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Abstract

This research work details a systematic study of the strucauoce function of
supramolecular hogjuestsystems. Hosfjuestinclusion complexesveref or med bet ween
Cy c | o d eGD)and its copobymers (as hosts), with several types of guest molecules both in
agueous solution and the solid state. The research is divided into two themes; (1) structural
characterization and dynamic properties of ti@usion compounds df-CD with various guest
systems in aqueous solution and the solid phase, and (2) heterogeneous adsorption and structural
st udi -€B basetl copolymers with various guest systems in aqueous solutions. The guest
systems include alkyand perfluoroalkyl carboxylates, perfluoroalkyl sulfonate, amd
nitrophenol (PNP) at variable experimental conditions.

In the first theme (chaptersi®), perfluorinated compounds (PFCs), namely;
perfluorooctanoic acid (PFOA), perfluorobutyric acid (P§Band sodium perfluorooctanoate
(SPFO) represent the guest molecules. Thedusst 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 ctacterized using®F/C DP/MAS and CP/MAS solidtate NMR
spectroscopy. The solution state complexes were preparegDifioD structural characterization
using *H/**F NMR spectroscopy. The NMR studies were complemented usiA& Ffhermal
analyses (DSCGand TGA), and powder Xay diffraction (PXRD). Evidence for the formation of
hostguest inclusion compounds (ICs) was provided using CP/MAS solids NMR spectroscopy
and complexatiofinduced chemical shift (CIS) values ®#/*°F nuclei in aqueous solutionh@
b-CD/PFC ICs displayed variable guest geometry and hydration states as determined by the host
guest stoichiometry and the conformationtlod guest. PFOA and SPFO fodrl and 2:1 ICs

wi t-8D, twherein the guest adopts a rangegyaficheand trans confamations, respectively.



1:1 hostguest complexes were concluded for short perfluorocarbon chains (i.e., PFBA) where
thegaucheconformation of the PFC guest in the bound state was favoured.

The phase pabDPFQ I@s wad assesked using DSCBRDP/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, aesimpdiified dissolution method
was developed to afford complexes with greater phase purity. The phase purity of the complexes
was further assessed using deconvolution analyses dfRhBP/MAS NMR resonance line
shapes'H/*®C/F NMR relaxation T/T2/T,) dat a of t+CD&PFQl@sdrstee sgiicdir e b
state revealed variable host and guest dynamics that were governed by dipolar coupling, H
bonding, and combinations of hagiest motional dynamics that involve peripheral and hydrate
water within the cai t y -Cb.fCoupling constants of the simulatéd spectra and
deconvolution analyses of select€f nuclei were used to supplement {fie NMR relaxation
results. In general, two types of motional dynamics of the guest were conclidd@0{
rotational jJumps of thdluoromethyl (CF) group at the termini of the PFC chain, angl &xial
(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 accordanith the hostguest
stoichiometry and the geometry of the guest within the host.

In the second theme (chapteis86) CD based copolymers were used as host materials.
The structural characterization of a soluble p8» material (known as HB1) revealed that the
solution behaviour of such polymeric hosts are sensitive to the prestgoest compounds
such asp-nitrophenol (PNP) (i.echemeresponsive), as well as temperature variations (i.e.

thermaresponsive). The hoguest chemistry of the soluble peBD material, as studied by2



solution NMR and induced circular dichroism DEspectroscopy, indicates that PNP was bound
within the -CRandtheyintesstitial domains 6f thé copolymer Scheme 1.6 and
chapter 6). The observed responsive nature of such polymeric host materials to temperature
variation and chemitca pot ent i al resembl esmbehamidearx i ahsao
Gmart materialé r ef er to systems which are responsi v
chemical).

The adsorption properties of the soluble (HDland insoluble (HBB 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 polieretsorbents, 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 kyl/perfluoroalkyl head groups and their interactions with aqueous
solvent or dipolar domains of the adsorbent surface. The adsorbed species at thsolidjuid

interface were characterized using-FR spectroscopy, thermal analyses, and contact angle.

Vi



Permission To Use
Acknowledgements
Dedications
Abstract

Table of Contents
Table of Contents
Appendices

List of Tables

List of Schemes
List of Figures

List of Abbreviations

TABLE OF CONTENTS

e e ceeceee@éeceeceeéeeece.l
é eeeeééeeceeceéeeceeceeeéeceececcie
eeeeééeeeceééeeceeééeeeececée.l
é éeeceééeeeceééeeceeeééeceavv
é eeeeéeéeceeceeééeeeeée i
éeeeéééeeceééeeee. éeeecéév-iv
eeeéeée. eeeeééeeeéééee xvii
€. . €. . éeecceceeceéééeee. . . eeex
€. .. éééee. . éée. . eééeeeceéendw
€. e¢eééée. .  eééeeeeééceeeedxxxi
€. . é&e. . . éé. . . eéééeeeéé. éexxv

Vii



,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

""""""""""""""""""

1
Introductioné é é 6 é 6 éééééeééeééeééécécéceééeéeéeeéeéee.. 1
11. I ntroduction to Supramolecul ar €Be 1l
1.1.1. Supramolecular@e mi stry: A Brief Histcacréy 1
1.1.2. SupramolecularHosBuest Chemi stryééééééeadé?
1.1.3. Classification of Supramolecular HeGtu e st Syst ems ééé é 3
114. Nature of Supramolecular | nteréaéct4d
1.2. Cyclodextrin Based Inclusion Compalrs : St ructur al éé&.p 6
121. Nati ve Cyclodextrinséééeeéeeeeeeéééédchb
122. Modi fied Cyclodextrinsééeeéeeeéeéeééctedes8
1.2.3. Interactionof Cycloex t r i ns wi t h Organic Géa.e<9
124 1l nteraction of CD Based Pol ymerés. 12

1.2.5. The Struture of HostGu e st I ncl usi on CompEéxel3
1.2.5.1. Packing Arrangements of Cyclodextrin in H&&tiest Systenésé 16
1.2.5.2. Conformation of the Guestédo 17

1.3. Perfluorinated Compounds (PFCs)ééé¢é 19
1.3.1. Perfluorinated Compoud s: An Over vi ewééééeéee 19
1.32. Physi cochemical Properties andé.Us20
1.3.3. Sources and Environmehta Concentrati on &dé P.EC21
134. Toxici ty of PFCsééeéeééeéeéeéeéeéeée 23
1.3.5. Perfluorinated Compounds as Guest Molecsl: Thei r Chéaél.l 24
1.36. Ot her Organic Guest Compounds ééé ¢26

14. Met hods for Removing PFCs from t.he 27

,,,,,,,,

141. Adsorption Phenomenaéée. . ééeééeéeééée?28
142. Adsorption | sothermsééééeéeéeéeée. eé&éc¢?29
1.4.3. Equilibriumisottt r m Mo del sééééééecéeéeéeéeéeée&éd.é 30
14311l.Langmuir | sothermééeéééeéeé&&.ée 30
143.12.Freundlich I sotherm Model éée¢ 31
14313.Si ps | sotherm Model éééééééeée 3l
14314 BET | sotherm Model ééééééééééeé 32

,,,,,,,,,

1.5. NMR Spectoscopyof HosGuest Systemseeeeéeééeéccc¢l

viii



1.6.
1.7.
1.8.
1.9.

