 

soil, sediments, and aquatic environments because of their ability to infiltrate ground water to 

varying extents. Environmental contamination by PFCs was reported from direct discharge of 

industrial activities, for example, aqueous fire-fighting foams
4
 and wastewater effluents from 

water treatment plants.
5 

Consumption of contaminated foods and inhalation of air laden with 

volatile PFCs (e.g., perfluorinated alcohols and esters) that may be degraded to PFOA are 

regarded as other possible ingestion pathways.
3,4

  

Despite the human health and environmental concerns of PFOA, the distribution 

pathways are not fully understood; however, researchers have linked its exposure to cancer,
6
 

birth defects, infertility,
7 

liver damage,
8
 and suppression of immunity.

9-11
 Thus, there is a need to 

further study PFOA due to its widespread use and the associated health and environmental risks. 

Perfluorinated surfactants are generally more surface active than their hydrogenated analogues, 

as evidenced by their lower critical micelle concentrations (cmc). A comparison of the cmc 

values for PFOA (~0.0105 M),
12

 SPFO (sodium perfluorooctanoate, 0.032 M),
13

 and sodium 

octanoate (~0.4 M),
14-18

 illustrates the differences in surface activity between PFCs and 
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hydrocarbon surfactants. The solution and colloidal behaviour of surface active agents may be 

attenuated by their complexation with host compounds such as cyclodextrins.
19-21  

Cyclodextrins (CDs) are macrocyclic (1→4)-linked oligomers of α-D-glucopyranose and 

the most commonly studied CDs are α-, β-, and γ-CD, consisting of 6-, 7-, and 8-glucopyranose 

units, respectively.
22

 β-CD displays the remarkable ability of forming stable inclusion complexes 

with perfluorinated alkanes, in part, because of the good “size-fit” complementarity
23 

of the guest 

and the host. Complexes of -CD/perfluoroalkyl carboxylates of variable chain length were 

concluded to form stable inclusion complexes in aqueous solution, according to 
19

F/
1
H NMR 

spectroscopy,
13,24,25

 viscometry,
25

 conductometry,
23,26,27

 and sound velocity.
28 

In particular, SPFO 

forms very stable 1:1 and 2:1 CD/SPFO inclusion complexes.  In contrast to solution studies, 

there are relatively few detailed examples documenting the formation of solid state inclusion 

complexes between -CD and perfluorinated guests (e.g., PFOA), and this may be attributed to 

challenges associated with obtaining good quality single crystals. Tatsuno et al.
29

 have reported a 

solid state NMR study of CD inclusion compounds consisting of medium (C-9) chain and long 

(C-20) chain perfluorocarbon compounds; however, several other studies have examined 

modified perfluorocarbons
25,30

 and semi-fluorinated polymers
31,32

 in the solid state. Thus, solid 

state structural studies of inclusion compounds of CDs and PFCs remains largely unexplored.  In 

contrast, a single crystal XRD (X-ray diffraction) study of -CD/hydrocarbon carboxylic acids 

has been reported.
33

 Recent advances in solid state NMR spectroscopy have provided the 

opportunity to obtain detailed structural information of such amorphous and crystalline host-

guest materials.
34, 35

 

 In this article, we report a detailed study of the formation of inclusion complexes between 

β-CD and PFOA using two different preparation methods (dissolution and slow cool) using 

solid/solution state NMR, FT-IR, PXRD, and thermoanalytical (DSC and TGA) methods. The β-

CD/PFOA complex is a very interesting system because it can adopt variable host-guest 

stoichiometry and inclusion geometry in condensed phases that depend on thermodynamic 

parameters such as relative host-guest concentrations and temperature. β-CD/PFOA complexes 

are amenable to the use of HFX solid state and multi-nuclear NMR techniques;
36

 therefore, the 

dynamics of the free and complexed PFOA were investigated using 
19

F NMR techniques in the 

solid and solution states at ambient and variable temperature conditions. 
19

F DP/MAS solids 
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NMR at variable spinning rates (VSR) was used to study the phase purity and stability of the 

complexes prepared by the dissolution and slow cool methods, respectively.   

 

2.3 Experimental Section 

2.3.1 Materials 

β-CD hydrate (~10 % w/w) and PFOA (96 %) were purchased from Sigma Aldrich Chemical 

Co., and were used as received without any further purification. The water contents of the 

materials were accounted for when preparing samples for each method. Potassium hydrogen 

phthalate (KHP) and sodium hydroxide were purchased from Merck and EMD chemicals, 

respectively. 

 

2.3.2 Preparation of solid inclusion compounds 

2.3.2.1 Method 1: Evaporation/Dissolution. In the dissolution method, β-CD and PFOA at the 1:1 

and 2:1 (β-CD:PFOA) mole ratios were mixed in glass vials containing deionized water with 

continuous stirring and mild heating (~40 °C) to dissolve the solid mixtures. The solution 

mixtures were allowed to cool to room temperature and the solvent was gradually evaporated 

over several days (~4–5) to obtain the solid products. The solid products were ground into fine 

powders and characterized using NMR, DSC, TGA, PXRD and FT-IR. 

 

2.3.2.2 Method 2: Slow cool. In slow cool method, saturated solutions of β-CD and PFOA (1:1 and 

2:1 mole ratios) were prepared in glass vials using deionized water to form thick slurry. More 

deionized water was added drop-wise to the mixtures with continuous stirring under heating at 

~80°C until clear solutions were formed. The resulting solution mixtures were slow-cooled over 

several hours (~ 2h) by placing the vials containing the mixtures in hot water bath housed within 

an insulated box to ensure gradual cooling of the solutions. The solvent of the slow-cooled 

solutions was air-evaporated to obtain the solid products.  

 

2.3.3 Solution-state NMR Spectroscopy 

Solution NMR experiments were performed on a 3-channel Bruker Avance (DRX) spectrometer 

operating at 500.13 MHz for 
1
H and 470.30 MHz for 

19
F. All 

1
H NMR spectra were referenced 

externally to tetramethylsilane (TMS, δ = 0.0 ppm) and 
19

F spectra were referenced externally to 
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2,2,2-trifluoroethanol (TFE, δ = -79.21 ppm). Samples for 
1
H NMR were prepared in D2O at pD 

~5 in mole ratios of 1:1, 2:1 and 3:1 β-CD/PFOA. Samples for 
19

F NMR were similarly prepared 

in D2O at pD ~5 and at variable β-CD/PFOA mole ratios (1:1 and 2:1). The external reference 

TFE solutions for the 
19

F NMR samples were prepared in D2O at pD ~5 in sealed capillary tubes 

at a concentration of ~0.5 mM. All the NMR spectra obtained in the solution state were acquired 

at 295 K. Dry nitrogen gas was used to control the temperature for the VT 
19

F NMR dynamic 

studies. 

 

2.3.4 Solid-State NMR Spectroscopy 

All solid state NMR spectra were obtained using a Varian INOVA spectrometer operating at 

470.33 MHz (
19

F) and 125.55 MHz (
13

C). 
19

F and 
13

C solids NMR spectra were referenced 

externally to liquid hexafluorobenzene (not spun) (HFB, δ = -164.9 ppm) and adamantane (δ = 

38.5 ppm), respectively. All samples were spun at the magic angle with a spinning rate between 

10 kHz to 25 kHz using 2.5 mm and 3.2 mm Vespel rotors equipped with Kel-F turbine caps, 

inserts and seal screws. All NMR spectra were obtained using a 100 kHz sweep width with 8192 

points in the FID, and were zero-filled to 64 k data points, unless stated otherwise. For all DP 

experiments, a one-pulse sequence was used where the 90º excitation pulse lengths for the 
19

F 

channel were set to 2.5, 3.25, 4.25 and 4 μs, and relaxation delays were set to 4, 4, 4, and 8 s, 

respectively. 
19

F{
1
H} and 

13
C {

1
H} spectra of all solid samples were acquired using a two pulse 

phase modulation (TPPM) decoupling mode,
34,37

 where the powers of the 
1
H and 

19
F decoupled 

channels were set to 35.7 and 38.5 kHz, respectively, as determined by peak-to-peak voltage. 

Curve and width for the 
1
H

13
C ramped CP experiments were set to 50 and 10000 Hz, 

respectively, and optimal Hartmann-Hahn matching conditions were achieved by setting contact 

times to 1 ms and CP powers to 54.2 kHz and 59.5 kHz for the proton and carbon channels, 

respectively.  

 

2.3.5 DSC and TGA 

Differential scanning calorimetry (DSC) of the native β-CD, PFOA and the inclusion complexes 

were acquired using a TA Q20 thermal analyzer, while the thermogravimetric analysis (TGA) 

was performed on a TA Q50 over a temperature range of 30 to 350 °C. The scan rate for DSC 

was set to 10 °C/min while that for TGA was 5 °C/min, and dry nitrogen gas was used in both 
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cases to regulate the sample temperature and sample compartment purging. DSC samples were 

run in hermetically sealed aluminum pans; whereas, an open pan geometry was used for the TGA 

measurements.   

 

2.3.6 FT-IR Spectroscopy 

Fourier Transform-IR spectra were obtained using a Bio-Rad FTS-40 spectrometer with a 

resolution of 4 cm
-1

. All spectra were obtained with spectroscopic grade KBr which constituted 

~80% (w/w) of the total sample. Samples were run as finely ground powders in reflectance 

mode. 

  

2.3.7 PXRD 

Powder XRD spectra were collected with a Rigaku Rotaflex RU-200 rotating anode X-ray 

diffractometer using Cu Kα radiation (λ = 0.154 nm). The applied voltage and current were set to 

40 kV and 80 mA, respectively. The samples were prepared by adding drops of hexane to the 

fine powder on the quartz sample holder to form a suspension resulting in a homogeneous film. 

The samples were mounted in a vertical pan configuration in the diffractometer, and XRD 

patterns were measured in the continuous mode for a 2θ angle range of 5–20° with a scan rate of 

0.5 degree/min. Finely powdered silica was used to calibrate the positions of the diffraction lines.    

 

2.4 Results and Discussion 

2.4.1 Characterization (DSC, TGA, FT-IR and PXRD) 

2.4.1.1 Stoichiometry of the Inclusion Complexes 

The stoichiometry of the β-CD/PFOA ICs was determined by acid/base titration in 

conjunction with gravimetry. The amounts of PFOA in the washed and unwashed complexes 

were evaluated by titration with 0.01 M NaOH (standardized with KHP) and the amounts of β-

CD were estimated by difference. The preparations of 1:1 β-CD/PFOA complexes (i.e. 

dissolution vs slow cool) yielded the following host:guest ratios; unwashed (0.95:1.0 vs 1.1:1.0) 

and washed (1.2:1.0 vs 1.3:1.0), respectively. The 2:1 β-CD/PFOA complexes yielded the 

following host:guest ratios: 1.6:1.0 vs 1.7:1.0 (unwashed) and 1.6:1.0 vs 1.7:1.0 (washed) for the 

dissolution vs slow cool methods, respectively. In general, the products prepared by the slow 

cool method showed relatively greater β-CD:PFOA mole ratios compared to complexes prepared 
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by the dissolution method. The results are not straight forward to interpret unequivocally since 

the host:guest mole ratios >1:1 may arise from the occurrence of excess β-CD, reduced guest, or 

a possible contribution of 2:1 complexes.
28

  In the case of 2:1, host/guest ratios <2:1 may arise 

due to the formation of small amounts of 1:1 complexes. Nonetheless, the experimental values 

for the 1:1 and 2:1 β-CD/PFC complexes are consistent with the relative magnitude of the 

binding constants (e.g., ~7 x 10
4
 M

-1
 (1:1) and ~ 9 x 10

2
 M

-2
 (2:1))

24,38
 in aqueous solution. The 

preparative methods for the 2:1 complex yield a mixture of 1:1 and 2:1 complexes; whereas, the 

preparative methods for the 1:1 product yield chiefly 1:1 complexes. Washing of the solid state 

products did not appear to affect the host/guest stoichiometry to any significant extent. 

 

2.4.1.2 DSC and TGA 

The DSC thermograms for native β-CD, PFOA, and the 1:1 and 2:1 β-CD/PFOA 

complexes prepared by the slow cool and dissolution methods are shown in Figure 2.1. In Figure 

2.1a, the thermogram for β-CD hydrate shows two endothermic transitions centered at 110 and 

320 °C, and are attributed to its dehydration and decomposition processes, respectively. PFOA 

shows three endothermic transitions at ~60, 100, and 170 °C; these are attributed to the melting, 

dehydration and vaporization transitions, respectively. The DSC curves for the inclusion 

complexes of β-CD/PFOA prepared at the 1:1 and 2:1 mole ratios, using the slow cool (SC) and 

dissolution (D) methods are shown in Figure 2.1b and c, respectively. The thermograms in 

Figure 2.1b-c indicate the presence of several unique endothermic events between ~120 – 250 

°C, as compared with native β-CD and PFOA. The thermal events are attributed to the variable 

phase transitions of the complex and the loss of hydrate water from β-CD occurring between 

~120 – 150 °C. In the context of the above-noted phase transitions, this may refer to the relative 

spatial orientation of the guest within the host-guest complex.  

The 1:1 complexes are consistently characterized by two features at ~180 and 210 °C, 

while the 2:1 complexes have only one feature at 210 °C. The presence of two thermal 

transitions supports the existence of additional topologies for the 1:1 complex. The slow-cooled 

complexes are characterized by sharp and pronounced features at 250 °C, which may reveal the 

greater phase purity for the complexes prepared by slow cool method compared to complexes 

prepared by dissolution (cf. Figure 2.1b).
39

 According to the DSC results and table 2.1, the 

increased thermal stability of PFOA observed for the 1:1 and 2:1 complexes with β-CD provides 



 

- 86 - 
 

support that β-CD/PFOA inclusion complexes are formed, and this is consistent with the 

favourable complex formation stability.
40

 The DSC thermograms of the β-CD/PFOA physical 

mixtures are presented in the supporting information in appendix A (Fig. A2.1), and are distinct 

since they reveal endotherms at ~60 °C corresponding to the melting of PFOA. The 

thermophysical properties of bound PFOA within the cavity of β-CD are anticipated to exceed 

those for pure PFOA due to the occurrence of favourable van der Waals interactions within the 

complex, as summarized in Table 2.1. 

 

 

In Figure 2.2, the TGA results for PFOA and β-CD show mass losses ~100 and 320 °C, 

respectively. The differences in the two temperatures observed between DSC and TGA 

transitions are attributed to the sample pan configuration and the nature of the physical 

measurement. DSC is generally sensitive to thermal phase transitions whereas TGA reveals 

weight loss events due to chemical changes. 

 

Systems DSC Results (°C) TGA Results (°C) 

 M.P./ Phase 

transitions* 

Hydrate 

Water loss Vaporization Decompose 

Melt 

(guest) 

Melt 

(Host) 

Native β-CD - 110 - ~320 - 310 

Unbound 

PFOA 

60 100 ~175 - 100 - 

β-CD:PFOA 

(1:1) 

Range* ~120 - 150 ~250 >300 ~220 320 

β-CD:PFOA 

(2:1) 

Range* ~120 - 150 ~250 >300 ~220 320 

*
indicates range between ~150 and 250 °C. 

Table 2.1  DSC and TGA Thermoanalytical Data* 
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The thermal events at 220 °C in Figure 2.2 for PFOA for the 1:1 and 2:1 slow cooled 

complexes provide evidence for the volatilization of the guest; whereas, the event at 310°C is 

attributed to the decomposition of β-CD. The pure PFOA vaporizes immediately after 

dehydration at the conditions employed in the TGA experiments since the sample is heated in an 

(a) β-CD, PFOA 

(b) Slow cool 

(c) Dissolution 

1:1D 

2:1D 

1:1SC 

2:1SC 

Figure 2.1 DSC thermograms of (a) native β-CD hydrate and PFOA, and the 1:1 and 2:1 

complexes prepared by (b) slow cool, and (c) dissolution methods. 
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open system. However, the TGA results support the formation of inclusion complexes between 

β-CD and PFOA since the physicochemical properties of guests are altered in the bound state
41 

(cf. Table 2.1).  

 

 

 

 

 

 

 

 

 

 

 

 

2.4.1.3 FT-IR  

FT-IR spectroscopy can provide useful information on guest conformational preferences 

(i.e. gauche vs trans (also anti)) of the alkyl chain of the guest in the β-CD/PFOA inclusion 

complexes.
29 

Figure 2.3 shows the FT-IR spectra for the native β-CD, pure PFOA, and both 1:1 

and 2:1 β-CD/PFOA complexes in the region between 500–4000 cm
-1

 (left) and its enlargement 

of the area between 800–1400 cm
-1

 (right). The IR spectra of the physical mixtures are compared 

and are presented in the supplementary information (cf. Fig. A2.2). Figure 2.3 (L) shows the 

vibrational bands for the carbonyl group of pure PFOA at ~1750 cm
-1

, and its bound form in the 

1:1 and 2:1 β-CD/PFOA complexes. The hydroxyl and C-H vibrational bands (~3300 and 2900 

cm
-1

, respectively) exhibit stronger intensity for the 2:1 β-CD/PFOA complex and the spectrum 

is consistent with the greater mole fraction of β-CD hydrate.  

Figure 2.2 TGA plots for native β-CD hydrate, PFOA, and the 1:1 and 2:1 β-CD/PFOA 

complexes prepared by the slow cool method. 
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The expanded spectra reveal three bands for PFOA and its complexes with β-CD 

appearing at ~1230 (1), 1210 (2), and 1150 (3) cm
-1

; which have been previously reported.
29,42,43

 

Vibrational bands 1 and 3 are attributed to CF2 asymmetric and symmetric stretching; whereas, 

band 2 is assigned to the C-C and C-C-C stretching and bending modes, respectively.  The most 

notable feature for the spectra in Figure 2.3 are the relative changes in intensity of the bands (1–

3) for the 1:1 and 2:1 complexes. These bands are attributed to different conformational isomers 

(i.e. anti, gauche and ortho), as concluded for solid and liquid forms of C4F10
44

 where the anti- 

and gauche-conformers are favoured. The attenuation of band 2 at ~1210 cm
-1

 for the 2:1 

complex indicates an alteration of the relative population of PFOA for the trans- and gauche-

conformers in this complex. Tatsuno et al.
29 

indicated that band 2 (1230 cm
-1

) for the β-CD/C9F20 

complex was attributed mainly to the anti-conformer. In the absence of quantum mechanical 

calculations and detailed spectroscopic evidence, the unequivocal assignment of the FT-IR bands 

of PFOA is beyond the scope of the present work, as compared to the published results for C9F20. 

In addition, the foregoing IR results for various vibrational bands are susceptible to potential 

changes in dipole moment when accompanied by a conformational change of PFOA as a 

consequence of changes in electron density.
24

 The relative intensities of the β-CD and/or PFOA 

lines in the 1:1 and 2:1 complexes in Fig. 2.3 provide further evidence for variable 

conformations and dynamic properties of the guest.
45

  

 

 

 

 

 

 

 

 

 

 

 2     3 
1 

Figure 2.3 FT-IR spectra of native β-CD, 1:1 β-CD/PFOA complex, 2:1 β-CD/PFOA 

complex, and PFOA.  The figure on the right is an expansion of the spectral region 

between 800 and 1400 cm
-1

. 
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The FT-IR results in Figure 2.3 provide evidence that conformational changes of the 

perfluorocarbon chain in the 1:1 and 2:1 complexes are variable and may be attributed to trans 

and gauche-conformers of PFOA. There is a significant decrease in the contribution of the 

gauche- and/or trans-conformer of the PFOA chain in the 2:1 complex. The included PFOA 

chain in the 1:1 complex may adopt a similar configuration to that of the free PFOA (cf. Fig. 2.3) 

since a portion of the chain may extend outside of the β-CD macrocycle. In this regard, the 

PFOA chain in the 1:1 complex may adopt variable inclusion topologies with multiple 

configurations of the guest perfluoroalkyl chain, as previously concluded from the DSC results. 

Further elaboration on the conformational effects of the PFOA chain is made in the discussion of 

the NMR results (vide infra). The FT-IR results may provide a semi-quantitative estimate of the 

relative host-guest composition from the relative intensity of respective vibrational bands of 

certain functional groups. A more detailed understanding of the host-guest complex can be 

obtained from NMR studies of these systems. 

 

2.4.1.4 PXRD  

Figure 2.4 shows the PXRD patterns for β-CD, PFOA, and the 1:2, 1:1 and 2:1 β-

CD/PFOA inclusion complexes that were prepared by slow cool and dissolution methods. The 

XRD patterns of the physical mixtures (cf. Fig. A2.3) are simple superpositions of the patterns of 

unbound host and guest, respectively. On the other hand, the XRD patterns for the 1:1 and 2:1 β-

CD/PFOA complexes presented in Figure 2.4 represent unique solid phase materials, as 

evidenced by the appearance of unique diffraction lines. The XRD results for the complexes 

cannot be simulated from the additive patterns of the β-CD and PFOA components, and provides 

further evidence that the complexes are unique phases. The XRD pattern for β-CD exhibits major 

signatures at various 2θ values; 10.8°, 12.6°, 17.8°, and other minor signatures at higher 2θ 

values. Such patterns are characteristic of a “cage-type” lattice structure arising from the random 

packing arrangement of β-CD.
46-48 

The 1:1 and 2:1 complexes derived from slow cool and 

dissolution methods show slightly different XRD patterns, as indicated in Figure 2.4.  

Two prominent peaks at 2θ ~11.8 and 17.8° observed for the 1:1 and 2:1 complexes 

indicate that “channel-type” crystalline structures
46-49

 may be formed, and are distinctly different 

from the PXRD pattern for β-CD hydrate. Such low angle scattering lines outlined above are 

consistent with spacings in the crystal framework ~5.0 and 7.60 Å (d = nλ/2sinθ; where λ = 
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1.54Å), and these have been attributed to the inter- and intra-spacings of β-CD.
29

 Furthermore, 

the XRD patterns for the 1:1 β-CD/PFOA complexes are characterized by a small shoulder above 

the main signature at ~11.8° (indicated by asterisk). The additional XRD lines for the 1:1 

complexes provide further support for the existence of additional configurations due to the 

conformational preference of PFOA, in agreement with the DSC and FT-IR results. In the case 

of the 1:2 β-CD/PFOA complex, a low angle 2θ (~7.8°) signature is attributable to contributions 

arising from unbound PFOA and to those of the pure 1:1 complex.  The general features of the 

PXRD spectra for the 1:1, 1:2, and 2:1 complexes resemble the results for native β-CD since the 

former are anticipated to have similar unit cell dimensions relative to that of the macrocyclic 

host, as observed in Figure 2.4.   

 

 

 

 

 

 

 

 

 

 

 

 

 

2.4.2 Solution-state NMR 

2.4.2.1 
1
H/

19
F Solution NMR Characterization  

Complexation-induced 
1
H and 

19
F NMR chemical shifts (CIS) in aqueous solution were 

used to provide evidence for the formation of inclusion complexes between β-CD and PFOA. 

Figure 2.4 Powder X-ray Diffraction (PXRD) spectra for native β-CD, unbound PFOA, 1:2 

β-CD/PFOA dissolution (D) complexes, 1:1 and 2:1 β-CD/PFOA slow cooled 

(SC) complexes, and 1:1 and 2:1 β-CD/PFOA dissolution (D) complexes.  
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Figures 2.5 and 2.6 illustrate the respective 
1
H and 

19
F NMR spectra for PFOA and its inclusion 

complexes with β-CD. The assignment of the 
1
H NMR signals agree with previous 

assignments.
50,51 

The 
1
H NMR chemical shifts of the interior cavity protons (H3 and H5) of β-CD 

in Figure 2.5 provide estimates of the extent of PFOA inclusion within the β-CD cavity.
50,51  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.1 The formation of a host-guest complex is shown for β-CD (toroid) and a 

perfluorinated guest molecule according to a 1:1 and 2:1 equilibrium binding 

process where Ki are the corresponding equilibrium binding constants for each 

host-guest stoichiometry. In the case of perfluorooctanoic acid (PFOA); R= -OH. 

The relative dimensions of the β-CD macrocycle and PFOA are not drawn to scale. 
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β-CD 
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3:1 IC 

Figure 2.5 
1
H NMR in D2O solutions for β-CD, the 1:1, 2:1, and 3:1 β-CD/PFOA inclusion 

compounds acquired at pD~5 and 295K; where * indicates HOD signal. 
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Scheme 2.1 illustrates the formation of a β-CD/PFC inclusion complex, where Ki is the 

equilibrium binding constant. Scheme 2.2 outlines the molecular structure of β-CD structure with 

a schematic side view showing the interior cavity host protons.   

 

 

 

 

 

 

 

The results illustrated in Figure 2.5 are consistent with the fact that the guest molecule 

displaces the polar solvent from the host cavity according to the upfield chemical shifts of the 

complex for the H3 and H5 protons (cf. Scheme 2.2). The shift of these protons to higher field is a 

consequence of their increased chemical shielding effects resulting from the guest complexation 

process.
42

 The inclusion of an apolar PFOA guest molecule within the apolar cavity of β-CD is 

thermodynamically favoured according to the hydrophobic effect.
29

 However, as the mole ratio 

of the host increases beyond the 1:1 ratio (i.e. for 2:1 and 3:1 complexes), the intra-cavity 

protons (H3, H5) become less shielded and move to higher frequency (downfield) with respect to 

the 1:1 complex because of the greater mole fraction contribution of the unbound host. Note that 

the observed chemical shift is a weighted average of the bound and unbound species.
24,42

 In 

contrast, the 1:1 complex shows the most attenuated CIS effects for the H3 and H5 nuclei, and 

this is due to the increased steric and shielding effects and the variable conformation of the 

PFOA chain
24

 (cf. Scheme 2.1).   

The 
19

F NMR results in Figure 2.6 reveal somewhat different shielding/deshielding 

patterns for the 1:1 and 2:1 complexes, and further support the occurrence of variable 

stoichiometry and conformational effects of the PFOA chain. Perfluorinated alkyl chains in the 

solid state have been reported to assume helical (gauche) and zigzag (trans) conformations for 

long chains (C > 12) and short chains (C ≤ 8), respectively.
42

 A mixture of conformations 

(gauche and trans) may be present in intermediate chain lengths of 8–12 carbon atoms.
52

 The 

Scheme 2.2 Representations of the supramolecular structure of β-CD structure.  The left 

hand structure refers to the oligomer where n = 7 and the right hand structure 

represents the toroidal shape of the macrocycle. 
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helical structure was shown to be the stable form for PFOA
53 

and PFOS
54 

according to density 

functional theory (DFT) and semi-empirical molecular calculations, respectively. The 

assignment of 
19

F signals for long chain PFCs may be difficult due to the long range couplings 

(over at least four bonds),
55 

and possible spectral overlap of resonance lines. However, the 

assignment of the 
19

F spectrum of PFOA in Figure 2.6a is in good agreement with previous 

results by Goecke et al.
56

 and Buchanan et al.
57

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In general, complex formation between PFOA and β-CD results in downfield shifts of 

most of the 
19

F resonances with respect to unbound guest. The contribution of van der Waals 

interactions presents the largest effects on 
19

F chemical shifts and depends on the polarizability 

of the solvent. Fluorine is highly polarizable in bulk aqueous solvent compared to the CD 

environment, particularly near the rim which is composed of hydrocarbon (C-H) and hydroxyl 

groups. Therefore, the guest molecule experiences reduced van der Waals interactions near the 

CD rim resulting in increased chemical shifts. Furthermore, van der Waals interactions between 

 -82                  -83                  -84                       -119.5               -120.5       -124                     -126                    -128 ppm 

ω α γ ε χ δ β 

CωF3-CεF2-CχF2-CδF2-CγF2-CβF2-CαF2-COOH  

PFOA 

2:1 IC 

1:1 IC 

Figure 2.6 Expanded and assigned 
19

F solution NMR spectra of PFOA, the 1:1 and 

2:1 β-CD/PFOA inclusion compounds acquired at pD ~5 and 295 K.  
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the guest and ether-like oxygens in the apolar interior of CD will result in shielding of the 
19

F 

nuclei in its environment.  

The chemical shift changes for the CαF2 group are affected by the inductive effects of the 

carboxylate ion due to H-bonding interactions with the -OH groups of CD and/or bulk aqueous 

solvent. The result is a downfield shift of the CαF2 resonance. The chemical shifts of the 
19

F 

nuclei are also affected by the conformation of the guest. The end-to-end stacking of β-CD in the 

2:1 complex (cf. Scheme 2.1) will force PFOA to adopt an extended all-trans conformation in 

order to occupy the inclusion sites of two host macrocycle moieties. This conformational change 

from gauche to trans results in the maximization of the through-space F-F distance between 

neighboring CF2 groups and subsequent optimization of favourable van der Waals interactions 

within the β-CD interior.
13

 A combined all-trans conformation (deshielding) of the 

perfluorocarbon chain and the occurrence of favourable van der Waals interactions within the 

CD interior (shielding) for the 2:1 complex may result in a composite deshielding/shielding 

effect.  

In the case of the 1:1 complex, the deshielding effect observed for the CβF2 group may be 

associated with the loss of the γ-gauche shielding effect that is commonly observed for alkyl 

carboxylate groups in the gauche configuration,
58-60 

as the PFC chain untwists itself. 

Knochenhauer et al. have shown that perfluorocarbon chains unwind from a helical to an 

extended chain configuration when packed in a periodic lattice.
61

 The gauche/trans 

conformational inter-conversion of the perfluorocarbon chain of the complexes is consistent with 

the IR results shown in Figure 2.3. In the 1:1 β-CD/PFOA complex, unequal populations of the 

helical and zigzag conformers of PFOA may exist.
52

  

The chemical shift of the terminal CF3 group in the complexed state may reveal the 

proximity of the perfluorocarbon chain relative to the interior or the periphery of the host.
13

 The 

observed chemical shifts in Figure 2.6 indicate that the CF3 group in the 2:1 inclusion complex is 

in closer contact with the interior of the apolar CD cavity than within the bulk solvent 

environment. The interior of CD is composed of ether-like oxygens which can take part in van 

der Waals interactions with the fluorines of the guest, as previously described. Note that the 

influence of conformational change is minimal in the case of the CF3 group. In contrast to the 2:1 

complex, the CF3 group in the 1:1 inclusion complex can reside near the rim of the CD 

macrocycle (cf. Scheme 2.1) or in the extra-cavity environment in the bulk solvent. The 
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environment near the CD rim has a small polarizability compared to that of the bulk aqueous 

phase. Such an environment will result in reduced van der Waals interactions between the 

fluorocarbon guest and the CD causing deshielding of the CF3 group. The chemical shift pattern 

of the guest for the 1:1 and 2:1 complexes is consistent with the length of β-CD cavity (~7.9 Å)
29

 

which is about one half of the extended chain length of PFOA.   

The overlapping signals of the CχF2 and CβF2 groups in the 1:1 complex in Figure 2.6 and 

the variable line shapes of the 
19

F signals for PFOA in the 1:1 and 2:1 complexes may be 

attributed to the differences in the conformation and geometry of the PFOA guest in the 

complexes geometries. These dynamics are further explained in the VT NMR studies. However, 

the CIS values provide strong evidence that complexes are formed between β-CD and PFOA in 

aqueous solution. The results in Figure 2.6 are consistent with reported CIS values for β-

CD/SPFO system.
24 

 

2.4.2.2 Solution NMR Dynamics 

The motional dynamics of PFOA in the complexed state were probed by 
19

F NMR at 

variable temperature (VT) in aqueous solution. Figure 2.7 shows 
19

F (VT) NMR stack plot 

results for complexes of β-CD and PFOA at the 1:1 mole ratio. There is an overall increase of the 

19
F chemical shifts as the temperature is increased. The downfield trend in the NMR chemical 

shifts may be attributed to the conformational changes of the perfluorocarbon chain. According 

to 
19

F (VT) NMR and spin relaxation studies in solution, Ellis et al. suggested that PFC chains 

may adopt a helical twist (gauche) conformation;
52

 however, slow untwisting of the helix may 

occur, and the perfluorocarbon chain may adopt an all-trans conformation at elevated 

temperatures.
61,62 

Bunn and Howell concluded from their XRD studies that PFC chains undergo 

variable rotation about the chain axes (helical conformation) and longitudinal zigzag 

displacement at temperatures above ambient conditions.
62

 Thus, temperature effects may induce 

CF2 groups with variable conformations. The helical nature of perfluorocarbon chains is 

generally explained by the greater van der Waals radius of fluorine relative to that of hydrogen, 

as well as the correspondingly greater repulsive interactions between alternating CF2 groups.
61,62 

The helical structure can be viewed as the rotation about the perfluorocarbon chain in an attempt 

of the chain to increase the distance between alternate CF2 groups and minimize the repulsive 

interactions.   
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Figure 2.7 
19

F NMR spectra at variable temperature conditions for the 1:1 β-CD/PFOA 

complex in D2O at pD ~5 (heating cycle from 25 °C to 75 °C). 
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Figure 2.8 
19

F NMR spectra at variable temperature for the 1:1 β-CD/PFOA 

complex in D2O at pD ~5 (cooling cycle from 55 °C to 5 °C). 
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In Figure 2.7, the CD-bound PFOA chain can be interpreted as undergoing a 

conformational change from gauche to an extended all-trans configuration at elevated 

temperatures. This is consistent with the downfield shifts of the 
19

F signals as the temperature is 

increased. Apart from the chemical shift changes, another unique feature is the overlap and 

separation of the CχF2 and CβF2 (cf. Figure 2.6) signals at ca. -125 ppm as a function of 

temperature and this is similarly observed in the stack plots of Figures 2.8–2.10. As the 

temperature increases, averaging and sharpening of the 
19

F signals for the CχF2 and CβF2 is 

observed. The results are attributed to the increased motional dynamics (i.e. shorter correlation 

time) for the 1:1 complex in relation to that of the 2:1 complex because of the difference in 

relative molecular weights. Furthermore, the guest molecule in the 1:1 complex may experience 

less restricted dynamics because it can exist in the extra-cavity environment. The 1:1 and 2:1 

complexes are expected to be stable at and above the temperature conditions employed for the 

VT NMR studies according to the DSC results. The positions of CχF2 and CβF2 may be regarded 

as pseudo-symmetric points along the perfluorocarbon chain, and for temperatures below 15 °C 

(Figure 2.8) these signals start to separate. This is attributed to changes in the conformational 

preference of the perfluorocarbon chain about the Cχ and Cβ positions. The presence of a 

conformational dependence (i.e., coiled and uncoiled forms) of the γ-gauche shielding effect at 

the CβF2 group may contribute to the overlap and separation of the CχF2/CβF2 resonance lines for 

these temperature conditions. The reversibility of the exchange dynamics is shown by the heating 

and cooling cycle between 5 and 25 °C in Figure 2.8. 

In contrast to the 1:1 complex, a different spectral pattern is observed for the 2:1 complex 

where the CχF2 and CβF2 signals overlap at higher temperatures (cf. Figure 2.9). At low 

temperatures, the motional dynamics of the PFOA molecule may have greater variability given 

the longer “channel-like” host space of two β-CD molecules. Additionally, the greater molecular 

weight of the 2:1 complex results in a decreased tumbling rate, which in turn results in broader 

resonance lines accompanied by the divergence of the CχF2 and CβF2 signatures at ambient 

temperature. As the temperature is increased, the Cχ and Cβ methylene groups undergo further 

conformational changes due to the increased motional dynamics and the formation of a 1:1 

complex where a portion of the PFOA chain extends outside of the β-CD cavity. These factors 

result in the overlapping of the CχF2-CβF2 signals observed at higher temperatures. However, a 

more quantitative study of the relaxation times (T1, T2, T1ρ) and the coupling constant 
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measurements of the 
19

F groups of interest (cf. chapter 3 - 5), along with 2-D NMR experiments 

may be required to further characterize the conformational features adopted by these host-guest 

systems.  

A distinct feature shown for the 2:1 complex is the broadening of the 
19

F signals at 

temperatures below 15 °C (Figure 2.10) and this is due to the attenuation of the exchange 

kinetics observed for the 2:1 complexes (cf. Figure 2.6). The decreased tumbling rate for the 2:1 

complex discussed earlier results in an increased correlation time (τc) that yields broader 

resonance lines at reduced temperatures, and may be attributed to reduced exchange kinetics of 

the guest between the bulk and inclusion sites of β-CD. Previous studies have shown that the T1 

values of bound guest for 1:1 and 2:1 complexes are markedly different relative to the unbound 

guest.
59 

In general, the variable temperature studies provide support that the PFC chains of PFOA 

may interconvert between all-trans and gauche conformations during the heating and cooling 

cycles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9 
19

F NMR spectra at variable temperature for the 2:1 β-CD/PFOA 

complex in D2O at pD ~5 (heating cycle from 25 °C to 75 °C). 
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2.4.3. Solid-state NMR 

2.4.3.1 Solid NMR Characterization 

19
F NMR was used to characterize the structure of unbound PFOA and its inclusion 

complexes with β-CD. 
19

F NMR spectroscopy in the solid state is unique because of the high 

natural abundance and the wide chemical shift dispersion of the 
19

F nuclei. The opportunity to 

simultaneously observe several independent nuclei provides useful structural and quantitative 

information for host-guest complexes.   
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Figure 2.10 
19

F NMR spectra at variable temperature for the 2:1 β-CD/PFOA complex 

in D2O at pD ~5 (cooling cycle from 55 °C to 5 °C). 

 

Figure 2.11 Solid state 
19

F DP/MAS spectrum of PFOA obtained at MAS 25 kHz and 295 K. 
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The results in Figure 2.11 show a 
19

F NMR spectrum acquired under DP conditions with 

MAS at 25 kHz. The spectrum of the unbound PFOA shows well resolved 
19

F signals and the 

assignment is in good agreement with the high resolution solution NMR spectrum (cf. Figure 

2.6). On the other hand, Figure 2.12 shows a well resolved 
13

C NMR spectrum for β-CD hydrate 

obtained using 
1
H→

13
C CP/MAS at 20 kHz conditions. Although β-CD is comprised of seven 

glucose monomers, the individual 
13

C nuclei are not completely resolved in the CP/MAS 

spectrum, and this is attributed to the crystallographic inequivalence of the pyranose units and 

coincidental overlap of certain resonance lines because of the variable hydration states and 

amorphous characteristics of powdered samples with mixtures of non-stoichiometric β-CD 

hydrate.  

 

 

 

 

 

 

 

 

The 
19

F DP/MAS spectra for pure PFOA and its 1:1 and 2:1 slow cool complexes with β-

CD are shown in Figure 2.13. The 
19

F NMR results provide evidence for the formation of 1:1 

and 2:1 β-CD/PFOA inclusion complexes prepared using the slow cool method. Complex 

formation between β-CD and PFOA results in reduced motional averaging of the 
19

F 

homonuclear dipolar couplings which result in broadening of the 
19

F signals and the appearance 

of spinning side bands
29

 (cf. asterisks in Figures 2.13 and 2.14). As the PFOA becomes 

increasingly bound (i.e. conversion of 1:1 to 2:1), the stoichiometry of the complex coincides 

with the attenuation of the sharp component at ca. -82 ppm for the 2:1 complex and the presence 

of increasingly broadened 
19

F signatures, compared to the 1:1 complex. The presence of the 

Figure 2.12 Solid state 
13

C H→C CP/MAS spectrum of native β-CD hydrate at MAS 20 kHz 

and 295 K. 
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sharp CF3 component at -82 ppm in the 1:1 complex indicates that there may be greater motional 

dynamics of coiling and uncoiling of segments of the PFC chain.  

The structure of 1:1 complex can be described as a dynamic pseudo-rotaxane complex; 

wherein the β-CD macrocycle can encapsulate ~4 – 5 CF2 groups with an ensemble of potential 

configurations, depending on the conformation of the guest.
64 

In contrast to the 1:1 complex, the 

2:1 complex represents a more static pseudo-rotaxane type complex in which a greater 

proportion of the PFC chain is included within two host cavities (cf. Scheme 2.1). As a 

consequence of this inclusion geometry, a potentially lower energy state configuration confines 

the motional chain dynamics of the guest. These results are consistent with the solution NMR 

results (cf. Figure 2.6). Furthermore, the presence of sharp and broad signatures for the CF3 

group (ca. -79 and -82 ppm) in the 1:1 slow cool complex provides support that it may reside in 

two or more microenvironments (i.e. inside vs outside the β-CD macrocycle), and this conclusion 

is consistent with results for DSC, FT-IR and PXRD presented above. For example, the DSC of 

the 1:1 complex was consistently characterized by two transitions at 180 and 210 °C (cf. Fig. 

2.1). It should be noted that contributions from free unbound guest cannot be ignored, 

particularly in the 1:1 complex and may also account for the broad and narrow feature at high 

frequency.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13 
19

F DP MAS 25 kHz NMR spectra at 295 K for pure PFOA, and the 1:1 and 

2:1 β-CD/PFOA complexes obtained by the slow cool method. 
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Figure 2.14 depicts the 
19

F DP/MAS NMR spectra of the 1:1 β-CD/PFOA inclusion 

complexes prepared by the slow cool and dissolution methods, respectively. The product 

obtained by slow cool is characterized by relatively broad 
19

F signatures due to a 

microenvironment in which the motional dynamics of PFOA are attenuated, as compared with 

the complex prepared by dissolution (cf. Fig. 2.14). The DSC results (cf. Figure 2.1) have shown 

greater phase purity for the complexes prepared by slow cool relative to the products obtained by 

dissolution. In the latter case, the appearance of numerous sharp resonance lines is consistent 

with increased motional dynamics of PFOA.  

The sharp resonance lines observed for PFOA are attributed to the unrestricted motional 

dynamics of unbound guest, as compared with the bound forms of the 1:1 and 2:1 β-CD/PFOA 

complexes. In Figure 2.14, the chemical shift trends for the sharp CF3 line for the dissolution 

complex follows a similar trend as that observed in the solution NMR spectra in Figure 2.6. In 

contrast to the dissolution complex, the slow cooled product does not follow the same trend. This 

observation provides support for the presence of variable conformations of the PFOA chain in 

solid complexes, in accordance with the type of preparative method (i.e. dissolution vs slow 

cool). In general, the PFOA chain in the 1:1 complex has a distribution of the gauche- and trans-

conformers. However, the results provide strong evidence for the formation of β-CD/PFOA 

inclusion complexes with variable stoichiometry and inclusion geometry in the solid state. 
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Figure 2.14 
19

F DP/MAS 25 kHz NMR spectra at 295 K for pure PFOA, and the 1:1 β-

CD/PFOA complexes obtained by dissolution and slow cool methods. 
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2.4.3.2 
19

F Solid NMR Dynamics 

The foregoing results have illustrated that β-CD forms stable inclusion complexes with 

PFOA in the solution and solid states, respectively, with variable host-guest stoichiometry and 

inclusion geometry. It is well known that the physicochemical properties (stability, solubility, 

surface tension etc.) of the guest molecules in the bound state are dramatically altered for 

inclusion complexes with β-CD.
19-21

 However, the relationship between the mode of preparation 

of these complexes and their structure in the solid state are poorly understood and requires 

further study.  

An understanding of the structure, dynamics, and molecular recognition properties of 

such solid state complexes is afforded by multi-nuclear NMR studies described herein.
 
As 

previously observed, the complexes prepared by the slow cool and dissolution methods yield 

distinct differences in their NMR line shape patterns (cf. Figure 2.14) and this was concluded as 

being due to the inclusion geometry and guest conformation. The dynamic properties of the 

complexes prepared by the different preparative methods were studied using 
19

F DP/MAS 

conditions with variable spin rate (VSR; 10 to 25 kHz) at 295 K. The unbound PFOA (Figure 

2.15) and the 1:1 dissolution complex (Figure 2.16) display well-resolved 
19

F resonances with 

broad and sharp components for the specified VSR conditions, as anticipated. As the spinning 

rate increases, dipolar couplings are scaled down and the different phases possessing variable 

configurations of the guest are revealed.  

In Figure 2.17, the 1:1 complex prepared by slow cool appears more static for these VSR 

conditions, as supported by the absence of sharp 
19

F guest signatures. In contrast, variable 

microenvironments and configurations are revealed for the 1:1 complex prepared by dissolution 

(cf. Figure 2.16). Following the interpretation of the results in Figure 2.15, the 1:1 complex 

(Figure 2.16) is made up of two types of bound guest; a mobile and static phase. The results are 

consistent with the variable binding conformation of the PFOA chain in the 1:1 complex, as 

previously described. Note that the effects of free unbound guest cannot be ignored as previously 

described and may contribute to the overall dynamics. The frequencies of the narrow 

components due to the complexed and pure PFOA are provided in Table 2.2.   
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The dynamics of PFOA in the complexed state were studied using VT 
19

F DP/MAS 

NMR. The 
19

F NMR experiments were obtained at moderate MAS rate (14 kHz) while varying 

the temperature from -90 to 100 °C. Figure 2.18 illustrates the 
19

F DP MAS spectra where the 

system is heated from -90 to 22 °C. The guest dynamics of the 1:1 complex prepared by the 

dissolution method are observed to increase as the temperature increases. A sharply resolved 
19

F 

signature for the CF3 group appears upfield at ca. -82 ppm and temperatures ≥ 0°C. This peak is 

attributed to the occurrence of greater rotational dynamics for these conditions. However, the 

signatures for the CF2 groups are relatively invariant over the temperature range investigated, 

and this is attributed to insufficient motional averaging of the 
19

F homonuclear dipolar couplings 

because of the static nature of the PFOA chain. It is clear that the guest dynamics are expected to 

be more pronounced as the temperature is increased above the phase transition of the guest 

molecule according to observed thermo-physical transitions observed for the guest at 

temperatures ≥ 60 °C (cf. Figure 2.1).   

As shown in Figure 2.19, a further increase in the temperature for the 1:1 complex 

prepared by dissolution reveals significant dynamic effects with increasing temperature.  Figures 

Figure 2.15 
19

F DP NMR spectra for unbound (free) PFOA at variable spin rates (VSRs) at 

295 K. 
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2.19A and B show the 
19

F (VT) DP/MAS NMR results for the heating (25 to 90 °C) and cooling 

(90 to 25 °C) cycles, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Uncomplexed PFOA β-CD/PFOA 1:1 Dissolution 

Signal  δ (25 kHz) δ (23 kHz) δ (25 kHz) δ (23 kHz) 

1 (ω) -81.53 -81.56 -81.24 (-79.38) -81.24 (-79.34) 

2 (α) -118.6 -118.7 -118.3 -118.3 

3 (γ) -121.0 -121.1 -120.6 -120.6 

4 (δ) -121.5 -121.5 -121.1 -121.0 

5 (χ) -122.1 -122.2 -121.7 -121.8 

6 (β) -122.3 -122.4 -122.0 -122.0 

7 (ε) -126.0 -126.1 -125.6 -125.6 

Table 2.2 Chemical Shift Data for Uncomplexed and Complexed PFOA Guest at 

Variable Spin Rates (Chemical Shifts for Broad CF3 Components are 

shown in brackets) 

Figure 2.16 
19

F DP NMR spectra of the 1:1 β-CD/PFOA complex prepared by the 

dissolution method and run at variable spin rates (VSR) at 295 K. 
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Figure 2.17 
19

F DP NMR spectra of the 1:1 β-CD/PFOA complex prepared by the slow 

cool method and run at variable spin rates (VSR) at 295 K. 
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Figure 2.18 
19

F DP/MAS NMR spectra at 14 kHz and variable temperature for the 1:1 β-

CD/PFOA complex prepared by the dissolution method (warming from -90°C 

to 20 °C). 
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During the heating cycle, the 
19

F signals for the guest become more resolved as the 

temperature is increased. The relative intensity of the sharp CF3 group signature at ca. -82 ppm 

increases at the expense of the broad CF3 component at ca. -79 ppm up to ~80 °C, revealing 

variable distribution of conformational effects as a function of temperature. The other 
19

F signals 

for the CF2 groups (ca. -120 ppm) become more resolved as the temperature is increased to ~80 

°C. This observation is consistent with the inter-conversion between conformational states of 

PFOA, as previously discussed. We conclude that the broad and narrow CF3 components 

correspond to the gauche- and trans-conformers, respectively. The broadening of the CF3 signal 

is suspected to arise from the strong coupling between the inequivalent fluorines in the gauche-

conformer; whereas, the equivalent fluorines in the trans-conformer are expected to exhibit 

narrowing of the CF3 signal. Above 80 °C, unique line shape changes are observed for the CF2 

region (~ 120 ppm) and this supports that changes in the microenvironment and dynamics of the 

PFOA chain occur. The guest environment undergoes a change because the host may undergo 

desolvation at these temperature conditions, as evidenced by the DSC results in Figure 2.1. The 

process of dehydration may occur at temperatures < 120 °C (cf. DSC results, Fig. 2.1) since the 

sample rotor is an open system. In addition, the apparent temperature recorded during the 

experiment is expected to be less than the in situ temperature within the sample rotor since the 

mechanical effects of spinning are expected to generate heat. The role of hydrate water and guest 

molecular dynamics are supported from independent ultrasonic relaxation studies by Aicart et 

al.
63

 Tatsuno and Ando
29

 reported similar conclusions, according to their VT NMR studies of β-

CD and long chain n-alkyl PFCs.  

Upon cooling (90 to 25 °C) in Figure 2.19B, the trends in line shapes of the guest are 

observed not to be reversible, as compared with the heating cycle (cf. Fig. 2.19A). The observed 

irreversibility is attributed to changes resulting from the loss of hydrate water during the heating 

cycle because the purge gas stream irreversibly removes hydrate water from the system. The 

void volume arising from dehydration causes a microenvironment change which subsequently 

affects the motional dynamics of the PFC chain in the host framework.
29

 In addition, slight but 

observable shift changes for the 
19

F signals are observed for the guest in the complexed state 

during the heating and cooling processes, respectively. The heating and cooling processes may 

be accompanied by different populations of trans- and gauche-conformers of PFOA. The 
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chemical shift changes are as high as ~1.3 ppm in the solution state and ~0.8 ppm for the solid 

state spectra over the specified temperature ranges.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variable dynamic effects were observed for the 2:1 complexes prepared by the slow cool 

method (cf. Figure 2.20). The absence of a sharp component for the terminal CF3 group at ca. -82 

ppm in Figure 20A suggests that the complex formed by the slow cool method is different in 

nature than the corresponding 1:1 complex (cf. Figure 2.14c). The broad resonance lines for the 

2:1 complex are consistent with attenuated motional dynamics with a different inclusion 

Figure 2.19 
19

F DP/MAS NMR spectra obtained at 14 kHz and variable temperature for the 

1:1 β-CD/PFOA complex prepared by the dissolution method. The heating cycle 

was from 25 °C to 90 °C (A), and the cooling cycle was from 85 °C to 25 °C (B). 
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geometry compared to the 1:1 complex. Minor dynamic effects are observed above 80 °C for the 

19
F guest signals at ca. -120 ppm and this is related to the loss of hydrate water, as described 

above. The reduced temperature dependence of the 
19

F line shapes for the 2:1 complexes 

prepared by slow cooling is observed due to the greater stability of this complex, in agreement 

with the DSC results. However, there are minor upfield and downfield chemical shifts for the 
19

F 

guest signals during the heating and cooling cycles, and these are related to the inter-conversion 

between trans- and gauche-conformers of the PFC chain of PFOA, as described above. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.5. Conclusions 

Two preparative methods, slow cool and dissolution, were developed and used to prepare 

1:1 and 2:1 β-CD/PFOA solid state complexes. 
1
H/

19
F NMR spectroscopy and CIS effects 

Figure 2.20 
19

F DP/MAS NMR spectra obtained at 14 kHz and variable temperature for the 2:1 β-

CD/PFOA complex prepared by the slow cool method. The heating cycle was from 

25 °C to 100 °C (A), and the cooling cycle was from 90 °C to 25 °C (B). 
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provide support for the formation of 1:1/2:1 β-CD/PFOA complexes with variable guest 

geometry and conformation. The NMR results were complemented using results from FT-IR, 

thermal analyses (DSC and TGA), and PXRD. IR results revealed that PFOA adopts the gauche- 

and trans-conformations in the 1:1 and 2:1 host-guest complexes, respectively. “Channel-type” 

structures were reported for the 1:1/2:1 complexes which are distinctly different from the cage 

structures formed by native β-CD according to PXRD results.   