151. NMR Spectroscopy: An Overviewé.g.ee¢32
152. Matter, Spin and Magneti smé. . éé¢éc¢33
153. Macroscopic Magnetizati oneéeééeéeéeéé ¢36
154. The Basic Pulsed NMR Experi ment.gé¢37

1.5.4.1. The Chemical Shift and Shéé.l 38
1.5.4.2. Chemical Shift Anisotropyéé&.é 40
1.5.5. Overview of Solidstate NMRSpectroscopg. € € é e ¢ é é e éééeée .. 41
1.5.5.1. Magi c Angle Spinning (MAS)Yeé 42
1.5.5.2. Pol arization Transfer Teckhni. 43
1.5.5.3. HighPoweDe coupl ing Techni ques.é.€é 45
1.5.5.4. Technical Aspects of High Resolutiof  Sol i ds .N.MR 46
156. Rel axationéééeéeéeéeéeéeéeéecéeéeddécar
1.5.6.1. Longitudinal and Transvereésée. 48
1.5.6.2. Correlation Timeéeéééeeééeeeée 49
1.5.6.3. Relaxatim Mechani smséééeééeéééeéeé&e 52

1.5.6.3.1. DipoleDi pol e Rel axationéééeééedéeé b2
15632.Chemi cal Shift Anisotropyé@&&.¢ 53
1.5.6.4. Measurement of Relaxationédi 53
1.5.6.4.1. Inversion Recovery () € é é éééééeéééeéeééé&é. 53
156.4.2.SpinEchoes (J) ¢ é e ééeéeéeéecécéeéeé&ée. 54
1.5.6.4.3. SpinLocking(T,) € éééééééééecééeéeééé..... 55

1.5.7. The NucleaOverhauseEf f ect ( NOE) € € é é é é é écécé ¢« 56

1.5.7.1. Two-di mensi onal COSYéééeéeée&e.ébsh7
1.5.7.2. Two-di mensi onal TOCSYEéE€Ee¢éé éecété.é 58
1.5.7.3. Two-di mensi onal NOESY&é€eéé e eeééé.e 58
1.5.7.4. Two-di mensi onal ROESYéeééeeéeeho
Overal/l Research Objectiveseéeéé. éée 60

Specific Research Objectives (Hypothese® é é é e e e e e é é . .eée . 62
ScopeofWorlée é 6 6 6 66 éééééééeééeéeéeéeéeéeé.. 62

Ref er enceebseééecéc ééecééecééeecééeecééeeéeeé.. 65



Chapter2¢ ¢ ¢ é é éééeeeeeé

s s 7

7z

2. Formation of Host-Gu e st

Y4

Acidé éeeeeéééeeece

2.1.

2.2.

2.3.
2.

2.3.2. Preparation of Solid Inclusion Compou

7z

e

7z

e

éeééeééeeéeecéeecéeccée.

C o mp |-cgclo@extrin arfd Pdrfluorooctanoic

éee

7z

7z

é

7z

é

7z

é

7z

é

7z

é

7z

é

7z

é

7z

é

7z

é

7z

é

7z

éee

7z

7z

é

7z

é

7z

é

7z

é

7z

é

7z

eee.

s 7

AbstracE é ¢ é ¢ é e éééééééeéeéceéeeeceecececee.

Experimental Sectiagné é é é é é é

3.1. Materials é

2.3.2.1.
2.3.2.2.

s 7

Introductiore é é € € é é é é

é

é

é

Method 1:Dissolution.é é
Method 2:Slow Cool.& é é é

é

7

e e

é

7

2.3.3. SolutionstateNMR Spectroscopg é € é

2.3.4. Solid-state NMR Spectroscopyé é € € é é € é é .

2.3.5. Thermal Analyses¥SC and TGA ¢é éé
236. FT-1 R Spect rosaodpégé&&éé

é

7

é

s 7

é

é

7

é

é

é

7

7

éee

éee

7

ééééeéceéceeeceeeeececee
Bdé é é é é

é

7

é

([N

é

é

é

é

eeé.

2.3.7. Powder Xray Diffraction(PXRD) é é € é é é
2.4. ResultsandDiscussiéné e é e é e é éééeéeéeéeéeéeée
241. Char act er-CHPFOACOMpt n E B é.éééeeeééé
2.4.1.1. Stoichiometry of the Inclusion Complexeg é é é é é € é é
2.4.1.2. DSCand TGk é e éééééeéeéeéeéecécéceé
2.4.1.3. FT-IREé éééééeéeéeéecéecéeéeéeeée
2.4.1.4. PXRDé éééeééeééecécéeééeéeéeéeé. ...
2.4.2. Solutionstate NMRR ¢ é 6 é 6 é 6 é e éécéécécéécéeé éeé
2.4.2.1. 'H/*F Solution NMR Characterizati@né é é é é é é é é é
2.4.2.2. % Solution NMR Dynamicé é é é é é éééé 66666
24.3. Solidstate NMRe ¢ ¢ é é é 6 e e eéeéééééééeeecee.
2.4.3.1. “CMF Solid NMR Chaééaéeéeur.i.zat
2.4.3.2. 1 Solid NMR Dynamicé é é é éééééé6é6é6éééé
25. Conclusioné ¢ é ¢ éééecéeééeéeéeéeéeéeéeéeéceé
2.6. Acknowledgemers ¢ € € é é éééécééeéeéééééééeedécéeé
27. ReferenceEé é éééééééééééeééeééeéeéeéecéececé

77

79

. 79

80

- 82

82

. 82
. 82

82
82
83
83

- 84

. 84
. 84

84
84
85

. 88

90
91
.91
96
100
100
104
110
111



Chapter3¢ é é éééééeeeeeéeéééecee

é é
3. Char acterization and Dy

3.1
3.2
3.3

3.4.

3.5.
3.6.
3.7.

Cyclodextrin and Perfluorooctanoic Acidé ¢ € € € € € € € € € € € e,
e é e éé

s s 7

s 7z 7 7 7z Z

. Abstrack é éeééeééééecéeé
. Introductioré é é é é éééééééééécééécééécéeécéeéceé
é é

7

@

. Experimental Seatiné &
331 Material é e é é e éééeééécéeééeéééeéeé . .
332. Preparation and t he St -CDh/RFR i locimson

s sz s 7z s oz 7

Compoundé é é é éeecéeééééécececeeceeeéééce

D

s s s oz 7

3.3.3. Solid-state NMR Spectroscopye e e e € € € € € é é é é é é

([N
([N
([N

3.3.3.1. 13C/*F NMR Spectoscopg¢ é 2666 . 66666 ...
3.3.3.2. 13C/*F Relaxation Dynamics

3.3.5. FT-IR Spectroscopg € € € é € é
3.3.6. Powder Xray Diffraction( P X RD

Results and Discussiéné ¢ ¢ ¢ € 6 é 6 é é ¢ é é é é é

341.DSCéeéeeéeeéeecéeecééeecéeecéececéee.

D
@

@

D
D
D
D
D
D
D
D
D

342. FT-IRe ééeeéeeéeéée . beceé
343. PXRDéééeeeeééeeceeéeééeceeceeééecee

é
3.4.4. Solid-state NMRCharacterizationé ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ééééééeéé.
é

3.4.4.1. "DPIMASNMRé ¢ 6 6 6 6 666 é6éééébbééé
3.4.4.2. ¢ DP/MAS NMR Dynamics at Variable Tempgured é é é é
3.4.4.3. Chemical shift and Line Width Analyses ¢ € é € € é é é .
3.4.4.4, ¥%C Solidstate CPIMASNMR ¢ ¢ é é é 6 ¢ € é é & é é
3.4.5. Solid-state Dynamics and Relaxation D&t € € € € € € é é ................
3.4.5.1. F DP/MAS NMR Relaxation Dynamics Ambient Temperature
3.45.2. % DP/MAS NMR Relaation Dynamics aVariableTemperature

Conclusione e éeeéeeéeeéeeéeecéecé eeéeée.

D~
D~

Acknowledgements ¢ € € € 6 6 é éééééecééeééééééécéeé

References é é é ¢ ¢ ééééééééééééeéeéceceeéeéeceé.

Xi

115

117

. 117

118

119

119

119
120
120
121
121
121
122
122
122
124
126
127
127
128
130
131
135
135
141
145
146

. 146



Chapter4é ¢ ¢ é é é é é é é
4. Char acter.i
Cyclodextrin

4.1.
4.2.
4.3.

4.3.1.
4.3.2.
4.3.3.
4.3.4.
4.3.5.
4.3.6.
4.3.7.

4.4.

441 DSCe éeéeéeé

s 7

zati

s 7

Abstracé é ¢ ¢ é é é é

Experimental Sectiché é e é e é e é e é e éeéeé

Results and Discussiéné

s 7

-
@
@
@

e

eee
éeee

442 FT-IREeééeéeée
443. PXRDéeeéeeéee

4.4.4. Solutionstate NMRé é é é

s

e

é

D

é

.CD\

é

P

é

é

éé
2 €

é

FT-l R Spectroscéep
Powder xray Diffraction(PXRD) € € é é
é

é

D

s

e

2

o O

([N

é

B

([pN

D

o}

([N

o}

Y4

sz

Solid-state NMRSpectroscopy € é € € é é é

7

Differential Scanning Calorimetry (DSG).£€ é

(¢

[N

4.4.41MM/"F SolutionNMRCh ar act e&é
4.4.4.2. Coupling Constants oinSulated'*F PFBASpectruné
4.45. SolidstateMASNMRé é 6 6 é 6 6 6 é é 6 6 é
" DP/MASNMRChar acteri z
% Deconvolution Analysésé é é é
'HY C CP/IMAS NMRe é é é
YrY®C CP/ MAS NMRééé

4.45.1.
4.45.2.
4.45.3.
4.45.4.

ee.

4.4.6. °F Solids NMR RelaxationDynamics . é. é

4.5.
4.6.
4.7.

Conclusiong ¢ ¢ é é é é

sz

s

é

é

é

é

é

é

é

é

7

Acknowledgements ¢ € € € € € € é é € é é

Referencesé é é é ¢ ééééééééééééeéeééeceeéeéceeé.

7

7

7

7

7

Xii

7

7

7

7

7

7

&ed d é

7 s

7

7

s

7

7

Y4

7

Materials and Chemicalsé é ¢ € ¢ é é € é é € é é
Pr epar a€h/S’RO Swolid Influsion Compourds

Solutionstate NMRS p e c t r oé&séeégpéé &¢é é

7

D

7

7

7

7

D

D

[N

([ON

D

7

([N

D~

[N

[N

([N

7

7



Chapter5é é ¢ e éééééeéééeééecééeééecééecéeeéeééeéeée. . 183
5. Probing the Effect of Sodium Counterions on the Structure and Dynamics for the
Solid InclusionC o mp | e x-€yslodexfrin aémd SodiumPerfluorooct aneée &t 185

s 7 7

51. Abstracke ééeeéeééeéeceéeeéeeéecté

([N
([N
=
(o)
(&)

5.2. Introductiore é é éééééeecééeecécéeceecéeeeeceéecece 186
53. Experimental Setcétéiéeréeecéecée.é.e.éééée. . 188
531. Material# ¢ é 6 ¢ 6 éééeééeéeécééeeeéeeeeeeeeeée 188

5.3.2. Prepa at i eQD/PBBA Sdiid Inclusion Compounést é é é é é ¢ € . 188
5.3.3. Solutionstate NMRSpect r oééé@éééééééé eeéé. 189
5.3.4. Solid-state NMR Spectroscopye.é e € é e ¢ éééeééééeééeéeé. . 189
5.3.5. Thermal AnalysesISC/TGA) & é é é é e eé

536. FTIRSpectr oscopégée &&é&&é&eceeeeeéeéeéeééé. 19

5.3.7. Powder X-ray Diffraction PXRD).€ € ¢ € € é éééééeéeeéeééé 190

o
o
o
o
o
o
(0]

o
(0]

(0]

o
(0]

(0]

o
o
o
o
H
(o]
o

é

([N

5.4. Results and Discussiéné é é é
541. DSCU T GAé&€é é é

D~
D~
D~
D~
D~
D~
D~
D~
D~
-
-
-
-
-
-
-
-
-
-
-
-
H
(o]
o

s

542 . FT-l Réééée&éééeeeeeéeeéeeeéeeeeeeeeeeé 193
543. PXRDééééééeéeéeéeéeéecéeéeéecceceeceeeeeeeeé. . 195
5.4.4. SolutionstateNMRé é € € é .6 ééééééeéeéeéeééeeéeeééeeée. . 197
54.4.1."H NMR Characterizatioh é ¢ 6 ¢ 6 6 6 6 66 6 ééé6ééé 197
5.4.4.21°%F NMR Characterizatiché é ¢ 6 6 6 6 6 6 66 é6éééé. . 199

5.45.S0lid-stateMASNMRé ¢ € 6 é .6.é 6 ééééecééécééeééée. 204
5451 Y®C CP/andDPMASNMRé ¢ 6 é é 6 ¢ 6 é é & éééé 204
5452 YPCCPIMASNMRE é é 6 6 ¢ € é é & é
5.4.5.3.°F DP/MAS at Ambient Temperatufeé é 6 6 6 6 6 6 6 6 6 é . 208
5454 DP/ MAS at Variable Tempe

5.4.6:°F Relaxation Dynamics NMR Datt Variah e T e mp é é & télérée ¢ 215

()

D
D
D
D
D
D
N
o
(@)}

s 7 7

55.Conclusione é ¢ eééeeéeceéeceéeeéecéecéeecéeeee. 219

([N

5.6.Acknowledgements é ¢ e é ¢ e ééeéeeéeeéeeéeeéeeée. 220

57.References e é é e éeeéeeéeééeééeecééeecéeéececé ... 221

Xiii



Chapter6é € é é é éééececeeeéeéeéééécee
6. Structural Characterization of a Urethane-B a s e

sz

in Aqueous Solutioré é é e é ¢ é ¢ é

D~

s 7

éééeéceeceeceeeeece.
6.1. AbstracEé éé ééeéeéééeécééececceé

6.2. Introductiore ¢ é ¢ éééééééecéécécécécéeééeeéeé.

6.3. Materials and Methodsé é e é e éeééeééeéeééeéeééé
6.3.1. Material é e é e éééeééeéeéeéeéeéeéececee
6.3.2. Sy nt h e-€D Based Copdlymer Materiglse ¢ € € € € é é é
6.3.3. Structural Characterization of a Urethane Cgpudr in Aqueous Solutia

7

6.3.3.1. Raman Spectroscopye ¢ é € ¢ é é € é é e éééeéé
6.3.3.2. 'H SolutionstateNMRSpectroscopyééééé.é
6.3.3.3. Differential Scanning CalorimetnDSC)é é é € € € € € € é .
6.3.3.4. Induced Circular Dichroism (IC[8)é é é é € é € €€ é é é.
6.3.3.5. Dynamic Light Scattering (DL8)é ¢ € ¢ é € € é é € é é é

6.4. ResultsandDiscussiéné e é e éeéeéééeéeééeéeéeéeée
6.4.1. Physicochemical Characterizationf a S-GD-baded Gopofyméré é

6.4.2. PhysicochemicalCharacterizationof the HDFL/PNP Complex in Aqueous

s

Solutiore é é ¢ éééééééééeéceéeceeeceeececeece.