According to variable spinning rates (VSR) and temperature (VT) NMR studies, the 

complexes prepared by slow cool method were characterized to possess less mobile components, 

as compared with complexes prepared by dissolution. 
19

F (VT) NMR results in solution and the 

solid state indicate that PFOA undergoes variable temperature-induced intramolecular 

conformations as a function of host/guest mole ratio and the preparative method. 
1
H/

19
F NMR, 

IR and DSC support the presence of variable conformations and the greater phase purity of the 

complexes prepared by slow cool method.  

The structure and conformational dynamics for the solid complexes formed between β-

CD and PFOA are generally affected by host-guest mole ratios, temperature changes, and 

hydrate content of β-CD. Complexes prepared by slow cool method display reduced dynamics 

than complexes prepared by dissolution, and this may be related to the greater stability and phase 

purity of the complexes prepared by the slow cool method.  

.  
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CHAPTER 3 

Manuscript no. 2 

Description 

In this work, the dissolution preparative method described in chapter 2 was modified to afford β-

CD/PFOA inclusion complexes with greater phase purity. The phase purity was assessed using 

19
F DP/MAS NMR spectroscopy and DSC. Multinuclear 

13
C/

19
F MAS NMR spectroscopy and 

relaxation NMR techniques were used to further characterize the structure of the complexes and 

dynamic properties of the host/guest system, respectively. 

 

Author’s Contribution 

I proposed the idea to modify the dissolution preparative method developed in chapter 2 in order 

to obtain phase pure β-CD/PFOA ICs. The idea of using multinuclear and relaxation NMR 

techniques was proposed by Dr. Paul Hazendonk (UofL) and seconded by Dr. Lee Wilson. The 

preparation and characterization (FT-IR, DSC, and PXRD) of the β-CD/PFOA complexes were 

done by myself. The solid state NMR characterization was done by myself, while the NMR 

relaxation measurements and data analyses were done in collaboration with Dr. Paul Sidhu 

(UofL). I prepared the first draft of the manuscript and all the subsequent revisions/edits were 

done by Drs. Wilson, Hazendonk and Sidhu. 

    

Relation of Manuscript 1 to Overall Objective of this Project 

The work of this manuscript was important to the overall objective of the research project 

because it ensured that we obtain phase pure inclusion complexes which would be used to afford 

more reliable spectroscopic measurements. The developed modified method could also be used 

to prepare the complexes of PFBA and SPFO with β-CD, respectively.  
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Graphical Abstract 

 

 

 

 

 

 

 

 

 

Research Highlights 

 The modified dissolution method gave rise to inclusion complexes with improved phase 

purity. 

 13
C (

19
F→

13
C CP) MAS NMR techniques provided unequivocal evidence for the inclusion of 

the guest within the host.  

 Two types of motional dynamics were characterized for the guest; rotational motion of the 

terminal fluoromethyl (CF3) group, and axial (librational) motion of the entire 

perfluorocarbon chain. 
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3.1 Abstract 

The structural characterization and dynamic properties for the solid inclusion complexes (ICs) 

formed between -cyclodextrin (-CD; host) and perfluorooctanoic acid (PFOA; guest) were 

investigated using 
13

C NMR spectroscopy. The 1:1 and 2:1 host/guest solid state complexes were 

prepared using a modified dissolution method to obtain complexes with greater phase purity. 

These complexes were further characterized using differential scanning calorimetry (DSC), FT-

IR spectroscopy, powder X-ray diffraction (PXRD), 
19

F direct polarization (DP) and 
13

C cross 

polarization (CP) with magic-angle spinning (MAS) NMR spectroscopy. The 
19

F→
13

C CP 

results provided unequivocal support for the formation of well-defined inclusion compounds. 

The phase purity of the complexes formed between β-CD and PFOA were assessed using 
19

F 

DP/MAS NMR technique at 20 kHz and variable temperature (VT). The complexes were found 

to be of high phase purity when prepared in accordance with the modified dissolution method. 

The motional dynamics of the guest in the solid complexes were studied using T1/T2/T1ρ 

relaxation NMR methods at ambient and variable temperatures. The relaxation data revealed 

reliable and variable guest dynamics for the 1:1 vs 2:1 complexes at the variable temperatures 

investigated. The motional dynamics of the guest molecules involve an ensemble of axial 

motions of the whole chain and 120° rotational jumps of the methyl (CF3) group at the termini of 

the perfluorocarbon chain. The axial and rotational dynamics of the guest in the 1:1 and 2:1 

complexes differ in distribution and magnitude in accordance with the binding geometry of the 

guest within the host.     
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3.2 Introduction 

Perfluorinated compounds (PFCs) are of continued interest due to their widespread 

applications (e.g., firefighting foams, cosmetics, pesticides, emulsifiers, etc.) and their related 

environmental and health concerns.
1 

Their recalcitrant nature make these compounds 

environmentally persistent leading to potential bio-accumulation, bio-magnification, and global 

distribution.
2
 PFOS (perfluorooctane sulfonate; C8F17SO3H) and PFOA (C8F17O2H) have been 

reported as the most abundant types of PFCs in the environment, especially in aquatic biota.
2,3

 

The occurrence of PFCs in other matrices include ground water, fish and animals, soil, and 

sediments.
4
 PFCs have also been discharged in the environment directly through firefighting 

foams, industrial waste effluents, and pesticide application.
5,6 

Indirectly, PFCs are formed 

through degradation pathways of precursor compounds such as fluorotelomer alcohols and 

perfluoroalkyl sulfonamides.
3 

 These compounds have been widely used in applications ranging 

from pharmaceuticals to surface active agents
7-9 

despite their potential adverse health risks as 

endocrine disruptors,
10 

infertility
11 

and immunotoxin agents.
12-14  

The fate and transport pathways of PFCs in various environments and ecosystems are poorly 

understood in spite of the numerous studies over the past decade. In part, this may be due to the 

variation in the physicochemical properties of PFCs, such as surface activity, chemical mobility, 

and their chemical stability, as compared with their hydrocarbon analogues.
15,16 

In previous 

studies,
17-20 

cyclodextrins (CDs)
21

 were reported to attenuate the surface activity of PFCs due to 

the formation of stable noncovalent host/guest complexes between the apolar PFC guest and the 

apolar CD interior. An improved understanding of the structure of β-CD/PFC ICs will contribute 

to the knowledge related to the physical and biophysical processes involving the fate and 

transport of PFCs in the environment. Considerable effort has been invested in studying the 

molecular structure of such ICs in solution and the solid state. Tatsuno
22 

and Druliner
23

 reported 

19
F solids NMR studies of the complexes formed between aliphatic- and aromatic-based PFCs 

with CDs. By contrast, there are numerous reports of high resolution NMR studies of CD/PFC 

complexes in aqueous solution.
24-26

 In the case of solid state NMR, there is a paucity of structural 

studies, particularly those employing HFX and multi-nuclear NMR techniques
22

 of such β-

CD/PFC host-guest systems. Recently, Koita et. al.
27

 reported a detailed 
19

F→
13

C CP/MAS 

NMR study of the host-guest complex formed between β-CD and a semi-fluorinated 

hydrofluorether.  
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The aim of this study was to prepare well-defined highly phase pure β-CD/PFOA inclusion 

compounds at various host-guest ratios (e.g., 1:1 and 2:1) using a preparative method adapted 

from a previous study.
17

 The method was modified to obtain phase pure inclusion compounds to 

allow for more reliable dynamic relaxation studies of the guest in the complexed state. The 

inclusion compounds were characterized by DSC, FT-IR, PXRD and solid-state 
19

F DP/MAS 

and 
1
H/

19
F→

13
C CP/MAS NMR. 

19
F NMR under DP conditions at MAS 20 kHz and variable 

temperature was used to assess the phase purity of the complexes. Spin-lattice (T1) and spin-spin 

(T2) relaxation times in the laboratory frame, and spin-lattice relaxation times in the rotating 

frame (T1ρ), were used to study the motional dynamics of the guest molecule in the 1:1 and 2:1 

host/guest complexes at ambient and variable temperature conditions.  

 

3.3 Experimental Section 

3.3.1 Materials  

β-CD hydrate (~10 % w/w) and PFOA (96 %) were purchased from Sigma-Aldrich 

Canada Ltd. (Oakville, ON), and were used as received without any further purification.  The 

water content of the materials was determined using thermogravimetric analysis during 

preparation of the sample mixtures.  

 

3.3.2 Preparation and the stoichiometry of the solid β-CD/PFOA ICs.  

The solid β-CD/PFC complexes were prepared using a dissolution (evaporation) method 

modified from a previously reported method.
17

 Appropriate masses of the host and guest were 

weighed and dissolved in ~10 mL of high purity MilliQ water in 50 mL beakers to prepare the 

1:1 and 2:1 host:guest complexes (cf. Scheme 3.1). The solutions were continuously stirred under 

mild heating of ~40 ºC. Upon dissolution, the solution was allowed to cool to room temperature, 

and the solvent was evaporated over ~ 2 days in an open system to obtain the solid products.  

The stoichiometric ratios of the solid complexes were independently analyzed by acid-

base titration.
 
The relative amounts of the guest in the washed and unwashed complexes were 

determined by titration with 0.01 M NaOH (standardized with potassium hydrogen phthalate) 

and the amounts of the host were estimated by gravimetric difference. The experimental 

host/guest values were shown to be comparable with previously reported
17

 values (1:1 unwashed 

= 1.0:1.1 and washed = 1.0:0.95; 2:1 unwashed = 1.7:1.0 and washed = 1.7:1.0). The results 
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suggest that the 2:1 complexes yield a mixture of 1:1 and 2:1 complexes, while the 1:1 products 

yield 1:1 complexes predominantly.
28,29

  

The modified preparation method allows for the isolation of complexes with greater 

phase purity because compounds (e.g., PFOA) that melt incongruently are susceptible to phase 

separation upon cooling or solvent evaporation at slower rates.
30

 Inclusion compounds with 

greater phase purity allow for more reliable dynamic relaxation studies of the guest molecule 

within the host.
31

  

 

 

 

 

 

 

 

3.3.3 Solid-State NMR Spectroscopy 

3.3.3.1 
13

C/
19

F NMR for characterization  

All solid state NMR spectra were obtained using a Varian INOVA spectrometer operating in a 

triple channel HFC mode using a 3.2 or 2.5 mm T3 HFXY probe operating at 125.55 MHz 

for
13

C, 499.99 MHz for 
1
H, 469.89 for 

19
F. Solid state 

13
C NMR MAS spectra were referenced 

externally to adamantane (δ = 38.5 ppm) as a secondary standard with respect to TMS, while 
19

F 

MAS spectra were referenced to hexafluorobenzene. Samples were spun at the magic angle with 

variable spinning rates (14, 20 and 25 kHz) using 3.2 and 2.5 mm Vespel rotors equipped with 

Kel-F turbine caps, inserts, and end caps. All NMR spectra were obtained using a 100 kHz 

sweep width in 8192 points in the FID and were zero-filled to 64 k data points, unless stated 

otherwise. The curve and width parameters for the adiabatic 
1
H

13
C CP experiments were set 

between 50 and 10,000 Hz, while those for 
19

F
13

C were set between 50 and 50,000 Hz, 

respectively. Optimal Hartmann-Hahn matching conditions were achieved at a contact time of ≥ 

2 ms and powers ranging from 68 kHz and 59.5 kHz for the 
19

F and 
13

C channels, respectively.  

13
C {

1
H, 

19
F} spectra of all solid samples were acquired using a two-pulse phase modulation 

Scheme 3.1 Step-wise formation of the 1:1 and 2:1 host/guest complexes between β-CD (toroid) and 

PFOA, according to the 1:1 and 2:1 (host/guest) stoichiometric ratios. The 

corresponding equilibrium constants are presented as K1:1 and K2:1, respectively.    
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(TPPM) decoupling mode,
32,33 

using a pulse phase of 13.5 degrees and pulse powers of 35.7 and 

38.5 kHz  in the 
1
H and 

19
F decoupled channels , respectively, as determined by the peak-to-peak 

voltage.  

 

3.3.3.2 
13

C/
19

F NMR for Relaxation Dynamics   

The 
19

F T1 values (T1
F
) were measured by inversion recovery (180°-τ- 90°- acquire), whereas the 

T2
F
 values were obtained with a Hahn echo

34
 (90°-τ-180°-τ-acquire). The T1ρ

F
 relaxation times 

were measured with a pulse sequence that contains a spin-lock (SL) pulse in phase by 90° with 

respect to an initial 90° pulse (e.g., 90°x-SLy-acquire).
35

 The 
13

C T2 relaxation times were 

obtained by using a post-CP Hahn echo in the 
13

C channel.  The 
13

C-detected T1
H
 and T1ρ

H
 were 

measured with a pre-CP 180° pulse followed by a variable delay τ, and a pre-CP spin locking 

pulse in the 
1
H channel, respectively.  All relaxation measurements were obtained at ambient and 

variable temperature (0–70 °C). The error estimates (brackets) correspond to the standard 

deviation of the linear least-squares fitting parameters.   

 

3.3.4 DSC and TGA 

Differential scanning calorimetry (DSC) of the native β-CD, PFOA and the ICs were acquired 

using a TA Q20 thermal analyzer over a temperature range of 30–380 °C. The scan rate was set 

at 10 °C/min and dry nitrogen gas was used to regulate the sample temperature and sample 

compartment gas purging. Solid samples were analyzed in hermetically sealed aluminum pans 

where the sample mass ranged from 3.50 to 3.80 mg. TGA was carried out using a TGA Q50 

over a temperature range of 30–400 °C. The scan rate was set to 10 °C/min with dry nitrogen gas 

to regulate the sample temperature and the compartment purging. TGA samples were measured 

using an open pan configuration.   

 

3.3.5 FT-IR Spectoscopy 

Fourier Transform-IR spectra were obtained using a Bio-Rad FTS-40 spectrometer with a 

resolution of 4 cm
-1

. All spectra were obtained with spectroscopic grade KBr which constituted 

~80% (w/w) of the total sample. Samples were run as finely ground powders in reflectance 

mode. 
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3.3.6 Powder X-ray Diffraction (PXRD) 

PXRD spectra were collected using a PANalytical Empyrean powder x-ray diffractometer using 

monochromatic Cu-K1 (λ = 0.154 nm) radiation.  The applied voltage and current were set to 

45 kV and 40 mA, respectively. The samples were mounted in a vertical configuration as 

evaporated hexane films and PXRD patterns were measured in a continuous mode over a 2θ 

angle range of 5–20° with a scan rate of 25 degree/min. 

 

3.4 Results and Discussion 

3.4.1 DSC 

DSC is used to provide evidence for the purity and the formation of host-guest ICs. It can 

also be used to provide experimental support for the occurrence of variable guest conformations 

in host-guest systems.
36,37

 In particular, the disappearance of the melting endotherms of the free 

guest in the DSC thermograms can be used to indicate the formation of host-guest inclusion 

compounds.
38,39

 As well, changes in the enthalpy of dehydration
36  

of the host is an indicator of 

the formation of host-guest complexes.  

Figure 3.1 illustrates the DSC results for the host (hydrate), guest, and the 1:1 and 2:1 β-

CD/PFOA complexes. Two endotherm peaks are shown in Figure 3.1 for the host at ~115 and 

320 ºC which are attributed to dehydration and decomposition processes, respectively. The DSC 

results for the guest reveal endothermic peaks at ~60, 100, and 170 ºC; attributed to the melting, 

dehydration and vaporization transitions, respectively. The observed thermograms of the 

complexes are distinct relative to the unbound host and guest, and illustrate the disappearance of 

the guest melting endotherm at ~60 °C. The unique endotherms of the 1:1 and 2:1 complexes 

provide support that a unique solid phase is formed corresponding to the host-guest (i.e., β-

CD/PFC) IC.  

It is worthwhile to mention that some minor differences are observed between the 

thermograms of the dissolution complexes reported in this study with those of a previous study 

(cf. Chapter 2, Figure 2.1). The appearance of additional endothermic transitions ~180–270 °C in 

Figure 2.1 for the host-guest complexes prepared by slower rates of evaporation (~4–5d) were 

attributed to variable phase transitions of the bound guest in the complexes. These phase 

transitions were described in terms of the variable inclusion modes of the guest within the host. 

This is because the PFC guest may undergo phase separation in solution when cooled at a slower 
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rate or at non-uniform temperatures resulting in variable phases of the β-CD/PFOA complexes or 

even a slightly greater fraction of unbound guest. The variable phases are expected to have 

different thermal stabilities which manifest as unique endothermic transitions in the DSC. For 

example, the slow cool inclusion complexes reported previously were characterized to have 

greater phase purity relative to the dissolution complexes. This is because the slow cool 

complexes were cooled gradually under controlled temperature conditions in an insulated box 

before evaporating the solvent. The relative amounts of the host and guest in the complexes 

reported in this study (cf. §3.3.2) relative to those reported previously (as determined by titration 

with NaOH) are consistent with a lesser fraction of unbound guest. The preparation method in 

this study was modified such that the amount of solvent and duration (~2 days) of evaporation 

were controlled in order to afford phase pure β-CD/PFOA ICs.
30

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Two endothermic features are revealed for the inclusion compounds in Figure 3.1 at ~90 

and 115 °C due to transitions involving dehydration. In general, the onset of dehydration for the 

1:1 complexes occurs at a lower temperature than for the 2:1 complexes, and this is attributed to 

90°C 115°C 

 2:1 IC 

 1:1IC 

   PFOA 

β-CD 

Figure 3.1 DSC thermograms of β-CD hydrate, unbound PFOA, and the 1:1 and 2:1 β-

CD/PFOA inclusion compounds. 
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the differences in the amount of inclusion bound water and the overall hydration state of these β-

CD complexes.
40

 For example, the relative intensities of the two peaks at 90 and 115 °C reveal 

that the 2:1 complexes possess a greater proportion of the cavity bound water than the 1:1 

complexes. The occurrence of cavity bound and interstitial bound water is anticipated to have 

variable enthalpic characteristics, as evidenced by the desolvation temperature observed herein. 

Moreover, the displacement of the dehydration endotherm to lower temperatures for the 1:1 IC 

indicates reduced interactions and entropic characteristics of the hydrate water with the CD 

interior,
41

 consistent with the favourable binding affinity of the guest in this complex.
28,29

  

The decomposition endotherms of the two solid complexes ~320 °C in Figure 3.1 reveal 

distinct features. The 1:1 complex is made up of a single broad endotherm (at lower temperature 

~270–320 ºC); whereas, the 2:1 complex is composed of a prominent sharp feature (~320 ºC) 

and other minor contributions over the temperature range observed for the 1:1 complex. This 

may be due to the variable binding configurations of the guest for the 1:1 and 2:1 complexes. 

Furthermore, the results reveal that the 2:1 complex may be a mixture of 1:1 and 2:1 ICs,
 
in 

agreement with previous findings.
17,25 

In general, the differences in the DSC patterns of the host-

guest complexes reported in this study when compared to a previous study reveal that complexes 

prepared by slower cooling rates or uncontrolled temperatures may result in phase separation of 

the host and guest. The tendency of the perfluorocarbon guest to undergo phase separation is 

more pronounced for the 1:1 relative to the 2:1 complexes due to the greater mole fraction of the 

free guest in the case of 1:1 complex formation. Thermogravimetric results for β-CD/PFOA 

complexes prepared by the modified dissolution method are presented as supplementary 

information in appendix B and reveal increased stability for the complexes (cf. Fig. B3.1).      

 

3.4.2 FT-IR 

Figure 3.2 shows the FT-IR spectra as stack plots for the host, guest, and the 1:1 and 2:1 

host/guest inclusion complexes in the 500–4000 cm
-1

 spectral region. It is worthwhile to note 

that the FT-IR results reveal some minor spectral differences as compared with previous 

results.
17

 This was attributed to the different preparative methods employed in this study which 

result in more phase pure inclusion compounds as previously reported. However, changes in the 

relative intensity of bands 1–3 are consistently observed in the FT-IR results. Furthermore, the -
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OH band of the guest is broad and shifted in comparison to the inclusion compounds and may 

indicate the formation of well-defined β-CD/PFOA ICs with variable hydration characteristics.
42

  

 

 

 

 

 

 

 

 

 

 

 

The relative intensity and shift of the carbonyl vibrational bands (-C=O ≈ 1750 cm
-1

) for 

the ICs relative to the pure guest reveal some information regarding the variable stoichiometry 

and/or inclusion mode of the guest within the host. The relative changes in the intensity of the IR 

bands: 1 (~1150 cm
-1

; νasym-CF2), 2 (~1215 cm
-1

 ; δ-CCC and β-CC), and 3 (~1250 cm
-1

; νsym-

CF2)  (refer to the inset of Figure 3.2), for the 1:1 and 2:1 ICs were previously reported and 

assigned to the gauche and trans conformations of the guest in the complexed state.
43,a,b

 The 

attenuation of these bands, especially band 2 for the 2:1 complex (cf. Figure 3.2) is related to 

conformational changes of the guest in the 2:1 complex and are distinct to those of the 

conformation of PFOA in the 1:1 complex. The FT-IR results reveal that the bound guest in the 

2:1 complex exists in an ensemble of gauche- and trans-conformers, with the latter being the 

preferred conformation (cf. Scheme 3.1) as described previously.
17

 In contrast to the 2:1 

host/guest complex, the guest molecule in the 1:1 complex adopts a conformation similar to that 

of the unbound guest, as supported by the solid state NMR results described herein. 

 

Figure 3.2 FT-IR spectra of β-CD, unbound PFOA, and the 1:1 and 2:1 β-CD/PFOA 

inclusion compounds. The inset shows expanded region from 900 – 1500 cm
-1

. 
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3.4.3 PXRD  

Figure 3.3 shows the PXRD results for the host, guest, along with the 1:1 and 2:1 β-

CD/PFOA ICs. The PXRD patterns of the physical mixtures (cf. Fig. B3.2) are well described as 

a direct superposition of weighted fractions of the individual spectra of the free host and guest. 

However, the PXRD results for the ICs in Figure 3.3 show unique diffraction lines and provide 

further support that unique phases are formed in accordance with the formation of host-guest 

inclusion compounds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The PXRD patterns of the host (cf. Fig. 3.3) exhibit prominent lines at ~9°, 12.7°, with 

minor signatures at higher 2θ values that are characteristic of a “cage-type” lattice arrangement 

due to the random packing arrangement of β-CD.
44 

 In contrast to the PXRD results of β-CD 

hydrate, the 1:1 and 2:1 complexes show intense diffraction lines at 2θ ~ 7, 9.8, 12.0, 14.6, 17.8, 

and 18.9°, indicating the formation of “channel-type” structures.
45 

In particular, the appearance 

of a strong peak at 2θ ≈18° in the PXRD patterns of the ICs was previously reported and 

suggests that the complexes adopt head-to-head channel structures.
46 

The PXRD spectra of the 

complexes reveal distinct XRD features that are unique relative to the host lattice structure, with 

minor perturbations to the unit cell. It is noteworthy that there are no observable features 

Figure 3.3 PXRD spectra of β-CD hydrate, PFOA, and the 1:1 and 2:1 β-CD/PFOA 

inclusion compounds. Differences in the PXRD patterns between the two 

complexes are shown by asterisks (*). 
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corresponding to unbound PFOA, in agreement with IR and DSC results presented above. The 

quantitative indexing of PXRD lines to obtain unit cell dimensions of β-CD and various types of 

inclusion complexes is outside the scope of this study and are not reported herein. We speculate 

that the slight differences in the PXRD patterns of the 1:1 vs 2:1 complexes as shown with 

asterisks (*) are associated with the variable conformation or binding topologies of the guest and 

variable hydration states of the compounds,
47

 as described in the DSC, FT-IR, and NMR results 

reported herein. 

 

3.4.4. Solid-state NMR Characterization 

3.4.4.1 
19

F DP/MAS NMR  

Figure 3.4 shows the 
19

F NMR results under DP conditions and MAS at 20 kHz and 

ambient temperature. The spectrum of the pure guest is comprised of well-resolved 
19

F 

resonances, and the assignments are supported by a previous report
48

 according to the labeled 

structure in Figure 3.4. The spectra of the 1:1 and 2:1 complexes in Figure 3.4 consist of four 

contributions at ca. -82 ppm due to the methyl (CF3) group, -117 ppm (CαF2), -120 ppm (main 

CmF2 groups), and -128 ppm (terminal CεF2). For the sake of discussion, the respective 
19

F 

resonances at ca. -82, -117, -120, and -128 ppm will hereafter be referred to as CF3, α-CF2, main 

(CmF2) and the terminal (ε-CF2) signals as denoted in Figure 3.4. 

 

 

 

 

 

 

 

 

 

 
Figure 3.4 

19
F DP/MAS (20 kHz) NMR spectra of PFOA, and the 1:1 and 

2:1 β-CD/PFOA complexes at ambient temperature.  

CF3 
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Note that the 
19

F resonances of the guest in the bound state are broader relative to the 

pure guest and this is due to reduced motional averaging of the weak 
19

F dipolar couplings along 

the PFOA chain, along with increased heterogeneity in the 
19

F environments.
22

 In fact, the 
19

F 

resonances of the 2:1 IC are relatively broad when compared to the 1:1 IC and this is related to 

the faster dynamics of localized domains or the entire guest within the 1:1 complex. A sharp 

spectral component at ca.-83 ppm was reported in a previous study
17

 and was attributed to the 

rotational dynamics of the CF3 group of the guest and/or the presence of free domain of the guest 

in the complex.  

 

3.4.4.2 
19

F DP/MAS NMR Dynamics at Variable Temperature (VT) 

The phase purity of the 1:1 and 2:1 host/guest inclusion compounds was further assessed 

in a VT (25–70 °C) 
19

F DP/MAS NMR dynamic study at 20 kHz as shown in Figure 3.5a and b, 

respectively. The CF2 regions at ca. -130 to -115 ppm in the 1:1 and 2:1 complexes did not show 

any noticeable line shape changes. However, the deconvolved CF3 line shapes displayed variable 

guest dynamics in the 1:1 vs the 2:1 complexes. 

The expanded regions showing deconvolutions of the CF3 resonances in the 1:1 and 2:1 

complexes are shown in Figure 3.6, where CF3-in and -out represent the intra- and extra-cavity 

environments of the CF3 group, respectively. The CF3 resonance of the 2:1 complex can be fit to 

a single Lorentzian lineshape (2:1 CF3-in; cf. Scheme 3.2a). On the other hand, there is a 

shoulder on the high frequency side of the CF3 resonance of the 1:1 complex, and the line shape 

is fit as a combination of two Lorentzian line shapes (1:1 CF3-in and 1:1 CF3-out; cf. Scheme 

3.2b,c). The assignment of the three components to their respective complexes appears in Figure 

3.6. Line shape fitting for both the 1:1 and 2:1 host/guest complexes were performed for all the 

temperatures measured, where the deconvolution parameters are presented in the supplementary 

data (Tables B3.1-3.2).   

 

 

 

 

 Scheme 3.2 Schematic representation of the three types of complexes that can hypothetically 

be formed between PFOA and β-CD. 
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1:1 β-CD/PFOA 

Figure 3.5 
19

F DP/MAS (20 kHz) NMR spectra of (a) the 1:1, and (b) 2:1 β-CD/PFOA 

dissolution complexes at variable temperature.   

 

2:1 β-CD/PFOA 

3.5b 

25°C 

30° C 

40°C 

50° C 

60° C 

70° C 

3.5 a   



 

- 130 - 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4.4.3 Chemical Shift and Line Width Analyses  

A plot of the 
19

F chemical shift and line width of the three components are shown in 

Figure 3.7a and b, respectively. The chemical shifts of both components in the 1:1 complex (i.e., 

1:1 CF3-out and 1:1 CF3-in) shift to higher frequency (less negative 
19

F shift) with increasing 

temperature; while  the chemical shift of the 2:1 complex (2:1 CF3-in) appears to have no simple 

dependence on temperature. The chemical shift of the two CF3 contributions (i.e. 2:1 CF3-in and 

1:1 CF3-in) occur at similar shifts (between ca. -80.5 and -82.0 ppm), while that of the minor 1:1 

CF3-out contribution appears at much higher frequency (-79.0 to -80.5 ppm). The line width  of 

the 1:1 CF3-out component becomes narrower with increasing temperature, while that for the 

CF3-in component in both the 1:1 and the 2:1 ICs decrease to a minimum at 50°C and then 

increase again at higher temperatures. The apparent increase in the mobility of the CF3 inside of 

the cavity suggests the possibility of exchange with the CF3 outside of the cavity. Further details 

Figure 3.6 Deconvolution of the CF3 signal in the 
19

F DP/MAS (20 kHz) NMR spectra of the 2:1 

(L) and 1:1 (R) complexes at 25 °C (bottom) and 70 °C (top).  The 2:1 complex is fit 

to one Lorentzian peak (CF3-in cavity), while the 1:1 complex is fit to two Lorentzian 

peaks (CF3-in cavity, CF3-out of cavity). 
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of the dynamics of the guest in the 1:1 and 2:1 complexes will be discussed in the relaxation 

experiments (cf. §3.4.5).  

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

3.4.4.4 
13

C Solid-state CP/MAS NMR  

13
C solid-state NMR techniques which employ CP/MAS and high power decoupling 

afford well-resolved 
13

C NMR spectra and provide useful structural information, as evidenced by 

the characterization of polymers and related host-guest systems.
49

 The 
13

C NMR CIS values and 

Figure 3.7 Plots of the (a) chemical shift and (b) linewidth estimates of the 2:1 (one 

component) and 1:1 (two components) NMR spectra from the deconvolution 

results illustrated in Figure 3.6 
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line shape changes in the solid state can be used to probe conformational effects and molecular 

dynamics of the guest in a host-guest system.
50

 Figure 3.8 shows the 
1
H→

13
C CP/MAS spectra 

of the native host and the inclusion compounds at variable host/guest stoichiometry (i.e. 1:1 and 

2:1).  

The assignment of the 
13

C resonance lines agrees with previous reports
46,51

 (cf. Scheme 

3.3). A broad range of carbon resonance frequencies results from a range of host/host 

interactions and various hydrated forms.
46

 The presence of sharp features for the line shapes of 

the 
13

C nuclei in the 1:1 complex relative to the 2:1 complex (e.g., the rim carbons C2, C3, and 

C5; cf. Scheme 3.3c) of the host in Figure 3.8 is associated with the greater motional dynamics of 

the guest molecule in the 1:1 complex. For example, the 1:1 complex was previously reported to 

show the most attenuated CIS for the intracavity 
1
H nuclei (H3, H5; cf. Scheme 3.3b) in solution 

(cf. Fig. 2.5).
17 

 

 

 

 

 

 

 

 

 

 

 

 

The differences in 
13

C line shapes of the host nuclei are attributed to the variety of 

hydration configurations of the 1:1 and 2:1 complexes, as described in Section 3.4.1. 

Furthermore, the 
13

C CIS values are difficult to assess, in part, due to the resolution and line 

Figure 3.8 
13

C (
1
H→

13
C) CP/MAS solid NMR spectra of β-CD, the 1:1 and 2:1 β-

CD/PFOA complexes at ambient temperature. 
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width effects for the respective 
13

C NMR host spectral lines.  However, the anomeric carbons (C1 

and C4) of both ICs are shifted in excess of 3 ppm indicating that the glycosidic bonding 

framework (cf. Scheme 3.3c) undergo conformational rearrangement when including PFOA.
52 

Small variations in CIS values are consistent with subtle conformational changes of the host 

which have been generally appreciated to occur in reviewing X-ray structures for inclusion 

complexes of -CD.
53

 Note also that the C6 signal of the 1:1 IC is sharper and occurs at lower 

frequency with respect to the 2:1 complex. This can be attributed, in part, to rapid rotational 

dynamics of this primary -CH2OH group, which will be discussed further in the relaxation results 

(vide infra).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 shows the 
19

F→
13

C CP/MAS NMR spectra of the guest (PFOA) and the 1:1 IC 

at variable contact times (5, 7.5, and 10 ms). The spectra of the complexes show the appearance 

of a resonance line centered at ca. -78 ppm (marked in rectangle), which increases in intensity as 

a function of contact time (tCP; 5–10 ms). These results indicate that magnetic polarization from 

the 
19

F of the guest is transferred to the 
13

C nuclei within the host (i.e., C3 and C5; cf. Figure 3.8 

and Scheme 3.3). Such heteronuclear CP transfer suggests that the guest is spatially located close 

to the β-CD and provides unequivocal support for the inclusion of the PFOA chain within the 

host cavity near the rim carbons. Note that heteronuclear dipolar couplings of the guest with the 

framework carbons (C1, C4) of the host are limited, in part, due to the rapid dynamics of the 

guest within the cavity and the glycosidic bonding rearrangement of the host framework 

described above; hence tCP greatly in excess of T1ρ
F
 are required to attain significant CP transfer. 

Scheme 3.3 Representation of the molecular structure of β-CD; (a) the oligomer where n = 

7, (b) the toroidal shape of the macrocycle showing the inclusion cavity 

protons, and (c) the toroidal shape of the macrocycle showing the rim and 

framework carbons.  

 

 

  

 

(a) (b) (c) 
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In fact, C1 and C4 signals in Figure 3.9 are beginning to emerge at tCP >7.5 ms (denoted by 

asterisks).  

Similar CP transfer was not observed in the case of the 2:1 complex (data not shown) and 

this may be attributed to the less efficient 
19

F→
13

C CP transfer due to the variable dynamics and 

conformation of the guest in this complex. For example, an extended all-trans conformation of 

the guest molecule in the 2:1 complex in solution was reported in a previous study.
17

 The lack of 

CP transfer in the 2:1 complex implies that the intermolecular heteronuclear couplings inside the 

host cavity are weak which can result from large C-F distances. That, in combination with 

moderate internal motion (millisecond time scale) of the guest and fast MAS dynamics will 

destroy any prospects of CP transfer in the 2:1 complex. In contrast to the 2:1 complex, strong 

binding in the form of possible H-bonding can be thought to occur in one of the binding 

geometries in the 1:1 complex. This would exhibit favourable rotational dynamics and 

heteronuclear distances for improved CP conditions in the 1:1 complex. Despite the increased CP 

efficiency in the 1:1 complex, the carbon signal intensity is smaller than expected, which is 

readily explained by the major binding geometry being more dynamic and thereby lacking 

efficient CP transfer like in the 2:1 complex.        
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Figure 3.9 
13

C (
19

F→
13

C) CP/MAS 20 kHz NMR spectra of pure PFOA and the 1:1 

β-CD/PFOA complex at variable contact times. 
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3.4.5 Solid-state Dynamics and Relaxation Data  

3.4.5.1 
19

F DP/MAS Dynamics at Ambient Temperature 

Table 3.1 lists the 
13

C-detected T1ρ
H
 relaxation times (under CP conditions) for the host, 

and the 1:1 and 2:1 host-guest complexes. In general, increased rates of T1ρ relaxation are 

observed for protons on all of the carbons upon formation of the complexes. The relaxation times 

in Table 3.1 are all between 2 and 3 ms for β-CD hydrate, while the complexes display 

significantly shorter values between 1 and 2 ms. The shorter T1ρ
H
 for the complexes explains 

their much reduced 
1
H→

13
C CP efficiency in comparison to β-CD hydrate

54
 (cf. Figure 3.8). 

  

 

 

 

 

 

 

 

 

 

Note that T1ρ
H
 relaxation is governed primarily by the strength of the 

1
H-

1
H dipolar 

interactions and the time scale of their fluctuations.
55

 These interactions are influenced by local 

motion and packing arrangement in the lattice, which in turn are both strongly dependent on the 

degree of hydration. Furthermore, because there are few modes of motion available to the host 

overall, one must consider the motion of water and its influence on librational motion of the 

hydroxyl and methylene moieties of β-CD.  

The dynamics of complex formation in solution between β-CD and alkanoate anions are 

near the diffusion-controlled limit but vary as the lipophilicity of the guest increases where the 

forward rate constant is in the order of ~10
8
 M

-1
s

-1
.
56a

 Ultrasonic relaxation measurements of 

cyclodextrin complexes further indicate that several relaxation processes occur; (i) a relaxation in 

13

C shift (ppm) Host (ms) 1:1 IC (ms) 2:1 IC (ms) 

100 (C1) 2.67 (±0.07) 1.70 (±0.02) 1.56 (±0.04) 

78 (C4) 2.40 (±0.06) 1.38 (±0.05) 1.89 (±0.10) 

70 (C2,C3,C5) 2.20 (±0.03) 1.61 (±0.02) 1.66 (±0.01) 

56 (C6) 2.21 (±0.09) 1.74 (±0.06) 1.48 (±0.09) 

Table 3.1 
13

C-Detected T1ρ
H

 Relaxation Values for the 
13

C Resonances of 

the Host and the 1:1 and 2:1 β-CD/PFOA Complexes at 

Ambient Temperature. 
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the 1 MHz range (~μs/spectral time-scale) is attributed to “wig-wagging” of the host glycosidic 

bonds, (ii) a relaxation process in the 3–30 MHz range is attributed to hydration of the host 

cavity, and (iii) a relaxation in the 100 MHz range (~ns/Larmor time-scale)  is attributed to 

rotation of the C5-C6 bonds of the host.
56b

  In the case of complexes in the solid state, the guest, 

host, and solvent motional dynamics are considered to be strongly coupled. In these T1ρ
H
 

relaxation experiments, a locking field of 66 kHz was used; this form of relaxation is sensitive to 

motion on the time-scale of ca. 15 μs. In this case we will assume that the slow motion 

(millisecond time scale) regime applies, where a decrease in the relaxation time indicates 

reduced correlation time and increased motion (cf. Fig. 1.21 and 1.22). Thus, faster motion on 

the ns scale will have less prominent effect on this relaxation process, but will feature more 

prominently in T1 and T2 processes. 

 In Table 3.1, one realizes that the T1ρ
H
 relaxation times for protons on the rim carbons 

C2/C3/C5 (2.20 ms) and C6 (2.21 ms) are the shortest for β-CD hydrate (cf. Scheme 3.3c). In 

contrast, the relaxation times for protons on the anomeric carbons C1 (2.67 ms) and C4 (2.40 ms) 

are relatively longer. This reflects the influence of the extra-cavity environment of the host in 

driving T1ρ
H
; whereas protons on the rim carbons would be affected the most by hydration 

dynamics in the interstitial region, protons on the anomeric carbons would likely be more 

shielded from this influence as there is scant and less mobile water in the cavity.  

The increased rates of relaxation observed for the complexes may come from two 

sources, namely (1) dipolar interactions between 
19

F and 
1
H coupled to the motion of the guest, 

and (2) 
1
H-

1
H homonuclear dipolar interactions. The former is predicated on the various 

inclusion geometries, and modulated by a range of dynamic processes of the guest; hence the 

relaxation of the protons on the anomeric carbons (C1 and C4) would be most affected. The latter 

is sensitive to changes in lattice structure, namely the breakup of the tight packing arrangements 

observed in β-CD hydrate resulting in much less long range order and increased dynamics in the 

extra-cavity environment; hence relaxation of the protons on the rim carbons (C2/C3/C5, and C6) 

would be most influenced. 

On going from the pure host to the 1:1 complex in Table 3.1, the anomeric carbons C1 

and C4 on the interior surface of the macrocycle show the greatest decrease in T1ρ
H
 (ca. -1.0 ms), 

while the rim carbons C2/C3/C5 and C6 exhibit a smaller decrease (ca. -0.5 ms). This highlights 

the point that for the 1:1 complex, dipolar interactions between 
19

F and 
1
H coupled to the motion 
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of the guest are prominent drivers of T1ρ
H 

relaxation, in contrast to changes in homonuclear 

proton dipolar interactions associated with changes in host geometry and packing. The protons 

on C4 have the shortest T1ρ
H
 in the 1:1 complex (1.38 ms), which suggests that the inclusion 

geometry of the guest places the CF3 group closest to C4, resulting in its enhanced relaxation 

driven by rotation of the CF3 group. Conversely, the protons on C6 in the 2:1 complex exhibit the 

shortest T1ρ
H
 (1.48 ms) while those of the C4 protons are much longer (1.89 ms).  This suggests 

an altered binding geometry of the guest in the 2:1 complex where the CF3 group is nearer to the 

protons on the narrow rim of the host macrocycle as depicted in Scheme 3.2. However, one still 

has to allow for concomitant contributions from changes in host geometry and packing.  Note 

that the protons on C1 are more isolated from the extra-cavity environment (cf. Scheme 3.3); 

hence a reduced T1ρ
H
 on C1 in the 1.1 complex is much less pronounced than that recorded for 

C4, suggesting that the CF3 group is more remote from C1 (or the intra-cavity environment). 

Interestingly, T1ρ
H
 of the C1 protons in the 2:1 complex is much smaller suggesting a binding 

geometry where the CF3 geometry is much closer to the intra-cavity environment and this is 

consistent with the stoichiometry of the complexes and the deconvolution and chemical shift 

analyses in Figures 3.6 and 3.7, respectively. The end-to-end stacking of β-CD in the 2:1 

complex (cf. Scheme 3.1) will ensure that the dynamics of the guest are limited to the intra-

cavity environment of the host.  

Recall that the T1
H
 process is sensitive to the time scale predicated on the proton Larmor 

frequency.
57

 More specifically, assuming that the dipolar mechanism dominates and the slow 

motion limit applies, the contribution from the zero-quantum transitions is most prominent; 

hence T1 will be sensitive to differences in the proton frequencies implying a timescale of 

milliseconds. Table 3.2 shows the 
13

C-detected 
1
H spin-lattice (T1

H
) relaxation times for the host, 

and those for the 1:1 and 2:1 ICs. In the case of β-CD hydrate, the T1
H
 of the proton on the wide 

annular rim (C2 and C3) is significantly longer than the other protons, indicating possible 

increased dynamics in its environment.  

The T1
H
’s of the protons on C1 show almost no change on going from β-CD to the 

complexes, while C4 shows only a slight decrease (ca. 0.2 s) for 1:1 and no change for 2:1.  In 

contrast, C2 and C3 (ca. 70 ppm, on the wide rim) show significant decrease in T1
H
 (up to 0.4 s) 

upon going from β-CD hydrate to the complexes. As well, C6 (56 ppm, on the narrow rim) shows 

a large decrease in T1
H
 for the 1:1 complex (ca. 0.4 s) with minimal change for the 2:1 complex 
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(ca. 0.1 s). In the case of the complexes, the T1
H
 of the anomeric carbons, namely C1 (100 ppm) 

and C4 (78 ppm), are least affected by the presence of the guest; whereas, the host nuclei near the 

rim, C2/C3/C5 (70 ppm), and C6 (56 ppm), are attenuated to a greater extent. These results are 

consistent with decreased order and enhanced dynamics of the host upon complexation. These 

observations are consistent with the 
13

C CP/MAS NMR spectra in Figure 3.8 and PXRD patterns 

in Figure 3.3. Dynamic disorder results in narrowed distribution and larger line widths of the 
13

C 

signals when compared to the spectrum of β-CD hydrate. Furthermore the characteristic and 

intense low angle reflection at 9
o
 is greatly reduced indicating the loss of long range order.

58 

 

 

 

Table 3.3 shows the 
13

C T2 values of β-CD hydrate and the 1:1 and 2:1 complexes.  

Carbon relaxation times are governed by the chemical shielding anisotropy (CSA) contribution 

in the absence of homonuclear dipolar contributions, and where heteronuclear dipolar 

contributions are removed by proton decoupling. This relaxation process is driven by the carbon 

single quantum transitions; hence, the time scale is determined by the carbon Larmor frequency. 

Assuming the slow motion regime applies, the relaxation time will increase slowly with 

decreasing dynamics frequency. For β-CD hydrate (and also the complexes to some extent), the 

much shorter T2
C
 values for C6 (1.84 ms for β-CD, 2.01 ms for the 1:1 complex and 2.06 ms for 

the 2:1 complex) are likely due to the increased dynamic disorder of this CH2OH primary 

hydroxyl at the narrow rim, as it is tethered to the macrocycle framework by only one bond (cf. 

Scheme 3.3). All of the other carbons (C1, C4 and C2/C3/C5) are tethered to the framework by two 

13

C shift (ppm) pure β-CD (s) β-CD/PFOA 1:1 (s) β-CD/PFOA 2:1 (s) 

100 (C1) 1.160 (±0.009) 1.065 (±0.035) 1.097 (±0.018) 

78 (C4) 1.066 (±0.018) 0.861 (±0.017) 1.080 (±0.011) 

70 (C2,C3,C5) 1.312 (±0.025) 0.948 (±0.023) 0.974 (±0.013) 

56 (C6) 1.126 (±0.011) 0.735 (±0.005) 1.023 (±0.005) 

Table 3.2 13
C-detected T1

H
 Relaxation Values for the 

13
C Resonances of the host and the 

1:1 and 2:1 β-CD/PFOA Complexes at Ambient Temperature. 
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bonds, and as a result are much less dynamic, resulting in longer T2 values. Again the anomeric 

carbon (C4) indicates much greater rigidity than C1 as its relaxation time is 1.2 ms longer. 

 

 

 

  

 

 

 

 

 

 

In the case of the complexes, heteronuclear 
13

C-
19

F dipolar couplings contribute to T2 

relaxation as 
19

F decoupling was not employed in these experiments. Upon formation of the 1:1 

complex the carbons on the wide rim (C2 and C3; cf. Scheme 3.3c) experience enhanced 

relaxation, while those on the narrower rim (C6) remain unchanged (within error limits). The 

anomeric carbon (C1) is relatively unaffected; however, the T2
C
 of C4 is reduced significantly by 

3.3 ms. As the C6 carbon already exhibits significant motional freedom, further increases would 

have little incremental effect on its relaxation rate. The wide-rim carbons are sensing changes in 

H-bonding which modulates the carbon CSA, enhancing its relaxation. Again C1 is isolated from 

the extra-cavity environment, and remote from the CF3; hence, the relaxation rate does not 

change significantly. In contrast, C4 is closer to the CF3 group, whose motion and heteronuclear 

dipolar interactions drive the relaxation and reduce the relaxation time. The same observation is 

made in the 2:1 complex; however the relaxation times of the anomeric carbons are altered 

slightly where C1 is reduced and C4 increased. This is consistent with an inclusion binding 

geometry in the 2:1 complex where the CF3 group is closer to C1 (intracavity environment) than 

in the 1:1 complex. 

 

13

C shift (ppm) β-CD (ms) β-CD/PFOA 1:1 (ms) β-CD/PFOA 2:1 (ms) 

100 (C1) 7.89 (±0.25) 8.66 (±0.13) 8.06 (±0.20) 

78 (C4) 9.14 (±0.37) 5.82 (±0.09) 6.17 (±0.21) 

70 (C2,C3,C5) 7.93 (±0.21) 4.19 (±0.13) 4.49 (±0.11) 

56 (C6) 1.84 (±0.08) 2.01 (±0.03) 2.06 (±0.06) 

Table 3.3 
13

C T2 relaxation values (T2
C
) for the 

13
C resonances of the host and 

the 1:1 and 2:1 β-CD/PFOA complexes at ambient temperature. 
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In Table 3.4, the 
19

F relaxation times (T1
F
, T2

F
 and T1ρ

F
) for the β-CD/PFOA complexes at 

ambient temperature are listed. Free PFOA was not studied in the solid state due its low melting 

point (cf. Table 1.5). Alternatively, the relaxation parameters of the sodium salt (SPFO; sodium 

perfluorooctanoate) were measured. The longer T1
F
’s for the pure SPFO in Table 3.4 relative to 

the complexes is related, in part, to the less efficient spin diffusion of the perfluorocarbon chain 

due to rapid dynamics.
56,22

 Note that, the T1
F
 and T2

F
 values in Table 3.4 differ in excess of 3 

orders of magnitude at ambient temperature, which suggests that the PFOA guest is in the slow 

motion regime at room temperature, where motion of the guest occurs at rates significantly 

smaller than the differences in 
19

F chemical shifts (<20 kHz) under these conditions. The very 

short T1ρ
F
 for the CF3 group in the complexes (~0.33 ms) are as much as 8 times shorter than the 

 19
F T1 

19

F shift SPFO (s) 1:1 IC (s) 2:1 IC (s) 

-80 ppm (CF3) 2.655 (±0.003) 0.917 (±0.003) 1.199 (±0.004) 

-125ppm (main CF2) 3.104 (±0.005) 0.978 (±0.005) 1.138 (±0.003) 

 
19

F T2 

 SPFO (ms) 1:1 IC (ms) 2:1 IC (ms) 

-80 ppm (CF3) 0.158 (±0.003) 0.488 (±0.005) 0.490 (±0.005) 

-125ppm (main CF2) 0.114 (±0.002) 0.329 (±0.008) 0.358 (±0.006) 

 
19

F  T
1ρ

 

 SPFO (ms) 1:1 IC (ms) 2:1 IC (ms) 

-80 ppm (CF3) 0.232 (±0.004) 0.329 (±0.003) 0.350 (±0.009) 

-125ppm (main CF2) 0.088 (±0.003) 0.173 (±0.005) 0.186 (±0.004) 

Table 3.4 19
F Relaxation Values (T1

F
/T2

 F
/T1ρ

F
) for the 

19
F Resonances of 

Sodium Perfluoroctanoate (SPFO), and the 1:1 and 2:1 β-

CD/PFOA Complexes at Ambient Temperature. 
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T1ρ
H 

values of the host (cf. Tables 3.1 and 3.4). This explains why 
19

F→
13

C CP transfer was 

much less efficient than 
1
H→

13
C CP (cf. Figures 3.8 and 3.9), as seen in the dramatic disparity in 

the number of transients required in their respective experiments. In general, the relaxation data 

provide strong support for the formation of well-defined β-CD/PFOA ICs. Furthermore, it also 

provides support that the binding geometries of PFOA in the 1:1 and 2:1 complexes are distinct, 

and that the guest is more dynamic in former. Further details regarding the dynamics are 

explored in the temperature-dependent 
19

F relaxation parameters. 