6.4.2.1. 2-DROESYNMRE é ¢ é e é e éeéeéeéeéeéeé
6.4.2.2. 1-D Selectve ROESYNMR é ¢ é ¢ é 6 é 6 é e é é é é
6.4.2.3. Raman Spectroscopye € € € é é é € e e e e ééééé.
6.4.2.4. Induced Circular Dichroism (ICB)é é € € é € € € é € é é .
6.4.2.5. DSCe ééeéeéeéeéeéeéeéeéeéeécecéecée.
6.4.2.6. DynamicLight Scattering(DLS3 é é é é é é € € € é é ........

s 7z z £ £ z £ z Zz

6.5. Conclusioné é é ¢ ¢ééééééeéeeéceéé

D
D
D
D
D
D
D
D
D
D
D
D~
D~

6.6. Acknowledgemes e éeeéeeéeeéeéeéececcéceéceée eé

7

(9]
D
(9]
(9]
(9]
(9]
D
(9]
(9]
(9]
(9]
(9]
(9]
D

6.7. Referencessé e ééééeéééeceé

Xiv

227

227
227
229
229

. 229

230

. 230

230
231
231
232
232
232

236
236
239

. 241

246
248
250
252
253
253



Chapter7é é é é 6 éééééééeééeéecécécécécééeéeéeéeé. . 258
7. Tunable Macromolecular-Based Materials for the Adsorption of Perfluorooctanoic
. é .. 260

s 7

and Octanoic Acide é é é ¢ é é é
71. AbstacEé ééééeéeécééceécééceecééeeeéeeeéeeee.. 200

D
D
D
D
D
D
D
D
D
D
[N
[N
[N
[N
[N
[N
[N
[N

7.2. Introductiore e ééeééeeéeeéeeéeceéeecececeeéee. 261
7.3. Materials and Methodse e e é é ¢ eeeéééeeeeééeeeeéée 262

7.3.1. Chemicalgé é é é é é

s s s sz s oz

7.3.2. Adsorbenté ¢ ¢ é ¢ ¢ ¢ é é e é é

(9]
(9]
(9]
o
o
o
o
(9]
(9]
o
(9]
(9]
o
(9]
(9]
o
(9]
(9]
(9]
o
o
N
(¢]
N

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
N
(@]
w

s 7 s 7 s 7 oz s 7

7.3.3. Adsorbateé ¢ ¢ ¢ é é ¢ ¢ é é é é é
é

o D
([N
D
([N
([N
D
([N
([N
D
([N
([N
-
([N
N
o
N

D~
D~
D~
D~
D~
D~
D~
D~
D~
-
-
-
N
(e2)
o1

7.4. Batch Sorption Studiésé é € é é € é é ¢
7.4.1. Sorption of Perfluorooctamte(PFOA)é ¢ € é é € € é €€ é é e éé. 265
7.4.2. Sorption of Octanate( OA)é é& éééééeéééeéééééééeée 266
7.4.3. Sorption Isotherntsé é é 6 é ¢ ééééééeééeéééeéeéecéeé
7.4.4. Models and Equatiodsé é € ¢ 6 6 6 éééééééééeéeéeé... 266
7.5. Results and Discussiéné ¢ é ¢ € é é € é e e e
75.1. PFOASorptios é € é ¢ 6 ééeéééeéééeééeeéeeéeéeeéeé. 268
752. OASorptiore é 6 6 6 é 66 ééééécééecééeecéeeéeeeé. 272

s s s s s

76. Conclusioné é ¢ ééeéééécéeééeéceeceeececeeececece

[N
[N
N
\l
(o))

eeeeéééeeceeceéééeeeceeééeee 217

7.7. Acknowledgements é é € é
78. ReferenceEé é éééécéééééééeéeéeéeéeéceéeeceéee. . 277
Chapter8¢ é e éeééeééeééeéeéeéeéeéeéeéeeceecéeéeé. . 281
8. Investigation of the Adsorption Interactions of Alkyl and Perfluoroalkyl
Carboxylates Anions onto Macromolecular Imprinted Materialsé é é é é é é é . . 283
81l AbstracEé ééééééééeéecéeééeécécécécéeéeeeée. . 283

8.2. Introductiore é éeééeééeééceéceéeceeceéeeceéeeéee 283
83. Chemical séeeéeeéeecéecéecéecéeeccée
84. Methodke é . . ééeééecééeeéeeéeecéeeéeceéeceéée 285

8.4.1. Synthesis of Macromoleculér-CD)-Based Copolymers (MIMg)¢é é é é . 285

s 7z 2z oz oz

8.4.2. Preparation oMIMs/Carboxylate Anions Mixturesé é e é é e ¢ é é

M-
N
[0¢]
»

XV



843. FTIRSpectr oskchpf&E&e ééécéecéeéeééeéeé. 286
8.4.4. Differential Scanning CalorimetrfpSC) & é é e

s 7z z 7

8.45. ContactAnglee é e e éééeeééeééeceééeééeeéeée.. 287

8.4.6. Isothermal TitratiorCal or i metry (1 TC) éééé.é&.é. 287

8.5. Adsorptons ot hermséééééeeceéeéeéééécececceceeéé.é 288
8.6. ResultsandDiscussiéné ¢ ¢ ¢ ¢ ¢ e ééeééééeééeéecéeéeéée 29
8.6.1. Sorption Studies for PFOA,QA and PFOSéeé e é e ééeét e 290
8.6.1.1. Surface Coverage: Monolayes.Multilayer( P F OA, .0.A.) 290
8.6.1.2. Sorption and Equilibrium Binding Parametéss PFOAad O A 292

8.6.2. Sorptonand Bi nding ParameéééééeéééceceF 29

863. 1l nteraction of P D Aasad nGbpolynér Adsorbeh

8.6.3.1 DSCé ééééeéeecécéééééeéeeeeceéeéeéeéecee
8.6.3.2. FTIRE € ééééééééeéeeeéeéeeeéeceeeeee.
8.6.3.3. ContactAnglé é é e ¢ éeéeééééeééeééeéeé. ...
8.6.3.4. ITCéE 6 éééééééééeeéeéeéeeeeeéeeeee.