 

3.4.5.1 
19

F DP/MAS Dynamics at Variable Temperature 

Figure 3.10 (a,b) shows the variation of spin-lattice (T1
F
) and spin-spin (T2

F
) relaxation 

times as a function of temperature. The T1
F
 values for the -CF3 group of SPFO are presented in 

the supplementary data (Fig. B3.3) and are much longer than the corresponding values for the 

1:1 and 2:1 ICs at various temperatures.
59

 As previously described, longer T1 values for a 

perfluoroalkyl guest relative to its complexed form with β-CD can be attributed to motional 

quenching via spin diffusion. In the solid state, long alkyl chains undergo axial rotation as a 

consequence of successive rotational events in fragments of the chain. In these complexes, axial 

rotation occurs at a rate similar or greater than the differences in the 
19

F resonance frequencies 

(<20 kHz), while C-C bond rotation of the CF3 moiety occurs at rates far exceeding the 
19

F 

Larmor frequency. Thus, two different motional time scales potentially apply, where an axial 

motion is most likely in the slow motion regime, and the CF3 bond rotation would be in the fast 

motion regime. 

Relaxation of 
19

F nuclei results from fluctuations in local fields arising from both the 

CSA and dipole-dipole coupling interactions modulated by localized reorientational motion. 

Molecular motions at frequencies that greatly exceed the CSA and dipolar interactions attenuate 

them significantly, and may eliminate them completely with rapid isotropic reorientational 

dynamics.
22,57 

Hence, the faster the rate the less efficient the dipole-dipole (DD) and the CSA 

relaxation mechanisms become, and results in longer T1 relaxation times. 

SPFO is expected to have a completely different lattice environment than the inclusion 

complexes; therefore, the axial motion and CF3 bond rotation will occur at very different rates. 

Furthermore, the conformational properties of the SPFO chain are unlikely to correspond to the 

nuclei of PFOA in the complexed state; hence, the homonuclear dipolar couplings are expected 
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to be very different. The longer relaxation times are consistent between the 
19

F environments and 

indicate that the fast motion regime applies, where the CF3 motion drives 
19

F relaxation 

throughout the chain via efficient spin diffusion.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The inclusion compounds exhibit more comparable dynamics and local environments 

than SPFO, hence their relaxation times would be expected to be similar. The 1:1 complex has 

two different inclusion geometries, while the 2:1 complex appears to have one geometry, as 

2:1 β-CD/PFOA 
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Figure 3.10 

19
F T1 (open symbols) and T2 (filled symbols) values for the CF3, main (CmF2) 

and terminal CεF2 groups for the (a) 1:1, and (b) 2:1 β-CD/PFOA complexes.  
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described previously. One form of the 1:1 complex involves binding near the wide-rim carbons 

(Scheme 3.2c), while the other appears to be intracavity, as is the case with the 2:1 complex 

(Scheme 3.2a,b). The former is expected to be more constrained near the carbonyl end as 

suggested in the 
19

F to 
13

C CP dynamics, while the latter does not appear to be constrained to the 

same extent. Hence, one would expect very different rates of axial motion along the chain for the 

constrained form of the 1:1 complex.  Axial rotation on both forms would be expected to be well 

within the slow motion regime. Consequently, the efficiency in spin diffusion is expected to vary 

along the chain in the constrained form and thereby directly influencing the degree to which CF3 

rotation is able to drive relaxation along the chain. This would cause the relaxation times to vary 

along the chain in the constrained form and to much lesser extent in the more mobile form. 

However, the manner in which they change with increasing temperature is determined by the 

activation of CF3 bond rotation which will be the same for each.  As a result, the T1 and T2 values 

are expected to increase gradually with temperature, consistent with the behaviour in the fast 

motion regime.    

Figures 3.10a and b show the variation of 
19

F T1 and T2 values as a function of 

temperature for the 1:1 and 2:1 complexes, respectively. Note that the T2 values are generally 

several orders of magnitude shorter than the T1 values at the same temperature. Generally, both 

T1 and T2 increase monotonically with temperature, where the values for the 
19

F T1 (open 

symbols in Figure 3.10a,b) of the -CF3 and the main -CF2 groups (ca. -120 ppm) are similar in 

both the 1:1 and 2:1 complexes. Thus, the motion of the guest that drives T1 affects all 

perfluoroalkyl groups in a comparable way for both complexes.  

In contrast to the T1’s, the 
19

F T2 values (filled symbols in Figure 3.10a,b) for the CF3, 

CεF2 and CmF2 groups of the 1:1 complex are different. Although T2 is driven by rapid CF3 

rotation, spin diffusion propagates it along the chain less efficiently. This will result in a reduced 

relaxation time for the CF2 groups further removed from the CF3 group (i.e., the main CmF2 

groups). As the T2 data contain less scatter than the T1 data, it was possible to distinguish 

between T2’s of the main (CmF2) and terminal (CεF2) signals and determine that they are 

statistically distinct. In the case of the 2:1 complex (Figure 3.10b), the difference in T2 between 

the terminal and main CF2 moieties is less pronounced, and follows a similar trend at higher 

temperatures. In contrast to the 2:1 complex, the difference in T2’s in the 1:1 complex is quite 
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prominent. Thus, the axial dynamics of PFOA differ sufficiently and lead to unique T2 relaxation 

behavior along the chain for each of the complexes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The 
19

F T1ρ data at variable temperature for the 1:1 and 2:1 complexes appear in Figure 

3.11a for the CF3 (25 to 70°C) and main CF2 (0 to 70°C) signals. The T1ρ of the CF3 is governed 

by rotation about the C-C bond.  The T1ρ’s increase with increasing temperature, indicating that 

the CF3 rotation rate is greater than the spin-lock frequency (ca. 100 kHz). The 1:1 complex 

appears to have a faster rate of CF3 rotation which could be a consequence of one of the favoured 

Figure 3.11 (a) 
19

F T1ρ’s for the CF2 and CF3 groups of the 1:1 and 2:1 βCD/PFOA 

complexes. (b) 
19

F T1ρ’s for the CF2 groups of the 1:1 and 2:1 βCD/PFOA 

complexes on an expanded scale. 

 

3.11b 

3.11a 
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binding geometries. The geometry where the CF3 points out of the β-CD cavity would make 

rotation less restricted than the geometry where the CF3 is confined to the cavity as in the 2:1 

complex (cf. Scheme 3.2). 

The 
19

F T1ρ’s of the CF2 groups are much shorter than that for CF3, and show little difference 

between the 1:1 and 2:1 complexes. The 
19

F T1ρ of the CF2 groups may be influenced by the 

librational motion of the chain of the PFOA guest, and the lack of clear temperature dependence 

indicates that the rate of the librational motion is reduced in comparison to the rate of CF3 

rotation.   

When comparing T1ρ of the CF3 and the CF2 groups, it can be seen that the T1ρ (CF3) shows a 

much greater difference between 1:1 and 2:1 complexes, while T1ρ (CF2) of the 1:1 and 2:1 

complexes are almost the same. This indicates that the dynamics of the CF3 group is quite 

different between the 1:1 and 2:1 complexes. In contrast, the librational motion of the whole 

PFOA chain that drives 
19

F T1ρ of the CF2 groups is occurring at practically the same rate in the 

1:1 and 2:1 complexes.  In the case of the complexed CF2 groups, the 
19

F T1ρ relaxation times are 

much less scattered than their CF3 counter parts, as observed on the expanded scale in Figure 

3.11b where significant differences are seen. The 1:1 complex shows a more complex 

dependence of T1ρ with temperature than that observed for the 2:1 complex.  In both cases the T1ρ 

are near their minima, where each seem to have several local minima at different temperatures 

indicating several dynamic modes differing significantly in timescale.  This is especially evident 

from T ≥40 
o
C (40 - 70 

o
C in this case) and coincides with the DSC results where significant 

differences are observed.    

 

3.5 Conclusions 

Solid-state 
1
H/

19
F→

13
C CP/MAS NMR spectroscopy, DSC, FT-IR, and PXRD were used to 

study the structure and dynamic properties of β-CD/PFOA host-guest complexes. β-CD/PFOA 

inclusion complexes were prepared using a modified dissolution method with improved phase 

purity and were further characterized by the various complementary methods described herein. 

β-CD forms complexes with a unique channel-type structure with PFOA and differs when 

compared to the cage-type structure of β-CD hydrate. PFOA adopts variable alkyl chain 

conformation for the 1:1 and 2:1 complexes, where the 1:1 complex prefers a gauche 

conformation, similar in nature to the helical structural form of unbound PFOA. PFOA adopts a 
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mixture of gauche- and trans-conformers for the 2:1 complex, as evidenced from the FT-IR 

results. Two modes of rotational dynamics were concluded in the complexes; the axial rotation 

of the entire chain, and the C-C/C-F bond rotation of the CF3 group at the termini of the 

perfluorocarbon chain. The guest molecules in the 1:1 and 2:1 complexes were described to 

undergo both the axial and CF3 bond rotations in varying magnitudes; whereas the latter 

dynamics can be concluded to occur at practically the same rate in the 1:1 and 2:1 complexes. 

Overall, the relaxation data reveal greater motional dynamics of PFOA in the 1:1 complex 

providing further support that the 1:1 and 2:1 complexes exhibit different dynamic properties.  

Furthermore, the relaxation data provide an insight into the binding geometry of the guest in the 

complexes; whereas the location of the guest in the 1:1 is both extra- and intra-cavity, while that 

of the 2:1 complex is mainly intra-cavity. For example, the wide rim carbons of the host 

underwent significant changes in H-bonding as revealed by the relaxation data and the 
1
H→

13
C 

CP/MAS results. 
19

F→
19

C CP/MAS results in the solid state provided unique and unequivocal 

proof that the guest is included within the host cavity as a well-defined inclusion complex 

according to the nature of the host-guest stoichiometry.  
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CHAPTER 4 

Manuscript no. 3 

Description 

In this work, solid state and solution phase inclusion complexes of β-CD and a short 

perfluorocarbon compound (C4; PFBA) were prepared at various host/guest mole ratios (i.e. 1:1 

and 2:1) using the modified dissolution method. The complexes were characterized using 

solid/solution NMR spectroscopy, FT-IR, thermal analyses (DSC), and PXRD. Interpretation of 

the splitting patterns of the simulated NMR spectra for PFBA in solution was used to understand 

the dynamics of PFBA. 

 

Author’s Contribution 

The idea of preparing inclusion complexes of β-CD and PFBA was based on the original plan of 

the overall research project laid out by Drs. Wilson and Hazendonk. The preparation and 

characterization (FT-IR, DSC, and PXRD) of the β-CD/PFOA complexes were done by myself. 

The solid state NMR characterization was done by myself, while the NMR relaxation 

measurements and data analyses were done in collaboration with Dr. Paul Sidhu. All simulations 

were done by Dr. Hazendonk. The first draft of the manuscript was prepared by me with 

subsequent editing by Drs. Wilson, Hazendonk, and Sidhu. 

    

Relation of Manuscript 4 to Overall Objective of this Project 

The work of this manuscript was important to the overall objective of the research project 

because the use of a short (C4) chain PFC (i.e., PFBA) provided the opportunity to compare and 

better understand the structures of PFCs. Also, PFBA forms exclusively 1:1 complexes with β-

CD. 
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Research Highlights 

 13
C (

19
F→

13
C CP) MAS NMR technique provided unequivocal evidence for the inclusion of 

the guest within the host.  

 PFBA forms “cage-type” structures with β-CD in the solid state, where the guest adopts 

gauche conformation in the 1:1 complex.  

 PFBA exists in at least two distinct geometries that resemble 1:1 and 2:1 host/guest 

configurations.   

 Dynamic relaxation and coupling constants simulation data reveal that the CF3 group has free 

internal rotation, whereas the rest of the chain is not locked in a particular rotamer 

configuration but experiences significant C-C bonds rotation.   
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4.1. Abstract 

The structural characterization of the solution and solid state inclusion complexes (ICs) of -

cyclodextrin (-CD; host) with perfluorobutyric acid (PFBA; guest) is presented in this study. 

Complexes in the solid state were prepared at various host/guest mole ratios (i.e., 1:1 and 2:1) 

using a modified dissolution method. Thermal analyses and multinuclear 
13

C NMR methods 

employing direct polarization (DP) and cross polarization (CP) techniques with magic angle 

spinning (MAS) and high power 
1
H/

19
F decoupling were used to characterize the solid state host-

guest complexes. Unequivocal evidence for the formation of β-CD/PFBA inclusion compounds 

was provided using 
19

F→
13

C CP/MAS NMR results. PXRD reveals that PFBA forms a “cage-

type” structure with β-CD, in which the guest adopts gauche and near-linear conformations in 

the 1:1 and 2:1 complexes, respectively, according to FT-IR results. Interpretation of the NMR 

splitting patterns of PFBA spectrum in solution reveals that PFBA undergoes fast rotation of the 

CF3 group on a three-fold axis, while the remainder of the chain experiences a significant C-C 

bond rotation, hence not locked in a particular rotamer configuration. The distribution of the 

rotational and axial motions in the β-CD/PFBA complexes in the solid state as revealed by NMR 

relaxation dynamic studies is a function of the host/guest mole ratios and is determined by the 

binding geometry of the guest. 

 

4.2. Introduction 

There is vast research interest in perfluorinated compounds (PFCs) because they 

represent a new class of persistent organic pollutants (POPs) found in Canada and globally. PFCs 

are a class of fluorine containing compounds that are surface active and generally resistant to 
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chemical and thermal degradation.
1
 Their use is found in many applications such as surfactants, 

adhesives, cosmetics, pesticides, and firefighting foams and powders.
1-2

 Several studies have  

documented the occurrence of several main classes of PFCs in the environment; namely, 

perfluoroalkyl carboxylic acids (PFCAs e.g., PFOA) and perfluoroalkyl sulfonates (PFSs e.g., 

PFOS).
3-8 

 PFCAs (CF3(CF)nCO2H) and PFSs (CF3(CF)nSO3H) have been detected in soil and 

sediments, ground water, fish and animal tissues, sewage effluent, and other matrices.
7-8 

In 

general, PFCAs with alkyl chains that are 4–10 carbons long were reported to be the most 

dominant species detected in landfill leachates in the Americas.
9,10

 The distribution of PFCs in 

water, air, and sediment was found to depend on their physicochemical properties.
6 

Therefore, 

the distribution of such compounds onto solid surfaces varies according to differences in 

properties such as pKa, solubility, and vapor pressure. These properties are directly related to the 

alkyl chain length and the structure of the head group.
11 

On the basis of known physical 

properties (cf. Table 4.1), PFOS is essentially non-volatile and more soluble than PFOA and 

displays a strong tendency to exist in aqueous solution. PFBA is much more mobile than PFOA 

and PFOS due to its greater water solubility and shorter alkyl chain length. Therefore, PFBA can 

favourably reside in ground and surface water environments. The short-chain PFCAs are 

primarily detected as dissolved species; whereas, long-chain PFCAs are mostly adsorbed onto 

solid interfaces such as suspended solids and sediments. The structures and physicochemical 

properties of several PFCs are given in Table 4.1.  

We previously reported
12 

the formation of solid inclusion complexes between β-CD and 

PFOA (chapters 2-3). As well, similar complexes were formed using the conjugate base of 

PFOA (i.e., sodium perfluorooctanoate; SPFO; chapter 5).
13

 Such complexes were generally 

characterized using a variety of techniques including NMR and FT-IR spectroscopy, thermal 

analyses and PXRD. Understanding the structure of PFCs and their complexes with CDs
14 

is 

crucial because it helps develop better host systems for immobilizing these compounds in the 

environment. PFOA (and SPFO) were previously shown to form both 1:1 and 2:1 ICs with β-CD 

with variable binding configurations. Ellis et al.
5
 and other researchers

15,16
 have demonstrated 

that changes in the chain length of a perfluorocarbon compound correlates with changes in its 

conformation and physicochemical properties (e.g., cmc, pKa, melting and boiling points, 

solubility, and viscosity). Many of the aforementioned physical properties play a vital role in the 

environmental fate and distribution of PFCs in the environment. 
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 PFOA PFOS PFBA 

Molecular Formula 

and Structure 

C
8
HF

15
O

2
 C

8
HF

17
O

3
S C

4
HF

7
O

2
 

 

 

 

 

   

Molecular weight (g/mol) 414 500 214 

Solubility (g/L, 25°C) 3.4
a
 0.57 High 

Melting Point (°C) 45–55 >400 -17.5 

Boiling Point (°C) 188 133 120 

pKa  2.5 0.14 0.08–0.4 

cmc (mmol/L) 8.5–10 2.0 No data 

Vapor pressure (mmHg, 

25°C) 

0.017 2.48x10
-6

 10 

*Note that the conformation and stereochemistry of the PFCs are not accurately depicted.
a
A 

value of 9.5 g/L (25 °C) has also been reported. It is unclear which value represents true 

solubility and which value represents microdispersity of micelles.    

 

The conformational preference of a perfluorocarbon chain in its native state influences the 

way PFCs interact with CDs to form host-guest complexes. Bunn et al.
17

 explained that the 

helical conformation adopted by medium and long perfluoroalkyl chains results in a significant 

increase (~3 units) in pKa from PFBA (0.40) and trifluoroacetic acid (TFA; 0.23)
18

 to PFOA 

(2.5–3.8).
16 

In general, the chain conformation of perfluorocarbon compounds is best described 

as being fully zigzag (or trans) for alkyl chain lengths ≤8 carbons, a mixture of zigzag and 

helical for alky chain lengths 8–12 carbons, and fully helical (gauche) for alkyl chain lengths 

>12 carbon atoms. Thus, the general trend in the geometry of perfluoroalkyl chains is the 

progression of a planar zigzag to helical geometry with increasing chain length. Thus, the 

physicochemical properties in Table 4.1 vary with the perfluoroalkyl chain length. 

Table 4.1 Physicochemical Properties of Selected Perfluorocarbon 

Compounds*
16,20-24
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Scheme 4.1 The association of β-CD and PFBA in a 1:1 host-guest stoichiometry 

yields a β-CD/PFBA inclusion complex  

In this paper, we report the structural characterization of the complexes formed between 

PFBA and β-CD. We also report on the dynamic properties of PFBA in its pure form in solution 

and its complexed form with β-CD in the solid state. PFBA represents a model guest compound 

possessing a relatively short PFC chain (C4). The study of the formation of complexes of PFBA 

with β-CD will provide an improved understanding of the structure of hydrophilic PFCs with 

relatively short carbon chains. The complexes were prepared at the 1:1 and 2:1 host/guest mole 

ratios using a modified dissolution method
19

 and they were further characterized using 
1
H/

19
F/

13
C 

solids/solution NMR spectroscopy, FT-IR, DSC and PXRD.  

 

4.3. Experimental Section 

4. 3.1 Materials and Chemicals 

β-CD hydrate (~10 % w/w) and PFBA (98 %) were purchased from Sigma-Aldrich Canada Ltd. 

(Oakville, ON) and were used as received without any further purification. The water content of 

the materials was determined from thermogravimetric analysis when preparing the sample 

mixtures.  

 

4.3.2 Preparation of the solid β-CD/PFBA ICs.  

The solid complexes of β-CD/PFC were prepared at the 1:1 and 2:1 host/guest mole ratios using 

a modified dissolution method adapted from a previous report,
19 

 as depicted in Scheme 4.1. 

Upon evaporation of the solvent, the solid products were ground into fine powders and were 

further analyzed. 
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4.3.3 Solution-state NMR Spectroscopy 

1
H solution NMR experiments were carried out on a three-channel Bruker Avance (5mm DRX 

probe) spectrometer operating at 500.13 MHz, while the 
19

F solution NMR spectra were  

acquired at 282.4 MHz using a 300 MHz Bruker Avance 2 spectrometer outfitted with a 2 

channel (H/FX) 5mm BBO probe. All NMR spectra of samples in solution were prepared in D2O 

at host-guest mole ratios of 1:1 and 2:1 at 295 K, where the  chemical shifts (δ) of 
1
H and 

19
F 

were measured with respect to tetramethylsilane (TMS; 
1
H 0.0 ppm) and trifluoroborane (BF3; 

19
F~-131 ppm) as internal standards, respectively. Typical acquisition parameters were as 

follows: a spectral window of 6250 Hz, and a π/2 pulse width of 8.5 μs for the 
1
H spectra; a file 

size of 64 k data points, a spectral window of 56818 Hz and a 10.3 μs (π/2) pulse width for the 

19
F spectra, where 100 transients were acquired in all cases, with an acquisition time of 1.15 s, 

with a file size of 32 k data points and 1 s relaxation delay.   

 

4.3.4 Solid-State NMR Spectroscopy 

 All solids NMR spectra were obtained using a Varian INOVA spectrometer operating in triple 

channel HFC mode using a 2.5 mm T3 HFXY probe operating at 125.55 MHz for 
13

C, 499.99 

MHz for 
1
H, 469.89 for 

19
F. Solid state 

13
C CP/MAS spectra were referenced externally to 

adamantane (δ 38.5 ppm) as a secondary standard with respect to TMS. 
19

F NMR spectra were 

referenced with respect to hexafluorobenzene (δ -164.9 ppm) as a secondary standard with 

respect to CFCl3 (0 ppm). All samples were spun at the magic angle with a spinning rate of 20 

kHz (or as stated) using 2.5 mm zirconium oxide rotors equipped with Vespel (low fluorine 

background) turbine caps, inserts, and end caps. All NMR spectra were obtained using a 100 kHz 

spectral window in transients of 8 k points, which were zero-filled to 64 k, unless stated 

otherwise. The curve and width parameters for the adiabatic 
1
H

13
C CP experiments were set at 

50 and 10,000 Hz respectively, while those for 
19

F
13

C were set at 50 and 50,000 Hz, 

respectively. Optimal Hartmann-Hahn matching conditions were achieved at a 1 ms contact time 

and spin locking powers of 68 kHz and 59.5 kHz for the 
19

F and 
13

C channels, respectively. 
13

C 

spectra of all solid samples were acquired using a two-pulse phase modulation (TPPM) 

decoupling mode,
25 

using a pulse phase of 13.5 degrees and decoupling frequencies of 125 and 

100 kHz in the 
1
H and 

19
F decoupled channels, respectively, as determined by 360° pulse width 

measurement in each channel.  
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4.3.5 Differential Scanning Calorimetry (DSC) 

DSC experiments were acquired using a TA Q20 thermal analyzer over a temperature range of 

30 °C to 380 °C. The scan rate was set at 10 °C/min and dry nitrogen gas was used to regulate 

the sample temperature and sample compartment purging. Solid samples were analyzed in 

hermetically sealed aluminum pans where the sample masses ranged from 3.50 to 3.80 mg.   

 

4.3.6 FT-IR Spectroscopy 

Fourier Transform-IR spectra were obtained using a Bio-Rad FTS-40 spectrometer with a 

resolution of 4 cm
-1

. All spectra were obtained with spectroscopic grade KBr which constituted 

~80% (w/w) of the total sample. Samples were run as finely ground powders in reflectance 

mode. 

 

4.3.7 Powder X-ray Diffraction (PXRD) 

PXRD spectra were collected using a PANalytical Empyrean powder X-ray diffractometer using 

monochromatic Cu-K1 radiation. The applied voltage and current were set to 45 kV and 40 

mA, respectively. The samples were mounted in a vertical configuration as evaporated hexane 

films and PXRD patterns were measured in the continuous mode over a 2θ angle range of 5–20° 

with a scan rate of 0.5 degree/min. 

 

4.4. Results and Discussion 

4.4.1 DSC 

DSC and TGA are complementary techniques that have been used to characterize thermal 

properties of polymeric
26 

and other host-guest systems.
27,28 

Changes in the enthalpy of 

dehydration of the host due to displacement of cavity water have been used to indicate formation 

of host/guest complexes.
29

 The DSC thermograms of the native β-CD hydrate, the 1:1 complex 

and 2:1 β-CD/PFBA ICs are depicted in Figure 4.1. The corresponding transition temperatures 

are listed in Table 4.2. Generally, the DSC spectra show three major endothermic transitions 

which are related to dehydration, vaporization and decomposition processes. The peaks at ~115º 

and 320 ºC (cf. Figure 4.1) are related to dehydration and decomposition transitions of the pure 

host, respectively. The guest molecule in the bound state vaporizes and decomposes at ~200º and 

310 ºC (cf. Fig. 4.1), respectively. The dehydration transitions for the complexes display three 
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endothermic contributions at ~80º, 100º, and 120 ºC (cf. Figure 4.1 and Table 4.2) and exhibit 

variable hydration levels and nature of the stoichiometry (i.e., 1:1 and 2:1) for the host-guest 

complexes. It should be noted here that PFBA was reported to form mainly 1:1 host/guest 

complexes with β-CD in aqueous solution due to size-fit complementarity of the host and the 

guest.
30 

However, host-guest complexes with other host/guest ratios (e.g., 2:1 and 1:2) may arise 

in the solid phase.
31,32 

β-CD/PFBA complexes with variable stoichiometric ratios (e.g., 2:1 and 

1:2) may result from different binding configurations, e.g., a 2:1 association where the guest is 

strongly bound by one CD and weakly bound to a second CD macrocycle.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Dehydration (°C) Vaporization
 
(°C) Decomposition °C) 

β-CD  - - 113 - 319 

1:1 IC ~80*,90 ~102 117 195 310 

2:1 IC ~80 ~100* 114 198 310 

Table 4.2 The DSC Data for β-CD, and the 1:1 and 2:1 β-CD/PFBA Inclusion 

Complexes. Main Dehydration Transitions are Indicated by Asterisks. 

80°C 100°C 
120°C 

CD/PFBA 2:1 

CD/PFBA 1:1 

PFBA  

Figure 4.1 The DSC thermograms for β-CD, and the 1:1 and 2:1 β-CD/PFBA complexes  
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According to Figure 4.1, the variable enthalpies of dehydration evidenced by the 

desorption temperatures correlate with different hydration states that exist due to the different 

guest binding configurations. For example, the displacement of the main dehydration process to 

lower temperature (80 ºC) for the 1:1 complex relative to the 2:1 complex (~100 ºC) may be 

associated with a reduced contribution of cavity bound water due to its removal upon guest 

binding. The host cavity for the 1:1 complex is fully occupied by the guest molecule. Moreover, 

the deconvolution of the broad DSC peak for the 1:1 complex at ~80 °C displays a shoulder at 

higher temperature (~90 °C) and this may suggest an additional guest environment in this 

complex. In contrast, the 2:1 host-guest association reveals a greater level of H-bound water due 

to the greater mole fraction of the host. Hence, the dehydration process shifts to higher 

temperature (100 °C). A minor enthalpic contribution at a temperature corresponding to the main 

dehydration process for the 1:1 complex (~80 °C) is displayed for the 2:1 complex, suggesting 

minor contributions of the 1:1 guest configuration for this complex. When comparing the 

vaporization temperature of pure PFBA (b.p. 120°C, cf. Table 4.1), the vaporization temperature 

of the guest in the bound state is increased (195°-198°C) providing thermodynamic evidence of 

the formation of stable inclusion compounds. The minor transitions at 120 °C for the complexes 

may be related to the melting of small amounts of non-inclusion bound, unbound (free) PFBA 

guest, or hydrate water.    

 

4.4.2 FT-IR 

FT-IR has been widely used to study the structure of CD-based ICs in which the guest 

molecule bears a carbonyl group because the CO-stretching band is sensitive to changes in guest 

conformation as well as possible H-bonding with the CD.
33,34 

The FT-IR spectra of the host, 

guest, and the 1:1 and 2:1 β-CD/PFBA ICs are shown in Figure 4.2. The relative intensities of 

the -OH (~3400 cm
-1

), -CH (~2900 cm
-1

) and -C=O (~1700 cm
-1

) vibrational bands for the 1:1 

(weaker) and 2:1 (stronger) inclusion complexes (cf. Figure 4.2) correlate with the relative mole 

ratios of the host/guest relative to the unbound species. The unbound PFBA is characterized by a 

broad, low intensity -OH band ~3600–2500 cm
-1

 that is typical of fatty acids.
35 

The attenuation 

of the carbonyl band in the 1:1 and 2:1 complexes is related to H-bond formation and supports 

the formation of β-CD/PFBA inclusion complexes.
 
The visibly attenuated carbonyl band in the 

1:1 complex in Figure 4.2 indicates formation of multiple of H-bonds,
36

 as this band displays two 
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distinct contributions. The IR results further support that the guest exists in the 1:1 complex in 

two distinct microenvironments, in agreement with the DSC results in Figure 4.1.  

 

 

 

 

 

 

 

 

 

 

 

The FT-IR spectral region from ~1400–800 cm
-1

 is of interest in terms of the 

conformational preference of the guest molecule. This expanded FT-IR region is shown as an 

inset in Figure 4.2. Bands 1 (~1230 cm
-1

), 2 (1200-1210 cm
-1

), and 3 (1150 cm
-1

) in the 

expanded region of Figure 2 were reported previously
17,37 

and assigned to the CF2 asymmetric 

stretching mode, CC bending and CCC stretching modes, and CF2 symmetric stretching modes. 

Note that the wavenumber position of band 2 is not straight forward to assign as this band may 

be partly overlapped with band 1. However such band position is assigned to be within 1200 – 

1210 cm
-1

 range. Changes in the relative intensities of these bands, particularly band 2, were 

related to the trans and gauche conformations of the PFC chain. As described previously, 

perfluorocarbon chains ≤8 carbons (e.g., PFBA) generally adopt a fully zigzag (trans) 

conformation in the solid phase;
38

 whereas, composite zigzag/helical conformations were 

reported for C8–C12 chains.
39

 Ellis et al.
5
 reported using NMR simulation of coupling constants 

that the PFBA chain in solution does not adopt a fully trans conformation. However, such 

conformation is the generally accepted form of C4 perfluorocarbons in the solid phase.
40

   

Figure 4.2 The FT-IR traces for native β-CD, PFBA, and the 1:1 and 2:1 βCD/PFBA 

inclusion complexes. Inset: Expanded region from 1400 cm
-1

–800 cm
-1

. 

 

-OH 

-CH -C=O 

1 2 3 

β-CD 

PFBA 

2:1 IC 

1:1 IC 
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Bands 1–3 in Figure 4.2 were observed for gaseous n-C4F10 where band 2 ~1200–1210 

cm
-1

 was attributed to the trans-conformer,
40 

as described in previous chapters. A decrease in 

intensity of this band was previously attributed to a trans-to-gauche conformational change of 

the perfluorocarbon chain. Recall that PFBA adopts a full trans conformation in its unbound 

form in the solid state. However, a variable conformation may result if the environment of the 

guest is varied. 

Erkoc and Erkoc
3 

reported that the conformation of PFOS changed from helical to near-

linear (zigzag) when H was replaced with F due to changes in the dipole moment of the various 

molecular fragments. Similarly, the conformation of PFOA changed from a helical to zigzag 

when packed into a periodic lattice.
39

 We believe that the significant decrease in the intensity of 

band 2 for the β-CD/PFBA complexes is related to the trans-to-gauche conformational change of 

the perfluorocarbon chain. The guest molecule in the 1:1 and 2:1 complexes is expected to adopt 

variable conformation with variations in the CF2 asymmetric stretching modes (band 1) and CC 

bending/CCC stretching modes (band 2), according to the FT-IR results. 

 

4.4.3 PXRD 

The PXRD patterns for the host, and the 1:1 and 2:1 host/guest inclusion (ICs) complexes 

prepared by the modified dissolution method are shown in Figure 4.3. The PXRD of sodium 

perfluorobutyrate (SPFB) is shown for comparison since it is the salt form of the conjugate base 

of PFBA. The hydrate form of the host (β-CD) exhibits intense diffraction lines at lower 2θ 

values ~9º, 12º and minor signatures at higher 2θ that are characteristic of a “cage-type”
41

 

crystalline structure. SPFB exhibits intense diffraction lines at ~7° and ~17–22° with minor 

reflections at higher 2θ values.  

The diffraction patterns for the 1:1 and 2:1 ICs in Figure 4.3 consist of 2θ values ~6°, and 

9–17°, where the higher 2θ region is comprised of minor reflections that are characteristic of 

“cage-type” structures. We conclude that β-CD forms “cage-type” structures with PFBA, similar 

to its structure in the native unbound form. The relative shift and intensity of 2θ reflection at ~6° 

in the 1:1 and 2:1 complexes with respect to pure SPFB (at 7°) reveal the variable 

conformations/configurations of the guest in these complexes.  
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4.4.4 Solution-state NMR Spectroscopy 

4.4.4.1 
1
H/

19
F NMR Characterization 

1
H/

19
F solution NMR spectroscopy was used to characterize the inclusion compounds of 

β-CD and PFBA through complexation induced shifts (CIS), as shown in Figures 4.4 and 4.5, 

respectively.  In Figure 4.4, the 
1
H solution NMR spectra for β-CD and the 1:1 and 2:1 β-

CD/PFBA ICs are shown. The 
1
H solution NMR spectra were assigned according to literature 

reports.
42 

The intracavity protons (i.e., H3 and H5, cf. Scheme 4.2b) are the most affected nuclei 

providing evidence for the formation of inclusion compounds between β-CD and PFBA. The 

H3/H5 CIS values are greater in the 1:1 complex and this is related to the greater steric effect on 

the intracavity nuclei upon complexation. It should be noted here that the complexation induced 

shifts are a weighted average due to the bound and unbound species.
43 

The observed chemical 

shift changes for the extracavity 
1
H nuclei (i.e., H1, H2, H4) in the 1:1 and 2:1 complexes may be 

associated with the extracavity environment of the PFBA guest in these complexes or possibly 

the complexation-induced conformational change of the host. The extracavity environment (e.g., 

H1) experiences variable steric effects from the guest in the 1:1 complex (shielding) vs. the 2:1 

complex (deshielding). The shielding/deshielding effects of the 1:1/2:1 complexes may be 

related to the variable conformations of the guest as described in the FT-IR results. The increase 

in line broadening upon complexation can be readily ascribed to the increase in correlation times 

Figure 4.3 The PXRD patterns for native β-CD, SPFB, and the 1:1 and 

2:1 βCD/PFBA inclusion compounds.  

2:1 IC 

1:1 IC 

SPFB 

β-CD 
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expected upon complexation, which decreases T2, leading to a wider natural line width. The 

greater line width further supports the formation of the complexes.  

We believe that the guest molecule preferentially adopts the gauche conformation in the 

1:1 complex in solution phase; whereas a fully trans conformation is favoured in the 2:1 

complexes. A gauche conformation is anticipated to impart a greater steric strain (shielding) on 

the host compared to a fully trans conformation, in agreement with the 
1
H solution NMR results. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 shows the expanded 
19

F solution NMR spectra for PFBA and the β-CD/PFBA 

inclusion compounds prepared at the 1:1 and 2:1 mole ratios. Similar results for the 1:2 

host/guest preparation were included for comparison. The assignment of the 
19

F solution NMR 

agrees well with previous literature reports.
5
 The formation of host-guest ICs results in an overall 

downfield shift of the 
19

F resonances due to  reduced polarizability of the host interior relative to 

the environment of bulk aqueous solution.
44

 This provides evidence for the formation of β-

CD/PFBA inclusion compounds in solution. Note that the CIS values did not increase further 

beyond the 1:1 mole ratio supporting the fact that PFBA forms mainly 1:1 complexes with β-CD 

in solution phase. The 
19

F CIS values for the 1:2 host/guest complexes are the least affected 

Figure 4.4 
1
H solution NMR spectra for β-CD, and the 1:1 and 2:1 β-CD/PFBA 

inclusion compounds in D2O at 295 K. 
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relative to unbound PFBA and may be due to the lower mole ratio of the host and increased 

fraction of unbound guest.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The inherent line widths in the spectra of Figure 4.5 are about 1 Hz, where slight 

distortions due to differences in shimming cause slight lineshape changes between samples 

which could easily be confused for subtle changes in the splitting patterns between the 

Figure 4.5 
19

F solution NMR spectra for PFBA, and the 1:2, 1:1, and 2:1 β-CD/PFBA 

inclusion compounds in D2O at 295 K. 

-CF3 
CF3CβF2- 

-CαF2CO2H 

2:1 IC 

1:1 IC 

1:2 IC 

PFBA 

Scheme 4.2 Molecular Structure of (a) PFBA, and (b,c) β-CD. The structure of β-CD is 

shown as a truncated toroid where the primary and secondary hydroxyls, and 

glycosidic oxygen bridges are shown. The intracavity protons (H3/H5) are 

shown in (b).  

Secondary rim 

Primary rim (a) (b) (c) 
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complexes and pure PFBA. As one follows the 
19

F shifts of all the signals, one realizes that the 

trend is the increase in δ of the 
19

F resonance lines with the degree of complexation. This cannot 

only be ascribed to the effect of the host entirely, but is evidence of the guest conformational 

changes occurring. According to the IR results, the guest molecule adopts the gauche 

conformation in the complexed state. However, since such results clearly suggest that the trans 

contribution in the complexed form increases with the degree of complexation (i.e., 2:1>1:1), we 

should expect to see a reduction in the gamma-gauche shielding effect. As a result, the chemical 

shift should increase from the 1:2 through the 1:1 to 2:1 host/guest complexes (cf. Fig. 4.6). 

 

4.4.4.2 Coupling Constants of Simulated 
19

F NMR Lines 

19
F NMR in solution can be a very important tool in understanding the structure of 

perfluorocarbon materials. For example, the ability to discern the coupling constants of all the 

19
F nuclei in highly fluorinated materials in liquid form is an important technique in determining 

and understanding molecular dynamics and conformation of such materials. Coupling constants 

in perfluorinated carboxylic acids have largely been indiscernible due to long range coupling 

(over 4 bonds) and coincidental spectral overlap.
45,46 

The 
19

F solution spectrum of PFBA in D2O 

was simulated using MestreNova to determine the individual coupling constants. The simulated 

spectrum of pure PFBA in D2O along with its labeled structure are shown in Figure 4.6.  

 

 

 

 

 

 

 

 

 

 

Figure 4.6  
19

F simulated spectrum of PFBA (Hz) in D
2
O at ambient temperature showing 

the splitting of the (a) –CF
3
, (b) α-CF

2
, and (c) β-CF

2
 signals. The satellite lines are shown by 

asterisks.    

(c) C
β
F

2
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The spectrum of PFBA can be determined by seven coupling constants; 
4
JAC = 

4
JAC’ = 8.3 

Hz, 
3
JAB= 1.4 Hz, 

3
JAB’ = 0.7 Hz, 

3
JBC = 

3
JB’C’ = 6.9 Hz, 

3
JB’C = 

3
JBC’ = -5.8 Hz, 

2
JBB’ = -263.1 Hz, 

and 
2
JCC’= -283.1 Hz. The values of coupling constants reported herein agree well with reported 

values in the literature,
47

 however at this resolution they cannot represent a unique solution. 

According to the splitting pattern, the 
19

F spectra of pure PFBA and the complexes in D2O are 

A3BB’CC’ spin systems where the CF2 groups are magnetically inequivalent. Figure 4.7 

represents the three possible rotamers of PFBA; one trans (t) and two equivalent gauche (g, g’) 

conformers. Note that fast rotational averaging on the NMR time scale in solution at ambient 

temperature is such that the spectrum of PFBA is represented by spectral parameters which are 

averages of the chemical shifts and coupling constants in the three rotational isomers, weighted 

according to their populations. Therefore, the couplings do not reflect a single configuration, but 

an average over all three rotamers,
48 

which in this case constitute one trans and two 

symmetrically equivalent gauche configurations.    

 

 

 

 

   

 

 

 

 

 

The FB/FB’ and FC/FC’ spins are strongly coupled by two geminal couplings whose 

difference (
2
JBB’-

2
JCC’) is 20 Hz. This resonance spacing (i.e. ~20 Hz) can be seen occurring 

between the satellite lines and the main signals in both sub-spectra (cf. Figure 4.6b,c). These are 

second order satellites, which can only result from very strong coupling. A second set of such 

satellites (at very low intensity) should appear in the spectrum of Figure 4.6b (not shown in the 

scale) for the CαF2 group at ~546.2 Hz.  Hence the 
2
J couplings are -283.1 and -263.1 Hz. 

Reported geminal couplings in acyclic –CF2-CF2– groups range between 260 and 290 Hz.
49

  

Figure 4.7  The three possible rotamers of perfluorobutyric acid (PFBA), 

R = -COOH. 

trans (t) gauche (g) gauche (g’) 
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The coupling constants cannot be determined from the splittings observed in the BB’ and 

CC’ as the individual spectral lines are not resolved; however, some observed splittings can be 

attributed to the sum of the various geminal and vicinal coupling constants. Hence the inability to 

obtain a unique solution for the spectral parameters since a spectral resolution of less than 0.3 Hz 

would be required in this case. For example, the 
3
JAB and 

3
JAB’ couplings add up to 2.1 Hz. The 

two couplings do not have to be equal, so any combination that adds up to 2.1 Hz is valid up to a 

limit determined by the two germinal couplings. Similarly, the sum of the two vicinal couplings 

3
JBC/

3
JB’C’ and 

3
JB’C/

3
JBC’ is 1.1 Hz. Again, these couplings cannot be determined separately at 

this resolution. Resolution enhancement allowing the identification of some characteristic 

spacings in the FCC’ regions places 
3
JBC and 

3
JBC’ at the 6.9 and -5.8 Hz. The 

4
JAC and 

4
JAC’ 

couplings add up to 16.6 Hz. Again these couplings cannot be determined separately at this 

resolution. They do not have to be equal; however, in the simulation they were assumed to be 

equal at 8.3 Hz. Changing the magnitudes of 
4
J couplings, but preserving their sum does not 

change the appearance of the A3 and CC’ regions in the spectrum up to a limit determined by the 

two geminal couplings.  

The nearly constant splitting patterns between all the 
19

F spectra of neat PFBA and its 

complexes cannot be used as evidence for the lack of conformational changes occurring upon 

complex formation, as any change that preserves the sums of the 
3
J couplings will have the same 

pattern. As the 
3
J couplings are an average of their counterparts in the individual rotamers (i.e. t, 

g, and g', cf. Figure 4.7), they will change only subtly upon stabilization of the trans 

conformation. Thus, the sum of these couplings cannot be expected to increase significantly. The 

interpretation of the splitting pattern of PFBA reveals that the F atoms on the CF2 groups are 

non-equivalent as indicated in a previous report.
5
 Thus, the results suggest that there must be fast 

rotation about the CF2-CF2 bonds of PFBA chain in aqueous solution, but each configuration (i.e. 

t, g, and g’) does not contribute equally. Therefore, the main chain cannot be rigid, because if it 

were, one would expect to observe the sub-spectra corresponding to all three rotamers. Note also 

that the trans configuration is likely to be the least stable, compared to the two cis (gauche) 

configurations, which have equal populations as they have the same energy. Thus, as the trans 

configuration is stabilized, the average 
3
J and 

4
J reflect this by an increased contribution from the 

coupling constants in the trans rotamer to the average. This leads to the conclusion that that the 

PFBA chain undergoes free rotation of the –CF3 group about the three-fold axis and appreciable 
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rotation about the CF2-CF2 bonds of the main chain. The structure of PFBA in the complexed 

form in the solid state is expected to vary, especially with respect to its bond rotation dynamics, 

which may be influenced by steric interactions with the host. 
19

F DP/MAS NMR and dynamic 

relaxation results are presented to further understand the structure and dynamic properties of 

PFBA and its complexes with β-CD, respectively.      

 

4.4.5 Solid-state NMR  

4.4.5.1 
19

F DP/MAS NMR Characterization 

NMR methods where the nucleus of interest is observed provide an opportunity to study 

the structure of host-guest systems. Figure 4.8 shows assigned 
19

F DP/MAS solid NMR spectra 

of the 1:1 and 2:1 solid complexes prepared by the modified dissolution method. The 
19

F 

DP/MAS spectrum of the guest was not acquired because PFBA is a liquid at room temperature. 

Minor changes in the CIS values for the methyl (CF3) and methylene (CF2) groups in the 1:1 and 

2:1 β-CD/PFBA complexes reveal variable environments and dynamics of the guest as 

previously described.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 
19

F DP NMR spectra for the 1:1, and 2:1 β-CD/PFBA complexes 

acquired at 20 kHz MAS and 295 K. 

* * * * 
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The 
19

F resonance lines of the 1:1 and 2:1 complexes are characterized by various 

contributions which may be due to the presence of various microenvironments of the guest 

and/or the presence of unbound guest. Note that the fast rotation of the short chain PFBA guest, 

particularly the CF3 group as described in the simulation studies, affects the line width/shape of 

the adjacent 
19

F lines. The motional dynamics of the PFBA chain are generally expected to be 

much faster compared to that of C8 (e.g., PFOA and SPFO) perfluorocarbon chains. In Figure 

4.8, the CF3 group displays the sharpest resonance line followed by the methylene group 

connected directly next to it (CβF2) and then the CF2 group connected next to the carbonyl group 

(CαF2). The 
19

F resonance lines of the 1:1 complex reveal prominent line shape features 

compared to the 2:1 complex and may suggest variable guest binding configurations consistent 

with the results from DSC and FT-IR. Deconvolution analyses of the 
19

F resonance lines were 

carried out to further understand the structure of the complexes and the dynamics of the guest. 

 

4.4.5.2 Deconvolution Analyses of 
19

F NMR Line Shapes  

Deconvolution analyses of NMR line shapes were previously used to assign the various 

phases (e.g., crystalline and amorphous) of a compound.
50

 The deconvolution results for the CF3 

and CF2 lines at 295 K appear in Figure 4.9a,b for the 1:1 and 2:1 complexes, respectively. The 

CF3 and CF2 resonances of the 1:1 and 2:1 complexes are generally characterized by two or three 

components (1–3, cf. Figure 4.9a,b). In a previous report,
19 

three topologies of β-CD/PFOA 

complexes were concluded from the deconvolution analyses of the CF3 line shapes (chapter 3). 

These topologies corresponded to a 1:1 β-CD/PFOA complex where two configurations (CF3-out 

of and CF3-in cavity) were possible, and a 2:1 complex with a CF3-in cavity configuration (cf. 

Scheme 2, ref. 19/Scheme 3.2). The three topologies (two for 1:1 complex and one for 2:1 

complex) reported for β-CD/PFOA complexes were determined by the length of the 

perfluorocarbon chain (~15 Å) with respect to that of the CD cavity (~7.9 Å). In the case of β-

CD/PFBA complexes, higher order stoichiometries (e.g., 2:1, and 1:2) may arise in the solid 

phase, in addition to the 1:1 stoichiometry; indicating that a number of binding configurations 

are possible as suggested by DSC, FT-IR and 
19

F DP/MAS NMR results. As was the case with 

the β-CD/PFOA complexes, the different binding configurations formed by PFBA with β-CD are 

determined by the size-fit complementarity (length of PFBA is about half that of PFOA) and 

interactions between the different components of the host and guest. For example, the edges of β-
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CD are lined with hydroxyl groups, whereas the internal cavity is lined with H atoms and 

glycosidic O bridges (cf. Scheme 4.2c). Therefore, the internal cavity is hydrophobic, whereas 

the annular hydroxyl groups are hydrophilic in nature. Several binding interactions are therefore 

possible between the perfluorinated carboxylate anion and the various segments of the 

macrocycle.    

The relative distribution of components 1–3 for the CF3 and CF2 groups in the 1:1 and 2:1 

complexes in Fig. 4.9 were estimated from the deconvolution parameters, and reveal variable 

binding geometries and stoichiometries in these complexes. Deconvolution parameters showing 

chemical shifts, areas under curves, and relative Lorentzian/Gaussian ratios are presented as 

supplementary data (Table C4.1a,b). Whereas component 2 is more prominent in the 1:1 

complex, the 2:1 complex is mainly defined by component 3. On the other hand, component 1 is 

the least prominent in both the 1:1 and 2:1 complexes, and may be missing entirely in the latter. 

Thus, we conclude that components 1–3 may correspond to guest binding configurations that 

resemble 1:2 (1), 1:1 (2), and 2:1 (3) host/guest stoichiometries, respectively. Scheme 4.3 

represents the various possible binding configurations of PFBA within the CD cavity. Note that 

guest penetration through the narrow rim is possible. As well, formation of channel or cage 

structures, as described in the PXRD results, are known to occur in CD complexes but are 

omitted for clarity.   

Configuration 1 in Scheme 4.3 is the least stable from a thermodynamic point of view 

and may represent a 1:2, or more accurately a 0.5:1 host/guest stoichiometry, but may also 

represent a free guest. According to the deconvolution analyses in Figure 4.9a,b-i), the 1:1 

preparation gives rise to approximately equimolar amounts (refer to Table C4.1a) of 1:1 

(configuration 2) and 2:1 (configuration 3) host/guest stoichiometries, and small amounts of the 

1:2 stoichiometry (configuration 1). The presence of the 1:1 and 2:1 complexes in the 1:1 

preparation may coincide with the two DSC dehydration transitions at ~80° and 90 °C, 

respectively. 

 

 

 

 

Scheme 4.3 Schematic representation of the binding interaction postulated for PFBA guest and 

β-CD host; (1) partial guest inclusion in a 1:2 H/G ratio, (2) complete guest 

inclusion in a 1:1 H/G ratio, and (3) complete inclusion with guest protruding to 

result in 2:1 H/G ratio. Note: inclusion through the narrow rim of CD is possible.  
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In contrast, the 2:1 preparation is composed primarily of the 2:1 complex, with a small 

contribution of the 1:1 host/guest complex (cf. Fig. 4.9a,b-ii and Table C4.1b) consistent with the 

minor DSC dehydration transition at ~80 °C. The 1:2 host/guest contributions are either 

attenuated or are missing entirely in the 2:1 preparation due to the greater mole fraction of the 

host. The presence of appreciable amounts of the 1:2 contributions in the 1:1 preparation is 

consistent with the greater mole ratio of the guest and may suggest the presence of a free guest in 

this preparation. The hydration and H-bonding behaviour described in the DSC and FT-IR, 

respectively, agree well with the findings of the deconvolution analyses. Complexes with 

variable host/guest configurations where different stoichiometric distributions (i.e., 2:1, 1:1, and 

1:2) may be present are expected to experience different hydration and H-bonding effects. 