D
D
D
D
D
D
D
D
D
D
D
D
D
D

87. Conclusiong6 ¢ é ééééééeeéeeéeééeé

(]

N
(]

N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N

8.8. Acknowledgements é é

s 7 s £ 1z £ £ £ £ sz £ 7z £ 7 £ £ sz £ z £ 7 Z

89. ReferenceBé ¢ ¢ éééééecééeécécéeéceéececeeeeecece..

Chapter9%¢ é éeééeeéeeéeééeéécecéecéecéeeéeecéecece..

é
9. Summary, Conclusion and Proposed Future Work ¢ ¢ é é é é é € € € é é é ..

91. Summaryéééceé&éé&é.éééééeéeceeceececececée..
é éé é

9.2. ConcludingRe mar kséeéeéeéeé

D~
(]

D~
D~

93. On the Application of MIMséééeeeeéé
9.4. Proposed Future Wogké ¢ ¢ € € é éééécéeeeéeéééééececee

s 7 7

95. Referencessé é ¢ ¢ éééeecééeececééeeceeceéeéeeeceececece...

XVi

299

. 303

307

. 308

311
311
312

315
315
315
317
321
322
324



""""""""""

Appendices (Supplementarynformation)é . é é e e e éééééééeeeeeeeéeéé 32
Fig. A21.DSC t her mograms of -COPFGA at the 1:1Mandx2
MoleRatiog é é ¢ ééeééeéeéecéeéeéeéceecéeéeéeéeée 32
Fig. A22. FT-l R Spect r a-Ch fthe NA tand? e 1-CD/PFOA Physical

Mixtures,andPFOA é € é é é € e é é e e ééeeeécéeeeé. . 326
Fig. A2.3. PXRD Spectraf the 1:1, an@ : 1CDM®PFOA Physical Mixtures é . . 327

Fig. B31. TGA Ther mog€Cl ms PE®A,b and t-RLB/PFQA

Complexes Prepared by the Modified Dissolution Meéhéde € € € € € é é é é € 327

CD/PFOA Physical Mixtureésé e é e é e ¢ ééeéeéeééeéeéeéée. 328
Fig. B3.3.F T, Rel axation times for the CF3
CD/PFOA inclusion complexesasafutnc on of t emper at ur e é ¢ 328
Table B3.1.1%F NMR spectral parameters Geated by Fitting the GFSignal of the 1:1
b-CD/PFOA Complex to Two Lorentzian Peaks ¢@fF Cavity, Ck-out of
Cavitye é € é €. . . . . . . . . . ... e e e 39

b-CD/PFOA Complex to One Lorentzian Peak {@FCavitye ¢ é ¢ é é é é é € € 329

Table C4.1a,b. Deconvolution Parameters for the £&nd the CFE high and low field
resonance lines dfF spectrum of théa) 1:1 and (b) 2:16-CD/PFBA Complex acquire:

atMAS 20kHz and295&Ke é é e ééeééeeééeeéeeéeeéeeé. . 330

Fig. D5.1.Wei ght Percentages f or -Ch and the hilyad

rrrrrrrrrrrrrrrrrrrrrrr

2. ICDBPFOcomplexésé e e ¢ 6 6 éééééeceeéeéeéééééee. . 331

,,,,,,,,,,,,,,,,,,,,,,,

and -ED/SPFOComplexésé é eeceéeééééeecceeeeeéeéée. 332

rrrrrrrrrrrrrrrrrrrrrrrrr

Protonsofthe HDILINnker é é é é € é é 6 ééééééééééééeééeéeé. 332
E6.2.1-D TOCSY NMR Results of HDI1 Cop ol ymer . T h eCDRH1-0

XVii



H4) are lrradiateél é e é e e éeeéeeéeééeééeéceceéeeée. . 333

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

linkerarelrradiatefl é € € € é 6 6 éé e eéééeecééeeéeéeeeéeé 333

(diethyl ether, Dimethyl Acetamide) are Irradiated € é é € € € € € € € é é é 334
E6.5: 2-D ROESY NMR Results of HB1/PNP Complex. Cross peaks Showing direc

Il ncl usi on of PNP -Obiare Shown ag Bxgand&@ldRegiétesye e @ f 334

XViii



List of Tables

"""

Table 1.3.Examples of the application of cyclodexthased crosnked polymers for the
adsorption of organic molecul eséeéééeéééc
Table 14. Structural parameters of hegtiest conplexesad t ec hni ques o0
Table 1.5 Physicochemical propertiespfer f | uor i nat ed compédén
Table16,PFOA and PFOS |l evels (eg/L) inéégé&um
Table 17. PFOA and PFOS safe levelsfo var i ous or gani z &t.i.ar
Table1l.8Pr operties of Some Common NMR Nu.cl

O O O S S Y

,,,,,

Table 3.1.°C-Detected T|' Relaxation Values for th&€C Resonances of the Host and
1:1 anGQD/2PFIOA Compl exes at Ambient T.emp
Table 3.2."%C-detected T relaxation values forth€C r esonances of t he
CD/PFOAcomp |l exes at ambient temperaturéeé&.é.ééeéc«
Table 3.3.1%C T, relaxation values (f) for the ™*C resonances of the host and the 1:1
2:1CDHY PFOA compl exes at ambient tempera
Table 3.4."F Relaxation Valas {T,/T, /T, ;) for the™F Resonances of Sodium Perfluoroctanc
(SPFO), and Cb/PFOA Cdnplexesdt Athbieht Témperature.................
Table4.1lPhysi cochemi cal Properties of \Mar.i
Table 42T he DSC D&DQh,a damd tbh e-CI/PFBA lrchision Qomplexels
Main Dehydration Transitions aéé&ééédd. .cc
Table 43T, and T, Rel axati on Val €®%s PFBA aB@PFAA
Compl exesééécééécééecé e éeééécééeéceéeeeeeeecé.
Table 4.4 Activation Energies (kJ/mol) of PFBA Guest as Estimated flerand T, Data for

"""""""""""

rrrrrrrrrrrrrrrrrrrrrrrr

SPFOInNS ol uti on a8té.é20éhé éK&kété é ééééééeeéécéeeé

XiX

5
7

10

15

21

22

24

34

86

106

135

138

139

140
154

158

177

178

199



Table 5.2.CIS Values (ppm) for th&F N u c |-@D/SPROA n BCDEPFOA Complexes
in Solution at 295 Kééeéeéeéeéeéebdededeéc
Table 5.3CIS Values (ppm) for th&C Nwc | e i-C @/f S IbF O-CRIRFOA Gomplexes
Table 54T Rel axation Values for the 19F Re-s
CD/ SPFO Compl exes at Variable Tempeéat
Table55T,Rel axation Values for the 19F Re-s

,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Table 6.1 Raman Shift Data for Host and Guest Raman Band8) (or HDI-1/PNP
Compl exes at Various Mole Ratios (1:é& t
Table 7.1 Physicochemical Properties of the Adsorbent Makerand the Dydased Equilibrium