Figure 4.9a Deconvolution analyses of the CF3 line shapes for the 
19

F DP/MAS 20 kHz spectra 

of (i) the 1:1, and (ii) 2:1 β-CD/PFBA solid complexes at 295 K. 
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(i) 1:1 IC (ii) 2:1 IC 

Figure 4.9b Deconvolution analyses of the CF2 line shapes for the 
19

F DP/MAS 20 kHz spectra of (i) 

the 1:1, and (ii) 2:1 β-CD/PFBA solid complexes at 295 K. 
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4.4.5.3 
1
H→

13
C CP/MAS NMR  

Multinuclear NMR techniques employing polarization transfer have been used to provide 

unequivocal evidence for the formation of inclusion complexes.
51-53 

Additionally, solid state 
13

C 

NMR CIS values and line shape variations can be used to probe conformational effects and 

molecular dynamics of host-guest systems.
54

 The NMR spectra of the native β-CD, the 1:1 and 

2:1 host-guest inclusion compounds obtained using 
1
H→

13
C CP under conditions of 20 kHz 

MAS at ambient temperature are depicted in Figure 4.10. The 
13

C resonance lines were assigned 

in agreement with previous reports.
53,55

 The individual 
13

C nuclei for β-CD hydrate in Fig. 4.10 

are not completely resolved due to the amorphous nature and variable hydration state of the 

material, in addition to the spectral overlap of certain 
13

C resonance lines. Note that the 
1
H→

13
C 

CP/MAS NMR spectra in Figure 4.10 show 
13

C host nuclei and since the guest has no protons, 

any changes in line shape/width are attributed to hydration properties of the 1:1 and 2:1 

complexes. Therefore, the extent and nature of hydration is influenced by the guest binding 

configuration in these complexes. CIS patterns similar to those observed in solution 
1
H NMR are 

observed in the 
13

C solid NMR results, further supporting the presence of variable hydration 

states and guest motional dynamics.  

The most attenuated CIS values are observed in the spectrum of the 1:1 complex for the 

intracavity carbon nuclei (i.e., C3 and C5). This further supports the inclusion of the guest within 

the cavity. The deshielding pattern in the 2:1 complex reveals less steric hindrance of the guest 

for the intracavity nuclei compared to the 1:1 complex (shielding). As well, there are prominent 

chemical shift changes to lower field in the 2:1 complex for the framework carbon nuclei (C1 and 

C4); whereas, the chemical shift (δ) of C6 is unaffected in both complexes. In general, the 1:1 

complex experiences reduced δ for almost all of its 
13

C nuclei. We infer from the ongoing 

discussion that the host cavity in the 1:1 complex experiences greater steric effects from the 

included guest compared to the 2:1 complex. We conclude that the guest molecule may adopt a 

trans conformation in the 2:1 complex as compared to a gauche conformation in the 1:1 

complex, in accordance with the configurations in Scheme 4.3, the IR and solution NMR results. 

Variations in the relative intensities of IR bands 1 (υasym/CF2) and 2 (β/CC and /CCC) were 

observed for the 1:1 and 2:1 complexes and may be related to differences in the conformation of 

the guest in these compounds. A near-linear conformation of the guest in the 2:1 complex is 
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generally expected to cause minimal constraints on the host framework thereby resulting in a 

downfield shift for such 
13

C nuclei. 

The spectrum of the 1:1 complex in Figure 4.10 is characterized by narrow resonance 

lines; whereas, the resonance lines for the 2:1 complex are relatively broad. The observed 

differences in line width may be due to differences in guest dynamics. The guest molecule in the 

1:1 complex is expected to be more dynamic than in the 2:1 complex where the guest may be 

completely encapsulated by two host macromolecules. In the case of the 1:1 complex, part of the 

guest may extend outside of the CD cavity as shown in Scheme 4.3. The deshielding effect 

observed for the extra- and intra-cavity carbon nuclei of the host in the 2:1 complex may be 

related to a variable guest conformation, as described above, and in agreement with FT-IR and 

solution/solid NMR results. For PFBA to form a 2:1 host/guest complex with CD, the guest must 

adopt a near-linear conformation. We conclude that while PFBA guest adopts a gauche 

conformation in the 1:1 (and 1:2) host/guest complexes, the conformation in the 2:1 complex is 

not gauche but a linear one.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10 
13

C 
1
H→

13
C CP NMR results for β-CD, and the 1:1, and 2:1 β-CD/PFBA 

complexes at 20 kHz MAS and 295 K. 
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4.4.5.4 
19

F→
13

C CP/MAS NMR 

19
F→

13
C CP/MAS NMR techniques allow for dipolar interactions between the host and 

guest to be detected. Figure 4.11 shows the 
19

F→
13

C CP/MAS NMR spectra of the host/guest 

complexes prepared at variable mole ratios (i.e., 1:1 and 2:1) assigned according to spectra of 

Figures 4.5 and 4.10. The 
13

C resonance of the carbonyl group for the β-CD/PFBA inclusion 

compounds is observed at a much higher field (δ ~160 ppm) compared to δ ~170 ppm for the 

carbonyl carbon of the PFOA complexes in a previous study (chapter 3).
19

 Carbonyl carbon 

nuclei in general resonate in the characteristic region between 150–220 ppm, whereas carbonyl 

groups of carboxylic acids appear in the range of 160–180 ppm.
56

 The observed δ value for the 

carbonyl carbon of PFBA reported herein is in good agreement with a reported value in solution 

by 
13

C NMR.
57

 The most remarkable observation in the 
19

F→
13

C CP/MAS results is the 

appearance of a host signal centered ~78 ppm. This signal indicates that 
19

F polarization from the 

guest has been transferred to the 
13

C nuclei of the host cavity (i.e., C3 and C5) and provides 

unequivocal evidence for the inclusion of the PFBA guest within the host cavity. The relative 

intensities of this signal for the 1:1 (low) and 2:1 (high) complexes reveals a more efficient 

polarization transfer for the latter and this is related to the differences in guest conformation and 

dynamics in the two complexes. The appearance of a similar resonance ~85 ppm (i.e., C4) for 

only the 2:1 complex further supports an altered binding configuration and conformation of the 

guest in this product. Note that C4 is closer to the center of the CD macrocycle, and supports 

complete encapsulation in the 2:1 complex.    

The dynamics and conformation of the guest in the 2:1 complex contribute to more 

efficient polarization transfer as evidenced from the greater intensity of the resonance at ~78 

ppm. The guest molecule in the 2:1 complex is believed to adopt a near-linear conformation, in 

which the guest is entirely encapsulated within the host cavity space as described above. In the 

case of the 1:1 complex, the gauche conformation coupled with faster dynamics of the guest are 

expected to reduce efficient dipolar coupling between the host and guest, thus reducing CP 

transfer. The 
13

C peaks of the PFBA guest in Fig. 4.11 are broader for 2:1 and narrower for 1:1 

and this suggests that guest dynamics are faster in the 1:1 complex. In general, differences in line 

shapes and δ values observed in the 
19

F→
13

C CP/MAS NMR results reveal the differences in the 

guest geometry, mobility and solvent effect in these complexes and are in agreement with the 

DSC, FT-IR, and 
19

F NMR results.   
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4.4.6 
19

F Solids NMR Relaxation Dynamics 

The dynamics of the guest in the complexes were studied using 
19

F relaxation (T1/T2) 

NMR methods at variable temperature (VT; 20–70 °C). The T1/T2 data as a function of 

temperature are shown in Figure 4.12 for the 1:1 and 2:1 complexes. The T1 process of the 1:1 

complex shows a bi-exponential behaviour as a function of temperature; whereas, the 2:1 (T1) 

preparation shows relatively linear behavior (cf. Fig. 4.12). The bi-exponential behaviour of the 

1:1 preparation suggests that this material consists of two contributions and may be consistent 

with the presence of equimolar amounts of 1:1 and 2:1 host/guest complexes as illustrated by the 

19
F NMR deconvolutions of the CF3 peaks in Figure 4.9a-i. In contrast, the linear behaviour of 

the 2:1 preparation is consistent with the presence of the 2:1 complex as the predominant product 

in this material. It should be noted here that the bi-exponential behaviour of the 1:1 (T1) complex 

could be the result of multiple dynamic processes at work.  

The relaxation of spin-1/2 (e.g., 
19

F) nuclei results from fluctuations in local fields arising 

from chemical shift anisotropy (CSA) and dipole-dipole (DD) coupling interactions modulated 

by localized motions.
58

 The faster the rate of motion, the less efficient the CSA and DD 

relaxation mechanisms and the longer the T1/T2 relaxation times. Notice from Figure 4.12 that 

Figure 4.11 
13

C 
19

F→
13

C CP NMR results for the 1:1, and 2:1β-CD/PFBA 

complexes at 20 kHz MAS and 295 K. 
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the T1 relaxation times increase monotonically with temperature, and this suggests that the 

motions that give rise to T1 are faster than the Larmor frequency (469 MHz) at the measured 

conditions. However, the T2 values (~0.2–1.3 milliseconds) are about three orders of magnitude 

smaller than the corresponding T1 values (~0.4–1.0 seconds, cf. Table 4.3). This implies that the 

types of motion causing T1 and T2 relaxation are different. Starting with T1 plots from Figure 

4.12, we observe that the T1 relaxation values for the different segments of the chain at each 

temperature are indistinguishable in both the 1:1 and 2:1 complexes. This suggests that the type 

of motion that drives T1 relaxation affects different segments of the chain similarly. That motion 

must be a librational (axial) motion of the guest as a whole. In contrast to the T1 values, the T2 

values are different for the different segments of the chain in the 1:1/2:1 ICs at each temperature. 

We therefore conclude that the internal rotation of the CF3 is causing T2 relaxation, where the 

group furthest removed from the CF3 group (i.e., CαF2) experiences the most attenuated 

relaxation time due to less efficient spin diffusion.
54

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12 
19

F T1 (in seconds) and T2 (in milliseconds) relaxation times for the 1:1, and 

2:1 β-CD/PFBA complexes  

1:1 (T1) 1:1 (T2) 

2:1 (T1) 2:1 (T2) 
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In general, the T2 values of the CF3 group for the complexes reported herein are about 

twice as long compared to similar values reported previously for β-CD/PFOA complexes (cf. 

Table 4.3). This is because the motional dynamics of the short PFBA chain are expected to be 

significantly faster compared to the dynamics of PFOA. Furthermore, it is evident from Figure 

4.12 that the T2 relaxation values of the methylene groups of PFBA are significantly reduced 

relative to those of the CF3 group. In a previous study of β-CD/PFOA complexes,
19

 the T2 values 

of the methylene groups were close to the corresponding T2 values of the CF3 group (cf. chapter 

3, Fig. 3.10). Since T2 relaxation is driven by CF3 rotation, the reduced relaxation times for the 

methylene groups of the complexes reported herein further support the relative dynamics of the 

main PFBA chain, as described in the 
19

F NMR simulation results in solution. The PFBA chain 

 

1:1 β-CD/PFBA 1:1 β-CD/PFOA 

 

T1 (s) T2 (ms) T1 (s) T2 (ms) 

T (°C CF3 CF3 CF2α CF2β CF3 CF3 CF2m CF2t 

0 0.487 0.704 0.226 0.318 0.926 0.402 0.281 0.405 

10 0.563 0.844 0.272 0.400 0.941 0.422 0.31 0.400 

20 0.593 0.943 0.311 0.474 0.960 0.443 0.339 0.431 

30 0.679 1.002 0.368 0.543 1.058 0.473 0.358 0.499 

40 0.742 1.072 0.430 0.624 1.024 0.491 0.372 0.512 

50 0.895 1.116 0.517 0.723 1.074 0.514 0.358 0.562 

55 0.901 1.126 0.574 0.754 1.080 0.516 0.360 0.572 

60 0.976 1.179 0.636 0.828 1.168 0.528 0.369 0.558 

65 0.975 1.203 0.652 0.862 1.193 0.531 0.350 0.577 

70 1.059 1.218 0.720 0.903 1.123 0.540 0.355 0.617 

*Error estimates are within 0.003 s and 0.05 ms for T1 and T2 values, respectively. 

Table 4.3 T1/T2 Relaxation Values for the 1:1 β-CD/PFBA and 1:1 β-

CD/PFOA Complexes.* 
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was described to experience extensive rotation of the CF3 group at the termini and appreciable 

rotation of the CF2 bonds in the main chain. Thus, spin diffusion propagates the CF3 rotational 

motion along the chain less efficiently resulting in reduced T2 relaxation values for the CF2 

groups of PFBA. The increased disparity between the T2 values of the methyl and methylene 

groups in the 1:1 complex compared to the 2:1 complex in Figure 4.12 may be related to the 

increased rotation of the CF3 group in the former complex in accordance with the configurations 

in Scheme 4.3.  

The activation energies for the methyl and methylene groups were estimated from the 

slope of the Arrhenius plots to further evaluate the structure of the β-CD/PFBA complexes. The 

results are presented in Table 4.4. Note that the energies of activation (Ea) for the T1 processes 

are similar for all the segments (CF3, CαF2, and CβF2) of the chain in both the 1:1 and 2:1 

complexes. This supports the fact that the type of motion that drives T1 relaxation is libration of 

the whole body and affects all the fluorines in the same way. Recall that T2 is caused by the free 

rotation of the CF3 group which affects segments of the guest in different ways. This is 

manifested by the disparity in Ea values for the T2 relaxation between the methyl and methylene 

groups (cf. Table 4.4). 

 

 

 

 

 

 

 

 

 

 Parameter CF3 CαF2 CβF2 

β-CD/PFBA 1:1 T1 7.83 9.33 8.06 

 T2 4.12 14.4 11.1 

β-CD/PFBA 2:1 T1 8.26 9.21 8.45 

 T2 3.56 12.6 10.3 

Table 4.4 Activation Energies (kJ/mol) of PFBA Guest as Estimated from T1/T2 

Data of β-CD/PFBA Complexes. 
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The CF3 groups displayed low Ea(T2) values (~4.0 kJ/mol), while much greater values 

(~10–14 kJ/mol) were recorded for the CF2 groups. The lower Ea (T2) values for the CF3 groups 

are understood in terms of the relative ease with which this group can freely rotate around its 

three-fold axis. In contrast, the rotation of the of CF2-CF2 bonds is relatively constrained in the 

complexes compared to the pure PFBA.  The greater Ea (T1) for the 2:1 complex relative to the 

1:1 complex suggests that the libration of the PFBA guest is more hindered in the 2:1 complex. 

 

4.5. Conclusions  

β-CD/PFBA host/guest inclusion compounds were prepared and characterized using 

multinuclear solid/solution NMR techniques, FT-IR, DSC and PXRD. The solid phase 

compounds were prepared using a modified dissolution methods at various host/guest mole ratios 

(1:1 and 2:1). The 
19

F→
13

C CP results provided unequivocal evidence for the formation of β-

CD/PFBA inclusion compounds. PXRD results have shown the host to form “cage-type” 

structures with the guest. The enthalpy of dehydration revealed various binding configurations of 

the guest in the 1:1 and 2:1 complexes. According to the deconvolution analyses of the 
19

F 

resonance line shapes, the guest molecule in the 1:1 preparation exists in at least two distinct 

configurations that resemble an equimolar mixture of 1:1 and 2:1 complexes and supported by 

DSC results. In the 2:1 preparation, the contribution of the guest configuration corresponding to 

the 2:1 complex is predominant. The guest molecule in the 1:1 complex adopts a gauche 

conformation and is different from the fully linear conformation of the guest in the 2:1 complex. 

Simulation of the 
19

F spectrum of pure PFBA and its complexes with β-CD in solution reveal 

that the CF3 group experiences an extensive rotation about its three-fold axis, whereas a 

significant rotation of the CF2 is present in the main chain. NMR relaxation dynamic parameters 

reveal that these dynamics depend on the host/guest mole ratios and are determined by the 

geometry of the guest within the host. The CF2 bond rotations are more hindered in the 2:1 

complex due to full encapsulation of the guest in this product. 
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CHAPTER 5 

Manuscript no. 4 

Description 

The modified dissolution preparative method developed in chapter 3 was used to prepare β-

CD/SPFO inclusion complexes at the 1:1 and 2:1 host-guest mole ratios. Complexation-induced 

shifts of the 
1
H/

19
F/

13
C nuclei in solution and the solid state for β-CD/SPFO complexes were 

compared with similar values for β-CD/PFOA complexes in order to probe the effect of the 

counterion species (i.e. sodium and hydronium) in the binding of the guests. Simulated CF3 

signals at MAS 25 kHz and variable dipolar coupling strengths were used in conjunction with 

deconvolution analyses of the CF3 line shapes to probe the dynamics of SPFO and its complexes 

with β-CD. Structural properties for PFOA, SPFO and PFBA and their complexes with β-CD 

were compared and summarized. 

 

Author’s Contribution 

The idea of preparing β-CD/SPFO ICs was proposed by Drs. Wilson and Hazendonk as part of 

the original research plan. The idea of using simulations to probe dynamics was proposed by Dr. 

Hazendonk. I carried out the preparation and characterization (solution NMR, FT-IR, DSC, and 

PXRD) of the β-CD/SPFO complexes. The solid state NMR characterization, relaxation 

measurements and data analyses were done in collaboration with Alex Borisov and Dr. Paul 

Sidhu. All simulations were done by Dr. Hazendonk. The first draft of the manuscript was 

prepared by me and subsequently edited by Drs. Wilson, Hazendonk, and Sidhu. 

    

Relation of Manuscript 4 to Overall Objective of this Project 

The main objective of this work was to provide a structural comparison between the CD 

complexes of SPFO and PFOA, respectively, in terms of the dynamics and geometry of the guest 

as determined by the presence of different counterion species (i.e. H
+
/Na

+
).  
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Graphical Abstract 

 

 

 

 

 

 

 

 

 

 

Research Highlights 

 13
C (

19
F→

13
C CP) MAS NMR technique provided unequivocal evidence for the inclusion 

of the SPFO guest within the host cavity.  

 The binding geometry and dynamics of the guests in the β-CD/SPFO vs. β-CD/PFOA 

complexes were compared and found to be variable as determined by the presence of 

sodium vs. hydronium counterion species. 

 The dynamics of β-CD/SPFO involve extensive motions of the CF3 rotations in the 1:1 β-

CD/SPFO; whereas, the axial motions of the central body dominate the dynamics of the 

guest in the 2:1 complex in accordance with the role of the sodium counterion in the 

binding of the guest. 
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5.1. Abstract 

Structural characterization of the inclusion complexes (ICs) of β-Cyclodextrin (β-CD; host) and 

sodium perfluooctanoate (SPFO; guest) was carried out using 
1
H/

19
F/

13
C NMR spectroscopy. 

The 1:1 and 2:1 βCD/SPFO solid complexes were prepared using a modified dissolution method. 

Evidence for the formation of β-CD/SPFO ICs was provided using 
13

C DP (direct polarization) 

and CP (cross polarization) solid-state NMR spectroscopy with magic angle spinning (MAS) at 

20 kHz. Complexation-induced shifts (CIS) for 
1
H/

19
F/

13
C nuclei in solution and the solid state 

for β-CD/SPFO complexes were compared with similar values for the complexes of 

perfluorooctanoic acid (PFOA) with β-CD in order to probe the effect counterion species in the 

binding of the guests. Analyses of the CIS values provided evidence for the formation of 

inclusion compounds and variable guest geometry for SPFO and PFOA as determined by the 

presence of sodium and hydronium counterions, respectively. DSC, TGA, FT-IR, and powder X-

ray diffraction (PXRD) were used to complement the NMR results. Simulated CF3 lines at MAS 

25 kHz and variable dipolar coupling strengths were used in conjunction with deconvolution 

analyses of the CF3 line shapes to probe the dynamic properties of SPFO and its complexes with 

β-CD. The dynamics of the guest are modulated by the nature of the guest and the stoichiometry 

of the complex, and involve three-fold rotation of the CF3 group as well as rotations of the C-F 

bonds. 
9
F DP/MAS NMR results, spin-lattice (T1) and spin-spin (T2) relaxation times in the 

laboratory frame at variable temperatures in the solid phase support that the dynamics of SPFO 

in β-CD/SPFO complexes are unique due to the role of sodium counterion in the binding of the 

guest with β-CD.  
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5.2. Introduction 

Perfluorinated compounds (PFCs) of the type CF3-(CF2)n-R’ have diverse functional 

groups (R’ = CF2-OH, COOH, CO-NH2, or CF2-SO3H) and chain lengths and have received vast 

research attention due to environmental and health related concerns. Such materials have been 

used in applications ranging from fire-fighting foams to pesticides and surface active agents.
1-3

 

They have unique physicochemical properties in comparison to their hydrocarbon analogues. For 

example, a comparison of the critical micelle concentrations (cmc) of perfluorooctanoic acid 

(PFOA; CF3-(CF2)6-CF2-OH, ~0.0087–0.010 M), perfluorooctane sulfonate (PFOS; 0.0060-

0.0080M), and sodium perfluorooctanoate (SPFO: CF3-(CF2)6-CF2-O
-
Na

+
, ~0.032M),

3-7
 and 

sodium octanoate (~0.40 M),
8
 illustrates the differences in surface activity that occur between 

PFCs and hydrocarbon surfactants. PFOA and PFOS are the most common PFCs and exist 

predominantly as anions in aqueous environments due to their low pKa values (PFOA; 2.5, 

PFOS; <0).
9,10 

SPFO and APFO (ammonium perfluorooctanoate) are salts of PFOA commonly 

used as surfactants and as essential processing agents in fluorotelomer-based formulations for 

making consumer products (e.g., films and membranes for non-stick cookware and outerwear, 

and cleaning agents for carpets).
11 

Most of the toxicological effects of PFCs are related to the 

anionic forms in aquatic environments and biological samples. For example, evidence of liver 

damage was noted in primates that were treated with APFO.
12

  

Cyclodextrins (CDs) have been widely used to lower the surface activity of 

perfluorocarbon compounds through formation of host-guest complexes.
13,14

 CDs are a family of 

macrocyclic oligomers consisting of 6 (α-CD), 7 (β-CD) or 8 (γ-CD) glucopyranose units that are 

linked by α-(1→4) glycosidic linkages (cf. Scheme 5.1a,b).
15

 We reported in previous work
16,17

 

the structural and dynamic properties for the complexes formed between β-CD and PFOA (C8) 

in the solution and solid states (chapters 2,3). We also recently reported similar studies for short 

chain perfluorobutyric acid (C4) (chapter 4).
18

 It was concluded from these studies that PFOA 

forms 1:1 and 2:1 inclusion compounds with β-CD with variable conformation and dynamics of 

the guest. In contrast to PFOA, PFBA was reported to form mainly 1:1 host-guest complexes.  

SPFO (C8) is the most widely studied
7,19-25

 perfluorocarbon salt because it shows strong 

affinity for CDs due to its unique amphiphilic nature. The research groups of Reinsborough
19-21 

and Guo
7
 were among the first to study CD/SPFO complexes using conductometry and solution 

NMR spectroscopy, respectively. Guo et al.
7
 reported a detailed study of the complex formation 
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in solution between CDs and a series of sodium perfluoroalkanoates comprising 4–9 carbon 

atoms. In that study, it was reported that the association of CDs to shorter sodium 

perfluorocarbon chains favors 1:1 host-guest formation; whereas longer chains favor 2:1 or a 

combination of 1:1 and 2:1 formation. A preferred extended (all-trans) conformation of the 

perfluorocarbon guest was reported in the 2:1 complexes in solution. Similar conclusions were 

drawn from our studies on the β-CD/PFOA system in aqueous solution and the solid state.
16,17

 

For structural considerations, Wenz
26

 described the association of the host and guest to form 

complexes as consisting of one or more CDs or guest molecules; in this case these complexes 

can form inclusion as well as non-inclusion associations with a variety of topologies. Wilson and 

Verrall
27,28

 showed that higher order (e.g. 2:1 and 1:2) host-guest complexes were formed in 

aqueous solution between modified β-CD and long chain PFCs. 

Other  reports of CD/SPFO complexes in solution have focused on analyzing the effects 

of SPFO monomer-micelle exchange rates on CD addition,
22

 measurements of binding constants 

using native and substituted-CDs,
23,24

 and selective association of CD to SPFO in the presence of 

other hydrocarbon surfactants.
25

 Recently, it was demonstrated that complexation of SPFO to 

CDs is important to the biomedical field since these perfluorocarbon surfactants are used as 

oxygen-carrying, pulmonary drug and gene delivery agents.
29,30

 The widespread use of these 

recalcitrant perfluorocarbon compounds, along with their extreme inertness, are responsible for 

their environmental persistence. The fate and transport pathways of such materials are poorly 

understood, in part due to their unique physicochemical properties including surface activity, 

chemical mobility and stability, in comparison to their hydrocarbon counterparts. Despite their 

widespread use and related potential health and environmental concerns, detailed studies of the 

structural characterization of the solid complexes of β-CD and SPFO have not yet been reported. 

This may be due to the challenges associated with obtaining good quality single crystals. High 

resolution multinuclear solid state NMR techniques may offer a versatile option to the study of 

such complexes. 

In this study we report the complex formation of SPFO with β-CD in the solution and 

solid states using 
1
H/

19
F/

13
C NMR and FT-IR spectroscopy, thermal analyses (DSC/TGA), and 

powder X-ray diffraction (PXRD). The complexes in the solid state were prepared at the 1:1 and 

2:1 β-CD/SPFO mole ratios using a modified dissolution method described previously.
17

 The 

CIS values for solution/solid phase β-CD/SPFO complexes were compared to similar values for 
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β-CD/PFOA complexes to aid in probing the geometry of the guests within the host and to 

determine the role of sodium ion in the binding of the guest. The dynamic properties of the SPFO 

guest in the free and bound states were examined using a combination of simulation and 

deconvolution analyses of the CF3 resonance and NMR relaxation studies in the solid state. The 

results of this study are anticipated to contribute to a better understanding of the detailed 

structures of both native SPFO and its complexes with β-CD both in the solution and solid 

phases. Previous results of the structures of the complexes of β-CD with PFOA and PFBA, 

respectively, are highlighted to provide comparison and further understanding of the structure of 

SPFO and its complexes with β-CD.  

 

 

 

 

 

 

 

5.3. Experimental Section 

5.3.1 Materials and Chemicals 

β-CD hydrate (~10 % w/w H2O) was purchased from Sigma-Aldrich Canada Ltd. (Oakville, 

ON), while SPFO (98 %) was purchased from SynQuest Labs Inc. (USA). All chemicals were 

used as received without any further purification. The water contents of the materials were 

determined using thermogravimetric analysis during preparation of the sample mixtures.  

 

5.3.2 Preparation of β-CD/SPFO Solid Inclusion Compounds  

The solid β-CD/SPFO complexes were prepared at the 1:1 and 2:1 mole ratios (cf. 

Scheme 5.2) using a modified dissolution (evaporation) method adapted from a previous report.
17

 

The solid products were ground into fine powder for characterization with solid-state NMR, 

DSC/TGA, FT-IR and PXRD.  

 

Scheme 5.1 Molecular Structures of (a) β-CD oligomer where n = 7, (b) β-CD 

represented as a toroidal macrocycle, and (c) SPFO. 

(b) (a) (c) 
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5.3.3 Solution-state NMR Spectroscopy 

Solution NMR experiments were performed on a three-channel Bruker Avance DRX 500 NMR 

spectrometer operating at ca. 500 MHz for 
1
H and ca. 470 MHz for 

19
F. 

1
H NMR spectra were 

referenced externally to tetramethylsilane (TMS; δ 0 ppm) while 
19

F spectra were referenced 

externally to 2,2,2-trifluoroethanol (TFE; δ -79.21 ppm). Samples for 
1
H and 

19
F NMR were 

prepared in D2O at pH ~5 in mole ratios of 1:1 and 2:1 β-CD/SPFO. All NMR spectra obtained 

in the solution state were acquired at 295 K.  

 

5.3.4 Solid-state NMR Spectroscopy 

All solid state NMR spectra were obtained using a Varian INOVA NMR spectrometer operating 

in triple channel HFC mode using a 2.5 mm T3 HFXY probe operating at 125.55 MHz for
13

C, 

499.99 MHz for 
1
H, 469.89 for 

19
F.  Solid state 

13
C MAS spectra were referenced externally to 

adamantane (δ = 38.5 ppm) as a secondary standard with respect to TMS, while 
19

F MAS spectra 

were referenced to hexafluorobenzene (δ = -164.9 ppm). All samples were spun at the magic 

angle with a spinning rate of 20 kHz using 2.5 mm Vespel rotors equipped with Kel-F turbine 

caps, inserts, and end caps, unless stated otherwise.  All 
13

C NMR spectra were obtained using a 

100 kHz sweep width with 8192 points in the FID and were zero-filled to 64 k data points, unless 

stated otherwise. The curve and width parameters for the adiabatic 
1
H

13
C CP experiments 

were set at 50 and 10,000 Hz respectively, while those for 
19

F
13

C were set at 50 and 50,000 Hz 

respectively.  Optimal Hartmann-Hahn matching conditions were achieved with a contact time of 

5 ms and approximate powers of 68 kHz and 59.5 kHz for the 
19

F and 
13

C channels, respectively.   

The 
19

F T1 values (T1
F
) were measured by inversion recovery (180°-τ- 90°- acquire), while the 

T2
F
 values were obtained with a rotor synchronous Hahn echo (90°-τ-180°-τ-acquire).

31 
The T1ρ

F
 

relaxation times were measured with a pulse sequence that contains a spin-lock (SL) pulse out of 

Scheme 5.2 Stepwise formation of the 1:1 and 2:1 complexes of β-CD (toroid) 

and SPFO according to the 1:1 and 2:1 host/guest mole ratios.   
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phase by 90° with respect to the initial 90° pulse (e.g., 90°x-SLy-acquire).
32

 Relaxation time 

measurements were obtained at ambient and variable temperatures (0–70 °C). Simulation 

analyses of CF3 resonance as a function of dipolar coupling strength (Hz) were done using 

MestreNova.   

 

5.3.5 Thermal Analyses (DSC and TGA)  

Differential scanning calorimetry (DSC) of the native β-CD, unbound SPFO, and the inclusion 

compounds was performed using a TA Q20 thermal analyzer over a temperature range of 30 to 

370 °C.  The scan rate was set at 10 °C/min and dry nitrogen gas was used to regulate the sample 

temperature and purge the sample compartment. Solid samples were analyzed in hermetically 

sealed aluminum pans where the sample mass ranged from 3.80 to 4.00 mg.  Thermogravimetric 

analysis (TGA) was performed on a TA Q50 over a temperature of 30–400 °C. Solid samples for 

TGA were heated in open pans where sample masses ~7.0–8.0 mg were analyzed. 

 

5.3.6  FT-IR Spectroscopy 

Fourier Transform (FT) IR spectra were obtained using a Bio-Rad FTS-40 spectrometer with a 

resolution of 4 cm
-1

. All samples were prepared with spectroscopic grade KBr which constituted 

~80% (w/w) of the total sample. Samples were run as finely ground powders in reflectance 

mode. 

 

5.3.7 Powder X-ray Diffraction (PXRD) 

PXRD spectra were collected using a PANalytical Empyrean Powder X-ray diffractometer using 

monochromatic Cu-K1 radiation. The applied voltage and current were set at 45 kV and 40 

mA, respectively. The samples were mounted in a vertical configuration as evaporated hexane 

films and PXRD patterns were measured in a continuous mode over a 2θ angle range of 5–45° 

with a scan rate of 0.5 degree/min. 

 

5.4. Results and Discussion 

5.4.1 DSC/TGA 

 DSC and TGA are complimentary techniques that have been used to characterize 

thermal properties of polymeric
33

 and host-guest systems.
34,35

 In general, DSC provides a 
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measure of physical phase transition temperatures and phase purities as a function of heat rate; 

whereas, TGA reveals thermal events accompanied by weight losses. The DSC and TGA traces 

of β-CD, SPFO, and the 1:1 and 2:1 solid inclusion compounds prepared by the modified 

dissolution method are shown in Figures 5.1 and 5.2, respectively. In Figure 5.1, the DSC 

thermogram of native β-CD exhibits two endothermic peaks at ca. 115 and 320 °C that are 

attributed to dehydration and decomposition transitions, respectively. The main endotherm of the 

unbound SPFO consists of a sharp peak at ca. 275 °C that is related to melting of the compound. 

The thermograms of the 1:1 and 2:1 β-CD/SPFO ICs display endothermic transitions at ca. 130 

°C due to dehydration processes. The exothermic transitions lying in the temperature ranges 

between ca. 250–285 °C and 300–350 °C for the β-CD/SPFO ICs may be related to the 

decomposition of the guest and host, respectively. The appearance of the exothermic peaks for 

the inclusion compounds is telling and provides evidence for the formation of β-CD/SPFO 

inclusion complexes.
35

 In a previous study
 
of β-CD/PFOA complexes, the decomposition of the 

guest/host were shown as endothermic processes,
17

 and highlights some structural differences 

with the complexes reported herein. 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 5.1 The DSC traces for β-CD hydrate, SPFO, and the 1:1 

and 2:1 β-CD/SPFO inclusion complexes 

↑Exo 
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The dehydration endotherms for the inclusion compounds are distinct and reveal variable 

hydration environments. The 2:1 complex revealed a relatively sharp and more intense 

dehydration endotherm with offset to higher temperature (ca. 135 °C); whereas, a broader signal 

was observed for the 1:1 complex at ca. 130 °C. The dehydration endotherms for the complexes 

may reveal variable microenvironments for the 1:1 complex with a greater amount of extra-

cavity water.  In contrast, the 2:1 complex may contain a greater amount of highly ordered cavity 

bound water.
36

 The decomposition of the guest in the 1:1 complex (between 250–285 °C) 

revealed two distinct thermal events which support the presence of more than one environment 

of the guest in this complex.  

 

 

 

 

 

 

 

 

 

 

 

The DSC results suggest that the guest molecule of the 2:1 complex may be fully 

encapsulated within the cavity of β-CD; whereas, the guest in the 1:1 complex is partially 

included with variable microenvironments.
26

 The inclusion compounds decomposed at higher 

temperatures relative to native β-CD and pure SPFO and this supports the formation of stable β-

CD/SPFO inclusion compounds. The DSC results of the β-CD/SPFO complexes were 

complemented by the TGA results in Fig. 5.2.  

Figure 5.2 TGA traces for β-CD hydrate, SPFO and the 1:1 and 2:1 β-

CD/SPFO inclusion compounds. 
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 The TGA results in Fig. 5.2 are presented as weight derivatives in the y-axis 

versus temperature in the x-axis. It is worthwhile to note that the differences in the temperatures 

for the DSC and TGA results may be related to differences in the sample configuration, as 

described in Section 5.3.5. The thermal events in Fig. 5.2 at ca. 280°C for SPFO and 310 °C for 

β-CD are associated with melting and decomposition processes, respectively. The inclusion 

compounds revealed several thermal events at ca. 60, 260 and 310 °C due to dehydration, guest 

volatilization, and host decomposition processes, respectively. The TGA of the 1:1 complex 

revealed two distinct peaks at ca. 250 and 270 °C which support the presence of multiple 

microenvironments of the guest for this complex, in agreement with the DSC results. The 2:1 

complex is characterized by a broad range of thermal events between 240–290 °C which suggest 

a unique guest conformation that is different from that of the 1:1 complex. As illustrated by the 

DSC and TGA results, the thermal stability of the 2:1 complex is similar or slightly greater than 

that of the 1:1 complex. Greater magnitudes of the binding constants were reported for the 1:1 β-

CD/SPFO complex (K1:1) compared to K2:1 values according to solution studies.
7,27 

The slight 

differences in the thermal stabilities of the 1:1 and 2:1 complexes reported herein may be a result 

of artefacts arising from possible formation of mixtures of 1:1, 2:1 and 1:2 β-CD/SPFO 

complexes. 

 The TGA % weight losses for the different thermal events are presented in the 

Supporting Information (Fig. D5.1). The weight loss (%) due to the dehydration processes at ca. 

60 ˚C were evaluated as ca. 9 % (β-CD), 3 % (1:1 complex) and 6 % (2:1 complex), and are in 

agreement with results from DSC. In general, the formation of the inclusion compounds tends to 

increase the thermal stability of β-CD host and suggests the formation of stable β-CD/SPFO 

ICs.
37

 Differences in thermal stabilities, enthalpies of dehydration, and the number of thermal 

transitions suggest that there are structural differences between the 1:1 and 2:1 β-CD/SPFO 

complexes. Further details on the molecular structures of the complexes are presented in the  FT-

IR and NMR results in the forthcoming sections. 

 

5.4.2 FT-IR  

FT-IR spectroscopy is a useful technique for systems that contain functional groups such 

as the carbonyl and hydroxyl groups. For example, this technique has been used to characterize 

guest conformational changes (i.e., gauche vs trans) of perfluoroalkyl chains
38,39

 and other 
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systems.
40,41

 The FT-IR spectra of β-CD, SPFO, and the 1:1 and 2:1 host-guest complexes 

prepared by the modified dissolution method are displayed in Fig. 5.3. The relative intensities of 

the -OH (~3400 cm
-1

), -CH (~2900 cm
-1

), and -C=O (~1700 cm
-1

) vibrational bands in Fig. 5.3 

for the 1:1 and 2:1 host-guest complexes correlate with the relative mole ratios of the host/guest 

relative to the unbound species. Red-shifts of ca. 8 cm
-1

 and 6 cm
-1 

for the frequencies of the       

–C=O bands for the 1:1 and 2:1 β-CD/SPFO ICs respectively, relative to the IR frequency of the 

unbound SPFO (1694 cm
-1

) are noted. These shifts reveal differences in dipolar interactions 

between the host and guest and variable binding geometry and conformation of the guest for the 

1:1 vs 2:1 host-guest complexes.  

The IR spectral region between 1100–1250 cm
-1

 was previously used to characterize the 

conformational preferences of perfluorocarbon chains in the solid phase. Vibrational bands (1–3) 

are labeled in Fig. 5.3 and are assigned to CF2 asymmetric stretching mode (1 ʋasym/CF2; 1250 

cm
-1

), CC bending and CCC stretching modes (2 β/C-C, ʋ/C-C; 1215 cm
-1

), and CF2 symmetric 

stretching (3 ʋsym/CF2; 1150 cm
-1

).
42

 In particular, band 2 was previously used to provide useful 

structural information regarding the conformational change of a PFC guest in a host-guest 

system.
38

   

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 FT-IR spectra of β-CD, SPFO, and the 1:1 and 2:1 β-CD/SPFO inclusion 

compounds. 
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In a previous report on β-CD/SPFO complexes in solution,
7
 a preferred all-trans 

conformation of the perfluorocarbon chain was reported for the 2:1 complex. PFOA and other 

C8 perfluorocarbon chains have generally been reported to adopt helical (gauche) conformations 

in the pure solid compared to the zigzag (trans) conformation adopted by PFCs with chain 

lengths less than 8 carbons (e.g. PFBA).
43,44

 A conformational change of the perfluorocarbon 

chain may occur if its environment is changed.
45,46

 The attenuation of band 2 in Fig. 5.3 for the 

2:1 complex may be attributed to a conformational change of the SPFO chain in this complex. 

According to the IR results, the native conformation of the guest is not completely retained even 

in the 1:1 complex where observable attenuation of band 2 is noted. In previous reports
16,17 

of β-

CD/PFOA complexes (Chapters 2 and 3), the guest molecule was concluded to adopt a gauche 

conformation in the 1:1 host-guest complex, similar to the unbound guest in the solid phase. In 

contrast to the gauche conformation adopted by the guest in the 1:1 complex, a preferred all-

trans conformation of the guest was reported for the 2:1 complex. This is in contrast to the 

gauche conformation formed by the C4 PFBA guest (chapter 4) in the 1:1 complex with β-CD.
18

 

 

5.4.3 PXRD 

Powder X-ray diffraction is sensitive to long-range order or to the periodic structure of 

the framework. PXRD has been used to study the structure of host-guest complexes and to 

confirm the formation of a new compound from parent molecules.
47

 The PXRD patterns for the 

native β-CD, free SPFO and the 1:1 and 2:1 β-CD/SPFO ICs are shown in Fig. 5.4. The PXRD 

patterns due to the host molecule in Fig. 5.4 consist of prominent lines near 2Ө values 9 and 12°, 

and other minor signatures at higher 2Ө values that are characteristic of “cage-type” crystalline 

structure.
48-50

 Native SPFO reveals its signature 2Ɵ values at 7.5 and 11.3°, and several minor 

peaks at higher 2Ө. The PXRD patterns of the inclusion compounds are uniquely characterized 

by some sharp reflections and provide evidence for the formation of β-CD/SPFO inclusion 

compounds. The patterns of the 1:1 and 2:1 complexes show major peaks at 2Ɵ values 11.5 and 

17.5° and represent head-to-head “channel-type” structure,
51,52

 similar to those reported for β-

CD/PFOA complexes in chapters 2-3.
17

 However, such structures are different from those of β-

CD and the native SPFO guest reported herein, as well as from those of β-CD/PFBA complexes 

reported previously,
18

 which form “cage-type” structures (chapter 4). β-CD is known to have a 

strong tendency to form head-to-head dimeric units with long chain PFCs (C≥8) that are held 
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together by multiple H-bonds at the secondary rim of CD (cf. Scheme 5.1), in which one or more 

guests can be accommodated.
53

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

The broad patterns at values of 2Ɵ >20° for the inclusion compounds in Fig. 5.4 may 

reveal that the inclusion of the sodium-rich perfluorocarbon guest within the host results in 

significant loss of long-range order. The PXRD results of the 2:1 complex in Fig. 5.4 are 

characterized by peaks at 2Ɵ angles 14.5, 15.7, and 18.9° (noted by asterisks in Fig. 5.4) that are 

not present or are significantly attenuated in the patterns of the 1:1 complex.
 
The additional 

reflections may indicate that the structure of the 2:1 complex is distinct from that of the 1:1 

complex. Wenz
26 

described the packing of the cyclodextrin host-guest compounds to depend on 

the dimensions of the guest relative to those of the host, as previously described. The guest can 

either be partially or completely encapsulated by the host, with variable conformations as 

described in the IR results. Aside from the variable guest topologies and conformations, 

differences in the amount of encapsulated water in the 1:1 vs 2:1 complexes is revealed by the 

DSC results, and contributes to differences in structural order.
38 

Figure 5.4  The PXRD patterns for β-CD hydrate, SPFO, and the 1:1, and  2:1 β-

CD/SPFO inclusion compounds. 
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5.4.4 Solution-state NMR Spectroscopy 

5.4.4.1. 
1
H Solution NMR Characterization 

Numerous studies have been reported on the structure of host-guest inclusion systems using 

complexation-induced 
1
H/

19
F NMR shifts (CIS) in solution.

7,25,27,28 
Comparative results for 

PFOA and its complexes with β-CD will be presented in this and the following sections, to aid in 

understanding the structure of SPFO and its complexes with β-CD.  Fig. 5.5 shows stack plots of 

the 
1
H solution NMR spectra for β-CD and the 1:1 and 2:1 β-CD/SPFO host-guest inclusion 

compounds. Similar results for β-CD/PFOA complexes are shown in Fig. 5.5 for comparison. 

The assignment of the resonance lines for the 
1
H spectra in Fig. 5.5 agrees well with previous 

literature reports
54,55

 and with the structures illustrated in Scheme 5.1a,b. The δ values for the 

1
H/

19
F nuclei were measured to within ±0.001 ppm and the CIS values are listed as the 

difference, Δδ, given by eqn 5.1 where the results are presented in Table 5.1. The determination 

of the δ values for the partly overlapped signals in Fig. 5.5 was confirmed from the known signal 

splitting patterns and the corresponding integrated coupling constants. 

freecomplex       Equation 5.1 

The CIS values for the intra-cavity protons (i.e. H3, H5) in Fig. 5.5 are the most affected due 

to steric effects of the included guest, providing evidence for the formation of host-guest 

inclusion compounds (cf. Scheme 5.2). In particular, the Δδ values for the intra-cavity protons 

are more attenuated in the 1:1 compared to the 2:1 complexes due to increased steric effects of 

the guest in the gauche conformation for the 1:1 complex, as described in the IR results.  

Comparison of the CIS values for the SPFO and PFOA inclusion complexes with β-CD, 

respectively, allows for estimation of the relative positions of the guest within the host. The CIS 

values of the intra-cavity nuclei for the 1:1 complexes (cf. Fig. 5.5) are relatively constant 

compared to similar values for the 2:1 complexes as shown in the expanded spectra in Fig. 5.5-2 

and Table 5.1. Therefore, the latter can be used to probe the relative positions of the guests in the 

complexes. Notice that the CIS values changed by -0.006 ppm (upfield) for H3 and +0.010 ppm 

(downfield) for H5, going from the 2:1 β-CD/PFOA to the 2:1 β-CD/SPFO complex. That is, H5 

is less shielded and H3 is more shielded in the 2:1 β-CD/SPFO complex relative to the shifts of 

the PFOA counterpart. Similarly, H3 is less shielded and H5 is more shielded in the 2:1 β-

CD/PFOA complex. 
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The trends in the CIS values for the intra-cavity protons of the two complexes (i.e. β-

CD/PFOA and β-CD/SPFO) suggest the presence of variable guest geometry/conformations in 

Figure 5.5-2 1
H NMR expanded spectra for β-CD, and the 1:1/2:1 β-CD/PFOA, and β-CD/SPFO 

inclusion compounds showing CIS patterns for H3 and H5 signals for the 2:1 β-

CD/PFOA (dotted lines) and  2:1 β-CD/SPFO (arrows) complexes. 

β-CD 

CD/PFOA 1:1 

CD/PFOA 2:1 

CD/SPFO 1:1 

CD/SPFO 2:1 

Figure 5.5-1 
1
H NMR spectra for β-CD, and the 1:1/2:1 β-CD/PFOA and β-CD/SPFO 

inclusion compounds in D2O at 295 K.  
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the two samples. Part of the SPFO guest chain must be in close proximity to H3 group of CD 

causing increased shielding effects due to steric hindrance. Furthermore, increased δ of the host 

in the 2:1 β-CD/SPFO complex for H5 means reduced steric effects at its environment. Note that 

contributions of Δδ from other sources such as solvation effects are possible. 
19

F solution NMR 

results are presented to further understand the geometry of the guests in the complexes. 

 

 

 

5.4.4.2. 
19

F Solution NMR Characterization 

The 
19

F NMR results of the solution complexes formed between PFOA and SPFO with β-

CD respectively are shown in Fig. 5.6. The assignments of the 
19

F resonance lines for 

PFOA/SPFO in Fig. 5.6 were made in agreement with COSY results of Guzman
56

 reported by 

Guo
7
 and according to the accompanying structure (cf. Fig. 5.6). The well resolved 

19
F resonance 

lines in Fig. 5.6 allow for more accurate quantitative analysis of the CIS values. Note that the 

chemical shift changes of the individual 
19

F resonance lines of the guests in the complexed state 

are assumed to be subtle relative to the unbound guest, such that any coalesced peaks are 

assumed to be from two neighboring signals.  

 

 δfree Δδ 

Nuclei β-CD 

β-CD/PFOA 

1:1 

β-CD/PFOA 

2:1 

β-CD/SPFO 

1:1 

β-CD/SPFO 

2:1 

H1 5.002 -0.022 -0.020 -0.019 -0.030 

H3 3.897 -0.160 -0.117 -0.157 -0.123 

H6H6’ 3.810 -0.040 -0.017 -0.036 -0.013 

H5 3.798 -0.203 -0.129 -0.196 -0.119 

H2 3.582 -0.029 -0.032 -0.028 -0.039 

H4 3.516 +0.013 +0.005 +0.015 -0.005 

Table 5.1 CIS Values (ppm) for the 
1
H Nuclei of β-CD and its Complexes with 

PFOA and SPFO in Solution at 295 K 
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Wilson and Verrall
27,28

 have used 
19

F CIS values to elucidate the binding geometry of a 

series of fluorocarbon alkyl carboxylate guests in CD-based complexes since such guests can 

 δ
free

 Δδ δ
free

 Δδ 

Nuclei PFOA 

β-CD/PFOA 

1:1 

β-CD/PFOA 

2:1 SPFO 

β-CD/SPFO 

1:1 

β-CD/SPFO 

2:1 

C
α
F

2
 -119.899 0.168 0.331 -118.000 0.226 0.492 

C
β
F

2
 -125.152 0.248 0.527 -123.256 0.333 0.710 

C
γ
F

2
 -124.197 0.436 0.328 -122.307 0.511 0.233 

C
δ
F

2
 -124.429 0.437 0.262 -122.541 0.508 0.121 

C
χ
F

2
 -125.624 - - -123.730 - - 

C
ε
F

2
 -128.450 0.045 -0.086 -126.558 0.059 -0.169 

C
ω
F

2
 -83.189 0.049 -0.088 -81.294 0.063 -0.181 

Table 5.2 CIS Values (ppm) for the 
19

F Nuclei of β-CD/SPFO and β-CD/PFOA 

Complexes in Solution at 295 K.  

Figure 5.6 19
F NMR expanded spectra for PFOA, SPFO, and the 1:1/2:1 inclusion compounds 

with β-CD in D2O at 295 K. The resonance lines are assigned according to the 

accompanying structure. 
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undergo significant environment changes between the free and bound states.
27,54 

Therefore, 

changes in δ values of the host/guest nuclei can provide a measure of the degree of complex 

formation in host-guest systems. The CIS values for PFOA and SPFO in their bound state with 

β-CD are listed in Table 5.2. 

In general, the spectra of the 1:1 and 2:1 host-guest complexes (Fig. 5.6) are 

characterized by shifts of most of its 
19

F resonance lines to higher frequency (lower field or 

downfield) with respect to unbound perfluorocarbon guest.  More positive CIS values in Table 

5.2 mean that the shifts are towards lower field (deshielding) with respect to unbound guests and 

vice versa. Palepu et al.
19,20

 observed downfield shifts for most of the 
19

F resonances in β-

CD/SPFO equimolar mixtures relative to pure SPFO guest in solution. As the guest is included 

within the cavity of the host it displaces water from the cavity. The fluorine atoms are strongly 

polarizing in the bulk aqueous phase compared to the CD environment. Thus, the 

perfluorocarbon chain interacts differently in these two environments.  

The CIS values for the terminal (CωF3 and CεF2) groups of the perfluorocarbon guests in 

the 2:1 complexes reveal negative Δδ numbers. This suggests variable binding 

geometry/conformation of the guests in the 2:1 relative to the 1:1 complexes as described in the 

DSC/TGA, IR, and 
1
H solution NMR results. The contributions of conformation, van der Waals 

interactions and inductive effects to 
19

F chemical shift changes were discussed in chapter 2 

(§2.4.2) but will be reiterated here. Guo et al.
7
 and Wilson and Verrall

27 
described the interaction 

of SPFO with β-CD in solution as composed of several contributions. (i) The negatively charged 

carboxylate head group may be located near the annulus of the host forming H-bonds with the 

CD-hydroxyl groups, as well as with bulk water. This would cause deshielding of the CαF2 

resonance due to the inductive effects of the carboxylate head group; (ii) the guest molecule may 

be forced to adopt an extended all-trans conformation as in the case of the 2:1 complex and as 

concluded from the IR results, in order to accommodate the cavity space of two β-CD hosts. 