,,,,,,,,,,,,,,,,,,,,,,,,,,

Binding Constantséééééééécéécéeéeéccéeécéeéaeeéeé
Table72Physi cochemi cal Properties of Aéés.o.
Table 7.31sotherm Sorption Parameter PFOAonto GAC and the Urethare®polymers
(MI Ms) Obtained from the BET anédé éXiépés. .!
Table 7.4 Isotherm Sorption Parameters for Octanoate onto GAC and the Ure
copol ymers (MI Ms) Obtained from the¢é®ig
Table8.1.Physi cochemical Properties of theéAds
Table 8.2.BET and Sips Isother8orption Parameters for PFOA and OA with GAC ¢
MI Ms at 295 K and pH 4 and 8.5, respé.c.t
Table 8.3.Molecular Structure and Physicochemical Pé&é.p.
Table 8.4.BET Isotherm Sorption Parameters for PFOS withHdiihd-6at 295 K an
Table 8.5.FT-IR Absorption Bands of HD6, PFOA and their Adsorbed Compleges é
Table 8.6.FT-IR absorption bands for HE8, OA,and HDI6 / OA sy st e msé é
Table 8.7. Static Contact Anglesgf of PFOA and OA on an HBE& Copolymer Film alt
Variable Loading Levels at 295 K¢ééé&é&.é.¢
Table 8.8.Binding constants (Ki=1:1or 2: 1) and Standard Ent
(TpS) for I nclusion Compllekpéls4 (BFOA) R PHA~88 (Od,

phosphate buffer) at 298 Kééééée&&ae&aecéeéeéé

XX

200

208

217

217

221

244

264
264

270

276
201

293
295
299
305
306

307

310



List of Schemes

Scheme 1.1.The associationf a host and a guest to form a hgaest complex, wher
K is the equilibrium binding constant corresponding to a 1:1-tmosst inclusion
compl ex é. . . . . e :

Scheme 1.2The hydrophobic effect is shown as the association of a host and a g
the presence of an aqueous solvent.gé
Scheme 1.3Schematic representation of (a) a rotaxane showing a polymeric
threading through a CD, and (b) a catenane showing two CDs interlocked
chainééeéeééeéeééeéeecéeecéeéeéeéeéeéeéeéee
Scheme 1.4A model describing the formation of a hagtest complex according to
1:1, 1:2, and 2:1 binding stoichiéoéme
Scheme 1.5Topology of cyclodextrin complexes; (a) complete, (b) axial, (c) pal
(d) sandwichtype inclusion; (e) 2:1 axial inclusion compound, and (f)-immtusion
Scheme 1.6Assaiation of a CD and a dunctional reagent to form a linear anc
branched copolymer, where a guest can bind in the inclusion sites or with

interstitial regionsééééééececeeceeeéé

Scheme 2.1. The formation & a hostguest complex is shaw f «b (toboid) and a
perfluorinated guest molecule according to a 1:1 and 2:1 equilibrium binding process w!
are the corresponding equilibrium binding constants for eachghiest stoichiometry. In th

case of perfluorooctanoic acid (PFOA); RO H. The relative -CO

,,,,,,,,,,,,,,,,

Scheme 22Represent ati ons of t heCDssuuptare nibe
left hand structure refers to the oligomer where n = 7 &edright hand structur

////////////////

Scheme 3.1 Stepwi se formation of the 1:1 anGD
(toroid) and PFOA, according to the 1:1 and 2:1 (host/guest) stoichiomatias. The

,,,,,

Scheme 3.2Schematic representation of the three types of complexes that can hypoth

be for med bet \Wbhééneé ePEFE0Ae caéné&dé éhée e éé e e e é é.

XXi

11

11

12

92

93

120

128



Scheme 3.3Representati on of t-@Gbe(a)the bligomer Wwizer
n = 7, (b) the toroidal shape of the macrocycle showing the inclusion cavity pr
and (c) the toroidal shape of the macrocycle showing the rim and frame

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Scheme4.l The assocCRtaond BFBA-CO®FBA malusion
Scheme 4.2 Mol ecul ar Structur eCDofTHa) s tPEDB
is shown as a truncated toroid where the primary and secondary hydroxyl
glycosidic oxygen bridges are shown. The intracavity protongH@f are shown
Scheme 4.3 Schematic represéation of the binding interaction postulated for PF!
g u e s t-Clx (ldparfial guest inclusion in a 1:2 host/guest ratio, (2) complete
inclusion in a 1:1 host/guest ratio, and (3) complete inclusion with guest protrud
result in 2:1 host/gt ratio. Note: inclusion through the narrow rim of CD

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Scheme 5.1 Mol ecul ar Str-@Qtaltegomdr (vah) b

""""""

Scheme52 St epwise formation of tCb €toroid) ahd

///////////

Scheme 5.3 The proposed inclusion geometry of (a) PFOA, and (b) SPFO in th
b-CD/guest complex( ¢ ) The proposed inclusion
CD/SPFO complex. Note the CD torus and SPFO structure are not drawn éoécal
Scheme 6.1 Reaction betweeb-CD and 1,6hexamethylene diisocyanate (HDI)
form the HD}L copolymer. Note thdbr 1:1 cemonomer mole ratios, the cross link

is hypothesized to attach covalently at the primary annular hydroxyl site€D& é

Scheme 6.2 Temperature induced switching between compact (i.e., coiled)
extended (i.e., uncoiled) forms of thRDI-1 copolymer in aqueous solution at ambi
pH conditions; where n indicates the hypothetical repeat structure of the copolym
Scheme 6.3 Numbering scheme for th# intracavity nuclei (H3, H5) and extern

macrocycle (H1, H2, H4, H6) nuclef b-CD, and the nuclei of hexamethyle

XXii

133

155

164

170

188

189

204

230

234



,,,,,,,,,,,,,,,,,,,,,,,,,,

Scheme 6.4 Inclusion binding mode betwednCD inclusionsitesof HDI-1 with p-
nitrophenol (PNP). The urethane bond linkage is denoted by the wavy line
primary annular hydroxyl region. Note: The binding presentation is not drawn to <
Scheme 6.5 Guestinduced switching between compact (i.e., coiled) and exte
(i.e., uncoiled) forms of the HBE1 copolymer in aqueous solution at ambient
conditions; where ovals represent the guest (PNP). The compact form may i

selfinclusion of the linker unit. The repeat structure of the copolymer is repres

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,

,,,,,,,,,,,,,,,,,

Scheme 7.2 Sorption of PFOA and OA onto the hydrocarbon (HC) sorbents;

Binding of PFOA via the carboxylate head group and formation ofdaadil bilayer
structures (with possible hemicelle and micelle formation), and Bottom: Mzayer
Scheme 7.3 Sorption modes of the PFOA/OA anion onto (a) activated carbol
electrostatic and hydrophobic interactions, (b) HDhdsorption occurs via net
inclusion sites thnogh iondipole interactions with hydroxyl groups and/or amixid

groups as donor molecules andOO as the acceptor (the wavy line displays

perfluoroalkyl tail of PFOA), and (c) HB1 adsorption occur via inclusion and RAc
inclusion sites of the copgher framework where the toroids represet@D, spheres
with tails represents PFOA, and the-zap lines represent HDI linker sites. Note t
Scheme 8.1 Reaction betweet-CD (toroid) and 1,8examethylene icdocyanate
(HDI) to form the HD#X copolymers; where X = 1 or 6. Note that for the 1:1 nr
ratio, the cross linker is hypothesized to attach at the primary annular hydroxyl sit
Scheme 8.2 Schematigresentation of the sites of substitution of HDI cross linke

the primary (narrow rim) and secondary (wide rim) hydroxyl groups in the an

XXiii

236

238

245

246

263

274

275

285



r e gi o0-@€D amgolynter. The filled spheres represent covalently attached site
illustrate low, mediumand high cros$inking; whereas, the open spheres repre:
Scheme 8.3 Proposed adsorption modes of the carboxylate anions withir
i ncl us i o0-@GD viitall grosips and onko thenker domains of the copolymer fi
(a) PFOA via iondipole interactions of the head group and subsequent formati
multilayers, and (b) OA adsorption occurs via the alkyl tails to form a monélayer .
Scheme 8.4 Proposed adsorption modes for (H)I1-6/PFOA, and (b) HDB/PFOS
systems. PFOA confers stronger-aipole interactions with the dipolar regions of t
MIMs surface than PFOS. Adsorption via head group interactions prevail due
low b-CD inclusion site accessibility and the greatember of urethane linkages
HDI-6 on the MIMs framework. Note: Inclusion sites accessibility for 8310 due to