Such a conformation will result in an increase of the F-F distances between adjacent CF2 groups 

of the guest resulting in intramolecular deshielding effects on the 
19

F nuclei; (iii) optimized van 

der Waals interactions between fluorine groups of the guest and ether-like oxygens within the 

apolar interior of the host cavity will result in an overall shielding effect; (iv) weakly polarizing 

fluorine atoms within the CD environment (especially near the rims) relative to the bulk polar 

aqueous phase will result in the deshielding of the guest nuclei in its environment; and (v) 
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combined shielding/deshielding effects may arise depending on the geometry and conformation 

of the guest according to contributions i–iv.  

Considering the CIS data presented in Table 5.2, similar trends in Δδ values for the 

individual 
19

F nuclei are generally observed between the 1:1 and 2:1 β-CD/guest complexes with 

some notable differences in their relative magnitudes. The chemical shift values for unbound 

PFOA (δfree) are generally upfield by ca. 2.0 ppm compared to similar values for SPFO. 

Differences in cmc values between PFOA (ca. 10 mM) and SPFO (ca. 30 mM) suggest that 

PFOA more readily forms micelles in solution. The association of perfluorocarbon chain to form 

micelles in solution was reported to result in upfield shifts of 
19

F resonances.
20

  

Attention will be focused on the groups at the head (CαF2 and CβF2) and tail (CωF3 and 

CεF2) ends of the two guests (i.e. SPFO and PFOA) in order to evaluate their geometry within the 

CD cavity. The occurrence of negative Δδ values (upfield shifts) for the terminal 
19

F nuclei in the 

2:1 complexes indicates the presence of contribution (iii) due to interactions between the fluorine 

atoms and the apolar interior of CD. Notice that the Δδ values for 2:1 β-CD/SPFO complex are 

twice as greater compared to similar values for the 2:1 βCD/PFOA complex. We conclude from 

the above results that the SPFO guest experiences greater interaction with the apolar interior of 

the host and may suggest a deeper inclusion of the guest.  

In contrast to the 2:1 complexes, the 1:1 complexes show small positive 
19

F CIS values 

(Δδ~ 0.05 ppm) for the terminal nuclei relative to the CIS values of the other 
19

F nuclei. As 

described previously, two geometries are possible for the 1:1 complexes; one where the CF3 is in 

the extra-cavity environment in the bulk polar aqueous solvent and another where it is intra-

cavity near the rim of the host molecule. Contributions due to interaction (iv) will affect the 

chemical shifts of the terminal groups in the 1:1 complexes differently with respect to their 

proximity with the CD and the bulk water, respectively. It should be noted here that the 

fluorocarbon guests in the 1:1 CD-complex experience both the extra- and intra-cavity 

environments such that a composite shielding/deshielding effects may occur. This result in Δδ ~ 

0 for the CωF3 and CεF2 resonances (cf. Table 5.2). Note also that the fluorine atoms near the rim 

of the CD host are weakly polarizing since such an environment is composed mainly of C-H and 

O-H groups.
7,57

 Therefore, reduced van der Waals interactions in such an environment will result 

in increased δ values  relative to the bulk aqueous environment where the δ values are reduced. 
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The CIS values for the CαF2 resonance in both the 1:1 and 2:1 host-guest complexes are 

affected by contributions from interaction (i). In general, the 2:1 host-guest complexes display 

greater CIS values for CαF2 nuclei compared to the corresponding 1:1 complexes. The guest 

molecules in the 2:1 complexes experience strong dipolar interactions from CD-hydroxyl groups 

and aqueous solvent which result in increased deshielding of the CαF2 group due to inductive 

effects. The increased deshielding effects of CαF2 observed for the SPFO complexes relative to 

the PFOA complexes (cf. Table 5.2) highlight the different roles played by the respective 

counterions in the interactions of the guests with the host. The carboxylate head group of SPFO 

contains sodium (Na
+
) counterion as an alternative to the hydronium (H

+
) counterion, for PFOA 

above its pKa. Therefore, some structural differences are expected for the CD complexes formed 

between each of these two guests. Sodium ion electrode studies indicate that the Na
+
 ion of 

SPFO is closely associated with the carboxylate anion of the β-CD/SPFO complex in solution. 

Palepu et al.
19,20

 have provided evidence that the encapsulated surfactant not only retains its 

counterions but immobilizes them at the hydrophilic exterior of the β-CD torus, thus promoting 

cooperative binding of the perfluorooctanoate guest with β-CD. A sodium counterion is expected 

to impart a more favourable binding environment for the perfluorooctanoate guest with β-CD 

than a hydronium counterion.  

We conclude from the 
1
H/

19
F CIS data in solution and the above discussion that SPFO 

experiences deeper inclusion within the apolar CD cavity compared to PFOA. Furthermore, the 

sodium counterion in SPFO is closely associated with the guest promoting its binding with β-

CD. Based on the 
1
H and 

19
F solution NMR results, we propose the binding geometries of the 

guests for the 2:1 β-CD/SPFO and β-CD/PFOA complexes as depicted in Schemes 5.3a and b, 

respectively. Scheme 5.3c depicts the proposed binding geometry of the CD-bound fluorocarbon 

guests in the 1:1 host-guest mole ratio. 

The reduced Δδ values for the central 
19

F resonances (i.e. CγF2-CχF2; cf. Table  5.2) in the 

2:1 complex relative to the 1:1 complex may be a result of contributions (ii) and (iii) where the 

effects of contribution (iii) are more pronounced. Note that the Δδ values of the central 
19

F nuclei 

are further reduced in the 2:1 β-CD/SPFO complex suggesting optimized van der Waals in this 

complex. The overlapping of CχF2 and CβF2 resonance lines in the 1:1 host-guest complex is a 

result of increased deshielding of the CβF2 group associated with the loss of γ-gauche shielding 

effect that is commonly observed for alkyl carboxylate groups in the gauche conformation. The δ 
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values for the CδF2/CβF2 resonance lines for the 2:1 complexes were estimated from the 

deconvolved peaks (cf. Table 5.2 and Fig. 5.6). As well, the δ values for Cχ,βF2 could not be 

accurately determined due to signal overlap. 

 

 

 

 

 

 

 

 

 

 

5.4.5 Solid-State MAS NMR Spectroscopy 

Solid-state NMR spectroscopy is a versatile technique that can be used to study the 

structure and dynamic properties of host-guest systems.
38,39,58-60 

In particular, multi-nuclear NMR 

methods can provide unequivocal evidence for the inclusion of a guest within the host.
60

 

Additionally, relaxation techniques in the solid state can provide detailed information on the 

motional dynamics of the guest within the host.
61

 

 

5.4.5.1 1H→
13

C CP/MAS and DP/MAS NMR 

13
C MAS NMR spectroscopy with DP and CP techniques were employed to provide 

evidence for the formation of β-CD/SPFO inclusion compounds. The 
1
H→

13
C CP and DP results 

for β-CD, the 1:1 β-CD/SPFO and 1:1 β-CD/PFOA complexes at MAS conditions of 20 kHz are 

shown in Fig. 5.7. The 
13

C resonances in Fig. 5.7 were assigned according to previous reports
50 

and the structures in Scheme 5.1a,b. The spectra of the inclusion complexes in Fig. 5.7 are 

generally characterized by broad 
13

C signals relative to the resonance lines of the host molecule 

and this suggests increased symmetry of the host macromolecule upon inclusion of the guest. 

Scheme 5.3 Proposed inclusion geometry of (a) i-ii) PFOA, and (b) SPFO in the 2:1 β-

CD/guest complex. c (i-ii) proposed inclusion geometry of the 1:1 β-CD/guest 

complex. Note the CD torus and SPFO/PFOA structures are not drawn to scale. 

(c)-i (c)-ii 

(a)-i (b) (a)-ii 
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The DP/MAS spectra of the 1:1 complexes reveal resonance lines for both the host (ca. 60- 105 

ppm) and guest (ca. 110 – 125 ppm) molecules and further support formation of host-guest 

complexes.  

The CP/MAS NMR resonance lines for the host in Fig. 5.7 could not easily be resolved into 

its individual glucopyranose units due to the amorphous nature of the host and spectral overlap 

of various resonance lines. However, the 
13

C CP and DP spectra of the complexes display 

variable line shapes/widths and signal intensities (cf. Fig. 5.7). For example, the line shapes of 

the PFOA complexes consist of sharp features, whereas the spectra of the SPFO complexes are 

comprised of relatively broad lines. Furthermore, the relative intensity of C6 resonance for the 

1:1 β-CD/SPFO complex is greater compared to similar line for the 1:1 β-CD/PFOA complex, 

particularly for the DP spectra. The differences in line shapes/widths and signal intensities 

highlights the differences in the structure and dynamic properties of the complexes formed 

between SPFO and PFOA with β-CD, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7 The 
1
H→

13
C CP and DP/MAS spectra for β-CD, and the 1:1 β-CD/SPFO and 

β-CD/PFOA complexes. All spectra were acquired at MAS 20 kHz and 295 K. 
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CD/PFOA 1:1(CP) 

CD/SPFO 1:1 (DP) 

CD/PFOA 1:1(DP) 
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The C6 group in the respective complexes experiences variable dynamics as a function of the 

structure and geometry of the guests in the bound states. The relative intensities of individual 

resonance lines in NMR spectroscopy depend upon the rate at which equilibrium magnetization 

recovers after a radio frequency pulse. Optimum signal intensity requires that the recycle delay 

(d1) be greater than about 5T1 to ensure complete recovery of equilibrium longitudinal relaxation 

(T1) between transients. 
13

C-detected 
1
H T1 values for C6 in β-CD/PFOA complexes were 

determined to be ~1.0 s.
17

 Similar T1 values for β-CD/SPFO complexes were not measured. 

Since d1 values ~6.0 – 8.0 s were applied in the 
1
H→

13
C CP and DP experiments for the β-

CD/SPFO and β-CD/PFOA complexes, differences in relaxation properties for the pendant C6 

group may be responsible for the different relative intensities. Based on the ongoing discussion 

and the geometries depicted in Scheme 5.3, the β-CD/SPFO complex can be thought as a 

pseudo-rotaxane where the host-guest system is relatively rigid and the pendant C6 group 

experiences efficient orientational motion. Further discussions on the dynamics of the guests in 

the complexes are provided in the 
19

F DP/MAS characterization results and relaxation studies. 

  

5.4.5.2 19
F→

13
C CP/MAS NMR 

The 
19

F→
13

C CP NMR results in Fig. 5.8 were used to provide unequivocal evidence for the 

inclusion of the guest within the host by probing through space dipolar interactions. Moreover, 

13
C CIS values from the 

19
F→

13
C CP results were evaluated to supplement the solution NMR 

CIS results. The 
19

F→
13

C CP results for the 1:1 complexes revealed host resonance lines at ca. 

60 ppm (C6), 75 ppm (C2C3C5), and 85 ppm (C4) (cf. Fig. 5.8 and Scheme 5.1a,b). The resonance 

line at ca. 75 ppm is due to the intra-cavity carbon nuclei and is the most intense. This signal 

indicates that magnetic polarization has been transferred from the 
19

F nuclei of the guest to the 

13
C nuclei of the host. Such CP transfer suggests that the perfluorocarbon guest is in spatial 

proximity to the β-CD cavity and provides unequivocal evidence for the inclusion of the guest 

within the host cavity.  

The emergence of two carbonyl signals at ca. 165 and 170 ppm for the β-CD/SPFO complex 

further supports the presence of two configurations of the guest in the 1:1 complexes as 

previously described. The absence of similar signal in the 1:1 β-CD/PFOA complex is related to 

the differences in guest geometry and dynamics. Faster dynamics of the PFOA guests coupled 
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with fast MAS conditions may reduce prospects for efficient CP transfer to some of its 
13

C 

nuclei. 

 

 

 

 

 

 

 

 

 

 

 

 

The 
13

C δ values for the respective 1:1 complexes of SPFO and PFOA with β-CD were 

extracted from the deconvolved 
19

F resonance lines and the Δδ values (in brackets) are presented 

in Table 5.3. The increased Δδ values for the CαF2 group in the β-CD/SPFO complex (~ 1.62 

ppm) is related to inductive effects due to increased dipolar interactions as described in the 

solution NMR results. There are no significant Δδ values observed for the CαF2 of the β-

CD/PFOA complex. The differences in the extent of dipolar interactions for PFOA and SPFO 

with CD further highlight the different structural roles played by the H
+
 and Na

+
 counterions, 

respectively. Greater Δδ values (>2.00 ppm) for the terminal groups of the 1:1 β-CD/SPFO 

complex compared to values for the1:1 β-CD/PFOA (Δδ <0.50 ppm) are related to differences in 

guest geometry and conformation, and the extent to which the guests interact with the host. Note 

that the guest molecules in the 1:1 complexes can bind to the CD cavity in one of the two 

configurations depicted in Scheme 5.3(c). Note also that the effect of solvent is limited in the 

solid state. 

Figure 5.8 The 
19

F→
13

C CP results for SPFO, PFOA, and the 1:1 β-CD/SPFO and β-

CD/PFOA inclusion compounds under MAS 20 kHz at 295K. The host and 

guest regions are labeled. 
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5.4.5.3  19
F DP/MAS NMR at Ambient Temperature 

Solid-state NMR in which the nucleus of interest can be observed may provide detailed 

information regarding the microenvironment and dynamics of the guest in a host-guest system. 

The 
19

F DP/MAS NMR spectra of the β-CD/SPFO complexes prepared by the modified 

dissolution method are presented in Fig. 5.9. The 
19

F NMR results of PFOA are compared at 

MAS 20 kHz. As compared with the spectrum of pure PFOA in Fig. 5.9, pure SPFO displays 

broad 
19

F signals for both the methyl (CF3) and methylene (CF2) resonances. The broad signals 

for SPFO relative to PFOA may be related to the limited dynamics of coiling and uncoiling in 

the former. However, the 
19

F NMR spectra of the β-CD/SPFO complexes give rise to relatively 

well-resolved 
19

F resonance lines compared to those of the PFOA complexes in a previous study 

(cf. Fig. 4 ref. 17 or Fig. 3.4). The different line shapes of the complexes formed by β-CD with 

PFOA and SPFO, respectively, reveal that the structural and dynamic properties of the two 

compounds (i.e. β-CD/PFOA and β-CD/SPFO) are distinct. 

The methylene (CF2) signals for the 2:1 β-CD/SPFO complex in Fig. 5.9 revealed 

relatively sharp features for the terminal CεF2 (ca. -128 ppm) and to some extent the main CmF2  

(ca. -120 ppm) resonances; while the CαF2 signal (ca. -115 ppm) appeared to be broader in shape 

relative to the 1:1 complex. The broad CαF2 signals in the 2:1 complex is related to increased H-

 
13

C (
19

F→
13

C CP) 

Nuclei PFOA βCD/PFOA 

1:1 

SPFO βCD/SPFO 

1:1 

1 (C=O) 165.00 - 165.69 163.73, 

167.35 

2 (C
α
F

2
) 111.31 111.78 

(+0.47) 

111.73 113.35 

(+1.62) 

 3-6 110.56, 110.60 111.31 

(+0.71) 

110.73, 

110.88, 

111.17 

7 (C
ε
F

2
) 108.87 109.27 

(+0.40) 

108.96 111.08 

(+2.12) 

8 (C
ω
F

3
) 117.58 117.65 

118.04 

(+0.46) 

117.55 119.65 

(+2.10) 

C4 - 81.89 - 82.78 

C3C5 - 73.38 - 74.50 

C6 - 61.12 - 61.62 

Table 5.3 CIS Values (ppm) for the 
13

C Nuclei of β-CD/SPFO and β-CD/PFOA 

Complexes in Solution at 295 K.  
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bonding effects as described in the solution NMR and the 
19

F→
13

C CP results. The relatively 

narrow lines for the 2:1 complex may be related to dynamics of the guest that are distinct 

compared to the 1:1 complex. The presence of spinning sidebands at slower MAS conditions (20 

kHz in this case) are known to interfere with the direct comparison of the line shapes for the 

spectra of the 1:1 and 2:1 complexes relative to those of unbound guest. This is because possible 

overlap between the resonance lines and the signals due to sidebands may occur. Therefore, 

comparisons were made at MAS 25 kHz where the deconvolution of the CF3 lines provided an 

insight into the dynamics of the three products (i.e. the 1:1, 2:1, and unbound SPFO). Prior 

analyses of the simulated CF3 lines at MAS 25 kHz and variable dipolar coupling strengths (100 

Hz to 10,000Hz) were carried out as a model to characterize the line shape behavior of the CF3 

groups as a function of dipolar couplings as modulated by molecular dynamics.      

 

 

 

 

 

 

 

 

 

 

 

 

 

The simulated CF3 resonance lines at variable dipolar coupling strengths and MAS 25 

kHz are presented in Fig. 5.10. Higher coupling strengths (e.g. 10 kHz) in Fig. 5.10 means 

slower dynamics, and lower strengths (e.g. 100 Hz) means faster dynamics. At slower dynamics 

Figure 5.9 
19

F DP NMR spectra of PFOA, SPFO, and the 1:1 and 2:1 β-

CD/SPFO inclusion compounds under MAS 20 kHz at 295 K.  
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CαF2 * * 
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where the dipolar coupling is strong (e.g. 10,000 - 5,000 Hz), the CF3 resonance is characterized 

by at least five different components. As the dynamics increase progressively and dipolar 

couplings are scaled down, the CF3 signal is reduced to a single line.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The deconvolved CF3 signals for SPFO and the 1:1 and 2:1 β-CD/SPFO complexes at 

MAS 25 kHz are presented in Fig. 5.11. Based on the simulation results in Fig. 5.10, increased 

dynamics of the CF3 group result in a single resonance line. Therefore, the dynamics of the CF3 

group for SPFO and its complexes generally appear to decrease in the order; SPFO>2:1>1:1. 

Since the component at higher field (ca. -84.0 ppm) may arise due to contribution from unbound 

Figure 5.10 The simulated CF3 signal as a function of variable dipolar coupling 

strengths  

3 kHz 

2 kHz 

1 kHz 
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5 kHz 
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guest, it is not surprising that the various components in the deconvolved signals represent 

various guest environments, host-guest stoichiometries, or motional regimes of the guest. The 

structures of macromolecules have generally been described to involve an ensemble of distinct 

conformations that reflect distinct internal motions sampled over defined time-scales.
62

 Thus, 

individual lines in the deconvolved resonances may represent distinct structures, as well as 

variable dynamic regimes within a sample.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The CF3 line for SPFO in Fig. 5.11 is centered at around -84.0 ppm (similar shift as the 

upfield component in the complexes) and shows broad, narrow, and minor components. These 

components may be associated with the slow, intermediate, and fast dynamics, respectively. The 

deconvolution analysis of the CF3 resonance line for the 2:1 complex is characterized by three 

Figure 5.11 Deconvolution of the CF3 line shape for SPFO, and the 

1:1 and 2:1 β-CD/SPFO complexes acquired at 25 kHz. 

CD/SPFO 2:1 

CD/SPFO 1:1 

SPFO  
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main broad components. In contrast to the 2:1 complex, the 1:1 complex reveals a mixture of 

broad and narrow components that closely resemble those in the simulations at ca. 3 – 2 kHz 

coupling strengths. It appears from the simulation data and the deconvolution analyses that the 

CF3 group experiences faster dynamics in the 2:1 complex relative to the 1:1 complex. These 

results are consistent with the narrow CF3 line in the 
19

F DP results for the 2:1 complex (cf. Fig. 

5.8). However, contributions from other mixtures e.g. 1:2 and 1:1 complexes as mentioned in the 

DSC/TGA results (cf. §5.4.1) cannot be ignored and may account for the additional CF3 

components in the 1:1 and 2:1 host/guest complexes, respectively. Notice that the most intense 

component observed for the CF3 resonance of the 1:1 at ca. -81.6 ppm is ca. 210 Hz wide 

compared to a similar line at ca.-82.5 ppm for the 2:1 complex that is twice as wide. The 

deconvolution parameters for SPFO and the complexes are presented in the supplementary 

information (Table D5.1). 

 

5.4.5.4 19
F DP/MAS at Variable Temperature (VT) 

19
F DP NMR spectra under MAS 20 kHz at variable temperature (0–70 °C) were 

obtained for SPFO and the 1:1 and 2:1 host-guest inclusion compounds to gain further 

understanding into the dynamics of the bound guest in the complexes. Fig. 5.12 a–c show the 

stack plots of 
19

F DP NMR spectra at VT and MAS 20 kHz for SPFO (a), and the 1:1 (b) and 2:1 

(c) β-CD/SPFO complexes. Similar results for the 2:1 β-CD/PFOA complexes (Fig. 5.12d) are 

presented for comparison. Note that the spectra of CD/PFC complexes are not readily amenable 

at variable temperature and/or faster (>20 kHz) MAS conditions because of instability of the 

spinning rotor. The spectra of unbound SPFO are characterized by relatively narrow lines for the 

CF3 signal (ca. -83 ppm) and broad line for the methylene signals (ca. -120 ppm). Similarly, the 

CF3 signal for the 2:1 complex (c) is relatively narrow compared to similar signal for the 1:1 

complex (b).  The CF3 signal of the 1:1 complex reveals a shoulder at lower field which may be 

associated with externally bound or free guest. The methylene signals of the 2:1 complex (c) are 

relatively more resolved compared to similar lines for the unbound guest and the 1:1 complex, 

respectively.  
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Figure 5.12a 
19

F DP NMR spectra of SPFO under MAS 20 kHz at 

variable temperature 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From the ongoing discussion, the dynamics of the CF3 group as a function of temperature 

appear to decrease in the order; SPFO>2:1≥1:1. The characterization of the CF3 dynamics based 

on the comparison of the simulation and deconvolution results of the CF3 group and the 

complexes, respectively, may not be entirely conclusive. This is because broad lines, for example 

in the spectra of the 1:1 complex, may arise from a number of factors; e.g. variable guest 

geometries, artifacts from higher order host/guest mixtures (e.g. 2:1 and 1:2), as well as the 

presence of free guest, as previously described.  In the case of the dynamics of the main chain, 

the 2:1 complex is expected to experience increased dynamics of the C-F bonds. The relatively 

well-resolved methylene lines at ca. -130 – 120 ppm region for the 2:1 host-guest complex are 

consistent with increased C-F dynamics in their environment. The geometry of the guest in this 

complex as depicted in Scheme 3b is such that the sodium counterion and the fluoromethyl 

group can act as an anchors where the rotation of the C-F bonds can be facilitated. In contrast to 

the 2:1 complex, the rotations of the C-F bonds are significantly reduced in the 1:1 complex 

because of the competing rotational motions of the CF3 group around its three-fold axis and in 

accordance with the binding geometry of the guest (cf. Scheme 5.3c). In the case of the unbound 



 

- 214 - 
 

* * * * 

Figure 5.12c 
19

F DP NMR spectra of the 2:1 β-CD/SPFO inclusion 

compound under MAS 20 kHz at variable temperature. 

Figure 5.12b 
19

F DP NMR spectra of the 1:1 β-CD/SPFO inclusion 

compound under MAS 20 kHz at variable temperature. 

 

guest, the reduced motions of the C-F bonds can be explained in terms of the restricted dynamics 

of coiling and uncoiling for the sodium-rich SPFO guest, as previously described.  
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   On considerations of the structural differences between β-CD/SPFO and β-CD/PFOA 

complexes, further comparisons show well-resolved CF2 resonance lines for the spectra of the 

2:1 β-CD/SPFO complexes relative to the spectra of 2:1 β-CD/PFOA complexes (cf. Fig. 5.12c 

and d). The presence of sodium vs. hydronium counterions for SPFO and PFOA, respectively, 

accounts for the differences in the structures of the two complexes. We conclude that the 

rotaxane-like structure of the β-CD/SPFO complex facilitates rotation of the C-F bonds in this 

product, as well as reducing internal rotation of the CF3 group relative to the dynamics of the 

guest in the β-CD/PFOA complex. The CF3 group experiences increased rotational motion in the 

2:1 CD/PFOA complex relative to the SPFO counterpart (cf. Fig. 5.12c and d). 

 

5.4.6 Solid-state 
19

F Relaxation Studies at Variable Temperature 

The 
19

F T1 and T2 relaxation times as a function of temperature (0–70 °C) for the unbound 

SPFO and the inclusion compounds are listed in Tables 5.4 and 5.5, respectively. It should be 

noted here that the relaxation parameters were measured on the CF3 (ca. -83 ppm) and the main 

methylene (CmF2) groups at ca. -125 ppm. In general, relaxation of spin-1/2 nuclei (e.g., 
19

F) is 

Figure 5.12d 
19

F DP/MAS (20 kHz) NMR spectra of the 2:1 β-

CD/PFOA dissolution complex at variable temperature.   
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stimulated by fluctuation of local fields that results from chemical shift anisotropy (CSA) and 

dipole-dipole (DD) coupling interactions in combination with random molecular (rotational and 

translational) motions.
63,64

 The nature and rate of such motions affect T1 and T2 relaxation times 

differently.
64

 Molecular motions that occur at a rate comparable to the Larmor frequency are 

most effective for T1 relaxation, and result in the minimum values for T1. The values of T2 will be 

decreased even further as the molecular motions become slower than the Larmor frequency, but 

T1 will eventually increase again (cf. Fig. 1.22).  

The T2 values in Table 5.5 are generally shorter than the T1 values (cf. Table 5.4) by over 

four orders of magnitude. The longer T1 relaxation for SPFO (~2–6 s) relative to the inclusion 

compounds (~0.7–1.5 s) can be explained in terms of less efficient spin diffusion of the guest in 

the unbound state.
64

 This is because motions that are faster than the Larmor frequency such as 

libration of C-F bonds or internal rotation of CF3 can eliminate homonuclear dipolar couplings 

between 
19

F nuclei resulting in longer relaxation times. The relaxation of the CF3 group in SPFO 

is more efficient than that of the CmF2 group. The SPFO chain was previously described to 

experience significant CF3 rotation and reduced axial motion of the C-F bonds. The rapid 

internal rotation of the methyl group results in reduced T1 values in the absence of dipolar 

coupling with other fluorines.  

From the ongoing discussion and based on 
19

F VT studies, two types of motions can be 

defined for the SPFO guest molecule; namely, the internal rotation of the fluoromethyl group on 

a three-fold axis and librational (axial) motions of the C-F bonds. Thus, two different motional 

time scales potentially apply, where axial motion is most likely in the slow motion regime and 

the rotation of the CF3 group occurs at rates that exceed the 
19

F Larmor frequency. Since 

relaxation processes are generally caused by fluctuations in local fields arising from CSA and 

DD coupling interactions, molecular motions that far exceed these two terms attenuate them 

significantly and can eliminate them completely with rapid isotropic reorientational dynamics. 

That is, the faster the rate, the less efficient the CSA and the DD relaxation mechanisms become, 

which results in longer T1 relaxation. Note that pure SPFO is expected to display a completely 

different lattice environment than that of the guest in the inclusion compounds as described in 

the deconvolution analyses; therefore, the axial motion and the CF3 bond rotation will occur at 

different rates.  
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Table 5.4 T1 Relaxation Values for the 
19

F Resonances of the SPFO and the 

1:1 and 2:1 β-CD/SPFO Complexes at Variable Temperature.* 

Table 5.5 T2 Relaxation Values for the 
19

F Resonances of the SPFO and the 

1:1 and 2:1 β-CD/SPFO Complexes at Variable Temperature.* 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The T1
F 

(open symbols) and
 
T2

F
 (filled symbols) relaxation data for the 1:1 and 2:1 β-

CD/SPFO complexes are summarized in the plots of Fig. 5.13a and b, respectively. The 

relaxation data for SPFO are omitted in the plots for clarity. The T1/T2 values increase 

monotonically as a function of temperature which suggests that the motion of the guest is faster 

than the Larmor frequency under the applied temperature conditions. In the case of the 1:1 

T (°C) SPFO (s) 1:1 IC (s) 2:1 IC (s) 

 
CF3 CmF2 CF3 CmF2 CF3 CmF2 

0 1.971 4.490 1.143 1.141 0.763 0.696 

10 2.038 4.254 1.143 1.385 0.703 0.761 

20 2.202 4.636 1.177 1.417 0.777 0.789 

30 2.461 4.873 1.192 1.448 0.819 0.811 

40 2.765 5.453 1.231 1.487 0.878 0.841 

50 2.894 5.269 1.268 1.505 0.910 0.885 

60 3.356 5.865 1.339 1.498 1.005 0.979 

70 3.759 6.588 1.379 1.516 1.106 1.070 

*Error estimates are within 0.001-0.005 s 

T (°C) SPFO (ms) 1:1 IC (ms) 2:1 IC (ms) 
 

CF3 CmF2 CF3 CmF2 CF3 CmF2 

0 0.158 0.116 0.543 0.308 0.672 0.472 

10 0.166 0.101 0.587 0.336 0.699 0.468 

20 0.164 0.101 0.617 0.366 0.719 0.494 

30 0.167 0.101 0.647 0.391 0.745 0.527 

40 0.169 0.101 0.682 0.414 0.749 0.583 

50 0.178 0.112 0.704 0.439 0.760 0.620 

60 0.177 0.111 0.712 0.450 0.770 0.601 

70 0.181 0.112 0.731 0.455 0.770 0.620 

*Error estimates are within 0.002-0.008 ms 
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complex (Fig. 5.13a), the T1 and T2 values are distinct for the CF3 and CmF2 groups, respectively, 

which may suggest that different types of motions drive T1 and T2 processes. Since the rotational 

motion of the CF3 group is in the fast motion regime, spin diffusion may propagates along the 

chain less efficiently resulting in distinct relaxation times for the CF3 and CmF2 moieties at the 

different temperatures.  In contrast to the 1:1 complex, the 2:1 complex (Fig. 5.13b) displays 

similar T1 values for the different segments of the guest chain at different temperatures.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It appears that librational motion of the C-F bonds drives T1 relaxation, while T2 is driven by 

rapid CF3 rotation. The rotation of the CF3 may be less restricted in the 1:1 complex considering 

the possible binding geometry of the guest in this product (cf. Scheme 5.3c). In contrast to the 

Figure 5.13 
19

F T1 (open symbols) and T2 (filled symbols) values for the CF3 

and main CF2 groups for (a) the 1:1, and (b) 2:1 β-CD/SPFO 

complexes under MAS 20 kHz at variable temperature. 

(a) 1:1 IC 

(b) 2:1 IC 
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1:1 complex, the guest molecule in the 2:1 complex may experience sufficient rotation of the CF3 

group as well as rotations of the C-F bonds, as described in the 
19

F DP-MAS/VT NMR results. 

The librational motion of the guest affects the CF3 and CmF2 segments of the chain similarly 

which results in similar T1 values for the 2:1 complex.  

In a previous study,
17

 the librational motion of the C-F bonds in β-CD/PFOA complexes 

affected the entire guest chain (T1) in a similar way for the 1:1 and 2:1 complexes (cf. Fig. 3.10). 

That is, these motions were synchronized along the perfluorocarbon chain in the two samples, 

respectively. While this may be true for the 2:1 β-CD/SPFO complex reported herein, in the case 

of the 1:1 complex such axial motions are affected by the extensive CF3 rotation and therefore 

appear to be unevenly distributed along the chain. The 2:1 β-CD/SPFO complex has been 

described above as a pseudo-rotaxane where the ends are relatively capped and the central body 

experiences evenly distributed axial motions. In contrast to the 2:1 complex, the guest molecule 

in the 1:1 complex experiences rapid rotational motion of the CF3 group due to its extra-cavity 

environment.  

 

5.5. Conclusions 

A detailed study of the solid inclusion complexes of β-CD and SPFO was reported to 

understand the structure of the guest and the role of sodium counterion in the binding of the 

guest with CD. The 1:1 and 2:1 β-CD/SPFO complexes were prepared using a modified 

dissolution method and were further characterized using NMR and FT-IR spectroscopy, thermal 

analysis (DSC/TGA), and powder X-ray diffraction. 
19

F/
1
H/

13
C CIS values in solution and the 

solid state were used to provide evidence for the formation of β-CD/SPFO inclusion compounds 

and to understand the effect of sodium counterion on the structure of the complexes. The CIS 

effects for the CαF2 resonance of the β-CD/SPFO complexes experienced increased δ values 

compared to similar values for β-CD/PFOA complexes. The results reveal that the complexes in 

the former experience increased dipolar interactions in accordance with the geometry and 

conformation of the sodium-rich guest molecule.  

19
F→

13
C CP/MAS and 

13
C DP/MAS NMR results provided unequivocal evidence for the 

formation of β-CD/SPFO inclusion compounds in the solid state. The guest molecule of the 2:1 

β-CD/SPFO complex adopts an extended all-trans conformation as it spans the cavity space of 

two CD macromolecules and as concluded from FT-IR results. The DSC/TGA results revealed 
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variable hydration states and thermal stabilities of the guest for the 1:1 and 2:1 β-CD/SPFO 

complexes. A greater fraction of cavity bound water was detected for the 2:1 complex as 

compared with the 1:1 complex, which is a direct consequence of the variations in the guest 

conformation and binding geometry for the two complexes. PXRD results indicate that SPFO 

forms head-to-head channel type structure with β-CD, and the XRD patterns reveal significant 

loss of long-range order which may arise from the structural disorder caused by a significant 

amount of bound water.  

A combination of simulated spectra and deconvolution analyses of the CF3
 
in conjunction 

with the 
19

F DP/MAS NMR results at ambient and variable temperatures revealed variable guest 

dynamics for the pure SPFO guest and the 1:1 and 2:1 host-guest complexes. The structure of the 

2:1 β-CD/SPFO complex represents a pseudo-rotaxane where the carbonyl and fluoromethyl 

ends are capped and rotations of the central C-F bonds are facilitated. The dynamics of the guest 

in the 1:1 complex are characterized by significant rotations of the CF3 group in accordance with 

a binding geometry where the guest can either be extra- or intra-cavity bound. Comparisons for 

the dynamics of PFOA guest in its bound state with CD revealed that the C-F bond rotations 

were synchronized along the entire guest chain segment for the 1:1 and 2:1 complexes. In 

contrast, such motions were unevenly distributed in the 1:1 β-CD/SPFO complex due to more 

rapid rotational motion of the CF3 group coupled with structural differences arising from 

electrostatic interactions between the carboxylate group and its sodium counterion.   
19

F T1 and 

T2 relaxation results support the unique dynamics of SPFO in the complexes and provide further 

evidence for the rotaxane-like structure of the 2:1 β-CD/SPFO complex. Some of the structural 

properties of SPFO, PFOA, and PFBA and their complexes with β-CD are summarized in Table 

5.6. 
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CHAPTER 6 

Manuscript 5 

Description 

A soluble CD-based copolymer, denoted HDI-1, was used to prepare host-guest inclusion 

compounds where PNP was used a model guest. The copolymer was synthesized using β-CD as 

the macrocyclic comonomer and hexamethylene diisocyanate (HDI) as the linker at the 1:1 (β-

CD/HDI) mole ratio. The structure of the copolymer host material and its complexes with PNP in 

aqueous solution were investigated using various spectroscopic (e.g., 1-D/2-D NMR 

spectroscopy, FT-IR, etc.), and thermoanalytical (e.g., DSC) methods, induced circular 

dichroism (ICD), and dynamic light scattering (DLS) techniques. 

 

Author’s Contribution 

The idea of using polymeric host materials to study the structure of host-guest systems was 

proposed by myself. All the structural characterizations were done by myself. The HDI-1 

copolymer material for the initial preliminary investigations was contributed by Dr. M. H. 

Mohamed. I prepared the experimental data/section and abstract, and the rest of the manuscript 

was prepared by Dr. Wilson.  

    

Relation of Manuscript 5 to Overall Objective of this Project 

The work of this manuscript provided a model system to the study of the structure of host-guest 

systems at a much more complex (3-dimensional) structural level by using linear polymeric hosts 

that have more than one binding site. The main objective of this study was to investigate the 

structure of the soluble copolymer material in aqueous solution in order to gain an understanding 

of how the material behaves in the absence/presence of a guest. The effect on the conformation 

of the copolymer as a function of temperature variation was also investigated.  
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Graphical Abstract 

 

 

 

 

 

 

 

 

 

Research Highlights 

 The conformation of HDI-1 copolymer material switched between “compact” (coiled) and 

“extended” (uncoiled) forms in the absence and presence of a guest/heat, respectively.   

 1-D 
1
H ROESY NMR was used to provide unequivocal evidence for the formation of an 

inclusion compound between β-CD and PNP 

 PNP was bound primarily within the cavity of β-CD; whereas, the HDI linker domains of the 

copolymer material acted as a secondary site where PNP could bind. 
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6.1 Abstract 

A novel urethane-based copolymer material containing -cyclodextrin (-CD) was 

obtained from the reaction of 1,6-hexamethylene diisocyanate (HDI) with -CD in a 1:1 mole 

ratio, denoted HDI-1. In aqueous solution at ambient conditions, HDI-1 adopts a compact (i.e., 

coiled) conformation in which the cross-linker units are coiled and partially self-included in the 

annular hydroxyl (i.e., interstitial) region of -CD. As the temperature is raised or as p-

nitrophenol (PNP) is included within the -CD cavity sites of the copolymer, it adopts an 

extended (i.e., uncoiled) conformation. The equilibrium switching between the extended and the 

compact forms of HDI-1 is thermo- and chemo-reversible, in accordance with the hydrophobic 

effect and the formation of host-guest inclusion complexes. The molecular structure of this 

water-soluble urethane copolymer and its complex with PNP was investigated using 

spectroscopic (Raman, 
1
H NMR, and induced circular dichroism (ICD)), dynamic light scattering 

(DLS), and calorimetric methods in aqueous solution at pH ~6. The results for HDI-1 were 

compared with native -CD throughout this study. 

 

6.2 Introduction 

The use of polymers, colloids, and supramolecular tectons as porogens in nanocasting 

strategies yields a wide variety of novel imprinted porous materials.
1 

By analogy, the 

development of macromolecular porous materials with tunable morphology, textural parameters, 

and physicochemical properties is possible through the incorporation of a macrocyclic  porogen 

into a cross-linked copolymer framework. Cyclodextrins (CDs) such as -, β-, and -CDs are 

among the most widely studied macrocylic host compounds, in part, due to their remarkable 

ability to form inclusion complexes with a diverse range of organic guest molecules in 
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condensed phases and gaseous states.
2,3

 Incorporation of a -CD co-monomer within a 

copolymer framework represents a novel modular design approach with significant potential for 

the controlled tuning of the molecular recognition properties of macromolecular sorbent 

materials.
4-5

 Carbohydrate-based copolymers represent an emerging class of “smart” or 

“functional” porous materials with improved solid phase extraction (SPE) and molecular 

recognition properties.
2,5,6-10

The sorption and host/guest recognition properties of -CD 

copolymers
9,11,5

 are influenced by the surface area, pore structure, and the relative accessibility 

of the binding sites of the copolymer framework. Inclusion site accessibility for copolymers 

containing -CD is required for the formation of well-defined host/guest inclusion   

complexes.
11-13

   

CD-based copolymer materials are known to display tunable physicochemical properties 

that extend the range of conventional sorbent materials.
10,14

 The sorption properties of β-CD 

urethane copolymers indicate that the framework structure (e.g., inclusion and interstitial 

domains) may provide multiple binding sites for adsorbates with variable hydrophile-lipophile 

characteristics. Thus, rational sorbent design accounts for the inclusion site accessibility of β-

CD, the interstitial framework domains, cross-link density of the copolymer, and the 

physicochemical properties of the cross linking agent.
9,13,14

 

Ma and Li
15

 reported that p-nitrophenol (PNP) forms remarkably stable (Keq ~10
9
 M

-1
) 

inclusion complexes with urethane copolymers when compared with native -CD                   

(Keq ~197 M
-1

).
16 

We propose that the greater apparent binding constant for the copolymer is an 

artifact arising from the secondary adsorption sites (i.e., interstitial domains) that were 

previously unaccounted for in the study reported by Ma and Li.
15

 The measurement of the 

residual (i.e., unbound) equilibrium concentrations of PNP does not adequately account for the 

occurrence of multiple binding sites in such copolymer framework materials. Silva et al.
17

 

reported an amphiphilic CD with two recognition sites; whereas, Mohamed et al.
18

 reported two 

types of binding sites (i.e., inclusion and interstitial domains) in a sorption isotherm study of 

PNP with urethane-based copolymers. Dual mode adsorption was independently reported for the 

sorption properties of several types of copolymer sorbents containing -CD.
19 

Evidence of 

multiple types of sorption sites may be inferred from thermodynamic sorption parameters (cf. 

Scheme 2 in ref. 20) for such copolymers. However, there is a need to carry out further structural 

studies that define the nature of these sorption sites.   
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In this paper, we report a structural study of the equilibrium complexes formed between a 

urethane copolymer (HDI-1) and -CD with PNP at various conditions using spectroscopic 

(Raman, 
1
H NMR, and ICD), DLS, and differential scanning calorimetry (DSC) methods. The 

studies were carried out in aqueous solution at 295 K and variable temperature (VT), in the 

presence and absence of PNP at pH 6. HDI-1 is a urethane-based water-soluble copolymer 

containing β-CD and 1,6-hexamethylene diisocyanate (HDI) in an equimolar ratio. The results of 

this study are anticipated to provide a greater understanding of the sorption mechanism of 

urethane copolymers in aqueous solution and contribute to the further development of “smart” 

SPE sorbent materials with tunable molecular recognition properties.
1,5,6,9

  

 

6.3 Materials and Methods 

6.3.1. Materials 

β-CD was purchased from VWR Canada Ltd. 1,6-hexamethylene diisocyanate (HDI), 

dimethyl acetamide (DMA), p-nitrophenol (PNP), methanol, anhydrous ethyl ether, potassium 

bromide, and 4Å (8–12 mesh) molecular sieves were purchased from Sigma-Aldrich Canada Ltd. 

Deuterium oxide (D2O) was obtained from Cambridge Isotope Laboratories Inc. All materials 

were used as received unless specified otherwise. None of the materials in this study required 

any specialized safety precautions.  

  

6.3.2. Synthesis of β-CD-Based Copolymer Materials 

The synthesis of CD-based polyurethane materials was adapted from a previous report,
21

 

as outlined in the following procedure. DMA was dried with 4Å (8–12 mesh) molecular sieves. 

The 
1
H NMR spectrum of DMA was recorded before and after the addition of molecular sieves, 

and the water content was estimated to be ~0.5%. The 1:1 β-CD/diisocyanate HDI copolymer 

(cf. Scheme 6.1) was prepared by adding 1 mmol of dried β-CD to a round bottom flask with 

stirring until dissolved in 10 mL of DMA followed by the addition of 1 mmol HDI in 30 mL of 

DMA to the reaction mixture. The solution was stirred with heating at 68 
o
C for 24 h under argon 

and cooled to room temperature. The excess DMA was removed under vacuum (pressure ~1 

mbar). The subsequent addition of cold methanol (~0C) to the gelled product was followed by 

filtration through Whatman no. 2 filter paper. The crude product was washed with methanol in a 

Soxhlet extractor for 24 h to remove unreacted reagents and low molecular weight oligomers. 
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The copolymer product was dried in a pistol dryer for 24 h, ground into a powder, and passed 

through a size 40 mesh sieve to ensure a uniform particle size. A second cycle of washing in the 

Soxhlet extractor with anhydrous diethyl ether for 24 h was followed by drying, grinding, and 

sieving, as outlined above.  

 

 

 

 

 

 

 

The HDI-1-copolymer material was characterized using FT-IR and NMR spectroscopy, 

thermoanalytical methods, and elemental analyses, as outlined previously.
21

 The nomenclature of 

the HDI-1 copolymer is defined in accordance with the diisocyanate acronym and a numeric 

designation to indicate the co-monomer mole ratio, 1:1 (β-CD:hexamethylene diisocyanate), 

where the relative molar quantity of β-CD is taken to be unity. 

 

6.3.3. Structural Characterization of a Urethane Copolymer in Aqueous Solution  

6.3.3.1 Raman Spectroscopy 

Raman spectra were obtained using a Renishaw system 2000 with an instrumental resolution 

(λ/2) of 0.257 μm (laser spot size). Raman shifts of the samples were obtained as evaporated 

liquid films on a glass microscope slide by evaporation of water at ambient temperature (295 K), 

followed by analysis of different regions to ensure sample homogeneity and reproducibility. The 

validity of this methodology has been documented in a recent report.
22

 The Argon ion laser 

excitation wavelength was 514 nm with the following operating conditions: scan range of 3500–

500 cm
-1

, 10 mW laser power with 100 % load, objective lens of 50×, cosmic ray removal, 30 s 

detection time, and 15 accumulative scans.  

 

 

Scheme 6.1 Reaction between -CD and 1,6-hexamethylene diisocyanate (HDI) to form the 

HDI-1 copolymer.  Note that for 1:1 co-monomer mole ratios, the cross linker is 

hypothesized to attach covalently at the primary annular hydroxyl sites of -CD. 
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6.3.3.2 
1
H Solution NMR Spectroscopy  

 

All 
1
H NMR experiments (1-D 

1
H NMR, COSY, TOCSY, ROESY)

23,24
 were performed on a 3-

channel Bruker Avance (DRX) spectrometer operating at a proton resonance frequency of 

500.13 MHz and equipped with a temperature control unit. NMR samples were prepared in D2O 

at pD ~5–6 at HDI-1/PNP mole ratios of 1:1, 1:3 and 1:5 (i.e., with respect to β-CD mole content 

of HDI-1 to PNP). All 
1
H NMR spectra were referenced externally to tetramethylsilane (TMS, δ 

= 0.0 ppm) with a recycle delay (2 s) and a 90° pulse length (10 μs).  For all selective pulse 1-D 

total correlation spectroscopy (TOCSY)
24c,d

 experiments, the spin-lock power level (8.46 dB), 

spin-lock time (200 ms), number of acquisitions (8), spectral width (12 ppm), and spectral data 

were collected with 32k data points. For all 2-D rotating-frame Overhauser effect spectroscopy 

(ROESY)
24b

 and selective pulse (1-D gROESY)
24c,d

 experiments, the spin-lock times were varied 

from 100–500 ms. The spectra were acquired with a spectral width of 12 ppm in 2k data points 

(2-D ROESY) and 32 k data points (1-D ROESY) with 16 scans. The spin-lock power levels for 

the 2-D ROESY and 1-D ROESY experiments were set to 21.33 dB. All the NMR spectra were 

acquired at 298 K except for variable temperature (VT) studies, where the VT was varied from 

295 to 348 K. Dry nitrogen gas was used to regulate the temperature of the heating and cooling 

cycles, respectively. 

 

6.3.3.3 Differential Scanning Calorimetry  

Differential scanning calorimetry (DSC) of the copolymer or -CD in the presence and absence 

of PNP in aqueous solution were acquired using a TA Q20 thermal analyzer with hermetically 

sealed pans. The copolymer or -CD were prepared as 1% (w/w) aqueous solution in deionized 

water and scanned over a temperature range of 25 to 70 °C with a scan rate of 10 °C/min. Dry 

nitrogen gas was used to regulate the sample temperature and to purge atmospheric gases from 

the sample compartment.   

 

6.3.3.4 Induced Circular Dichroism 

Induced Circular dichroism (ICD) spectra of β-CD and HDI-1 in the presence and absence of 

PNP were recorded on a PiStar 180 spectrophotometer (Applied Photophysics) at a scan rate of 

50 nm/min and a resolution of 0.1 nm. The quartz sample cell had a 10.0 mm path length and the 

250–400 nm spectral region was analyzed. The spectra were recorded as an average of 30 scans 
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and the wavelength calibration was performed with a camphor sulphonic acid solution (0.89 

mg/mL) in water (Δε = 2.40 dm
3
mol

-1
cm

-1
 at 290.5 nm).  

 

6.3.3.5 Dynamic Light Scattering (DLS) 

The average hydrodynamic diameters of HDI-1 solution and its complexes with PNP were 

measured using diffusion light scattering (DLS) on a Nano-ZS (Malvern Instrument Inc.) at a 

scattering angle of 90°. Aqueous solutions of HDI-1 (≤1% w/w) and their complexes with PNP 

(1:1, 1:2, 1:3, and 1:5 HDI-1:PNP with respect to the HDI-1 monomer concentration) were 

prepared and analyzed at pH ~7 and variable temperature (VT) from 298–348 K (HDI-1 

solution). The solution samples were filtered using Acrodisc PTFE microfilters with a pore size 

of 0.2 µm to eliminate dust particles from the samples. Each experiment was performed at least 

15 times in triplets to obtain statistical information with minimal error.  

 

6.4 Results and Discussion 

6.4.1 Physicochemical Characterization of the HDI-1 Copolymer 

Figure 6.1 illustrates the 
1
H NMR spectra for HDI-1 and the respective co-monomers 

(HDI and -CD) at pD ~6 in D2O at 295 K. The unequivocal 
1
H NMR assignments of the 

hexamethylene groups of the HDI-1 copolymer was established using a combination of 1-D/2-D 

TOCSY and COSY 
1
H NMR experiments and the results are presented as supplementary data 

(§Appendix E). A comparison of the HDI-1 copolymer material with -CD indicates similar 
1
H 

NMR signatures for the -CD monomer. The resonance lines of the permethylene (-CH2) groups 

of HDI-1 are broadened and shifted upfield relative to the HDI monomer species (cf. Figure 6.1). 

The observed chemical shift () values are attributed, in part, to the formation of the urethane 

linkage for the α- and β-CH2 groups (cf. Scheme 6.1), hydration characteristics of HDI-1, and/or 

conformational preference of the polymethylene linker of    HDI-1. Published spectra of related 

HDI copolymers do not generally show such broadened NMR lines for the permethylene linker 

unit, in part, because the 
1
H NMR spectra are often reported in organic solvents (e.g., DMSO-

d6).
21,25,26

 The observed line broadening in D2O is attributed to hydrophobic hydration 

phenomena
22,27

 which are known to affect the conformational preference and phase behaviour of 

such substituents.
28

  



 

- 233 - 
 

The conformation of the HDI cross-linker in the HDI-1 copolymer is expected to vary 

relative to the unbound species. For example, the coiling of the HDI permethylene chain within 

the annular hydroxyl region of CD (cf. Scheme 6.2) is anticipated to lower the surface area and 

the Gibbs free energy of hydration. The CD environment is more shielding relative to the bulk 

aqueous solvent and thus the upfield shift of the permethylene chain of HDI-1.  

 

 

 

 

 

 

 

 

 

 

 

 

To further understand the nature of the broadening of the hexamethylene resonance lines 

observed in Figure 6.1 for the polymer, a series of VT 
1
H NMR experiments were performed at 

variable temperatures between 295 and 348 K, as shown in Figure 6.2a,b.  

The effect of temperature on chemical shifts provides important information about the 

conformation of polymeric materials in solution. This is because temperature changes can affect 

the degree of H-bonding as well as how polymeric units aggregate in solution, and such effects 

can provide a source of chemical shift changes. The 
1
H NMR signatures for -CD and the 

hexamethylene cross-linker display continuous downfield shifts as the temperature increases (cf. 