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Scheme 9.10rganization of the PhD Thesis; The Boxes in Bold Represent the Two
Themes of the Study, the Boxes under the Arrows Represent thto@ab, and the Bo;

bet ween the | ines Represent the Interse

XXiV

286

294

300

316



List of Figures

Figure 1.1. Schematicllustration of the association of a gst and (a) a cavitand 1
form a cavitate, and (b) a clathrand to form a clathrate. (c) Formation arassethbly
of a supramol ecul ar complex. ééééééeéec
Figure 1.2. The molecularstructure of Cyclodextrins showing (a) the macromdksc
(b) the toroid shape and, (c) a creextion of the toroid showing the primary a
secondary hydroxyl groups, intracavit
Figure 1.3. Schematic representation of the packing of cyclodextrin structure sinc
(a) heatto-head channel type, (b) hetwtail channel type, (c) caggpe, and (d) layer
type packing structureseéeéeéeeeéeéeéé ééééééc..é
Figure 1.4. The Newman projection for the (ghauche and () anti conformers of &
simple fourcarbonsys e mé . é é e e éééeééééeééecéeééeeéééé
Figure 1.5. The molecular sucture of PFOA displaying; (b ard) the gaucheand (a
and c) anti-conformers of the perfluorocarbon chain. (c,d) Spartan generated bz
stick structures of PFOA. . ééeéeééceeééec
Figure 1.6.The mokcular structure of (a) PFO8/P F O, wh e'iNa’; (bRPFBA;
and (c) PFOSéeééeééeecéecéeéeéectéeccéééécéce.
Figure 1.7(a) Molecular structure op-nitrophenol, (b) three different inclusion mod
of the phenolate guest thin the cavity of a CD host as determined from intermolec
NOE spatial i ntécééabcdté coénesé eéécééecé e éeé é.
Figure 1.8.Types of Adsorption isotherms. Point A represents the regions where
monolayec over age i s. éé6émpeEééeEéééé. ..omniiiinnnnnnn
Figure 1.9.The energy difference @E bet wien
Figure 1.10.The orientations of the nuclear magnetic momanequilibrium in the
absence of external magnetic féiéeléd éar
Figure 1.11.Precession of the spin magnetic moment in the presence of external

s 7 s £ sz £ sz £ z £ £ £ £ r £ z £ £ sz £ @ 7z

Magnetic fieldéeéeeééeéééécececceeceeéeéeéececeéc.

Figure 1.12.(a) A duster of spins precessing at the Larmor frequéngyin the

presence of external magnetic field,Blong thez-axis, and (b) the corresponding

XXV

17

18

18

19

26

29

35

35

36



,,,,,

l ongi tudi nal magneti zati on vect or ééééé ¢
Figure 1.13.Net magnetization isshown)(a i n | ongi tudi nal b)t
rotaed i n the transverse plane by the

////////////

,,,,,,,,,

Figure 1.15.Distribution of spin orientatiomi(a) solution, and (b) solid samples. Ra
molecular tumbling in solution averages the orientation dependence to an isotropi

and sharp resonance line (a). Anisotropic effects in solid samples result in broac

,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 1.17.Schematic interpretation of the magic angld = 5Sampled ardkpu
at this angle with respecttothetver c al axi sééééééééé.eédé.
Figure 1.18.A typical cross polarization pulse sequence for observing dilute nuxle

where magnetization is transferred from an abundarieunsie.g.,"H to X during spin

//////////////////////////////

///////////////////////////

Figure 1.20.Relaxation drives the-magnetization to its equilibrium value (dotted lir
and the transverse toééédecogdadaéadaéceérf..zce
Figure 1.21. Typical NMR timescales and related motional dynamics (Adapted f
ref. 184)...¢éeéééééecéééeéeéeéeécécéceécec
Figure 1.22 Relationship between longitudinal and transverse relaxation rate con
as a function of correlationtimieAdapt ed froeméeéeéedé¢ . ..2.0.3) ¢

Figure 1.23. Inversion recovery pulse sequence for measuring the ratgtacwrfor

///////////////////////

"""""""""""""

////////////////

Figure 1.26 Schematic twalimensional COSY spectrum showing cross peaks (

ovas)y and di agonal peaks (black oval s)

XXVi

36

37
38

42

42

43

44

45

49

50

51

54

55
55



Figure 1.27.Basic2D COSY pul se sequencéééééécé
Figure 1.28.Basic2D T OCSY pul se sequenceéééceéeteé
Figure 1.29Basic2D NOESY pul séeé éséeéqéuéeenécéeéée é é ¢ .

Figure 1.30Basic2D ROESY pul se s e qu eénécéecébééccécéé. e
Figure 2.1. DSC t her mo gr aCGbshydmaté and RROA (ak thebl:1 and :
compl exes prepared by sl ow cool i nigé gt
Figure 22.TGA pl ots -€Ebr hpydtave, bPFOA, -ED/RFOA
compl exes prepared by the sl owéacEe®cléiéreg n
Figure 2.3.FT- R spectr &€ Dof 1D/tAGVGRA bc o mED/RFOA
complex, and PFOA. The figure on the right is an expansion of the spectral
between 800 and 1400 cné e é e é e e e ééeéeéeéeéeéeée.

Figure 2.4.Powder Xray Di f fracti on ( P XGDDunbosng RFOA
1: 2CDHY PFOA dissolution ( BOD/PEGCAmlpwW ceoted SC
compl exes, a-COPFDA dissotutiod (DRcormiplexést ¢ ¢ € € é é ..

Figure 2.5.'"H NMR in D,O solutionsf o rC Dh t he 1: 1,-CDIPFAA,
inclusion compounds acquired at pD~5 and 295K; where * indicates HOD&signél

Figure 2.6.Expanded and assignétF solution NMR spectra of PFOA, the 1:1 and .
Figure 2.7. F NMR spectra at variable temperature conditions for the
b-CD/PFOA complex in BO at pD~5 (heating cycle from 25 °Cto 75833 € é é ...