Figure 6.2a). Upon cooling, the  values observed in Figure 6.2a for the copolymer shift upfield 

and exhibit thermo-reversible changes as observed in Figure 6.2b. The copolymer solution was 

Figure 6.1 1-D 
1
H NMR Spectra in D2O at 500 MHz and 298 K; HDI-1 copolymer, 

HDI, and -CD.  * denotes residual solvent (i.e., DMA and ethyl ether). 
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Hα Hβ Hγ 

H3 

H5H6 
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further cooled to 278 K (Fig. 6.2b) and substantial broadening of the resonance lines for the 

permethylene unit of HDI-1 was observed. The observed line broadening and temperature effects 

indicate that the equilibrium process depicted in Scheme 6.2 is exothermic in nature and the 

hexamethylene linker undergoes substantial changes in solvation and conformation of the n-alkyl 

chain over the observed temperature conditions. The extended form of the copolymer is expected 

to result in deshielding effects; whereas, the compact form results in shielding effects.  

 

 

 

 

 

 

 

 

 

 

 

Similar NMR line broadening effects were previously reported
27

 for noncovalent complexes 

between -CD and n-alkyl carboxylates in D2O (cf. Fig. 8 in ref. 27). The NMR observations 

were attributed to coiling of the n-alkyl chain upon complex formation within the -CD cavity. 

Alkylated -CD derivatives were observed to undergo self-inclusion
28,29

 according to the nature 

of the alkyl substituent and its conformational motility. The structure of HDI-1 contains an 

average of two urethane bonds per macrocycle with the primary hydroxyl groups of -CD, as 

previously reported (cf. Scheme 3 in ref. 12). The lipophilic contribution of two proximal 

hexamethylene chains in the case of HDI-1 may interact cooperatively, as compared with two 

isolated hexamethylene groups at opposite annular regions of -CD. The observation that the 

resonance lines of the permethylene chain do not sharpen significantly over the temperature 

Scheme 6.2 Temperature induced switching between compact (i.e., coiled) and extended 

(i.e., uncoiled) forms of the HDI-1 copolymer in aqueous solution at ambient pH 

conditions; where n indicates the hypothetical repeat structure of the copolymer. 
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range provides further support that hydrophobic hydration plays an important role for the 

processes shown in Scheme 6.2. Cooperative association (i.e., monomersmicelleslarge 

aggregates) of oligoethylene grafted -CD monomers was recently shown in a small-angle X-ray 

and light scattering study.
30

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2  VT 
1
H NMR spectra in D2O at 500 MHz of HDI-1 without PNP in aqueous 

solution; (a) heating cycle, and (b) cooling cycle.  The asterisk denotes residual 

solvent (i.e., DMA and ethyl ether). 

(b) Cooling Cycle 

(b) Heating Cycle  
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The observed temperature effects and observed NMR chemical shift changes for HDI-1 

are consistent with the partial inclusion/association of several methylene groups in the annular 

region of -CD, in agreement with the results of Nozaki et al. for -CDpNIPAAm gels.
31

 The 

volume of the host cavity of -CD is sufficient to accommodate ~8 CH2 groups.
27

 The 

pronounced downfield/upfield  values with increasing and decreasing temperatures are 

consistent with the uncoiling and coiling of the hexamethylene unit from its compact and 

extended  states, respectively, described in Scheme 6.2. The VT induced equilibrium switching 

between the compact and extended forms of the HDI cross-linker units are consistent with such 

exothermic
32,33

 processes governed by the hydrophobic effects.
34

  

 

6.4.2 Physicochemical Characterization of the HDI-1/PNP Complex  

6.4.2.1 2-D ROESY NMR 

The inclusion properties of -CD and the urethane copolymer (HDI-1) were studied with 

PNP using 2-D NMR methods to evaluate the occurrence of dipolar interactions for these 

host/guest systems in aqueous solution.
35,36

 Figure 6.3a,b illustrates the 
1
H 2-D ROESY NMR 

spectra for HDI-1 and PNP at the 1:1 and 1:5 mole ratios, respectively, in aqueous solution at 

ambient pH (where pH<pKa). The appearance of trace residual solvents (i.e., DMA ~2–3 ppm 

and diethyl ether ~1.1 ppm (not in scale); ~2% w/w) is noted in the 2-D spectra (cf. Figure 6.3b). 

The origin of these solvents has been described elsewhere
21

 and are not anticipated to interfere 

with the NMR measurements described herein.  

 

 

 

 

 

 

 

 

 

 

 

α 

β 

γ 

Scheme 6.3 Numbering scheme for the 
1
H intracavity nuclei (H3, H5) and external macrocycle 

(H1, H2, H4, H6) nuclei of -CD, and the nuclei of hexamethylene diisocyanate 

(HDI).   
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H3H6 

H2H4 
H5 

Figure 6.3 2-D 
1
H NMR ROESY spectra in D2O at 500 MHz and 298 K; (a) 1:1 HDI-1/PNP, (b) 

1:5 HDI-1/PNP. β-CD/PNP correlations are shown by rectangles. The resonance region 

for HDI nuclei (1.5 – 1.0 ppm) is not shown in the scale.  

(a) 

(b) 
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Figure 6.3b depicts the 2-D ROESY NMR results of HDI-1 with PNP in the presence of 

excess guest (1:5) where the relative mole ratio is based on the -CD content of HDI-1 relative 

to PNP, as described above. The results are comparable to those observed in Figure 6.3a; 

however, the dipolar correlations which correspond to the inclusion of PNP within the CD 

inclusion site (H3, H5) are quite evident. The dipolar correlations are enhanced as the equilibrium 

fraction of bound guest species increases.   

 

 

 

 

 

 

 

In a published sorption study
18

 of CD-based urethane copolymers, the linker domains and 

-CD inclusion sites were involved in the sorption of PNP. The linker domains were reported to 

play a greater role as the degree of cross linking increases for HDI-based copolymer materials 

(cf. Figure 2a in ref.18). An increase in the degree of cross linking for such materials correlates 

with decreased water solubility. The 2-D NMR results in solution (cf. Figure 6.3a,b) do not 

reveal any significant dipolar correlations between the 
1
H nuclei of PNP (~6.8-8.0ppm) and 

those of the permethylene units of HDI-1 (~1.2-1.5 ppm; not shown in scale) for these 

conditions. Copolymers with greater cross-link density (i.e., HDI-2 and -3) are anticipated to 

exhibit stronger dipolar correlations with the interstitial sites (i.e., linker domains); however, 

these materials were precluded from this study due to their low water solubility. According to 

Scheme 6.2, the compact form of HDI-1 may attenuate dipolar interactions between the 

permethylene units of HDI-1 and PNP at 295 K. The formation of a self-included complex 

between -CD and the hexamethylene substituent is favored at these conditions, according to 

Scheme 6.2. The 2-D ROESY experiment may be subject to sensitivity limitations which results 

Scheme 6.4 Inclusion binding mode between -CD inclusion site of HDI-1 with p-nitrophenol 

(PNP).  The urethane bond linkage is denoted by the wavy line in the primary 

annular hydroxyl region. Note: The binding presentation is not drawn to scale.   
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from the observed line broadening of the 
1
H NMR signatures of the permethylene unit of HDI-

1.
36

 The resulting effect is an attenuation of the measured dipolar correlations with PNP when 

weak NOEs occur or if the solubility of the host-guest system is limited.
23,24,38 

   

 

6.4.2.2 1-D Selective ROESY NMR 

To enhance the sensitivity of the dipolar interactions, a series of 1-D selective ROESY 

NMR spectra were obtained for the HDI-1/PNP system at variable guest mole ratios (1:3 and 

1:5) and VT, as illustrated in Figure 6.4a–c. The optimal spin-lock pulse was determined to be 

~400 ms at 295 K for β-CD and HDI-1 copolymer, respectively. The use of 1-D ROESY was 

reported
38

 to improve the reliability and sensitivity of NOEs for low abundance natural products. 

The 
1
H nuclei of -CD and the permethylene unit of the HDI-1 copolymer were selectively 

irradiated while the corresponding dipolar correlations with PNP were observed as inverted 

resonance signals. Noncovalent dipolar correlations were evident between the intracavity β-CD 

nuclei (i.e., H3 and H5) and PNP (cf. Figure 6.4a,b). 

In the case of β-CD/PNP inclusion complexes, the resonance lines of PNP are influenced 

by irradiation of the collection of β-CD nuclei at 3.7 ppm (i.e., H3, H5, H2, H4, H6 in Figure 6.4a-i 

and 6.4a-iii) denoted H3.7; however, no such correlations were observed for the exterior (i.e., H1) 

nuclei (cf. Figure 6.4a-ii). In contrast, irradiation of the nuclei of the permethylene unit of HDI-1 

at 298 K (Figure 6.4a iv,v) revealed minor effects on the intensity of the guest (PNP) resonance 

lines. Similar conclusions were made from inspection of Figure 6.4b where greater (1:5)       

HDI-1/PNP mole ratio shows slightly enhanced correlations between the ortho and meta protons 

of PNP with the -CD cavity nuclei and with the permethylene domains of the linker unit, 

respectively.  

The interaction of the HDI-1 framework with PNP is affected by increased mole ratio of 

the guest and temperature-induced conformational changes of the HDI-1 copolymer. In Figure 

6.4c, the effect of temperature on the conformational changes of the HDI-1 copolymer is shown. 

The COSY-type peaks in Figure 6.4a for the HDI-1/PNP interactions have been reduced in 

Figure 6.4b,c while the contrary is observed for the β-CD/PNP interactions when the H3.7 is 

irradiated (cf. Figure 6.4c). Furrer et al
38

 attributed these COSY-type peaks in 1-D selective 

ROESY spectra to non-dephased coherence from other unwanted nuclei. The enhanced 

correlations observed in Figure 6.4b are understood according to the greater equilibrium fraction 
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of bound guest at these conditions. In Figure 6.4c, it is interesting to note that the intensity of the 

dipolar correlations between PNP and the -CD cavity interior are attenuated as temperature 

increases. In contrast, the dipolar correlations between PNP and the permethylene domains (i.e., 

(CH2)β,γ) of the linker unit are slightly increased from 298 to 323 K. The latter is understood in 

terms of the greater number of linker methylene sites as the chain uncoils with increasing 

temperature, as described by Scheme 6.2. 
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6.4.2.3 Raman Spectroscopy 

The presence of various types of functional groups (e.g., -OH, -NO2, C-H, C=C, C-O, 

etc.) offers an opportunity to investigate the spectroscopic signatures of the interactions between 

HDI-1 and PNP.
39-41

 Figure 6.5a illustrates the Raman spectra for the host (i.e., HDI-1), guest 

(i.e., crystalline PNP), and the respective host/guest mole ratios (1:1 to 1:5) copolymer/PNP 

mixtures. The expanded Raman spectra are shown in Figures 6.5b and c. Table 6.1 lists the main 

Raman bands observed in Figure 6.5. The spectra for HDI-1 were recorded as air-dried films on 

glass slides; whereas, PNP was analyzed in its crystalline powder form. The Raman spectrum of 

pure PNP (cf. Fig. 6.5a) is comparable to that of PNP in aqueous solution reported by Ni et al.
41

 

The spectral lines for pure PNP are relatively sharp in contrast to the Raman signatures for   

HDI-1 which display relatively broad bands (cf. Fig. 6.5a). In general, the Raman shifts for PNP 

in the presence of HDI-1 are relatively small ( 10 cm
-1

; cf. Table 6.1); whereas the line 

(c) 

Figure 6.4 1-D 
1
H NMR ROESY spectra in D2O at 500 MHz for HDI-1/PNP complexes at various 

host/guest ratios and a spin-lock time of 400 ms; (a) 1:3 HDI-1/PNP at 298 K; where the 

following nuclei were irradiated: i) H3.7, ii) H1, iii) H3 and H6, iv) (CH2)β,γ, v) (CH2)β,γ,  and (b) 

1:5 HDI-1/PNP at 298 K; where the following nuclei were irradiated: H3.7 and (CH2)β,γ 

(enlarged spectra are also shown), and (c) 1:5 HDI-1/PNP at VT; where the following nuclei 

were irradiated: H3.7 and (CH2)β,γ. 
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broadening for certain Raman signatures (i.e., bands 1,2,4–7; cf. Expanded spectra in Fig. 6.5b,c) 

of PNP in the complexes are more pronounced relative to pure PNP in its crystalline form. The 

Raman frequency shifts and the appearance of broader spectral lines are attributed to differences 

in the molecular environment of PNP in its bound state (i.e., inclusion sites and linker domains) 

within the HDI-1 copolymer.
42-45

 The polarizability characteristics of bulk solution and the 

copolymer are different which contribute to small Raman shifts and relatively large intensity 

variations in accordance with variable hydration and microenvironment.
46-49
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Figure 6.5 Raman spectra of solution evaporated films at 295 K for HDI-1 (Host), and PNP 

(Guest) and the 1:1, 1:2, 1:3, and 1:5 HDI-1/PNP (H/G) complexes.  (a) Full spectral 

region (600–3400 cm
-1

), (b) Expanded spectral region (800–1640 cm
-1

), and (c) 

Expanded spectral region (2300–3200 cm
-1

). 

(b) 

(c) 

HDI-1 

1:1 H/G 

2:1 H/G 

3:1 H/G 

5:1 H/G  

PNP 

HDI-1 

1:1 H/G 

2:1 H/G 

3:1 H/G 

5:1 H/G 

PNP 



 

- 244 - 
 

 

 

Bands 1 2 3 4 5 6,7 8 9 10 

HDI-1/PNP 

Ratios 

ν
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s
(-NO

2
) 

δ(-CH) 

ν
s
(-NO

2
) ν

s
(C-O) ν

S
 

-C-(NO
2
) 

ν(-C=C) 

δ(C-N) 

 ν(-CH
2
) ν(=C-H) 

HDI - - - 

 

- - * 2896 - 

1:1 862 1112 - 1288 1334 1592, 1612 * 2901 3074 

1:2 863 1112 - 1288 1334 1592, 1612 * 2901 3075 

1:3 865 1112 - 1288 1334 1592, 1612 * 2901 3074 

1:5 867 1108 - 

1282, 

1297 1328** 1591, 1606 

2485, 

* 2901* 3072 

PNP 

871 

(850)
1

 

1113 

(1167)
1

 

(1117)
1

 1215 

1282 

(1284)
1

 1326* 

1585, 1612 

(1586)
2

 - - 

3078 

(3084)
2

 

(-)  No Signal, (*) Broad signal,  
1
Ref 41, 

2
Ref 50 

 

Raman spectroscopy has been successfully applied to the study of noncovalent host-guest 

complexes.
50-58

 Recently, Choi et al.
50

 examined the Raman spectra of freeze dried complexes 

formed between -CD, -CD, and modified -CD with o-, m-, and p-nitrophenol, respectively.
 

Despite the limited quantitative analyses of the results, the authors concluded that small Raman 

shifts (i.e., 6 cm
-1

) were observed for the phenyl C=C and C-H stretching bands of the 

nitrophenol guests. Sardo et al.
58

 reported ab initio calculations in their Raman study of -, -, 

and -CD with methylated phenols. They concluded that the guest Raman bands could be 

attributed to bound and unbound species, respectively (cf. Table 3 in ref. 58). DFT calculations 

of the Raman intensity and normal mode analysis of the -CD/permethrin system provided 

information on the structure of the host-guest complex, as reported by Li et al.
57

 Witlicki et al.
56

 

Table 6.1 Raman Shift Data for the Host and Guest Raman Bands (1-9) for HDI-1/PNP 

Complexes at Various Mole Ratios (1:1 to 1:5) and Crystalline PNP at 295 K. 
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demonstrated that a thorough quantitative analysis of the Raman intensity variations of the 

cyclobis(paraquat-p-phenylene)/tetrathiafulvalene system provided binding constants in good 

agreement with independent estimates obtained from UV-Vis-NIR titrations.  

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The guest Raman signatures for the HDI-1/PNP systems reported herein reveal some 

interesting features that vary over the range of the host-guest mole ratios investigated (1:1 to 

1:5). A notable feature in Figure 6.5a,b is the appearance of a new Raman signature ~1610 cm
-1 

(bands 6, 7) where its intensity increases as the relative amount of PNP increases (cf. Expanded 

region; Figure 6.5b). This band corresponds to an enhancement of one of the skeletal bands of 

(C=C) of copolymer bound PNP.
46

 At the lower 1:1 PNP mole ratios, the ring breathing (band 1), 

sym. NO2 (band 2 and 5), C-O (band 4), C-C (band 6), and C-H stretching (band 9) for PNP are 

slightly shifted and broadened significantly (cf. Table 6.1). In particular, bands 2, 4, 7, and 10 

appear significantly broader relative to pure crystalline PNP (cf. Figure 6.5a–c). The broader 

vibrational bands of complexed PNP in addition to the intensity variations indicate that the guest 

is in a distribution of bound and unbound environments. The results of Witlicki et al.
56

 for the 

cyclobis(paraquat-p-phenylene)/tetrathiafulvalene similarly illustrate that substantial intensity 

changes of specific Raman bands occur upon complex formation.
56

 Comparable results were 

Scheme 6.5 Guest-induced switching between compact (i.e., coiled) and extended (i.e., 

uncoiled) forms of the HDI-1 copolymer in aqueous solution at ambient pH 

conditions; where ovals represent the guest (PNP).  The compact form may 

involve self-inclusion of the linker unit.  The repeat structure of the copolymer 

is represented by n.  
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reported  for PNP which further supports that noncovalent complexes are formed with β-CD and 

HDI-1, respectively.
50

 As the copolymer/PNP mole ratio increases from 1:1 to 1:5, the resonance 

lines sharpen and resemble those of crystalline PNP arising from the greater contribution of 

unbound PNP at these conditions.  

HDI-1 polymer adopts a linear morphology as described by the extended form illustrated 

in Schemes 6.2 and 6.5, with increasing temperature and relative guest concentration.
59,60

 The 

linear topology of the HDI-1 copolymer is a consequence of the cross linking at the primary 

hydroxyl groups at the narrow side of the -CD annulus (cf. Scheme 6.3). The hexamethylene 

cross linker units are lipophilic in nature and the accessibility of the -CD inclusion sites depend 

on the hydration state and the equilibrium state between the compact and extended forms (cf. 

Scheme 6.2) of the HDI-1 copolymer. We hypothesize that the preparation of air-dried films for 

Raman analysis (cf. §6.3.3.1) may bias the conformational preference of the linker unit for HDI-

1 and its complexes to a pseudo-compact form. In contrast, the topology of HDI-1 and its 

complexes are anticipated to be more closely described by the coupled equilibria illustrated in 

Scheme 6.6 because of the presence of solvent, guest, and the accompanying effects of 

temperature on the position of equilibrium.
 
  

 

 

 

 

 

 

 

 

6.4.2.4 Induced Circular Dichroism (ICD)  

Induced circular dichroism (ICD) has been widely used for the study of cyclodextrin 

inclusion complexes.
61,62

 The magnitude of the ICD effect is reflected by the amount of elliptical 

polarized light generated upon inclusion of an achiral guest within the cavity of -CD. Figure 

6.6a,b illustrates the ICD spectra in aqueous solution at pH ~6 for the titration of -CD and  

Scheme 6.6 Equilibrium switching between compact and extended forms of HDI-1, 

according to temperature and the presence of guest (PNP).     
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HDI-1 with PNP, respectively. The ICD spectra are plotted as ellipticity (; degrees) against 

wavelength (nm). In the case of -CD with no added guest, no apparent ICD is observed in the 

250–400 nm region. The addition of incremental amounts of PNP gives rise to an ICD band 

centered ~320 nm and its intensity increases as the guest concentration increases up to the 1:5   

-CD/PNP mole ratio. The maximum ICD intensity corresponds to the greatest fraction of bound 

-CD and provides unequivocal support of the formation of a host-guest inclusion complex.  

Mendicuti and González-Álvarez
62

 have quantitatively investigated the ICD spectra for complex 

formation between naphthyl guests and -CD, and binding constants were estimated by 

analyzing the ellipticity values against increasing guest concentration.  

The ICD spectra for the HD1-1 copolymer in aqueous solution with variable 

concentration of PNP are shown in Figure 6.6b for similar conditions described in Figure 6.6a. 

An ICD band centered ~320 nm is observed as the guest concentration increases in a similar 

fashion as that observed for the -CD/PNP system. However, the highest mole ratio (~1:5 HDI-

1/PNP) examined yields a lower ellipticity relative to the -CD/PNP system. The observed 

attenuation of the ICD band for the copolymer is attributed to competitive binding in the 

interstitial domains of the permethylene region of HDI-1. These secondary binding sites of HDI-

1 result in a reduction of the inclusion bound PNP. The ICD results in Figure 6.6b provide strong 

support that inclusion complexes are formed between -CD and its copolymer with PNP. 

However, it should be noted that secondary binding interactions between PNP and the linker 

sites of HDI-1 are supported  from the ICD results, in addition to previously reported
18

 

thermodynamic parameters for this system.   

The ICD, NMR and Raman presented above for -CD and HDI-1 provide unequivocal 

support for the formation of inclusion complexes for -CD and HDI-1 with PNP, respectively. 

As well, NMR and Raman results indicate that PNP may be bound onto the linker domains and 

the -CD inclusion sites of the HDI-1 copolymer framework. The binding affinity for           

HDI-1/PNP (Keq ~10
2
 M

-1
; pH =10.5) is similar to the 1:1 -CD/PNP complex in aqueous 

solution at 295 K. In contrast, the attenuated binding affinity (Keq <10
1
 M

-1
; pH 4.6) observed for 

HDI-1 is attributed to steric effects of the inclusion sites due to its compact form (cf. Schemes 

6.2 and 6.5) and the competitive binding equilibria with the interstitial sites (i.e., permethylene 

linker domains) of HDI-1.  
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6.4.2.5 DSC 

Figure 6.7 illustrates DSC results for -CD, HDI-1, and HDI-1/PNP complexes at 

variable mole ratios in aqueous solution at pH 6 over the temperature range 20 to 70°C. The 

occurrence of several weak endotherm peaks for -CD provides evidence of hydration processes 

of the macrocycle over this temperature range.
34

 The results in Figure 6.7 agree with the DSC 

transitions observed with -CD for related hydration processes of the intracavity and external 

macrocycle sites.
62

 Similar DSC plots are observed for HDI-1 and HDI-1/PNP systems; 
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Figure 6.6 ICD spectra of host-guest complexes in aqueous solution; (a) β-CD/PNP 

at various host-guest mole ratio, and (b) HDI-1/PNP at variable host-

guest ratios and 295 K. 
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however, a unique endotherm is evident for the copolymer ~54 °C which is not observed for the 

HDI-1/PNP systems. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The results in Figure 6.7 agree with the DSC transitions observed with -CD for related 

hydration processes of the intracavity and external macrocycle sites.
62

 Similar DSC plots are 

observed for HDI-1 and HDI-1/PNP systems; however, a unique endotherm is evident for the 

copolymer ~54 °C which is not observed for the HDI-1/PNP systems. A comparison of the   

HDI-1/PNP complexes (1:1 to 1:5) reveals the absence of the endotherm transition at ~54 °C. 

The endotherm for HDI-1 is attributed to the guest induced equilibrium switching between the 

compact and extended forms of the copolymer
64,65

 (cf. Scheme 6.5). Hu et al.
63

 observed a 

similar reversible temperature-induced swelling for a urethane copolymer-based hydrogel using 

Figure 6.7 DSC results of β-CD, HDI-1, and HDI-1/PNP mixtures in aqueous 

solution from 20 to 70 °C. The dashed line is provided as a guide. 
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DSC, as compared with results for HDI-1 in Figure 6.7. Similarly, hydrogel nanoparticles of 

hydrophobized pullulan have been observed to undergo thermal transition with refolding of 

carbonic anhydrase B in aqueous solution.
64

 Comparable phase transitions were observed over a 

wide temperature range (28 to 40 °C) by Xie and Hsieh for poly(N-isopropylacrylamide) 

composite hydrogels containing cellulose.
65

 The absence of the endothermic transition for the 

HDI-1/PNP complexes is related to the favoured extended form of the hexamethylene linkers 

when complexed with PNP (cf. Schemes 6.5 and 6.6). In the bound state, the changes in 

hydration in the annular hydroxyl region of -CD favor the extended form of the copolymer and 

this may be related to intermolecular H-bonding interactions between PNP and the urethane 

linkage in the interstitial region. Thermo-gelling copolymers containing methylated -CD 

grafted onto PPG and PEG reveal glass transition temperatures (~42–43 °C) where a reversible 

transition occurs from clear sol  gel  turbid sol over a similar temperature range (~22–55 

°C).
66

 A related thermo-reversible expansion/contraction was observed between 20–40 °C for 

gold nanoparticles with an elastin-like polymer coating.
67

 The thermodynamics of solvation for 

HDI-1 and the formation of a supramolecular complex with PNP result in substantive hydration 

changes of the copolymer which affects the preferred conformation of the cross linker domains.   

 

6.4.2.6 Dynamic Light Scattering (DLS) 

The DLS technique has successfully been used to study protein folding conformation by 

monitoring changes in the hydrodynamic radius (RH).
68,69

 The DLS of the HDI-1 copolymer in 

aqueous solution was acquired as a function of variable temperature (Figure 6.8a) and relative 

PNP mole fraction (Figure 6.8b), respectively, and both experiments indicated significant 

changes in hydrodynamic diameters (DH). In Figure 6.8a, the VT-DLS experiment resulted in the 

change of DH from ~105 nm at 298 K to ~170 nm at 348 K. Similarly, an increase in DH (~100 to 

200 nm) was recorded as HDI-1 copolymer was complexed with incremental amounts of PNP 

(Figure 6.8b). Galantini et al.
70

 reported a DLS study of branched host-guest supramolecular 

dimmers/trimers based on β-CD and adamantane. The recorded hydrodynamic radii (≤10 nm) 

increased with increase in concentration/molecular weight of the polymer and the authors related 

this trend to the formation of elongated structures. In the case of polymer inclusion complexes 

(PICs), DLS has been shown to give columnar-type associates with large hydrodynamic radii of 

about 100–200 nm.
71,72
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The temperature dependence of hydrodynamic diameters in polymer materials is not 

straightforward to interpret since other phenomena (e.g., dehydration, micellization and 

aggregation) tend to dominate at certain polymer concentrations.
73-75

 However, a low 

concentration (<1 % w/w) of the polymer solution was used in this study. The increase in the 

hydrodynamic diameter of the HDI-1 copolymer in Figure 6.8 may be explained in terms of the 
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Figure 6.8 DLS results recorded as change in hydrodynamic diameter of HDI-1 copolymer 

with (a) temparature (298 to 348 K), and (b) relative PNP mole ratio (the x-axis in 

Figure 8b represents moles PNP per 1 mole HDI-1 monomer, where zero means 

absence of PNP). 
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unwinding of the polymer chains due to temperature change and the inclusion of PNP guest
75

 

within the polymer chain. We hypothesize that PNP displaces the self-included linker chains 

from the β-CD cavity resulting in elongated structures as described in the VT study above. Other 

interesting observation from the DLS-VT study is the polydispersity index (PDI) which can be 

used to define the order-disorder phase transition in polymeric materials.
76

 The lowest PDI value 

for the 1 % HDI-1 solution was obtained at 55 °C (0.34) and is consistent with the solution DSC 

which shows a transition around the same temperature range for the HDI-1 copolymer.   

The formation of well-defined inclusion complexes is supported by the 
1
H NMR (1-D 

and 2-D) and Raman spectroscopy, ICD, and DSC results, as described above. The reversible 

switching between compact and extended forms of the copolymer are supported according to the 

observed temperature effects and guest (i.e., PNP) concentration effects described by Schemes 

6.2 and 6.5. In view of the substantial hydration and volumetric changes between the HDI-1 

copolymer in its compact vs extended forms, the changes in hydration are consistent with a 

recent structural study of swelling phenomena of dextran-based hydrogels reported by Ferreira et 

al.
77

 The textural and morphology properties of hydrogels in their hydrated and dry states are in 

good agreement with the well-established equilibrium swelling theory of Flory-Rehner,
78

 and 

provide a theoretical framework for the further understanding of the “Molecular Accordion” 

behaviour observed for the HDI-1 urethane copolymer investigated in this study.      

 

6.5 Conclusions 

A urethane copolymer formed by the reaction of -CD and hexamethylene diisocyanate 

at the 1:1 mole ratio (HDI-1) was investigated using 
1
H NMR spectroscopy, Raman 

spectroscopy, ICD spectroscopy, and DSC in aqueous solution. Evidence of inclusion binding is 

supported by dipolar interactions between PNP and the β-CD inclusion sites of the HDI-1 

copolymer according to 
1
H ROESY NMR, Raman spectroscopy, ICD, and DSC.  

Noncovalent interactions between HDI-1 and PNP occur primarily with the β-CD 

inclusion sites and secondarily with the hexamethylene linker domains at higher guest 

concentration and ambient temperature. The solution NMR structure of HDI-1 in the absence of 

guest was observed to adopt an extended or compact form at high vs low temperatures, 

respectively. The ambient temperature compact form of HDI-1 may be switched to the extended 
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conformation in the presence of PNP (cf. Scheme 6.5). The compact form of HDI-1 involves 

self-inclusion of the permethylene units in the annular hydroxyl region of β-CD (cf. Scheme 6.2).  

The thermo- and chemo-reversible switching between the compact and extended forms of 

the hexamethylene unit of HDI-1 is herein referred to as a “Molecular Accordion”,
79

 as 

illustrated by Schemes 6.2 and 6.5, respectively. The equilibrium switching of the HDI-1 

“Molecular Accordion” is attributed to molecular recognition and hydrophobic hydration 

effects.
30,34

 Macrocyclic urethane copolymers of this type represent an emerging class of “smart” 

or “functional” supramolecular materials with improved solid phase extraction (SPE) and 

molecular recognition properties for numerous applications as sensors and in chemical 

separations.  
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CHAPTER 7 

Manuscript 6 

Description 

The study in this manuscript is an extension of the work of chapter 6 and the earlier chapters. 

The adsorption properties of Macromolecular (CD)-based Imprinted Materials (MIMs), were 

analyzed towards PFCs using various adsorption isotherm models (BET, Sips). The soluble HDI-

1 copolymer described in Chapter 6, along with other insoluble copolymer adsorbents with 

higher linker loading ratios (i.e., HDI-3 and -6; where the ratios of HDI linker are 3 and 6, 

respectively, and that of β-CD comonomer is unity) were used. PFOA was used as the model 

PFC guest due to its abundance as an environmental marker. The adsorption properties of MIMs 

towards PFOA were assessed and compared to octanoic acid (OA; hydrocarbon analogue of 

PFOA) results. The respective adsorption behaviors of MIMs towards PFOA and OA were 

compared to similar studies using conventional granular activated carbon (GAC) adsorbents.  

    

Author’s Contribution 

The idea of using adsorption isotherm models to analyze the interaction of CD-based copolymer 

adsorbents towards PFOA was proposed by myself. All of the copolymer materials synthesis, 

adsorption sample preparations, batch adsorption tests, and analyses of the data were done by 

myself. I prepared the first draft of the manuscript and subsequent editing was done by Dr. 

Wilson.  

 

 

 

Relation of Manuscript 3 to Overall Objective of this Project 

The work of this manuscript is important to the overall objective of this project because it 

provides an insight into the structure of host-guest systems containing a polymeric host. This 

study combines the findings of chapters 2–6 on the structure and dynamic properties of host-

guest systems to assess how CD-based copolymer materials can be used to efficiently adsorb 

PFCs (e.g. PFOA).  
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Research Highlights 

 The adsorption properties of MIMs are tunable according to the availability of apolar -CD 

inclusion sites and polar functional groups (non-inclusion sites) at the surface of the 

copolymer (MIMs). 

 The equilibrium binding constant of Poly-CD(MIMs)/PFOA is reduced by ~one to two 

orders of magnitude compared to similar value for native CD/PFOA because of reduced 

specific interactions in the former.  

 MIMs generally displayed greater uptake for PFOA compared to GAC 

 PFOA displayed multilayer adsorption with MIMs compared to monolayer adsorption for 

OA. 

 

 

Graphical Abstract 
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7.1 Abstract 

The sorption properties of tunable urethane-based copolymer materials containing β-

cyclodextrin (β-CD) are evaluated with the carboxylate anions of perfluorooctanoic acid (PFOA) 

and octanoic acid (OA) in aqueous solutions, respectively. The copolymer materials are herein 

referred to as Macromolecular Imprinted Materials (MIMs) since the design strategy of such 

materials incorporates a porogenic macromolecule (β-CD) within a cross-linked framework with 

hexamethylene diisocyanate (HDI). We report the tunable uptake of OA and PFOA from 

aqueous solution with adsorption modes in accordance with the composition of the MIMs at 

variable mole ratios of β-CD and HDI. The sorption results were compared with results using 

granular activated carbon (GAC) at 295 K and pH values that exceed the pKa of OA and PFOA, 

respectively. The BET and Sips models provided estimates of the monolayer sorption capacity 

(Qm) and equilibrium sorption parameters. The upper Qm value of GAC with PFOA was ~1.4 

mmol/g; whereas, a greater Qm value for the MIMs with PFOA (up to 2.6 mmol/g) was observed. 

GAC displays greater sorption of PFOA at relatively low Ce values with saturation of the 

monolayer at Ce ~0.5 mM. In contrast, the MIMs displays monolayer completion with PFOA at 

Ce ~1 mM with multilayer sorption at Ce >1 mM. Equilibrium sorption of PFOA onto MIMs 

occurs at non-inclusion binding sites of the polymeric framework and the inclusion sites of β-

CD.  The former occurs through the interaction between the carboxylate head group of PFOA 

and dipolar domains of the MIMs framework. The inclusion sites of MIMs are favourable for 

PFOA and OA anions and display tunable and versatile sorption properties when compared with 

GAC. 
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7.2 Introduction 

Perfluorinated compounds (PFCs) are an emerging class of persistent organic pollutants 

which represents significant concern to human health due to their recalcitrant nature in aquatic 

environments and ecosystems.
1 

Perfluorooctane sulfonate (PFOS, C8F17SO3H) and PFOA 

(C8H15O2H) are among the most commonly studied types of PFCs. PFOA and PFOS have been 

detected in drinking water, ground water and surface water supplies,
1,2 

industrial waste water 

effluents,
3,4 

soil and sediments,
5
 and other aquatic environments.

6,7 
They have relatively high 

water solubility (PFOA ~9.5 g/L)
8 

and variable mobility in aqueous environments. In order to 

effectively remove PFCs and minimize their impact on the environment, efficient and proper 

treatment methods are required. PFOS and PFOA are generally not amenable to conventional 

chemical (e.g., oxidation and reduction) or biological treatment due to the great stability of C-F 

bonds.
9,10

 Alternatively, ultrasonic
11 

and ultraviolet irradiation
12 

techniques were reported as 

potential decomposition methods for PFOA and PFOS. However, these approaches are limited 

due to their demanding capital cost and time requirements. Adsorption methods using activated 

carbon offer an approach for the physical removal of PFCs
13-17 

due to its general utility as a 

sorbent, technical simplicity, and relatively low cost. A disadvantage of carbonaceous materials 

is their limited sorption capacity, regeneration costs, and longer equilibration times required for 

the sorption of PFCs. Carbon nanotubes (CNTs) were recently evaluated as potential adsorbent 

materials for the removal of PFOA and other PFCs from aquatic environments.
18,19

 For example, 

Xiaona et al.
18 

reported a study of electrochemical assisted sorption of PFOA onto multi-walled 

CNTs where a moderate sorption capacity (Qm = 0.98 mmol/g) was reported. One disadvantage 

of carbonaceous materials is the limited uptake of PFCs due to their inert character and relative 

immiscibility with hydrocarbon materials.
20,21 

Thus, there is a defined need to develop improved 

sorbent materials with greater sorption capacity, reduced equilibration times, and improved 

recyclability with facile regeneration for sorptive applications of PFCs.  

Macromolecular imprinted polymers have application as biosensors, sorptive removal of 

macromolecular toxins from the body, and as diagnostic materials due to their molecular 

recognition properties.
22 

We hypothesize that improved molecular recognition with target 

substrates is possible with synthetically engineered adsorbent materials through the incorporation 

of macromolecular template units within copolymer frameworks. The incorporation of 

macromolecular-based porogens with copolymer frameworks using a bottom-up approach offers 
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the advantage of tuning the physicochemical properties of the adsorbent by controlling the 

reagent ratios and reaction conditions. A paucity of such studies has been reported for the 

sorption of PFCs using copolymer sorbent materials and may be attributed to limitations 

regarding materials design strategy. For example, Deng et al.
23 

reported the selective removal of 

PFOS from aqueous solution using molecularly imprinted polymers (MIPs) with PFOA as the 

molecular template. In contrast, a number of reports have documented the sorption of PFCs onto 

commercially available resins.
16,24,25

 It was reported that such resins had substantially higher 

levels of sorption for PFOS and perfluorooctanoate (~2.9 mmol/g)
16 

relative to activated carbon 

materials (~0.20–0.39 mmol/g).
14-16 

The incorporation of macromolecular units (e.g., β-CD) 

within urethane copolymer materials reported herein provides tunable sorption sites with variable 

accessibility and binding affinity for lipophilic adsorbates.
26

 In contrast to carbonaceous sorbents 

such as GAC, urethane-based copolymer materials have promising potential as filtration and 

separation media with controllable morphology (e.g., films, fibers, and beads).
27

  

In this study we report a bottom-up design strategy that employs the incorporation of a 

macromolecule (β-CD) cross linked with hexamethylene diisocyanate (HDI) to form a 

copolymer framework, hereafter referred to as macromolecular imprinted materials (MIMs). As 

well, we report the sorption of the carboxylate anions of PFOA and octanoic acid (OA) in 

aqueous solution, respectively, with granular activated carbon (GAC) and various MIMs 

prepared from cross-linking between -CD and HDI at variable mole ratios (i.e., HDI-1, HDI-3, 

and HDI-6). The results of this study are anticipated to contribute to improved sorbent design 

and a greater understanding of the sorption processes with hydrocarbon and perfluorocarbon 

carboxylate anion species, respectively.   

 

7.3 Materials and Methods 

7.3.1 Chemicals  

Perfluorooctanoic acid (PFOA; 96%) was purchased from SynQuest Laboratories USA 

(Alachua, FL.). Octanoic acid (OA) and β-CD were purchased from VWR Canada Ltd. 1,6-

hexamethylene diisocyanate (HDI), dimethyl acetamide (DMA), methanol (99.8% HPLC grade), 

sodium hydroxide (NaOH) and 4Å (8-12 mesh) molecular sieves were purchased from Sigma-

Aldrich Canada Ltd. (Oakville, ON). All materials were used as received unless specified 

otherwise.   
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7.3.2 Adsorbents 

The adsorbents used in this study include granular activated carbon (GAC) and polyurethane 

based MIMs containing variable amounts of β-CD and HDI. Norit Rox 0.8 GAC (VWR Canada 

Ltd.), was pretreated by refluxing in methanol for ~24 h followed by drying under vacuum ~70 

ºC to remove any impurities before further use.    

The synthesis of polyurethane copolymers containing β-CD (HDI-1, -3 and -6) was adapted from 

a previous report,
28

 as illustrated by Scheme 7.1. DMA was dried with 4Å (8–12 mesh) 

molecular sieves. MIMs containing β-CD and HDI at variable mole ratios (1:1, 1:3, and 1:6, 

respectively) denoted as HDI-1, -3, and -6 were prepared. 1 mmol of dried β-CD was dissolved 

in a round bottom flask with stirring in 10 mL of DMA followed by the addition of HDI (1, 3, or 

6 mmol equivalents) in 30 mL of DMA to the reaction mixture. The solution was further stirred 

with heating at ~68 
o
C for 24 h under argon and subsequently cooled to room temperature. 

Excess DMA was removed under vacuum (pressure ~1 mbar), followed by the addition of cold 

methanol (~0 C). The gelled product was filtered through Whatman no. 2 paper to obtain a 

crude product and subsequently washed with methanol in a Soxhlet extractor for 24 h.  

 

 

 

 

 

 

 

The copolymer was dried in a pistol dryer for 24 h, ground into a powder, and passed through a 

40-mesh sieve to ensure uniform particle size. A second cycle of washing for 24 h in the Soxhlet 

extractor with anhydrous diethyl ether was followed by drying, grinding, and sieving, as outlined 

above. The copolymer materials were characterized using FT-IR and NMR spectroscopy, 

thermoanalytical methods, and elemental analyses, as outlined previously.
28

 Table 7.1 lists the 

sorbent materials and some of their selected physicochemical properties.
26,29 

 

Scheme 7.1 Reaction between -CD and 1,6-hexamethylene diisocyanate (HDI) to 

form the HDI-X copolymers; where X = 1, 3 and 6. 
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7.3.3 Adsorbates 

The pH conditions used for perfluorocarbon and hydrocarbon adsorbates used in this study vary 

for PFOA (pH ~3.8) and octanoic acid (OA) (pH ~8.5). The pH of the aqueous solution for each 

adsorbate was maintained above its respective pKa value to ensure anion formation. The 

physicochemical characteristics of the adsorbates are listed in Table 7.2.
30,31 

The pKa of PFOA is 

reported to range from -0.5–3.8;
32

 herein, a pKa value of 2.5
33

 was adopted.  

 

 

Adsorbent SA (m
2

/g) K
eq

 (M
-1

) x10
3

c
 β-CD mol % Accessible %  β-CD

d

 %
 

Linker content
e

 

GAC 1100
a
 ~1.0 - - - 

HDI-1 <1
b
 ~5.2 87.1 100 12.9 

HDI-3 <1
b
 ~4.6 69.2 4.78 38.7 

HDI-6 NR ~15 52.9 ~0 77.4 

*a 

Supplier’s BET surface area, 
b

BET surface area (Ref. 29), 
c

Estimated from the Sips binding 

affinity (Table 3), 
d
Estimated from % removal of p-nitrophenol from aqueous solution (Ref. 26), 

e

Estimated from the initial monomer ratios for HDI-1.
 

Adsorbates Molecular 

formula 

Molecular 

weight 

pKa cmc 

(mM) 

Water 

solubility(g/L) 

PFOA CF3(CF2)6CO2H 414.06 2.5 8.7-10.5
b
 3.4 (also 9.5) 

Octanoic acid CH3(CH2)6CO2H 144.21 4.89
a
 ~400

b
 0.68

c
 

*a
Ref. 30, 

b
Ref 35 (0.4 M refers to the cmc of the octanoate ion), 

c
Ref. 31. 

Table 7.2 Physicochemical Properties of Adsorbate Materials* 

 

Table 7.1 Physicochemical Properties of the Adsorbent Materials and the Dye-based 

Equilibrium Binding Constants* 
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7.4 Batch Sorption Studies 

All sorption isotherms were conducted in duplicate and the term “sorption” will be adopted 

throughout this study to account for both adsorption and absorption processes.
34 

The 

concentration of the adsorbates was maintained below their reported critical micelle 

concentration (cmc) values for all experiments (cf. Table 7.2).
35 

 

7.4.1 Sorption of Perfluorooctanoate (PFOA) 

Sorption studies were carried out using 4 dram glass vials that were loaded with ~2 mg 

MIMs (or ~20 mg in the case of GAC) in 10 mL of aqueous PFOA over a range of 

concentrations (~5 μM–5 mM) in milli-Q water at pH ~3.85.
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The vials were sealed with parafilm before incubating samples on a mechanical shaker at 

~135 rpm and 295 K. The equilibration times were 24 h for the MIMs/adsorbate systems and 168 

h for the GAC/adsorbate systems. After equilibration, the adsorbent systems were left to settle 

for ~24 h. Thereafter, 25 µL aliquots of the supernatant was removed and diluted to 25 mL with 

HPLC grade methanol for mass spectrometry analysis.  The use of methanol as a diluent matrix 

was previously described to ensure complete dissolution of the PFOA.
15 

The equilibrium residual 

PFOA in the supernatant aqueous phase was quantified using hybrid quadrupole-TOF (Qstar) 
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Figure 7.1 Calibration results and “best-fit’” linear regression for the (a) ESI-MS results 

for PFOA and (b) titration of OA.  
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MS/MS mass spectrometer with electrospray ionization (ESI-MS) in negative ion mode. 

Calibration curves yielded linear calibrations (R
2
 >0.99) as shown in Figure 7.1a. Solutions of 

PFOA were eluted with acetonitrile/water (60:40 v/v %) and 10 μL was injected into the HPLC 

system in a nitrogen stream at 295 K.      

 

7.4.2 Sorption of Octanoate (OA) 

Sorption studies were carried out using 4 dram glass vials containing ~10 mg of the 

adsorbent material and 10 mL octanoate solution (pH ~8.50) at variable concentration (i.e., 1–20 

mM). The pH of the aqueous octanoate solution was adjusted with NaOH. The samples were 

incubated for 24 h, as described above. The residual amount of octanoate was analyzed by back 

titration with 0.01 M NaOH solution using methyl blue as the indicator to the reddish-green end-

point. The calibration curve for the titration results yielded a reproducible linear calibration (R
2
 

>0.99), as shown in Figure 7.1b. The residual amounts of OA were not analyzed using ESI-MS 

since electrolytes such as NaOH affect the sensitivity of ESI-MS in the form of blockages and 

the suppression of ion formation.    

 

7.4.3 Sorption Isotherms 

The sorption isotherms were expressed as the plots of equilibrium uptake from aqueous 

solution of adsorbate species into the adsorbent phase (Qe; mmol/g or mg/g) against the 

equilibrium concentration of unbound (residual) adsorbate species (Ce; mmol/L or mg/L) in 

aqueous solution as described by eqn 7.1. Co refers to the initial adsorbate (i.e., PFOA or OA) 

concentration before sorption, m is the mass (g) of adsorbent, and V is the volume (L) of the 

solution, as previously described.
36,37 

           

                    
 

m

VCC eo

e
Q


  

7.4.4 Models and Equations 

  The experimental sorption results were fitted using the Brunauer-Emmett-Teller (BET; 

eqn 2)
38

 and the Sips (eqn 3)
39

 models, where KS and KBET are the equilibrium sorption constants 

(K; L/g), Qm is the monolayer sorption capacity of the adsorbent (mmol/g), CS is the saturated 

Equation 7.1 
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concentration of the adsorbate in aqueous solution (mmol/L), and ns is an exponent parameter 

representing the degree of heterogeneity on the adsorbent surface.
40 

All other parameters are 

defined as in eqn 7.1. In the case of the parameter Cs, an average value was estimated from eqn 

7.2 by allowing Cs to vary as an adjustable parameter, until satisfactory “best fits” (R
2
 ≥0.96) 

were obtained.  The “best fit” calculated value of Cs was ~4.0 mmol/L (cf. Table 7.3).   
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The BET model is widely used for multilayer sorption and is considered as an extension of 

the Langmuir model.
41 

The Sips isotherm shares common features to the Langmuir and 

Freundlich models, and it describes a range of sorption behaviour including surface 

heterogeneity.
40

 

Differential error analysis of eqn 7.1 was carried out to assign error contributions for Qe 

(i.e., ΔQe) as described previously.
42 

Error contributions are assigned to uncertainties in the mass 

of the adsorbent (Δm), and the concentrations (ΔCo and ΔCe) of adsorbate. Thus, it is necessary 

to differentiate Qe with respect to each quantity as described by eqns 7.4–7.6. The relative 

contributions by eqns 4–6 were used to compute the total error for Qe.  

 

                m
m

VCC
Q eo

e 
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                oe C
m
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Q  2  

                        ee C
m
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Q  2  

Equation 7.2 

Equation 7.3 

Equation 7.4 

Equation 7.5 

Equation 7.6 
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7.5 Results and Discussion 

7.5.1 PFOA sorption 

In Figure 7.2, the sorption behavior of PFOA with GAC and MIMs are illustrated as plots 

of Qe vs Ce. GAC displays a type I
 
(Langmuir)

43 
sorption isotherm with a monotonic increase of 

Qe with Ce until it reaches a plateau ~0.5 mM. In contrast, the MIMs display type IV
43

 behavior 

with saturation of the monolayer at greater Ce values (>1 mM). At greater Ce values (>2 mM), an 

asymptotic rise in Qe is observed for the MIMs and is consistent with multilayer sorption 

processes.
23 

In the case of MIMs, the experimental data are well-described using the multilayer 

BET isotherm. In contrast, the Sips model described monolayer sorption behaviour for GAC; 

where R
2
 ≥0.96 for each model, respectively. The best-fit sorption parameters derived from the 

BET and Sips models are listed in Table 7.3. The average sorption capacity (Qm; mmol/g) 

according to each respective model for the various adsorbents with PFOA are listed in 

descending order as follows; GAC (1.39) ~ HDI-1 (1.35) > HDI-3 (0.97) > HDI-6 (0.87). The 

monolayer sorption of PFOA onto MIMs was also fitted using the Sips model (See insets in Fig. 

7.2) and the estimated Qm values are as follows: 2.36 (HDI-1), 1.38 (HDI-3) and 1.28 (HDI-6) 

(cf. Table 7.3). The overestimation of the Qm values using the Sips model in the case of MIMs is 

related to the errors unaccounted for in the Sips model due to the occurrence of multilayer 

sorption behaviour. Table 7.1 lists the physicochemical properties of the adsorbents where the 

MIMs vary due to the relative composition of -CD and HDI which contribute to the surface 

chemistry, morphology, and the textural properties
29

 (i.e., pore structure characteristics and 

surface area). It is worthwhile noting that the sorption capacity decreases for the MIMs as the 

HDI content increases (cf. Table 7.3 and Figure 7.2, insets).  

The variable sorption behaviour of PFOA with MIMs, as compared with the GAC, 

indicates that the MIM sorbents have favourable sorption sites for PFOA due to the tunable 

surface chemistry sites (i.e., inclusion and non-inclusion). Previous sorption studies of HDI-

based urethanes with mixtures of alkyl carboxylates reported by Mohamed et al.
29 

indicate that 

the adsorbates were bound at dual sorption sites of the copolymer framework. Spectroscopic 

evidence for the presence of dual binding sites of HDI-1 copolymer was provided in chapter 6.  
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The inclusion sites of copolymers due to -CD exhibit greater binding affinity than the 

non-inclusion sites.
26,44 

Previous NMR studies in aqueous solution of complexes between β-CD 

and the anion of PFOA display favourable complex stability between the apolar PFC chain and 

the cavity interior of β-CD.
45

 The inclusion domains within the MIMs copolymer framework 

offer potential binding sites favourable for PFOA, neglecting any steric effects. In cases where 

the cross-link density of the framework increases, steric effects are known to occur at the 

inclusion sites and sorption occurs alternatively at the non-inclusion sites (linker domains). The 

greater Qm value observed for HDI-1 (1.35 mmol/g) relative to HDI-3 and -6 is related to the 

relative accessibility of the inclusion sites (cf. Table 7.1).   
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Figure 7.2 Sorption isotherms of PFOA onto GAC, HDI-1, HDI-3, and HDI-6 at pH 

3.85 and 295 K.  The “best-fit” lines correspond to the BET (copolymers) 

and Sips (GAC and copolymers; see insets) models. 
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The Qm value of HDI-1 derived using the Sips  model reported in Table 7.3 for PFOA is 

comparable to that reported by Yu et al. (2.92 mmol/g)
16 

for an ion exchange resin. The Qm 

values for GAC (1.39 mmol/g) and HDI-1 (1.35 mmol/g) are similar but greater than those for 

HDI-3 (0.97 mmol/g) and HDI-6 (0.87 mmol/g), according to their respective isotherm models. 

Relatively low Qm values for GAC/PFOA systems were reported by Zhao et al. (Qm ~0.3 mmol/g 

Calgon F600 GAC; SABET 670 m
2
g

-1
)
15 

and Yu et al. (~0.4 mmol/g; SABET 712 m
2
g

-1
).

16 
Variable 

Qm values are attributed to the nature of the surface functional groups and the textural properties 

of the MIMs. The greater Qm values reported in Table 7.3 for GAC are attributed to its greater 

surface area.  

In general, the equilibrium constants according to the respective isotherm models are 

given as follows; HDI-6 (1.5x10
4
 M

-1
; BET) > HDI-1 (5.2x10

3 
M

-1
; BET) ~ HDI-3 (4.6x10

3
 M

-1
; 

BET) > GAC (9.9x10
2
 M

-1
; Sips).The equilibrium constants (Keq) for the MIMs are greater than 

those for GAC indicating favourable binding occurs for PFOA onto MIMs. The relatively large 

Keq value for HDI-6 indicates that more favourable interactions or multiple sorption sites are 

involved. It can be concluded from the magnitude of Keq that the affinity for the inclusion and 

non-inclusion binding sites differ as the linker (HDI) content of the MIMs vary. In a previous 

dye sorption study with urethane copolymer adsorbents, the inclusion site accessibility was 

attenuated as the content of HDI (i.e., cross-linking) increased.
29 

In the case of PFOA, non-

inclusion binding onto the surface domains of the cross-linker sites of the copolymer framework 

 BET    Sips    

Sorbent Qm(mmol/g) K(L/g) C
S
(mmol/L) R

2

 Q
m

(mmol/g) n
s
 K

S 
(L/g) R

2

 

GAC - - - - 1.39±0.2 0.74±0.1 2.39±1.1 0.98 

HDI-1 1.35±0.05 12.6±5.6 4.5 0.98 2.63±1.6 0.87±0.3 0.91±1.2 0.96 

HDI-3 0.97±0.04 11.2±9.5 3.9 0.97 1.38±2.1 0.71±0.5 1.23±4.1 0.92 

HDI-6 0.87±0.03 36.1±18.7 3.2 0.96 1.28±0.2 1.26±0.3 14.1±10.6 0.98 

Table 7.3 Isotherm Sorption Parameters for PFOA onto GAC and the Urethane-

copolymers (MIMs) Obtained from the BET and Sips Models at 295 K and pH 

~ 3.85. 
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is anticipated.
36 

The inclusion site accessibility of phenolphthalein with HDI-6 was 

approximately zero (cf. Table 7.1); therefore, PFOA may undergo preferential adsorption at the 

non-inclusion sites of MIMs with greater HDI content.  Interactions between the carboxylate 

anion head group of PFOA and the non-inclusion sites of MIMs occur via dipolar interactions. 

The latter are anticipated to be more favourable (~10
2
 kJ/mol) than London-dispersion 

interactions (1–10 kJ/mol)
46 

mediated via the interaction of the apolar perfluoroalkyl tail and the 

β-CD cavity sites of the copolymer. Thus, the greater equilibrium binding affinity of HDI-6 

compared to HDI-1 and -3 (cf. Table 7.1) has direct correlation to increased linker content. Note 

that the Keq (M
-1

) values presented in Table 7.1 were estimated from the Sips model (cf. eqn 7.3) 

by multiplying the respective equilibrium constants (KSips/KBET; L/g) with the relative molar 

mass of the perfluorooctanoate anion (g/mol).   

The 1:1 binding constant (K1:1) for the HDI-1/PFOA system was independently 

determined according to results obtained from a 
19

F NMR chemical shift titration in solution 

where the chemical shifts of the central methylene (CF2) group of PFOA were monitored. The 

1:1 binding model described by Connors
47 

for a substrate (S) and a ligand (L) to form a complex 

(SL) was employed where a calculated value of K1:1 ~1.02x10
3
 M

-1 
was obtained from a non-

linear least squares (NLLS) fitting procedure (eqn 7.7), reported by Ramstad et al.
48 

The 

parameters in eqn 7.7 are defined as follows; Sobs   , SSL   max , [S] is the 

concentration of the free substrate ([PFOA]f). [PFOA]f was determined from the total substrate 

concentration ([PFOA]t) as shown in eqn 7.8, where the value of Δδmax is the hyperbolic 

asymptote which was determined using a non-linear regression analysis. The experimental and 

‘best-fit’ results for the analysis of the binding affinity (K1:1) is given in Figure 7.3. The value for 

K1:1 for the HDI-1/PFOA system agrees well with independent estimates for the -CD/sodium 

perfluorooctanoate system in aqueous solution.
49 

The equilibrium constants derived from the 

BET and Sips models are composite values that reflect contributions due to inclusion and non-

inclusion binding which may not be readily compared from 
19

F NMR chemical shift results, 

especially if adsorption occurs via the apolar chain of PFOA and the carboxylate head group, 

respectively.          
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7.5.2 OA sorption 

By comparison, the sorption isotherms for OA in its anion form with GAC and the MIMs 

are shown in Figure 7.4. In all cases, Qe increases monotonically as Ce increases for each 

adsorbent system. The concentration dependence for each isotherm is well described using the 

Sips isotherm (R
2
 ≥0.99) and the best-fit parameters are listed in Table 7.4. 

The Sips-derived monolayer sorption capacity (Qm; mmol/g) values for OA are listed in 

descending order as follows; GAC (117.5) > HDI-6 (27.8) > HDI-3 (19.8).  In contrast to the Qm 

Equation 7.7 

Equation 7.8 
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Figure  7.3 
19

F NMR chemical shifts (CF2) and “best-fit” 1:1 equilibrium binding model 

for the titration of PFOA in the presence of HDI-1 (1 g/L) in aqueous solution 

at 298 K and pH ~ 5. 
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values for PFOA, the sorption capacity of OA is substantially greater for both GAC and MIMs. 

The results for the HDI-1/OA system are not reported due to the partial solubility of HDI-1 at 

these experimental conditions. The residual levels of unbound octanoate (i.e., Ce) in solutions 

containing HDI-1 cannot be readily deconvoluted by this titration method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The greater sorption of octanoate by GAC compared with the copolymers is attributed to 

the greater surface area of GAC (~10
3
 m

2
/g; Table 7.1) relative to the lower surface area of the 

MIMs (<1 m
2
/g; Table 7.1). On the other hand, greater Qm values observed for OA relative to 

PFOA are related to the mutual compatibility of the hydrocarbon framework of MIMs and the 

apolar alkyl chain of OA. The phase separation of hydrocarbons (HCs) and perfluorocarbons 

0 2 4 6 8 10 12

0

5

10

15

20

25

30

35

40

 

 

 Experimental Data

 Sips fitted data

Q
e
 (

m
m

o
l/
g
)

Ce (mmol/L)
0 2 4 6 8 10

0

2

4

6

8

10  Experimental Data

 Sips fitted data

 

Q
e
 (

m
m

o
l/
g
)

Ce (mmol/L)

0 2 4 6 8 10

0

2

4

6

8

10

12

 Experimental Data

 Sips fitted data

 

Q
e

 (
m

m
o

l/
L

)

Ce (mmol/L)

GAC HDI-3 

HDI-6 

Figure 7.4 Sorption isotherms of octanoate onto GAC, HDI-3, and HDI-6 at pH 8.50 and 

298 K.  The “best-fit” lines correspond to the Sips model. 
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(PFCs) was previously reported
20

 and attributed, in part, to dipole-dipole repulsions and other 

factors. Moreover, the relative incompatibility of the molecular polarizability values of the 

GAC/PFOA system is a principal factor contributing to the low levels of sorption in the case of 

PFOA. In contrast, the surface chemistry of the MIMs is variable due to the presence of 

heteroatoms (i.e., N and O) at the linker and inclusion site domains on the copolymer surface in 

accordance with the HDI content of the materials. The presence of polar and apolar domains 

present various binding sites for PFOA via the carboxylate head group or via the apolar 

perfluoroalkyl tail. Interactions between the carboxylate head group of PFOA and the adsorbent 

surface agree with the observation of well-defined monolayers and multilayers. Scheme 7.2 

depicts a combination of multi-layer and monolayer sorption for PFOA and OA, respectively, 

onto the surface of a heterogeneous HC adsorbent. 

 

 

 

 

 

 

 

 

 

 

Comparison with the known cmc value of PFOA (8.7–10.5 mM) in bulk solution
35 

suggests the potential formation of molecular aggregates at the MIMs interface.  Previous reports 

of hemi-micelle/micelle formation due to adsorption at the adsorbent surface is reported to occur 

at PFOA concentrations below its cmc value in bulk solution.
19,50 

Based on the foregoing 

discussion, a possible sorption mechanism of PFOA/OA binding onto the surfaces of HDI-1, 

HDI-6, and GAC vary according to the type of intermolecular interactions depicted in Scheme 

7.3.  
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PFOA 

Scheme 7.2 Sorption of PFOA and OA onto the hydrocarbon (HC) sorbents; Top: Binding 

of PFOA via the carboxylate head group and formation of tail-to-tail bilayer 

structures (with possible hemi-micelle and micelle formation), and Bottom: 

Monolayer binding of OA via the apolar alkyl chain.   
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Apart from the favourable hydrophobic interactions affecting the adsorption of PFCs,
51

 

electrostatic, ion-dipole and van der Waals interactions between the carboxylate head group and 

polar functional groups (i.e., -NH and -OH) at the sorbent surface may also occur. HDI-1 is a 

unique type of MIM because the -CD inclusion sites are relatively accessible in comparison 

with HDI-3/-6 due to the greater cross linking and steric effects for increased HDI content. The 

textural and sorption properties of the MIMs are tunable by varying the relative composition of 

-CD and HDI, as observed by the controlled uptake of PFOA and OA reported herein. The 

enhanced sorption observed for HDI-6 relative to HDI-3 with OA is related to the variable HDI 

content (cf. Table 7.1). Additional cross linking may attenuate or completely block the inclusion 

site accessibility which results in the availability of non-inclusion binding sites. In Table 7.4, the 

KSips for copolymer adsorbent/OA systems are an order of magnitude lower than the 

Scheme 7.3 Sorption modes of the PFOA/OA anion onto (a) activated carbon via electrostatic and 

hydrophobic interactions, (b) HDI-6 adsorption occurs via non-inclusion sites through 

ion-dipole interactions with hydroxyl groups and/or amide-NH groups as donor molecules 

and -COO
-
 as the acceptor (the wavy line displays the perfluoroalkyl tail of PFOA), and 

(c) HDI-1 adsorption occur via inclusion and non-inclusion sites of the copolymer 

framework where the toroids represent β-CD, spheres with tails represents PFOA, and the 

zig-zag lines represent HDI linker sites.  Note that the head group of PFOA and 

perfluoroalkyl chain is not drawn to scale. 
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corresponding values for PFOA in Table 7.3. The results agree with the nature of the 

noncovalent adsorbent/adsorbate interactions. Hydrophobic effects are concluded as the driving 

force for the sorptive association between the n-octyl group of OA and the adsorbent surface. As 

well, hydrophobic effects
52

 drive the inclusion of PFOA with the -CD inclusion sites; whereas, 

dipolar interactions between the carboxylate head group of PFOA and the polar non-inclusion 

sites of the adsorbent surface are anticipated. The relative immiscibility of HC/PFC materials 

plays a key role in the known phase separation phenomena and this contributes to the 

observation of bilayers or aggregation via apolar association of the perfluoroalkyl chain of 

PFOA. This effect is illustrated in Scheme 7.3 for adsorption processes onto substrates with 

multiple binding sites. 

 

 

 

 

 

 

 

 

7.6 Conclusions   

A systematic and comparative study of the equilibrium sorption properties of PFOA and OA 

with various adsorbents (i.e., GAC and MIMs) was investigated. Variable adsorption properties 

were observed depending on the nature of the adsorbent/adsorbate system. In the case of PFOA, 

the greatest sorption was observed for HDI-1. The sorption of PFOA at non-inclusion sites occur 

in two stages: (i) monolayer sorption via the head group with sorbent surface, and (ii) self- 

association of the apolar chains of PFOA to form multi-layers and/or aggregates. The adsorption 

properties of urethane copolymers are tunable according to the availability of apolar -CD 

inclusion sites and polar functional groups (i.e., -NH and -OH) at the surface of MIMs. The 

GAC/OA system displayed the greatest overall sorption capacity in accordance with its greater 

 Q
m 

(mmol.g
-1

) n
S
 K

S 
(L g

-1

) R
2

 

GAC 117.5 ±53.9 0.85 ±0.09 0.064 ±0.03 0.99 

HDI-3 19.8 ±6.0 1.07 ±0.1 0.077 ±0.02 0.99 

HDI-6 27.8 ±9.8 1.10 ±0.1 0.048 ±0.02 0.99 

Table 7.4 Isotherm Sorption Parameters for Octanoate onto GAC and the 

Urethane-copolymers (MIMs) Obtained from the Sips Model at 295 

K and pH ~ 8.50. 
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surface area. In all cases, OA is adsorbed as monolayers via the apolar n-octyl chain in 

accordance with hydrophobic effects.
51

 In all cases, MIMs possess inclusion and non-inclusion 

sites that offer favourable binding sites according to the nature of the adsorbate system. The 

differences in the physicochemical properties of perfluorocarbons and hydrocarbons are aptly 

demonstrated by their contrasting sorption properties with GAC and urethane copolymers 

containing -CD. A key to the understanding of PFOA sorption is related to the relative 

compatibility of hydrocarbon-hydrocarbon vs. hydrocarbon-fluorocarbon materials.
44,48 

The 

greater lipophilicity of PFCs relative to HCs provides a basis for understanding the tendency of 

such materials to undergo phase separation and/or to form monolayer vs. multilayer structures in 

aqueous solution. MIMs are unique adsorbents due to the presence of inclusion sites and non-

inclusion binding sites. The relative accessibility and affinity of these sites are tunable by 

varying the composition of the cross-linker and the macromolecule. This study is anticipated to 

contribute favourably to the future development of synthetically engineered MIMs for the 

controlled uptake of diverse organic contaminants in aquatic environments.   
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CHAPTER 8 

Manuscript 7 

Description 

The study in this manuscript describes the interaction of MIMs (cf. Chapter 7) with PFOA/OA at 

the solution-solid interface using spectroscopic (FT-IR), thermanalytical (DSC), and calorimetric 

(ITC) methods, and measurements of contact angles. The equilibrium adsorption properties of 

perfluorooctane sulfonate (PFOS) were used to provide further independent support for the 

sorptive process and interaction between PFOA and the copolymer (MIMs) adsorbent surface. 

   

Author’s Contribution 

The idea of spectroscopically probing the interaction between PFOA and the adsorbent surface 

was proposed by Dr. Wilson. The use of some of the techniques (DSC, FT-IR and DLS) was 

proposed by myself, others (ITC and contact angle) were proposed by Dr. Wilson. All of the 

structural characterization, batch adsorption tests, and analyses of the data were done by myself. 

The first draft of the manuscript was prepared by myself and subsequently edited Dr. Wilson.  

 

Relation of Manuscript 3 to Overall Objective of this Project 

Since this study describes the interaction between PFOA and a CD-based copolymer adsorbent 

material, it provides an insight into the structure of host-guest systems at the solution-solid 

interface. The work in this manuscript is relevant to the study of the structure of supramolecular 

host-guest systems with emphasize on the use of polymeric host materials.  
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Graphical Abstract 

  

 

 

 

 

 

 

 

 

 

 

 

Research Highlights 

 The interaction of a fluorocarbon (FC; PFOA) guest onto the surface of hydrocarbon-based 

copolymers (MIMs) differs significantly from that of a hydrocarbon (HC) analogue (OA) 

due to differences in hydrophobicity of PFOA vs OA. 

 In a non-ideal FC-HC interaction, the PFOA is adsorbed onto the MIMs’ surface via head 

group interactions to form monolayers, with subsequent interaction of the methyl (CF3) 

groups to form bilayers and multilayers. 

 In an ideal HC-HC interaction, the OA is adsorbed onto the MIMs’ surface via the tail 

group to form monolayer structure.  

 The unique role of the head group interactions was concluded from comparison of the 

respective adsorption isotherms of MIMs with PFOA (carboxylate) and PFOS (sulfonate), 

respectively.    
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8.1 Abstract: 

The isotherm adsorption properties of synthetically engineered copolymer materials 

containing β-cyclodextrin (β-CD), hereafter referred to as macromolecular imprinted materials 

(MIMs), are reported with perfluorooctane sulfonate (PFOS), perfluorooctanoic acid (PFOA), 

and octanoic acid (OA) anions. The equilibrium sorption parameters derived from the Sips and 

BET models reveal variable surface interactions between the MIMs with the perfluorinated and 

hydrocarbon anions. Monolayer adsorption of OA onto the MIMs surface occurs via the 

hydrocarbon alkyl tail; whereas the interaction of PFOA is mediated via the carboxylate head 

group, followed by multilayer adsorption via the perfluoroalkyl tail. Supporting evidence for the 

nature of these unique interactions is evidenced by contact angle, vibrational frequency shifts and 

intensity changes, differential scanning calorimetry (DSC), and isothermal titration calorimetry 

(ITC). The formation of mono- and multilayer structures can be understood in terms of the 

hydrophobic effect and the unique thermodynamic properties of perfluorocarbon and 

hydrocarbon anions at copolymer interfaces. 

  

8.2 Introduction  

The adsorption of alkyl carboxylates and sulfonates from aqueous solution onto solid 

copolymer surfaces has been previously studied using solid-solution isotherms.
1-3

 The adsorption 

of such alkyl anions onto copolymer surfaces was reported to form well defined structures such 

as aggregates, monolayers, bilayers, and multilayers.
4,5

 The occurrence of diverse interactions at 

the solid-liquid interface depends on the chemical compatibility of the adsorbent surface and the 

adsorbate because the hydration characteristics of the overall system can give rise to monolayer 

vs. multilayer adsorption.
6
 The preparation of multilayered structures through adsorption of a 

surfactant on a surface has been previously reported with industrial applications that range from 

paint technology and dispersion-flocculation to oil recovery processes.
7 

More importantly, 
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multilayer structures at interfaces are increasingly being recognized as exceptional structural 

features for biological applications (e.g., cell patterning, drug delivery, and anti-bacterial 

coating).
8
 The adsorption of surfactant anions onto copolymer surfaces containing β-CD to form 

monolayer and multilayer structures were recently reported.
9
 In the case of multilayer adsorption, 

the adsorbent surface is initially covered by a monolayer of the adsorbate anions (e.g. PFOA) 

whose polar head groups are adsorbed onto the polar domains (e.g., -NH and -OH) of the 

copolymer surface. As well, complex formation between the apolar tails of PFOA and the 

inclusion sites of β-cyclodextrin (β-CD; cf. Scheme 8.1) may occur. Additional adsorption of 

PFOA onto the preformed monolayer can yield bilayer and multilayer at elevated concentration 

of PFOA. The characterization of such types of surface interactions on solid surfaces requires 

various techniques such as spectroscopic (e.g., NMR, FT-IR, UV, and Raman), DSC, and contact 

angle.
10-12 

In a previous study,
13

 the adsorption between alkyl carboxylate anions and copolymers 

containing β-CD was inferred from isotherm adsorption parameters. To gain a better 

understanding of the molecular level details of the unique surface interactions for these 

adsorbent/adsorbate systems, we report a detailed study of the equilibrium adsorption between 

the anions of perfluorooctanoic acid (PFOA), octanoic acid (OA), and perfluorooctane sulfonate 

(PFOS) in aqueous solution. Herein, we report spectroscopic (FT-IR), thermal analyses (DSC), 

contact angle and calorimetric (ITC) results to study the adsorption processes for the alkyl 

carboxylate anions with MIMs. The adsorption results of PFOS were compared to provide 

further independent support for the mechanism of interaction between PFOA and the copolymer 

adsorbent surface.   

 

8.3 Chemicals 

Perfluorooctanoic acid (PFOA; 96%) and perfluorooctane sulfonic acid (PFOS; 98%) were 

purchased from SynQuest Laboratories USA (Alachua, FL.). Octanoic acid (OA) and β-CD were 

purchased from VWR Canada Ltd.  Sodium hydroxide (NaOH) and Potassium hydrogen 

phosphate (KH2PO4) were purchased from Sigma-Aldrich Canada Ltd. (Oakville, ON). All 

materials were used as received unless specified otherwise.   
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Scheme 8.1 Reaction between -CD (toroid) and 1,6-hexamethylene diisocyanate (HDI) 

to form the HDI-X copolymers; where X = 1 or 6.  Note that for the 1:1 mole 

ratio, the cross linker is hypothesized to attach at the primary annular 

hydroxyl sites (-C6H2-OH) of -CD. 

8.4 Methods 

8.4.1 Synthesis of macromolecular (β-CD)-based copolymers (MIMs) 

The synthesis of copolymers containing β-CD (MIMs; e.g., HDI-1 and -6), hereafter referred to 

as macromolecular imprinted materials (MIMs), was reported previously
13,14

 (cf. Scheme 8.1). 

Two types of MIMs (HDI-1; water soluble and HDI-6; water insoluble) were used in this study. 

The numeric values (x =1 or 6) represent the relative mole quantity of diisocyanate linker units in 

relation to the moles of β-CD which is unity. 

 

 

 

 

 

 

 

 

  

According to Scheme 8.1 above, the number of linker substituents in the annular regions of β-CD 

is estimated at two linker moieties per annular face. In particular, the primary hydroxyl groups of 

β-CD are more reactive than the secondary hydroxyl groups; therefore, substitution of the 

diisocyanate linker occurs preferentially at the primary hydroxyl sites. This is applicable for the 

1:1 β-CD/HDI copolymer (HDI-1). As the linker ratio increases (i.e., X> 1), the number of linker 

substituents increase up to three units per annular face.
15

 It should be noted here that the steric 

effects of the MIMs directly correlates with the linker content, as will be shown in the 

forthcoming results and discussion. Scheme 8.2a–c illustrates the proposed substitution of the 

diisocyanate linker units on the primary and secondary hydroxyl groups at the annular of β-CD 

for the low (1:1; HDI-1) to high (1:6; HDI-6) β-CD:HDI cross-linking. 
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8.4.2 Preparation of MIMs/carboxylate anion mixtures 

Samples of the insoluble MIM (HDI-6) were equilibrated with PFOA (pH ~ 4) and OA 

(pH ~ 8.5) at several different concentrations to obtain mixtures that correspond to monolayer 

and multilayer surface coverage (cf. Figures 7.2 and 7.4, and Table 7.1, chapter 7). In the case of 

PFOA, 100 mg of HDI-6 was weighed in three separate 250 ml beakers containing 100 mL of 7 

mM (multilayer), 4 mM (mono-/multi-layer), and 1 mM (monolayer) PFOA in MilliQ water at 

ambient pH conditions (pH ~4), respectively. As for OA, the following monolayer 

concentrations were used: 18 mM, 4 mM and 1 mM at pH 8.5 (i.e., pH >pKa OA) adjusted using 

small amounts (<1%) of NaOH solution. The solution mixtures were stirred for 24 h and filtered 

through Whatman no. 2 filter paper followed by washing with MilliQ water to remove excess 

PFOA or OA.  The resulting equilibrated solid copolymer samples were analyzed using DSC and 

FT-IR spectroscopy.  For the sake of discussion, the MIMs with PFOA and OA samples are 

denoted as HDI-6/PFOA-7, HDI-6/PFOA-4, HDI-6/PFOA-1, HDI-6/OA-18, HDI-6/OA-4, and 

HDI-6/OA-1, respectively. The foregoing numeric designation refers to the relative 

concentrations of the carboxylate anion (mM).  

 

8.4.3 FT-IR Spectroscopy 

Fourier Transform-IR spectra were obtained on the hydrated samples using a Bio-Rad FTS-40 

spectrometer with a resolution of 4 cm
-1

. All spectra were obtained with spectroscopic grade KBr 

Scheme 8.2 Schematic presentation of the sites of substitution of HDI cross linker to the 

primary (narrow rim) and secondary (wide rim) hydroxyl groups in the 

annular region of β-CD copolymer. The filled spheres represent covalently 

attached sites and illustrate (a) low (e.g. 1:1), (b) medium (e.g. 1:3), and (c) 

high (e.g. 1:6) cross-linking; whereas, the open spheres represent unreacted 

sites. Adapted from ref. 15. 

(a) (b) (c) 
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which constituted ~80% (w/w) of the total sample. The FT-IR of octanoic acid (OA) was 

obtained by adding a drop of the neat liquid sample on KBr.   

 

8.4.4 Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry (DSC) of the samples was acquired using a TA Q20 thermal 

analyzer over a temperature range of 30 °C to 150 °C. The scan rate was set at 10 °C/min and dry 

nitrogen gas was used to regulate the sample temperature and sample compartment gas purging. 

Samples were analyzed as aqueous pastes in hermetically sealed aluminum pans with a small 

exhaust hole punched in the lid of the pan to allow release of gas. Sample weights ranged 

between 10–12 mg.   

 

8.4.5 Contact Angle 

Contact angle measurements were acquired using CT Scan vintage 50 contact angle goniometer 

at ambient temperature (22±1 °C). Liquid drops containing variable levels of PFOA (7 mM, 4 

mM and 1 mM) and OA (18 mM and 1 mM) in MilliQ water were placed on the surface of an 

air-dried copolymer film of HDI-6. The films (~20 μm thick) were prepared by drop-casting 1 

mL of DMSO solution containing ~0.5 mg HDI-6 onto a 0.5”x1.5” silicon wafer to afford 

relatively smooth and even films.
17

 The use of silicon wafers as a substrate for contact angle 

measurements was previously reported.
12 

The average contact angles were obtained from 

measurements on 4 drops of each liquid, where 10 μL drops were placed on the films using a 250 

μL syringe and contact angle measurements were made on both sides of the drops. The reported 

contact angle corresponds to the static contact angle values at equilibrium measured within 1 

minute of droplet addition to the surface. The contact angles of water, PFOA, and OA on 

untreated silicon wafer surface were also measured as controls where the contact angles were 

constant to within ± 1°. 

 

8.4.6 Isothermal Titration Calorimetry (ITC) 

ITC measurements were carried out at 25 °C on a Calorimetry Sciences Corp. (CSC) 

calorimeter using native β-CD and the soluble copolymer (HDI-1) as the host substrates. All 

samples employing OA titrations were prepared in phosphate buffer at pH ~8.5, while samples 

for PFOA titrations were prepared at ambient pH conditions (pH ~4) in Milli-Q water. The ITC 
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experiments were conducted by injecting the carboxylate anion solutions (OA, or PFOA; ~6 

mM) as the titrants, at 200 s intervals between injections and 200 s standard equilibration time, 

using a 250 μl injection syringe into a stainless steel sample cell (1.430 mL) containing the host 

substrates (β-CD; ~0.3 mM, or HDI-1; ~0.4 mg/mL). The ITC thermodynamic parameters for β-

CD were measured against HDI-1 for comparison. The aqueous solutions containing β-CD or 

HDI-1 in the cell were stirred at 300–400 rpm. The integrated heat effects of each injection were 

corrected by subtraction of the corresponding heats of dilution; i.e., heat effects due to dilution of 

PFOA and OA solutions in Milli-Q water and phosphate buffer, respectively. In the case of the 

OA titrations, the heats of dilution for the phosphate buffer into the host substrates were also 

subtracted.   

The experimental data obtained from the calorimetric titration were analyzed using CSC 

built-in BindWorks 3.1 software. A single binding model with an independent set of multiple 

binding sites was used for the non-linear regression. The enthalpy of binding (ΔH), the binding 

constant (Ki), and the number of binding sites (n) were estimated from the BindWorks 3.1 

software using the independent and the multiple (β-CD/PFOA) models of the software, 

respectively. The change in standard Gibbs free energy (ΔG
o
) and the corresponding change in 

standard entropy (ΔS
o
) were obtained using equation (8.1). It should be noted here that β-CD 

forms 1:1 (n = 1) and 2:1 (n = 2) inclusion compounds with PFOA.
18 

Therefore, two distinct 

binding sites are available for PFOA to bind to β-CD. In the case of HDI-1, a 1:1 (β-CD/PFOA) 

complex is anticipated as the predominant stoichiometry. Hydrocarbon analogues, e.g. OA are 

generally known to form 1:1 CD/OA complexes,
19

 but higher stoichimetries (e.g., 2:1) have been 

reported in a previous ITC study.
20

    

 

              STHKRTG ln  

 

8.5 Adsorption Isotherms 

Adsorption isotherms for PFOA and OA were expressed as plots of adsorbent surface 

coverage (Ө) against the equilibrium concentration of unbound (residual) adsorbate species (Ce; 

mM) in aqueous solution. The surface coverage (Ө; Qe/Qm) for both the adsorption isotherms 

Equation 8.1 
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(i.e., PFOA and OA with MIMs) were determined as the ratio of the amount of adsorbed species 

(Qe; mmol/g) relative to the monolayer sorption capacity (Qm; mmol/g).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Adsorption isotherms for PFOS were expressed as plots of Qe (mmol/g) vs Ce (mmol/l), where 

the experimental sorption data was evaluated using the Brunauer-Emmett-Teller (BET) model.
16 

All equations and other parameters were defined in a previous report.
13 

Hybrid quadrupole-TOF 

(Q-star) MS/MS mass spectrometer with electrospray ionization (ESI-MS) in negative ion mode 

was used to evaluate the Ce values for the PFCs (i.e., PFOA and PFOS). The ESI-MS was not 

used to evaluate the equilibrium concentrations for OA since samples containing electrolytes 

(e.g., sodium) and fatty acids pose problems that limit the sensitivity of ESI-MS in the form of 

ion suppression and blockage effects. The residual amounts of OA were analyzed by back 

Figure 8.1 Typical ESI-MS spectra of the solutions of PFOA (pH 3.8) and PFOS (pH ~3) 

at low  and high loading concentrations in the presence of HDI-6 copolymer. 

PFOA (Low) PFOA (High) 

PFOS (Low) PFOS (High) 



 

- 290 - 
 

Figure 8.2 Sorption isotherms for MIMs/PFOA (Left) and MIMs/OA (Right) systems 

expressed as surface coverage (Ө) against equilibrium concentration (Ce).  
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titration using 0.02 M HCl solution and bromophenol blue as the indicator. Typical ESI-MS 

spectra for the equilibrium concentrations of PFOA (amu ~412.9) and PFOA (amu ~498.9) are 

shown in Figure 8.1a,b for low and high PFC loadings, after adsorption with HDI-6.  

 The use of Ɵ vs. Ce plots for PFOA and OA sorption with MIMs, respectively, allows for 

direct comparison of the type of interaction (monolayer; Ɵ ~1 vs. Multilayer Ɵ >1) between the 

bound adsorbate and adsorbent surface. In the case of PFOS, the sorption equilibrium parameters 

obtained from the Qe/Ce isotherms provide some insight concerning the adsorptive process of  

PFOS onto MIMs relative to that of PFOA.  

 

8.6 Results and Discussion 

8.6.1 Sorption Studies for PFOA, OA, and PFOS 

8.6.1.1 Surface Coverage of PFOA and OA (Monolayer vs. Multilayer) 

Figure 8.2 shows the binding sorption isotherms expressed as surface coverage (Ө) 

against the equilibrium residual concentrations (Ce; mmol/L) of PFOA and OA in aqueous 

solution, respectively. The binding of the PFOA anion onto the various MIMs (Figure 8.2) leads 

to surface coverage greater than unity and this is consistent with the formation of a multilayer 

isotherm.  In contrast to PFOA, the adsorption of OA onto the MIMs surface represents a typical 

monolayer isotherm described by the Langmuir equation.
21  
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Table 8.1  Physicochemical Properties of the Adsorbent and Adsorbate 

Materials*  

 

 

A surface coverage of unity implies that a single layer of OA is adsorbed onto the MIMs 

surface at higher concentrations (Ce ≥10 mM; cf. Fig. 8.2 for MIMs/OA).
22

 We concluded in a 

previous study
13

 that the binding of the OA anion onto the MIMs surface occurs via the apolar 

alkyl tail to minimize the surface free energy because the polar carboxylate head group is 

appreciably hydrated. In the case of the PFOA anion, binding onto the MIMs surface likely 

occurs between the carboxylate anion of PFOA and the dipolar domains (i.e., –NH and –OH) of 

the copolymer surface (cf. Scheme 8.1). This mode of binding is consistent with the reduced 

hydration of PFOA head group due to inductive effects of the neighbouring CF2 groups. 

Inductive effects will reduce the overall negative charge on the carboxylate head group, in 

agreement with the low pKa value of PFOA relative to OA.
23

 Furthermore, interactions between 

the carboxylate head group of PFOA and the polar surface domains of the adsorbent lead to the 

formation of well-defined multilayers due to the occurrence of cooperative aggregation at higher 

PFOA concentration (Ce >1.5 mM; Figure 2a).
24

  In cases where the inclusion sites of β-CD are 

accessible, typical host-guest inclusion complexes are anticipated for OA and PFOA, 

Adsorbent SA (m
2

/g) β-CD 

(mol %) 

Accessibility of 

β-CD sites (%) 

HDI content (mol %) 

GAC 1100
a

 - - - 

HDI-1 3
15,b

 87.1 100 12.9 

HDI-3 5
15,b

 69.2 4.78 38.7 

HDI-6 NR 52.9 ~0 77.4 

Adsorbates Molecular 

formula 

pKa cmc (mM) Water solubility (g/L 

at 25°C) 

PFOA CF
3
(CF

2
)

6
COOH 2.5

25

 8.7-10.5
26

 3.4
27

 

OA CH
3
(CH

2
)

6
COOH 4.9

28

 350
29

 0.68
30

 

*a
Supplier’s BET surface area, 

b
BET surface area. 
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respectively. Table 8.1 lists the physicochemical properties of the various adsorbent materials 

(i.e. sorbent surface area, % accessibility of β-CD sites, and linker content) and the adsorbate 

(i.e. cmc, solubility, and pKa). 

 

8.6.1.2 Sorption and Equilibrium Binding Parameters for PFOA and OA  

The equilibrium sorption binding parameters for PFOA and OA are listed in Table 8.2. 

Based on the Qm values, it is worthwhile to note that the sorption of PFOA by the MIMs was 

shown to be comparable to GAC. The relatively high Qm values for the MIMs/PFOA (2.63 

mmol/g; Sips) systems exceed GAC (1.35 mmol/g; Sips) and is attributed to the formation of 

multilayers in the former. The formation of multilayers is significant in spite of the lower surface 

area of the copolymers relative to GAC (cf. Table 8.1).   

The minimum equilibrium saturation concentrations (Ce,sat; mmol/l) of adsorbate for 

monolayer/multilayer profiles were estimated from the respective isotherm models (Sips/BET) in 

Table 8.2. The Qm values enclosed in brackets in Table 8.2 represent values obtained from the 

Sips model. In general, complete coverage of the PFOA monolayer occurs at Ce ~1.0 mM and 

multilayer formation occurs at Ce >1.5 mM with saturation at Ce ≥3.5 mM. In the case of OA, 

monolayer saturation occurs at Ce ~10 mM. The equilibrium binding constants (Keq; M
-1

) in 

Table 8.2 were estimated from the “best-fit” parameters obtained from the Sips isotherm model. 

The Keq values for PFOA are greater than the corresponding values for the OA/MIMs systems. 

Adsorption processes of surface active species are strongly governed by hydrophobic effects and 

the variable hydrophobicity of PFOA and OA are consistent with their relative cmc values (cf. 

Table 8.1). The interaction of both alkyl carboxylates (i.e., PFOA and OA) with MIMs will 

likely involve London-dispersion forces; however, PFOA has some localized dipoles such as the 

α- and β-CF2 groups, along with the terminal CF3 group, in agreement with the chemical shift 

data of these nuclei.
18

 By contrast, the OA alkyl chain is an apolar hydrocarbon, and its greater 

cmc (cf. Table 8.1) suggests that it is less hydrophobic than PFOA.  

The greater pKa of OA relative to PFOA illustrates differences in the charge density and 

hydration of the carboxylate head group of each anion, as indicated above. Therefore, the greater 

Keq for PFOA from Table 8.2 suggests that dipolar interactions occur with the polar surface 

groups at the MIMs interface. This is in addition to secondary binding at the inclusion sites of β-

CD which occurs via the perfluoroalkyl group. In the case of OA, secondary London/dispersion  
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Table 8.2 BET and Sips Isotherm
 
Sorption Parameters for PFOA and OA with 

GAC and MIMs at 295 K and pH 4 and 8.5, respectively.* 

 

 

intermolecular forces are anticipated with the apolar linker domain of the copolymer material, 

relative to the favourable inclusion of the β-CD sites.
19 

Dipolar interactions (e.g., H-bonding) are 

~10
1
 kJ/mol compared with weak dispersion forces (<10

1
 kJ/mol).

31
 Furthermore, the 

heterogeneity constant (ns) derived from the Sips model indicates the presence of variable 

surface interactions between PFOA and OA with the MIMs, respectively. The large deviation of 

the ns values (ns = 2–3) from unity for the OA/MIMs system suggests the presence of 

 GAC HDI-1 HDI-3 HDI-6 

 PFOA 

 Sips BET (Sips)   

Q
m

(mmol/g) 1.39 1.35 (2.63) 0.97 (1.38) 0.87 (1.28) 

K
Sips 

(L/g) 2.39 0.91 1.23 14.1 

K
eq

 (
 

10
3

M
-1

) ~1 0.4 0.5 5.8 

n
s
 0.74 0.87 0.71 1.26 

C
e, sat. 

(mmol/L) 

Mono-/Multi-layer 

~0.5 ~1/>3.5 ~1/>3.5 ~0.5/>3 

                      OA 

Q
m

(mmol/g) 1.98 NR 0.84 1.02 

K
Sips

 (L/g) 0.07 - 0.01 0.04 

K
eq

 (M
-1

) 10 - 1.4 5.8 

n
s
 2.1 - 3.1 3.2 

C
e, sat. 

(mmol/L) ~10 - ~10 ~8 

*The Q
m
 values enclosed in brackets in Table 2 represent values estimated from the Sips model; NR 

= not recorded. 
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Scheme 8.3 Proposed adsorption modes of the carboxylate anions within the inclusion sites of 

β-CD via tail groups and onto the linker domains of the copolymer for (a) PFOA 

via ion-dipole interactions of the head group and subsequent formation of 

multilayers, and (b) OA adsorption occurs via the alkyl tails to form a monolayer.  

heterogeneous (i.e. two or more) surface sites on the material. The heterogeneity factor is 

lowered for PFOA sorption and supports that unique adsorbate/adsorbent interactions occur that 

agree with multilayer formation. Various types of subtle interactions are proposed for PFOA and 

OA anions at the MIMs surface that lead to multilayer and monolayer formation, as illustrated in 

Scheme 8.3a,b. 

 

 

 

 

 

 

 

 

 

8.6.2 Sorption and Equilibrium Binding Parameters for PFOS 

The sorption and equilibrium binding parameters of MIMs/PFOA systems were 

compared with the corresponding values for PFOS to further understand the mode of sorption by 

variation of the head group anion. Several structural and physicochemical properties of PFOA 

and PFOS are summarized in Table 8.3. 

The most notable structural difference between PFOA and PFOS is the nature of the head 

group. The relative head group size, cmc, and pKa values for PFOA and PFOS are expected to 

result in unique modes of adsorption with the MIMs surface, according to Scheme 8.3. The 

isotherms for PFOS with HDI-1 and -6 were obtained using the protocol described in a previous 

study.
13

 The concentration of PFOS was varied over a wide range of 0.01–5 mmol/l, while the 

weight of the adsorbent was fixed (~2 mg). The sorption behavior of PFOS at pH ~3 with MIMs 

was expressed graphically as plots of Qe (mmol/g) vs Ce (mmol/l). Ambient pH values that 

exceed the respective pKa values were used for the adsorption studies of both PFOA (~3.8) and 

PFOS (~3.0). The use of salts and buffers was avoided because they limit the sensitivity of ESI-
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Table 8.3 Molecular Structures and Physicochemical Properties of PFOA and 

PFOS*  

MS in the form of ion suppression and blockage effects, as described previously.
13

 At the given 

pH conditions, the anion species account for ~95 % and >99% for PFOA and PFOS, 

respectively. Therefore, the PFOA and PFOS species exist predominantly in their anion forms at 

the specified conditions.  

 

 

 PFOA PFOS 

Molecular 

Structure  
 

Molecular weight 

(g/mol) 

500 414 

Solubility (g/L) 

at 25 °C 

3.40 0.570
32

 

Melting point 

(°C) 

45-55 >400 

Vapor pressure 

(mmHg) at 20 °C 

0.017
25

 2.48x10
-6 25,c

 

pKa 2.5 <1
32

 

cmc (mmol/L) 8.7-10.5 2.0
32

 

*c
Vapor pressure value for PFOS corresponds to the potassium salt. 

 

The most notable structural difference between PFOA and PFOS is the nature of the head 

group. The relative head group size, cmc, and pKa values for PFOA and PFOS are expected to 

result in unique modes of adsorption with the MIMs surface, according to Scheme 8.3. The 

isotherms for PFOS with HDI-1 and -6 were obtained using the protocol described in a previous 
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study.
13

 The concentration of PFOS was varied over a wide range of 0.01–5 mmol/l, while the 

weight of the adsorbent was fixed (~2 mg). The sorption behavior of PFOS at pH ~3 with MIMs 

was expressed graphically as plots of Qe (mmol/g) vs Ce (mmol/l). Ambient pH values that 

exceed the respective pKa values were used for the adsorption studies of both PFOA (~3.8) and 

PFOS (~3.0). The use of salts and buffers was avoided because they limit the sensitivity of ESI-

MS in the form of ion suppression and blockage effects, as described previously.
13

 At the given 

pH conditions, the anion species account for ~95 % and >99% for PFOA and PFOS, 

respectively. Therefore, the PFOA and PFOS species exist predominantly in their anion forms at 

the specified conditions.  

The sorption isotherms for PFOS in the presence of HDI-1 and -6 are shown in Figure 

8.3. The equilibrium sorption parameters (e.g. sorption capacity and equilibrium constant) are 

listed in Table 8.4. The experimental data were well described by the BET model with R
2
 >0.99. 

In Figure 8.3, MIMs display a type III sorption isotherm with PFOS according to BET 

classification;
33

 where an asymptotic rise for Qe is observed at Ce ~3.0 mmol/l and 3.5 mmol/l 

for HDI-1 (a) and -6 (b), respectively (cf. Figure 8.3 and Table 8.4). This is contrary to the 

MIMs/PFOA system which displayed type IV isotherms. Type III sorption isotherms describe 

weak adsorbate-adsorbent interactions, therefore adsorbate-adsorbate interactions may play a 

more important role in the sorption of PFOS onto MIMs.
34

 In contrast, PFOA sorption is 

characterized by moderately strong interactions at low Ce (cf. Figure 8.3 insets and Figure 7.2 in 

chapter 7), as evidenced by the higher magnitude of Qe in the region where monolayer 

adsorption occurs. Relatively weak interactions are evidenced for the MIMs/PFOS isotherm, 

according to the negligible sorption onto the adsorbent surface for Ce <3 mM (cf. Figure 8.3). 

These findings are consistent with the more pronounced ion/dipolar interactions of the 

carboxylate anion relative to the weaker ion/dipolar interactions of the sulfonate anion with the 

MIMs surface.  

The dipolar domains on the MIMs surface consist of –NH and –OH functional groups (cf. 

Scheme 8.1), where these domains can serve as H-bond donor or acceptor sites.  Ion-dipole 

interactions are possible between the carboxylate anions of either PFOA and PFOS, which 

depend on the hydration and charge distribution characteristics of the anions and the surface. The 

occurrence of inductive effects from the methylene groups in PFOA and PFOS affects the charge 

distribution of the carboxylate and sulfonate head groups to a differing extent. The ionic charge 
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of the carboxylate group is distributed over three atoms vs four atoms in the case of the sulfonate 

group.  Therefore, the greater charge density of the carboxylate anion may result in more 

pronounced ion-dipole interactions with the MIMs surface. This is supported by the offset in 

binding affinity between PFOA vs PFOS, according to the differing Keq value of each anion 

species (cf. Tables 8.2 and 8.4). 

 

 

 

 

 

 

 

 

 

 

 

The values for the monolayer sorption capacity (Qm; mmol/g) of the MIMs with PFOS 

are listed in Table 8.4 as follows: 0.38 (HDI-1) and 0.69 (HDI-6). The Qm results for PFOS 

(Table 8.4) are lower than the corresponding values for PFOA according to the BET model (cf. 

Table 8.2). The values in Table 8.4 for PFOS are in good agreement with those reported by Yu 

and coworkers.
35

 For example, the maximum sorption capacity values for PFOS at pH 5 reported 

by Yu et al.
35

 were 1.04 mmol/g on powdered activated carbon, 0.37 mmol/g on granular 

activated carbon, and 0.42 mmol/g for an ionic resin AI400. Hence, the MIMs uptake values 

reported herein have Qm values for PFOS that are comparable or greater than other types of 

organic adsorbents. It is worthwhile to note that Qm values of such PFCs is dependent on the 

solution pH and concentration, as anticipated according to Scheme 8.3.  

Figure 8.3 Sorption isotherms of PFOS onto HDI-1, and (b) HDI-6 MIMs at pH ~3 and 

295 K. The “best-fit lines” correspond to the BET model. Insets: The 

corresponding sorption isotherms of PFOA onto HDI-1, and HDI-3 MIMs 

surfaces are compared where the circled regions at low Ce show favourable 

adsorbate-adsorbent interactions.   
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The lower Qm values for PFOS relative to PFOA can be related to different modes of 

sorption due to several adsorbate properties: (1) cmc values, (2) hydrophobicity, (3) molecular 

size, and 4) nature of the head group, as described above. For example, PFOA displayed higher 

Qm values with HDI-1 (1.35 mmol/g) compared to HDI-6 (0.87 mmol/g) according to the BET 

model. However, the opposite trend was observed for PFOS where the Qm value for HDI-6 (0.69 

mmol/g) was greater than that for HDI-1 (0.38 mmol/g). Furthermore, the Qm value of HDI-1/ 

PFOS system was greatly attenuated relative to HDI-1/PFOA. The greater charge density of the 

carboxylate anion of PFOA imparts greater hydrophilic character, as compared to the sulfonate 

anion. As such, PFOS is less hydrated with a reduced charge density relative to the PFOA anion. 

The difference in size and charge dispersion of carboxylate and sulfonate head groups account 

for the observed differences with the MIMs.  

MIMs adsorbents possess two types of binding sites; i) β-CD inclusion sites, and ii) 

interstitial domains due to the cross-linker framework. The inclusion sites of HDI-1 were 

reported by Mohamed et al.
15

 to be approximately 100% accessible (i.e., negligible steric effects) 

according to a dye-based method, as listed in Table 8.1. Steric effects at the inclusion sites of 

such copolymers typically increase as the level of crosslinking increases (i.e., HDI-6 > HDI-1).  

As well, HDI-1 forms a linear copolymer with high inclusion site accessibility, whereas; HDI-6 

forms a more highly branched copolymer with low inclusion site accessibility (cf. Scheme 8.2). 

Given the lower cmc value and the greater molecular size
35,36 

of PFOS relative to PFOA (cf. 

Table 8.3), hemi-micelles and micelles are more likely to form for PFOS. The formation of 

surface-bound complexes will lower the overall concentration of unbound adsorbate which 

lowers the available adsorbate for inclusion binding processes. Yu et al.
35 

reported the formation 

of micelles and hemi-micelles to explain the reduced adsorption of PFOS onto AI400 resin 

relative to that of PFOA. A similar effect may occur for the adsorption of PFOS onto HDI-1, as 

evidenced by its reduced binding affinity with the MIMs.  

It is noteworthy that the equilibrium constant for HDI-1/PFOS (0.57x10
3
 M

-1
) in Table 

8.4 is ~10 times lower than the value for HDI-1/ PFOA (5.2x10
3
 M

-1
) according to BET model, 

in accordance with the lower cmc of PFOS. In the case of HDI-6, greater adsorption of PFOS 

occurs relative to HDI-1 and may correlate with greater number of linker domains for the HDI-6 

copolymer. The effect agrees with the onset of isotherm saturation for HDI-6 at a higher level of 

adsorbate (Ce, sat ≥3.5 mmol/L), relative to HDI-1 (Ce,sat ≥3.0 mmol/L). The inclusion site 
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Table 8.4 BET Isotherm Sorption Parameters* for PFOS with HDI-1 and -6 MIMs at 295 K and 

pH ~ 3. 

 

accessibility for HDI-6 is approximately zero
15

 (Table 8.1); therefore binding at the cross-linker 

domains of the copolymer network is preferred over the inaccessible inclusion sites of β-CD. The 

lower Keq for HDI-6 reveals that reduced uptake occurs for PFOS relative to PFOA, in 

agreement with the decreased charge density of PFOS described above.  

It is concluded from the foregoing discussion that hydrophobic interactions are mainly 

responsible for the sorption of PFOS onto the MIMs surface, and hemi-micelles and micelles are 

formed near the cmc of the adsorbate.
24

 Micelle formation and multilayer structures are favoured 

for PFOS over that of PFOA due to the greater surface activity of PFOS. As Ce approaches the 

cmc, multilayers and aggregates play a key role for the cooperative adsorption of PFOS at these 

copolymer surfaces. By comparison, the sorption of PFOA onto the MIMs surface is dominated 

by relatively strong dipolar interactions due to surface binding between the anion head group 

with the copolymer –NH and/or –OH groups. The adsorption of PFOA and PFOS onto the MIMs 

surface is summarized by Scheme 8.4. Additional evidence of these adsorptive processes 

between PFOA and OA with the MIMs surface is provided in a forthcoming section (§8.6.2).   
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HDI-1 0.38±0.07 1.15±1.09 0.57 0.994 37 ≥3.0 

HDI-6 0.69±0.07 0.14±0.04 0.07 0.995 34 ≥3.5 

*
R denotes the level of uptake of PFOS defined as (Co-Ce)×100%/Co, where Co and Ce are the initial 

and residual adsorbate concentrations, respectively. All other parameters are defined in Table 2. 

 

8.6.3 The interaction of PFOA/OA with MIMs  

8.6.3.1 DSC 

DSC is a highly sensitive tool used for the study of the thermal and hydration properties 

of food, polymeric materials, and gels.
37-39

 Figures 8.4 and 8.5 show the DSC results of HDI-

6/PFOA and HDI-6/OA mixtures as hydrated solid pastes, respectively. 
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Figure 8.4 DSC thermograms of the hydrated samples of PFOA and mixtures 

containing HDI-6 at different PFOA loadings. 
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Scheme 8.4 Proposed adsorption modes for (a) HDI-6/PFOA, and (b) HDI-6/PFOS systems. 

PFOA confers stronger ion-dipole interactions with the dipolar regions of the 

MIMs surface than PFOS. Adsorption via head group interactions prevail due to 

the low -CD inclusion site accessibility and the greater number of urethane 

linkages of HDI-6 on the MIMs framework. Note: Inclusion sites accessibility for 

HDI-6 ~0 due to steric effects. 

(a) 
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In Figure 8.4, the DSC traces for unbound PFOA and the HDI-6/PFOA system are 

shown. The DSC of free PFOA consists of an endotherm at lower temperature (~45 °C) which is 

attributed to a melting transition. The melting endotherm of PFOA appears to increase in 

temperature as the loading of PFOA increases, especially at 4mM and 7mM. The dehydration 

transition of the free PFOA is composed of two main contributions ~97 °C and 113 °C, in 

addition to a small broad peak ~130 °C.  The endotherms at 97 and 113 °C are attributed to 

dehydration processes adjacent to the perfluoroalkyl chain and the head group, respectively. 

Knowlton and White
40 

used DSC endotherms to describe three types of water bound to 

zeolite; external (bulk), loosely bound, and tightly bound waters. By analogy, different regions of 

hydration are anticipated for the adsorbate anions and the MIMs surface due to the variation in 

hydrophile-lipophile domains,
41

 according to the isotherm results herein.
 
Thus, such strongly 

bound water to the carboxylate head group are expected to desorb at much higher temperatures 

compared to bulk or loosely bound waters.
42

 The DSC region between 30–70 °C in Figure 8.4 is 

more revealing due to the “semi-solid” phase transitions attributed to  monolayer and multilayer 

adsorption.  For instance, the DSC of the HDI-6/PFOA-1 (monolayer) reveals an endotherm 

similar to that for free PFOA with the two dehydration processes at 95 and 105 °C. The lowering 

of these two endotherms is related to reduced hydration of PFOA due to competitive 

adsorption/dehydration of PFOA at the HDI-6 surface.  

A comparison of the loading of PFOA from low to high values for HDI-6/PFOA-1 

illustrates the emergence of a melting endotherm of PFOA ~60 °C, which increases at medium 

loading (HDI-6/PFOA-4; mono-/multilayer) to higher loading (HDI-6/PFOA-7; multilayer). The 

emergence of the PFOA endotherm ~60°C coincides with the disappearance of the dehydration 

endotherms at lower temperatures. The broader dehydration endotherm for HDI-6/PFOA-7 

agrees with multilayer adsorption processes. Several studies of polyelectrolyte multilayers reveal 

that significant levels of water can enter such multilayer structures
43,44 

and contribute to broad 

dehydration endotherms. In general, shifting of the dehydration endotherms to lower 

temperatures in the HDI-6/PFOA mixtures relative to the free PFOA suggests a different 

environment for PFOA in the bound state. Therefore, the PFOA anion is bound via dipolar 

interactions onto the surface of HDI-6 through the polar domains (–NH/-OH) of the copolymer 

framework. The importance of such H-bonding interactions for stabilizing multilayer structures 

is relatively well established.
10

 The onset of the melting endotherm for adsorbed PFOA to higher 
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temperature (~62 °C) and the offset of the dehydration endotherm to lower temperature (103 °C) 

for the HDI-6/PFOA-7 system, relative to free PFOA, provides support of well-defined 

multilayers. The DSC results indicate that the monolayer and multilayer structures of the 

MIMs/PFOA system are stabilized by H-bonding and ion-dipole interactions, in agreement with 

the above isotherm results.  

 

 

 

 

 

 

 

 

 

 

 

 

In contrast to PFOA, the DSC thermograms of the HDI-6/OA systems in Figure 8.5 are 

characterized by two well defined endotherms ~90 and 100 °C, attributed to dehydration 

processes. The DSC of unbound OA consists of a very broad dehydration transition at higher 

temperature (~140 °C) that is characteristic of fatty acids, in agreement with the strong ion-

dipole interactions in water.
45 

On the other hand, DSC thermograms for the HDI-6/OA mixtures 

are characterized by at least two dehydration events ~94 °C and 105 °C due to bulk and bound 

waters, respectively. Higher temperature transitions are characterized by sharp signals due to 

monolayer formation. The lower enthalpy of dehydration for HDI-6/OA mixtures relative to 

HDI-6/PFOA mixtures is hypothesized due to the formation of monolayers containing reduced 

Figure 8.5 DSC thermograms of the hydrated samples of OA and its mixtures with HDI-

6 at different loading levels of OA. 
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Figure 8.6 FT-IR spectra of hydrated solids HDI-6, PFOA, and HDI-6/PFOA-1, HDI-

6/PFOA-4, and HDI-6/PFOA-7 systems at 295 K. The numbered bands 

(1–3) show the CF2/CF3 stretching bands of PFOA. 

HDI-6 

PFOA 

HDI-6/PFOA-1 

HDI-6/PFOA-4 

HDI-6/PFOA-7 

hydration. In contrast, multilayer structures can ingress greater amounts of water which result in 

broader transitions and increased dehydration enthalpy,
44 

as for the HDI-6/PFOA system. 

 

8.6.3.2 FT-IR Spectroscopy 

FT-IR spectroscopy is a useful method for characterizing H-bond formation in 

polyurethanes and related compounds.
32,46 

FT-IR has also been used to probe spectral differences 

between self-assembled structures such as mono- and multi-layers,
10 

since these systems are 

often stabilized by dipolar interactions. The FT-IR spectra of HDI-6/PFOA and HDI-6/OA 

systems were studied to evaluate H-bonding and dipolar interactions. The results are shown in 

Figures 8.6 and 8.7, where the vibrational bands in Tables 8.5 and 8.6 are in agreement with 

previous reports.
32

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The FT-IR spectra for the HDI-6/PFOA system (Figure 8.6) are dominated by absorption 

bands due to the copolymer. The spectrum of unbound PFOA is characterized by a broad –OH 
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stretching band extending ~3300–2600 cm
-1

 which is typical of carboxylic acids, due to the 

formation of H-bonded dimers.
47

 The most important vibrational bands for the HDI-6/PFOA 

systems are summarized in Table 8.5. In general, broad –OH (~3400 cm
-1

) and –C=O (~1700 

cm
-1

) bands are observed for the mixtures with respect to the HDI-6 and unbound PFOA, 

providing indirect evidence of the dipolar interactions between HDI-6 and PFOA.
48

 Furthermore, 

the –C=O bands of the mixed systems are shifted by as much as 60 cm
-1

 (blue shift) and 13 cm
-1

 

(red shift) relative to the free PFOA and HDI-6 copolymer, respectively.  

The amide I region for HDI-6 and the mixtures in Figure 8.6 consistently show a band 

~1710 cm
-1

 (urethane –C=O vibrational band) and a shoulder at lower frequency (~1650 cm
-1

), 

assigned to a H-bonded urethane carbonyl band.
47

 An additional band ~1787 cm
-1

 was recorded 

for the HDI-6/PFOA-7 system with a blue shift of approximately 10 and 67 cm
-1

, relative to the 

free acid and copolymer, respectively. 

The band ~1787 cm
-1

 is assigned to multilayers of PFOA that are unique to the HDI-

6/PFOA-7 system.  In its adsorbed state, PFOA at the MIMs interface exists in its acidic form 

due to H-bonding with -OH/-NH groups, unlike the carboxylate moieties at the subsequent 

layers. The IR frequencies of the acidic forms of benzoic and salicylic acids in solution were 

shown to increase by ~80 wavenumbers from ~1620 to 1700 cm
-1

 relative to the position of the 

respective unbound carboxylate anions.
49

 As well, the formation of weak H-bonds may result in 

shortened X-H bonds with subsequent attenuation of the FT-IR bands and resulting blue 

frequency shifts.
50 

The observed frequency shifts and variation in the relative intensities of the 

COO
-
/COOH bands for the HDI-6/PFOA system, relative to free PFOA and HDI-6, provide 

support of such dipolar interactions between PFOA and the MIMs surface.
51 

In addition to the carbonyl bands, evidence of frequency shifts and change in band 

intensities of the amide II (~1500 cm
-1

) and the guest CF2/CF3 (~1200 cm
-1

) stretching bands 

(bands 1–3 in Figure 8.6) are noted. The amide II band (~1500 cm
-1

) results from the N-H 

bending and C-N stretching and displays a decreased frequency of up to 20 cm
-1

, as compared to 

HDI-6 (cf. Table 8.5). These frequency shifts are accompanied by a reduced intensity of the –NH 

band ~ 1500 cm
-1

 for the mixtures (i.e. HDI-1 > HDI-1/PFOA-1 > HD-1/PFOA-4 > HDI-

1/PFOA-7). An increase in H-bonding of amides was reported to attenuate the wavenumber 

position of the amide II band.
52
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Table 8.5 FT-IR Absorption Bands of HDI-6, PFOA and their Adsorbed Complexes. 

 

In Figure 8.6 and Table 8.5, the FT-IR shift and intensity changes of the guest ~1200   

cm
-1

 (band 2; νasymCF2 + νasymCF3) and ~1250 cm
-1

  (3; νsymCF2) and 1150 cm
-1

 (1; νsymCF2) were 

observed. The intensity of the CF3 band 2 increases at the expense of the CF2 band 3. Viana et 

al.
10 

reported integrated areas of the FT-IR bands to characterize multilayer structures. In Figure 

8.6, an increase of the relative intensity of the CF3 bands (2) ~1205 cm
-1

 for the HDI-6/PFOA-7 

system provides further support of multilayer adsorption processes.  

The FT-IR results for the HDI-6/OA mixtures are shown in Figure 8.7 and Table 8.6. The 

spectra of the OA mixtures are similar with minor shifts (2–4 cm
-1

) for the amide I and II bands. 

The -OH band ~ 3400–2400 cm
-1

 for OA overlaps with the C-H bands (~2900 cm
-1

), and is 

typical for fatty acids.
53 

The shifts of the -C=O and -NH range from 13 to 20 cm
-1

 up to 60 cm
-1

 

for the PFOA/copolymer systems, however; there are minimal wavenumber shifts for the 

OA/copolymer systems, in agreement with the monolayer isotherm results in Figure 8.2 and 

Scheme 8.3 for MIMs/OA system. Furthermore, the relative intensity of the -NH band ~1550 

cm
-1

 is not significantly affected by incremental amounts of OA in solution. The results suggest 

Assigned Bands  Wavenumber (cm
-1

) 

 HDI-6 PFOA HDI-6/PFOA-1 HDI-6/PFOA-4 HDI-6/PFOA-7 

ν(OH)  3538 Broad 3534 3533 3530 

ν(N-H)  3367 - 3363 3351 3344 

νas(CH)+νs(CH) 2934, 2859 - 2934, 2862 2935, 2863 2947, 2868 

ν(C=O)  1720, 1653 1777 1717, 1645 1719, 1645 1787, 1707, 1647 

δ(NH) + ν(C-N) 1545 - 1533 1529 1527 

ν(C-N)  1250 - 1252 1246, 1180 1250, 1190 

νas(CF2)+νas(CF3) - 1205 - 1228 1228 

νas(CF2), νs(CF2)   - 1242, 1149 1269, 1167 1263, 1167 1257, 1173 
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Table 8.6.  FT-IR absorption bands for HDI-6, OA, and HDI-6/OA systems 

that H-bonding interactions are not evident for the HDI-6/OA system, in agreement with the 

monolayer isotherm and hydration of the head groups, as described above. It is noteworthy that 

the principal mode of adsorption is via the alkyl chain with the MIMs surface where hydration of 

the head group is well defined.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Assigned Bands  HDI-6 OA HDI-6/OA-1 HDI-6/OA-4 HDI-1/OA-18 

υ(OH) 3538 Broad 3576 3582 3582 

υ(NH) 3386 Broad 3337 3347 3347 

νas(CH)+νs(CH) 2934, 2859 2942, 2876 2949, 2873 2942, 2873 2946, 2876 

υ(C=O) 1720, 1653 1748, 1715 1724, 1661 1722, 1659 1722, 1655 

δ(NH) + ν(C-N) 1545 - 1562 1564 1562 

Figure 8.7 FT-IR spectra of hydrated solids HDI-6, OA, and HDI-6/OA-1, HDI-

6/PFOA-4, and HDI-6/PFOA-18 systems at 295 K. 
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Table 8.7 Static Contact Angles () of PFOA and OA on an HDI-6 Copolymer 

Film at Variable Loading Levels at 295 K.   

8.6.3.3 Contact Angle  

Contact angles were measured to ascertain the nature of the surface interactions between 

HDI-6 with PFOA and OA, respectively. Contact angle measurements have been successfully 

used to characterize the surface properties of films and coatings.
54

 Moreover, important 

information regarding the interactions at solid interfaces can be obtained from the wetting 

behaviour of films revealed by contact angle, especially when the chemical nature and surface 

roughness are controlled.
55,56

  

 

 

 

Static contact angles of droplets containing aqueous solutions of PFOA and OA were 

measured at ambient conditions.  HDI-6 films were drop-casted onto silicon wafer substrates, 

and the  values are listed in Table 8.7. The static  value for water on the untreated silicon 

wafer substrate was close to 90°, while the value on the HDI-6 film was 82±1°. The results 

suggest that the surface of the silicon wafer is more hydrophobic relative to the HDI-6 film.
53

 

The  values for water measured by Arkales
54

 on silicon ranged between  = 86–88°. In Table 

8.7, the greater  values for OA (1 and 18 mM) and PFOA (1 mM) may result from repulsive 

interactions with the HDI-6 surface film. Tavana et al.
55 

studied the relationship of dipole 

moments for a series of naphthalene compounds interacting with a fluorinated acrylate polymer 

film using  values. A decrease in  was observed for naphthalene derivatives containing highly 

electronegative compounds (e.g., fluorine), further confirming that specific adhesive interactions 

occur at the solid-liquid interface.  The low  values for HDI-6/PFOA-7 suggest that favourable 

adhesive interactions occur between the MIMs surface and PFOA. Comparable  values for OA 

and PFOA may preclude a detailed quantitative analysis of the results. Furthermore, the HDI-6 

films were drop-casted from a solution of DMSO which may influence surface roughness of the 

copolymer and the presence of trace solvent residues may affect the  values. However, the 

Contact angle of PFOA/OA on HDI-6 surface at ambient temperature (22±1˚C) 

Sample OA-1 OA-18 PFOA-1 PFOA-4 PFOA-7 

Contact angle (°) 87 83 82 79 75 
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contact angle results reported here are in good agreement with previous reports,
12

 and further 

support the conclusion from the isotherms, FT-IR spectra, and DSC results.  

 

8.6.3.4 ITC 

ITC has been reported for the characterization of CD-based complexes.
56,57

 The binding 

constants and the thermodynamic parameters of such host-guest complexes provide a basis for a 

detailed understanding of non-covalent binding processes.
56

 The main interactions that occur for 

the binding of PFOA and OA with the MIMs are noncovalent in nature (i.e., H-bonding, van der 

Waals and electrostatic interactions) which are amenable to ITC studies. In the case of PFOA, 

dipolar interactions between the carboxylate head group and the polar domains of the MIMs 

surface are hypothesized, in addition to secondary interactions between the perfluoroalkyl groups 

to form bilayers and multilayers. In contrast to PFOA, the apolar alkyl group of OA adsorbs at 

the MIMs surface resulting in well-defined monolayers.  
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β-CD/PFOA HDI-1/PFOA 

Figure 8.8 Calorimetric titration of (a) β-CD/PFOA, and (b) HDI-1/ PFOA at pH ~ 4 and 

298 K, respectively. The ITC isotherms reveal 1:1 and 2:1 β-CD/PFOA (a-ii), and 

1:1 HDI-1/PFOA (b-ii).  



 

- 309 - 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The ITC results for β-CD/PFOA and HDI-1/PFOA were compared at ambient temperature, 

as shown in Figures 8.8. Similar results for β-CD/OA and HDI-1/OA systems are shown in 

Figure 8.9 and the corresponding thermodynamic parameters are listed in Table 8.8. The ITC-

based thermodynamic parameters for β-CD/PFOA
18,58,59

 and β-CD/OA
20

 complexes (Figures 

8.8a and 8.9a, and Table 8.8) indicate two types of binding equilibria in accordance with the 

formation of 1:1 β-CD/OA and 1:1 plus 2:1 (β-CD/PFOA) complexes. 

In Figure 8.8a-ii, the molar enthalpy for the 1:1 complex (800 μJ) is greater than for the 2:1 

complex (400 μJ), consistent with the relative binding affinity (i.e., K1:1 >K2:1; cf. Table 8.8) and 

the partial inclusion geometry of the 2:1 complexes, described previously.
59

 The structure of the 

HDI-1 copolymer does not favour the formation of 2:1 complexes with PFOA due to the linear 

topology of the copolymer.  Furthermore, the polymeric framework of HDI-1 does not favour 

such 2:1 channel-type structures with PFOA due to the random orientation and spatial 

distribution of β-CD along the polymer backbone. Therefore, 1:1 complexes are anticipated for 

Figure 8.9 Calorimetric titration of (a) β-CD/OA, and (b) HDI-1/OA systems at pH ~8 

and 298 K.  

 

a (i) 

b (ii) a (ii) 

b (i) 

β-CD/OA HDI-1/OA 
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Table 8.8 Binding constants (Ki; i = 1:1 or 2:1) and Standard Enthalpy (ΔH) and Entropy 

Changes (TΔS) for Inclusion Complexes of PFOA and OA with HDI-1 at pH ~4 

(PFOA) and pH ~8.5 (OA, in phosphate buffer) at 298 K*  

HDI-1/PFOA system. However, the inflection point beyond the 1:1 complex in Figure 8.8b-ii 

(marked with a circle ~0.5 guest/host mole ratio) may be attributed to secondary binding of 

PFOA in the interstitial regions of the HDI-1 copolymer. The formation of inclusion complexes 

for the HDI-1/PFOA is consistent with the inclusion site accessibility and the favourable binding 

affinity at the copolymer inclusion sites.    

 

 

 

 The values of binding constants for β-CD/PFOA (K1:1 ~1.1x10
5
, K2:1 ~9.7x10

3
)
59,60

 and 

β-CD/OA (2.4x10
3
)
20

 complexes are listed in Table 8.8, in good agreement with previously 

reported values.
59

 In Table 8.8, the Gibbs energy change (ΔG) of complex formation for PFOA 

are largely enthalpy (ΔH) driven; whereas the enthalpy of complex formation for OA was less 

negative and entropy driven in most cases. The binding of OA to CD/HDI-1 is generally 

characterized by increased entropies and |ΔH|<|TΔS| for these systems. The higher entropies are 

attributed to favourable desolvation contributions of the complex. The fact that the binding 

process in this system is entropy-driven reveals that factors such as the configurational entropy 

of the host, guest, and solvent must be considered, in addition to the favourable enthalpy to 

complex stability.
61,62

  Furthermore, the decreased entropy in the PFOA binding suggests the 

presence of complementary size-fit for this host-guest system and the important role of the 

hydrophobic effect in governing complex stability.
63

  

H/G System Model n ΔG(kJ/mol) K1:1 K2:1 ΔH(kJ/mol) TΔS(kJ/mol) 

β-CD/PFOA 1:1 1.0(±0.1) -28.8 1.1(±0.7)x10
5
  -39.7±4.9 -10.9 

 2:1 1.8(±0.2) -22.7 - 9.7(±11.)x10
3
 -69.1±16. -46.4 

HDI-1/PFOA 1:1 1.0(±0.1) -25.2 2.6(±1.0)x10
4
  -51.1±8.1 -25.9 

β-CD/OA 1:1 1.0(±0.3) -19.3 2.4(±1.8)x10
3
  -11.1±6.2 +8.20 

HDI-1/OA 1:1 1.2(±0.1) -25.8 3.4(±3.0)x10
4
  -28.2±5.2 -2.40 

 *K1:1 (Lmol
-1

), K2:1 (Lmol
-1

)
2
, R = 8.3145 J/mol.K 
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8.7 Conclusions 

A systematic study was carried out to investigate the interaction of PFOA and OA anions 

with macromolecular-based copolymers (MIMs) in aqueous solution. The MIMs adsorbents 

contain β-CD within a urethane framework which afford two types of binding sites; β-CD 

inclusion sites and hexamethylene cross-linker sites with polar (-OH/-NH) domains.  The 

adsorptive properties of the inclusion and cross-linker sites were studied using FT-IR 

spectroscopy, DSC, contact angle, and ITC. The unique role of the head group interactions was 

concluded by comparison of the isotherms of perfluorocarbon anions with sulfonate and 

carboxylate head groups (i.e. PFOS and PFOA) with copolymer adsorbents. The unique 

adsorption of perfluorocarbon anions onto the MIMs surface differs significantly relative to a 

hydrocarbon anion (n-octyl carboxylate). Perfluorcarbon anions are firstly adsorbed onto the 

MIMs surface via head group interactions with the polar (-OH, -NH) domains of the MIMs 

surface to form monolayers. Thereafter, bilayers and multilayer structures (e.g., micelles and 

hemi-micelles) form at higher concentration (cf. Scheme 8.3). Hydrocarbon adsorbates form a 

conventional monolayer mediated by apolar interactions between the n-octyl chain and the MIMs 

surface (Scheme 8.3). At low cross-link density (i.e. HDI-1), inclusion binding of adsorbates is 

the dominant process, whereas; inclusion binding is secondary for copolymers such as HDI-6 

with reduced accessibility of -CD. The various modes of adsorption for PFOA 

(monolayer/multilayers) and OA (monolayer) are supported by FT-IR, contact angle, ITC, and 

DSC results.   
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CHAPTER 9 

9. Summary, Conclusions and Future Work 

9.1 Summary  

This PhD thesis research describes the structure and function of various supramolecular 

host-guest systems. In chapter 1, the different types of supramolecular host-guest systems were 

discussed with an emphasis on β-CD and its copolymers as host materials. Cyclodextrins are 

known to form stable host-guest inclusion complexes in solution and the solid state with a wide 

range of organic molecules due to their unique nature imparted by their structure (cf. §1.2.1). 

CDs can be cross-linked with bi-functional reagents such as epichlorohydrin, diacid chlorides, 

and diisocyanates to form polymers that have properties suitable for adsorption-based 

applications in the areas of biomedicine, controlled-release of pharmaceuticals, environmental 

remediation, and advanced materials (e.g. molecular switches and sensors). A range of methods 

(e.g. NMR, DSC, PXRD, FT-IR, ICD, etc.) have been used to characterize the structure and 

function of CD-based materials. Of particular interest is the use of NMR techniques in aqueous 

solution and the solid state (cf. §1.5) because such methods are versatile (suitable for a range of 

nuclei e.g. 
1
H, 

19
F, 

13
C, etc.) and provide valuable structural information related to host-guest 

supramolecular systems, which comprises one of the main objectives of this study (chapters 2 – 

5). Understanding the structure and dynamic properties of host-guest systems is essential in the 

design of functional supramolecular materials with improved physicochemical properties.  

The two types of host/guest systems that were studied in this thesis are: Type 1) simple 

macrocyclic CD host/aliphatic (HCs and PFCs) guests, and Type 2) CD-based urethane 

copolymer hosts/aliphatic guest systems. In the case of Type 1 host-guest systems (chapters 2 – 

5), β-CD was used as the host to prepare a series of host-guest inclusion compounds (ICs) with a 

variety of perfluorinated compounds (PFCs) in aqueous solution and in the solid state. The PFCs 

studied represent medium chain perfluorooctanoic acid/PFOA-C8 (chapters 2 and 3), short chain 

perfluorobutyric acid/PFBA-C4 (chapter 4), and the sodium salt of PFOA i.e., sodium 

perfluooctanoate/SPFO-C8 (chapter 5). β-CD/PFC complexes in the solid state were prepared at 

the 1:1 and 2:1 host-guest mole ratios using dissolution methods. The structure (guest binding 

geometry and conformation, host packing arrangement, etc.) and dynamic properties of the guest 

in the complexes were further characterized by using 
1
H/

19
F/

13
C solid/solution NMR and FT-IR 

spectroscopic methods, thermal analyses (DSC, TGA), and powder X-ray diffraction. 
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In the case of Type 2 (CD-based cross-linked urethane polymer hosts/aliphatic guests) host-

guest systems (chapters 6 – 8), CD-based copolymers were synthesized at various cross-linking 

ratios. β-CD was cross-linked with hexamethylene diisocyanate (HDI) at stoichiometric mole 

ratios (i.e. 1, 3, and 6) to form HDI-1, -3, and -6, respectively, where the -CD mole content was 

set at unity. The structural characterization of the soluble HDI-1 copolymer in aqueous solution 

was evaluated to characterize the behavior of these materials as a function of guest concentration 

and temperature (chapter 6). The adsorption properties of the polymeric hosts (i.e. HDI-1, 3, and 

-6; herein referred to as Macromolecular-based Imprinted Materials or MIMs) with PFOA, PFOS 

(perfluorooctane sulfonate), and OA (octanoic acid) were evaluated using the Sips and BET 

isotherm models to assess their potential for chemical separation phenomena (chapter 7). 

Spectroscopic (FT-IR, DSC, contact angle, etc.) evidence for the modes of interaction between 

the MIMs and the various fluorocarbon (FC) and hydrocarbon (HC) adsorbate materials was 

provided in chapter 8. The overall research is outlined in Scheme 9.1.      

 

 

   

 

 

 

 

 

 

 

 

 

 

 

Scheme 9.1 Organization of the PhD Thesis; The Boxes in Bold Represent the Two Main 

Themes of the Study, the Boxes under the Arrows Represent the Sub-topics, and 

the Box between the lines Represent the Intersection of the Structure and Function 

Themes.  

Structural characterization of 

Soluble Polymeric Host  

Structure of Simple Host-Guest 
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Relaxation Dynamic Properties 

of β-CD/PFC complexes 
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interaction between Adsorbates and 
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9.2. Concluding Remarks 

In conclusion, a detailed study of the preparation, characterization, and a comparison of 

the structure and dynamic properties of the complexes formed between β-CD and a variety of 

perfluorinated guest compounds (i.e., PFOA, PFBA, and SPFO) in aqueous solution and the 

solid state was presented. As well, the structural properties of a soluble CD copolymer (HDI-1) 

as a function of temperature and guest concentration in aqueous solution was studied. The 

sorption properties of a series of CD-based copolymers (HDI-1, -3, and -6) towards 

fluorocarbons (PFOA and PFOS) and hydrocarbon (OA) guests were evaluated and compared to 

a conventional activated carbon adsorbent material. 

 In the case of macrocyclic CD host/aliphatic guest systems (Type 1), various structural 

parameters were studied using several techniques. These include the local molecular 

environments and possible geometry of the guests (
1
H/

19
F/

13
C CIS values, T1/T2/T1ρ relaxation 

data), guest conformation (
1
H/

19
F/

13
C NMR and CIS values, FT-IR), host packing arrangements 

(PXRD), hydration properties (DSC, PXRD), and motional dynamics of the guests (T1/T2/T1ρ 

NMR relaxation parameters). The structural and dynamic properties of the different guest 

molecules (i.e., PFOA, PFBA, and SPFO) are distinct and depend on differences in the guest 

chain length (size-fit considerations), hydrophobicity, nature of counterion (H
+
 vs Na

+
) species, 

and solvation properties. PFC chains with carbon number ≥ 8 (e.g. PFOA and SPFO) have been 

reported to adopt the helical (gauche) conformation in their native form; whereas, shorter chains 

(carbon number ≤ 8) PFCs (e.g. PFBA) exist in the zigzag (trans) form.
1
  

The IR and solution NMR results revealed that PFOA and SPFO form 1:1 and 2:1 host-

guest complexes with β-CD, where the PFC guests adopt the gauche and trans conformations, 

respectively. In contrast, PFBA mainly forms a 1:1 host-guest complex with β-CD where the 

gauche conformation of the guest is favoured. Secondary contributions such as 1:2 and 2:1 host-

guest associations for PFBA were concluded from deconcolution of various contributions from 

the DSC/TGA and 
19

F NMR results.  

NMR CIS values of 
1
H/

19
F/

13
C nuclei in solution and the solid state were used to provide 

insights on the geometry of the various guests in their complexed form with β-CD. The binding 

mode of SPFO was concluded to involve a deeper inclusion of the guest within the host cavity. 

Stronger binding affinity for the CD/SPFO complex (chapter 5) was related to the presence of 

the sodium counterion because it stabilizes the complex due to electrostatic effects.  
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The dynamic properties of PFOA, PFBA and SPFO varied in accordance with the 

structure of the pure guests and their geometry in the bound states with β-CD. Two types of 

motional dynamics were concluded for the PFC guests; 120º rotations of the fluoromethyl (CF3) 

group, and C-F bonds rotations (axial or librational motions) of the fluoromethylene (CF2) 

groups. The magnitudes and distribution of such motions depend on the host-guest stoichiometry 

and the geometry of the guests in the complexes. Simulation of the 
19

F spectra of unbound PFBA 

and its complexes with β-CD in solution reveal that the fluoromethyl group experiences 

extensive rotation about its 3-fold axis, whereas, a significant level of C-F bond rotation occurs 

in the main chain. The dynamics of PFBA is generally greater compared to PFOA and SPFO 

guests (chapter 4). The dynamics of PFOA and SPFO are modulated by the presence of 

hydronium and sodium counterions, respectively, among other factors. The 2:1 β-CD/SPFO 

complex resembles a pseudo-rotaxane where the fluoromethyl and carboxylate ends are capped, 

whereas the central body experiences axial motions of the C-F bonds. In the case of the 1:1 β-

CD/SPFO complex, the axial motions are affected by the extensive rotation of the CF3 group and 

the presence of the sodium counterion which can act as an anchor. The dynamics of the guest in 

the β-CD/PFOA complexes undergo appreciable CF3 rotations and C-F bond rotations. Some of 

the structural properties of the complexes formed by PFOA, PFBA, and SPFO with β-CD, 

respectively, are summarized in Table 5.6 (chapter 5). 

Chapter 6 describes the study of CD-based cross-linked urethane polymer hosts/aliphatic 

guest systems (Type 2), wherein the structure of HDI-1 copolymer and PNP as a model guest 

showed that there are two binding sites; inclusion (cavity) and non-inclusion (interstitial) sites 

within the copolymer materials where a guest can potentially bind. The equilibrium binding 

constant (K) of HDI-1/PFOA (K ~ 1.0x10
3
 M

-1
)
2
 system was evaluated (chapter 6) and was 

found to be comparable (about one to two orders of magnitude smaller) to values reported for 

native β-CD/PFC systems in solution (K ~ 4 x10
4
 M

-1
 - 9.0x10

4
 M

-1
).

3,4
 These findings address 

important knowledge gaps identified from a controversial report by Ma and Li.
5
 The 

anomalously large K values for CD-based urethane polymer/PNP complex reported in ref. 5 was 

five to six orders of magnitude greater when compared to the K values for the 1:1 -CD/PNP 

complex. The determination of K by Ma and Li used UV-vis spectroscopy and the assumption 

that the guest was bound solely at the inclusion (cavity) site of the polymer framework. Based on 

the binding studies in this thesis and the attenuated K values by comparison of native CD to 
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polymeric CD, it was concluded that the non-inclusion sites were inadequately accounted for in 

the thermodynamic equilibrium model reported by Ma and Li. A detailed account of the 

anomalous binding behaviour described in Ref. 5 was desrcibed in chapters 6 and 7, and further 

outlined by Wilson and Mohamed in a recent mini-review.
6
 

   The copolymer materials (i.e. HDI-1, -3, and -6) reported herein were shown to adsorb 

PFCs (PFOA and PFOS) from aqueous solution with tunable sorption capacity (Qm) that exceed 

those for other related synthetic polymeric adsorbent materials described elsewhere.
7,8

 The 

adsorptive uptake properties for the copolymer materials reported herein meet or exceed those 

reported for conventional activated carbon adsorbents.
2
  

The results presented in this thesis are anticipated to contribute to a better understanding 

of host-guest complexes and their molecular structure (i.e. guest conformation and binding 

geometry, host packing arrangements, equilibrium binding constants, modes of interaction, etc.) 

and dynamics of perfluorocarbon compounds in their bound and unbound states. An improved 

knowledge of the structure and dynamics is crucial in understanding the properties of such host-

guest systems in aqueous solution and the solid state. Moreover, the study provides useful insight 

relevant to the rational design of such supramolecular materials for targeted application in 

chemical separations, drug delivery, and environmental remediation.  

The design of polymeric adsorbent materials with optimal function requires a better 

understanding of the host-guest structural properties such as geometry and dynamics. The 

dynamics of the guest in host-guest systems are expected to differ in solution and the solid state 

since exchange dynamics and overall tumbling rates prevail in solution. However, there are some 

similarities in certain aspects of the dynamic motions such as the rotation of methyl groups, as 

observed elsewhere in proteins in solution and solid phases, respectively.
9
 In this thesis, the 

dynamics of the short PFBA chain in the solid state involve extensive rotations of the CF3 group 

and significant axial motions of the main perfluorocarbon chain. Such dynamics may contribute 

to increased dissociation rates and reduced overall binding constants for its complexes. Similarly, 

the geometry for medium (C8) chain PFCs (PFOA and SPFO) were reported to involve intra- 

and extra-cavity binding sites for the CF3 group where its motional dynamics vary with the host-

guest geometry; thereby, influencing complex stability (cf. Scheme 5.3c). In contrast, the 

channel-type structure of the 2:1 β-CD/SPFO complex and the geometry and affinity of SPFO 

guest for CD are expected to result in reduced motional dynamics (cf. Scheme 5.3b). For longer 
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guest chains, the dissociation rates of complexes containing two CDs are generally lower 

compared to similar complexes at the 1:1 stoichiometry.
10

   

Rational design strategies for polymeric adsorbent materials may involve a number of 

strategies, such as the use of modified CDs to enhance the hydrophobicity of the CD interior and 

increase the cavity size, thus enhancing the complex stability between the host and guest.
11,12

  

Okano et al.
12

 have shown that subtle effects on the binding efficacy and dynamics are possible 

by affording small modifications to the CD structure. Such properties can be explored when 

designing functional supramolecular systems containing CDs. For example, substitution of a 

hydroxyl group in the annular region of a CD macrocycle with a functional group (e.g. a methyl 

or a moderate length ester pendant) affords ‘effective lengthening’ of the cavity dimensions of 

the host. The result leads to the ability of such modified CDs to accommodate medium as well as 

long chain guest molecules with alteration of the dynamics and their dissociation rates. The 

presence of additional inclusion or association sites for the guest to bind alters the complex 

stability. For example, the value of K for the binding of xanthone improved by 3-fold for 

methylated β-CD as compared to native β-CD.
12

    

Chapter 8 describes a study where the nature of the surface interactions occuring between 

the MIMs with alkyl (OA) and perfluoroalkyl (PFOA and PFOS) adsorbates, respectively, are 

spectroscopically probed. The use of PFOS, whose head group bears a sulfonate ion compared to 

a carboxylate ion for PFOA, provided a comparison of head group effects on complex stability 

and hydration phenomena. The adsorption of PFOA by MIMs was concluded to proceed via the 

interaction of the carboxylate head (R-COO
-
; where R = perfluoroalkyl moiety) group with the 

surface of the MIMs (-NH, -OH); whereas, the interaction of OA occurred via the alkyl tail with 

the MIMs surface. Such modes of interaction resulted in the respective formation of multilayer 

and monolayer structures for the PFOA and OA, where the adsorption processes varied 

according to the nature of the surface interactions. Adsorption of the guest with the inclusion 

(cavity) site is possible as long as there are no steric effects.  

This thesis reports novel findings on the structure and dynamic properties of the guest for 

Type 1 host-guest systems. The findings are supported by additional results for the 

physicochemical properties of a soluble polymeric host material (HDI-1) in aqueous solution, 

with a comparison of the adsorption properties of a series of polymeric hosts (type 2) with 

various guest systems. Spectroscopic studies provide further evidence of the nature of binding 
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sites (structure) and the modes of interaction (function) between the hosts and guests. Knowledge 

of the structure-dynamics relationship of simple host/guest systems, equilibrium structural 

parameters, and modes of interaction of polymeric host/guest systems provide useful insights for 

the uptake properties of polymer adsorbent materials.  The systematic studies described in this 

thesis will contribute to the rational design of polymeric adsorbent materials with improved 

physicochemical properties for applications in chemical separation phenomena, environmental 

remediation, drug delivery and biosensors.  

 

9.3 On the Application of MIMs in Environmental Remediation 

The study presented in this thesis offers important findings that are crucial to the rational 

design of polymeric adsorbent materials with improved physicochemical properties (e.g. binding 

properties, pore structure, surface chemistry, etc) for optimum function. The urethane-based 

macromolecular imprinted materials (MIMs) reported herein are unique in several ways; 1) they 

contain an intrinsic imprint (the inclusion site) where the guest can preferentially bind, 2) they 

have additional binding sites within the interstitial (non-inclusion) domains, and 3) the 

physicochemical properties (e.g. binding sites, pore structure and surface chemistry) can be 

tuned for tailored applications.  

The versatility and potential of the MIMs adsorbents for removal of perfluorinated and other 

structurally related organic contaminants surpass that of the synthetic molecularly imprinted 

materials (MIPs) reported in the literature. The superiority of MIMs relative to traditional MIPs 

is related to the presence of an intrinsic and functional inclusion site imprint due to the 

macrocyclic host system. In the case of MIPs, the synthetic process of creating molecular 

imprints using templates has raised serious questions on several fronts; 1) was the imprint 

actually created, 2) do the physicochemical properties (e.g. size-fit and binding properties, 

functionality, etc.) of the imprint resemble those of the template upon its removal, and 3) is 

templating feasible at a more complex polymeric level. The main unique feature of MIMs is that 

the structure/functionality of the imprint is preserved even for complex polymeric units.            

The potential of MIMs in environmental remediation, particularly in the removal of PFCs, is 

very promising. This is because the design strategy of MIMs adsorbents is able to address the 

challenges associated with the FC-HC demixing that are known to limit the performance of 

hydrocarbon-based polymeric materials. The uptake levels of MIMs for PFCs have been shown 
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in this thesis report to exceed similar values using activated carbon and MIPs (chapter 7). The 

use of commercially available ion-exchange resins and carbon nanotubes (CNTs) has been 

reported to improve the uptake of PFCs; however, such approaches are limited due to high 

regeneration costs, longer equilibration times, and demanding capital cost. MIMs have been 

shown to have superior sorption capacity, easy regeneration (by heating or chemical washing), 

and easy tunability. Furthermore, the surface area and function of the solid MIMs adsorbent such 

materials can be enhanced by immobilizing the material on a solid surface, and the use of 

materials in the form of beads or membranes. The cost effectiveness of MIMs adsorbents for 

industrial application relative to carbonaceous materials (e.g. GAC) is based on a number of 

factors; 1) their overall uptake performance, 2) the ability to regenerate the MIMs with relative 

ease, and 3) the multiple number of cycles the MIMs can be re-used to remove contaminants.       

 

9.4 Proposed Future Work 

Further studies are required to supplement the results reported in this thesis, and may 

include the following; 

1) To understand the three-dimensional structure of guest molecules, especially PFOA/SPFO, 

and its complexes with β-CD in terms of its conformation (torsional angles), dynamics, 

precise bond angles and geometry in the bound state.  

2) To supplement the relaxation dynamic studies in order to provide better understanding and 

comparison of the dynamics of the different guests (PFOA, SPFO, and PFBA) in their 

unbound and bound states with β-CD, 

3)  To further probe the dipolar interactions involved in the complexes formed between PFOA 

and MIMs in the solid state with methods such as NMR in order to provide better 

understanding of the structure and function of these materials as potential adsorbents. 

 

In item 1, a single crystal structure of PFOA or SPFO will provide valuable structural 

information that is not readily available using other solid state techniques (e.g. NMR). 

Crystallographic studies of compounds containing perfluorinated chains is generally very 

difficult owing to the challenges associated with obtaining good quality crystals. PFCs are well-

known to have a high tendency to undergo phase separation in solution,
13

 and although not 

always a bad thing, it can cause problems in growing and mounting single crystals. 
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Understanding the unit cell dimensions and the precise symmetry of PFOA will help enhance the 

understanding of how it binds to β-CD and related host materials in the solid state. Moreover, a 

single crystal structure of CD/PFC complex will reveal the exact geometry of the guest and role 

of the aqueous solvent in the complex. 

Further information on the dynamics of the guest molecule and its complexes with β-CD can 

be obtained using other specialized 2-D NMR techniques to supplement the information obtained 

from dynamic relaxation data. J-resolved spectroscopy is an important NMR technique that can 

be used to study the conformations of host/guest systems that occur in solution which may not be 

amenable to X-ray crystallography techniques.
14

 J-resolved 2-D spectroscopy is a two-

dimensional NMR technique that can separate chemical shifts from overlapping resonance lines, 

thereby improving the resolution and conveniently separating the individual signals in a 

spectrum. Ellis et al.
15

 applied J-resolved pulse sequence (cf. Figure 9.1)
16 

for PFBA where the 

individual signals were well resolved and separated. Interpretation of the splitting patterns based 

on individual coupling constants revealed that the fluorine atoms within each of the CF2 moieties 

were non-equivalent; whereas, all the three atoms on the CF3 group were equivalent, resulting in 

a A3MNXY spin system. For that to be the case, Ellis et al.
15

 concluded that the fluorocarbon 

chain must be held relatively rigid while there is a free rotation of the CF3 group on a three-fold 

axis. In our study (cf. chapter 5), a slightly different picture of the dynamics of PFBA emerged. 

Simulation of the resonance lines of PFBA revealed that in addition to the free rotation of the 

CF3 group, the C-F bonds experience appreciable axial motion. This is understood in terms of the 

fact that a rigid perfluorocarbon chain would yield separate sub-spectra of the individual 

rotamers (i.e., gauche+, gauche-, and trans) (cf. Fig. 4.7). J-resolved experiments can be applied 

to the complexes of PFBA and PFOA with β-CD in solution, where the dynamics of the free 

guests can be compared with that of the complexes. In the case of the host/guest complexes, the 

dynamics of the guest are expected to vary because it is coupled to the host.  

 

 

 

 

 
Figure 9.1 Pulse Sequence for 2D J-Resolved NMR Technique.  
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The interfacial structure of MIMs/PFOA mixture can be further probed using solid-state 

NMR, Raman spectroscopy and atomic fluorescence microscopy (AFM). The procedure for 

solid-state NMR involves doping the copolymers with variable concentrations of the guest and 

running the solid spectra of the complexes to probe changes in line shapes/widths for diagnostic 

resonance lines (e.g. the carbonyl) as well as appearance of new lines, particularly for the guest 

compound.  

The Raman and AFM measurements can be acquired on film-based preparations of the 

polymers using drop- or spin-casting methods. Polymeric thin films (~10 μm) can be achieved 

using established spin coating or drop casting methods using appropriate non-aqueous solvents 

or water. The Raman/AFM analyses of such films doped with different concentrations of PFOA 

can provide useful information regarding the structure of MIMs/PFOA mixtures. Raman 

spectroscopy has been used to investigate the intermolecular interactions at polymer/dye and 

glass/dye interfaces.
17

 Frequency shift and intensity changes of the vibrational bands assigned to 

the guest (e.g., PFOA) and host (e.g. a copolymer) have been used to gain an insight into the 

relative strength of adhesive forces (e.g. H-bonding, ion-dipole, van der Waals, etc.) at the 

surface. On the other hand, AFM methods can be used to provide additional evidence for the 

formation of monolayer and multilayer PFOA structures on the surface of a copolymer film. 

Sample preparation for AFM involves formation of a monolayer by spreading PFOA solution at 

low concentration (~1 mM) onto the copolymer surface.
18

 Multilayer structures can be achieved 

either by repeatedly spreading PFOA solution at low/medium (~2 mM) concentration onto the 

film or by using a highly concentrated (~5 mM) PFOA solution.
19

 The thickness profiles of the 

monolayer and multilayers structures can be determined using contact mode AFM where the 

results can be compared to those of un-doped film. In a previous report,
20 

contact mode AFM 

was used to intentionally and carefully scratch a monolayer deposited onto a film, whereas a line 

profile determined across the scratch allowed for the determination of the monolayer thickness 

from the depth of the scratch. Combined AFM and spectroscopic ellipsometry techniques have 

been used to analyze the morphology and thickness of surfactant films.
21
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Appendices (Supplementary Data) 

1. Appendix A (Chapter 2) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A2.1 DSC thermograms for β-CD, PFOA, and the 1:1 and 2:1 Physical 

Mixtures of β-CD and PFOA. 

 

Figure A2.2 FT-IR spectra of β-CD, PFOA, and the 1:1 and 2:1 Physical Mixtures of 

β-CD and PFOA. 

PFOA 

β-CD 

PFOA 

CD/PFOA 1:1 

CD/PFOA 2:1 
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2. Appendix B (Chapter 3) 

 

 

 

 

 

 

 

 

 

 Figure B3.1 TGA thermograms for β-CD, PFOA, and the 1:1 and 2:1 β-CD/PFOA 

coomplexes prepared by the modified dissolution method. 
 

Figure A2.3 PXRD Patterns for the 1:1 and 2:1 Physical Mixtures of β-CD and PFOA 

CD/PFOA 1:1 

CD/PFOA 2:1 
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Figure B3.3 
19

F T1 relaxation times for the CF3 group of SPFO, the the 1:1 and 2:1        

β-CD/PFOA inclusion complexes as a function of temperature. 
 

Figure B3.2 PXRD diffractograms for β-CD, PFOA, and the 1:1 and 2:1 physical 

mixtures of β-CD and PFOA. 
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CD/PFOA 1:1 

CD/PFOA 2:1 
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Table B3.1. 
19

F NMR spectral parameters Generated by Fitting the CF3 Signal of the 1:1          

β-CD/PFOA Complex to Two Lorentzian Peaks (CF3-in Cavity, CF3-out of Cavity 

(ref. Figure 3.6) 

Table B3.2. 
19

F NMR spectral parameters Generated by Fitting the CF3 Signal of the 2:1           

β-CD/PFOA Complex to One Lorentzian Peak (CF3-in Cavity; ref. Figure 3.6). 
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3. Appendix C (Chapter 4) 

 

 

 

 

 

 

 

Resonance Assigned 

configuration 
Shift 

(ppm) 

Height Width 

(Hz) 

L/G Area 

CF
3 
 3 (2:1) -82.36 91.87 259 0.50 2224.832 

 2 (1:1) -81.79 45.43 604 0.50 2568.604 

 1 (1:2) -80.77 17.98 262 0.50 440.426 

CF
2  

(hf) 2 (1:1) -118.96 26.63 634 0.75 1659.241 

 3 (2:1) -119.98 10.89 620 0.75 662.730 

CF
2  

(lf) 2 (2:1) -127.24 41.69 403 0.75 1652.790 

 1 (1:2) -126.77 6.63 574 0.75 374.460 

 3 (1:1) -128.19 14.34 468 0.75 659.958 

Resonance Assigned 

Configuration 
Shift 

(ppm) 

Height Width 

(Hz) 

L/G Area 

CF
3 
 3 (2:1) -82.42 91.89 246 0.50 2116.215 

 2 (1:1) -81.86 22.06 366 0.50 755.868 

 1 (1:2) -80.97 8.06 485 0.50 366.058 

 - -83.13 5.34 200 0.50 100.093 

CF
2  

(hf) 3 (2:1) -119.08 23.22 555 0.75 1264.956 

 2 (1:1) -120.16 3.99 932 0.75 365.698 

CF
2  

(lf) 3 (2:1) -127.30 39.09 384 0.75 1475.419 

 2 (1:1) -128.36 5.28 429 0.75 222.373 

Table C4.1a Deconvolution Parameters for the CF3 and the CF2 high and low field 

resonance lines of 
19

F spectrum of the 1:1 β-CD/PFBA Complex acquired 

at MAS 20 kHz and 295 K. 

Table C4.1b Deconvolution Parameters for the CF3 and the CF2 high and low field 

resonance lines of the 
19

F spectrum of the 2:1 β-CD/PFBA Complex 

acquired at MAS 20 kHz and 295 K. 
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4. Appendix D (Chapter 5) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D5.1 TG Weight percent water loss for 

(a) SPFO, and (b) the 1:1, and (c) 

2:1 β-CD/SPFO complexes 
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Complex Chemical shift Height width Area 

SPFO -83.922 557.73 550 51620.443 

 
-83.866 428.18 220 15851.757 

 
-83.693 122.21 99 2039.734 

1:1 IC 

-80.921 35.29 435 2583.214 

-82.481 18.57 435 1359.291 

-83.980 38.13 435 2791.178 

-80.909 52.59 210 1858.327 
-81.253 69.96 220 2589.948 

-81.599 118.63 210 4192.147 

-82.001 76.07 220 2816.411 

-82.394 73.73 210 2605.556 
-82.930 50.27 210 1776.306 

2:1 IC 

-80.921 38.02 435 2783.077 

-81.660 73.62 435 5388.986 

-82.481 245.80 435 18003.010 

-82.771 29.67 142 709.540 

-83.756 15.02 435 1100.382 

 

5. Appendix E (Chapter 6) 

 

 

 

 

 

 

 

 

 
Figure E6.1  2-D 

1
H COSY NMR Results of HDI-1 copolymer showing 

connectivity of the protons of the HDI cross-linker. 
 

Table D5.1 Deconvolution Parameters for the CF3 Line Shape of pure SPFO, 

the 1:1, and 2:1 β-CD/SPFO Complexes. 
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Figure E6.2 1-D TOCSY NMR spectra for HDI-1 copolymer. The 
1
H nuclei of β-CD 

(H1-H4) were irradiated. 
 

* 
* * 

* 
* 

Figure E6.3 1-D TOCSY NMR spectra for HDI-1 copolymer. The 1H nuclei of 

HDI cross-linker were irradiated. 
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Figure E6.4 1-D TOCSY NMR spectra for HDI-1 copolymer. The 
1
H nuclei of the solvents 

(diethyl ether, Dimethyl Acetamide) were irradiated. 
 

Figure E6.5 2-D ROESY NMR results for HDI-1/PNP complex. Cross peaks show 

directed inclusion of PNP within the Cavity of β-CD (see expanded regions).  
 