Figure 2.8.2F NMR spectra at variable tempenate f o r -CD/RROA tomfilex fn

rrrrrrrrrrrrrrr

Figure 29."F NMR spectra at var i «b/PROA tompex

Figure 2.10."% NMR spectra at var i aODIPEOA tenplex

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

rrrrrrrrrrrrrrrrrrrrrrrrrrrr

XXVii

58
58
59
59

87

88

89

91

92

94

97

97

99

100

100

101



Figure 2.13.**F DP MAS 25 kHz NMR spectra at 295 K for pure PFOA, and the

""""

and -ED/RFO¥®complexes obtained by the slow cool methatlé € € € é é é

,,,,,,

"""""""""""""""""

//////

Figure 2.17.%F DP NMR s p e c-CD/RFOA domplek mrepated by the slc
Figure 2.18."°F DP/MAS NMR spectra at 14 kHz and variable temperature for th
b-CD/PFOA conplex prepared by the dissolution method (warming fr@®°C to 20
Figure 2.19.*°F DP/MAS NMR spectra obtained at 14 kHz and variable temperatul
t he -CD/PFOAcomplex prepared by the dissolution metAdee heating cycle wa
from 25 °C to 90 °C (A), and the cooling cycle was from 85 °C to 25
Figure 2.20.*°F DP/MAS NMR spectra obtained at 14 kHz and variable temperatul
t he -ED/PFOAcomplex pregred by the slow cool method. The heating cycle
from 25 °C to 100 °C (A), and the cooling cycle was from 90 °C to 25 °€ 8§ é .
Figure 3.1.DSC t her mo@Db amgdrodt &, unbound P-F
Figure 3.2.FT- R s peceGD,a uonfbobund PFOA, -&D/RFOA
inclusion compounds. The inset shows expanded region frorm 2800 cm'é é é
Figure 3.3.P XRD spe«tDr hyafr ab e, PFOA, -GD/PHOAL

inclusion compounds. Differences in the PXRD patterns between the two comple;

,,,,,,,,,,,,,,,,,,,,,,,

///////////////

,,,,,,,,

XXViii

102

103

105

106

107

107

109

110

123

125

126

127

129



Figure 3.6.Deconvolution of the Cfsignal inthe *°F DP/MAS (20 kHz) NMR spectr:

of the 2:1 and 1:1 complexes at 25°C. The 2:1 complex is fit to one Lorentziar
(CFRs-in cavity), while the 1:1 complex is fit to two Lorentzian peakss(@Fcavity, Ck-
outofcavityé e é e éeééeéeéeéeéeéeéeéeéeé ... 130
Figure 3.7.Plots of the Ta) chemical shift and7p) linewidth estimates of the 2:1 (or

component) and 1:1 (two components) NMR spectra from the deconvolution |

illustrated inFigure3é é é e é ¢ e ééecéeééeééeééecééce 131
Figure 3.8.%C (HY"®C) CP/ MAS sol i d -CDMfRe Islpamd 2:
b-CD/PFOA complexes at ambient temperaduiecé ¢ e é é e e ééeéée. . 132
Figure 3.9. *°C (*F Y®C) CP/MAS 20 kHz NMR spectra of pure PFOA and the
b-CD/PFOA complex at variable contachts® é € € é € € é é €€ é e éé é. 134

Figure 3.10. '°F T, (open symbols) and (filled symbols) values for the GFmain
(CiF2) and terminal@2gr oups f or t he -ODEPFOATamplexesa n 142
Figure 3.11. @)FT:ps f orand Begro@Bof t he 1:1 an
complexes. (bfFT1ps fonrgtdep CFf the 1:1 and

anexpandedsc@lee é e é e éecééeéeéeeéeéeéeéeéeéceé 144
Figure4.1. The DSC ther+#®gr aaamsd otfh e b -QD/PEBA
inclusioncomplexesé € ¢ 6 é 6 éeéééééeééeéeééeéecécéceé 158
Figure4.2. The FFI R f or -ODat i REB Ab, and the 1
inclusion complexes. Inset: Expanded region from 1406i800 cm'é é é é é é 160
Figure 43.The PXRD patt «D,/5BFBfandrthe d:4dil:vle bbC D
inclusioncomplexesé € é 6 é 6 éeééeééééééeéeéeécécé 162
Figure 44."H sol uti on NMERDspeaadr a hf o-ED/PEBA
inclusion complexesinfD at295k é e é e ééeééeéeéééeéeéeéeée. . 163
Figure 4.5 *°F solution NMR expanded spectra foFBA, and the 1:2, 1:1, and 2:1b-
CD/PFBA inclusion complexesinD at295k ¢ é é e ¢ éé e ééeéée. 164

Figure 486. 19F simulated spectrum of PFBA (Hz) in,@ at ambient temperatul

showing the splitting of the (aCF,,  (-©R), G n éCF,(signpls.Thie satellite lines
165

,,,,,,,,,,,,,,,,,,,,,,,,

Figure 4.7 The three possible rotamers of perfluorobutyric acid (PFE

XXIX



"""""""""""""""""

Figure 4.8 F DP NMR spectrdor the 1:1  a n dCDZPFBA inblusion complexe
acquired at 20 kHz MAS and 295 K. Asterisks show spinning sidebaids é é é
Figure 4.9, (a) Deconvolution analyses of the gifhe shapes for th€F DP/MAS 20
kHz spectra of ( i YCD/PHBA solitl :cdimplexes ratd295( K(b)
Deconvolution analyses of the gffe shapes for th&F DP/MAS 20 kHz spectra of (i
t he 1: 1, -GDIRFBA(solid gomplexedatPOXKe é e ééeéeéeééeé
Figure 4.10. *C'H Y'*C CP NMR results fob-CD, and the 1:1and 2:1 b-

Figure 411 B®C¥®FY®C CP NMR resul ts -EDIRFBAtirtlesion

/////////////////

Figure 51.The DSC t-Cbcodydfatep SPFO, -CB/BRFO

//////////////////////////

Figure52. TGA tr aeCGkD hfyodrr afi e, SPFO aQbtsPFO

"""""""""""""

Figure 5.3.FT-I R s p e ¢GDr SPFQQ &nd the 1:1 ad: 1CD/MBPFO inclusior

/////////////////////
//////////////////

,,,,,,,,,,,,,,,,

Figure 5.6.'°F NMR expanded spectra for PFOA, aBBFO, and the 1:1, and2:1
inclusion compoundswi t -&D ib D,O at 295 K. The resonance lines are assic
Figure 57.The'HY®C CP and DP/ MAGD,s paercd rCDISPFO]
andCh/ PFOA compl exes. All spectra wer
Figure 5.8. The *FY *3C CP results foSPFO,PFOA, and the respectiviel inclusion
compoundsw i t -&€D umder MAS 20 kHz at 295KThe host and guest regions ¢

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

XXX

166

168

171

173

175

176

191

192

194

196

198

200

205

207



Figure59 F DP NMR spectra for PFOAGD/SBF®
inclusion compounds under MAS 20 kHz

Figure 5.10 The simulated Cfsignal as a function of variable dipolar coupling

"""""""""""""""""

Figure 5.11 DeconvolutionoftheCH i ne shape for SPFO,

""""""""""

CD/ SPFO compl exeséeeéeééééécecceeeeeeécéc

Figure 5.12 (ac))® DP NMR spectra for -SBB$PBQ an
inclusion compounds under MAS 20 kHz at variable temperatur€R@P/MASVT
NMR spect rCD/fPOFrOA2 :ilnclh usi on compound.

Figure 5.13 'F Ty (open symbolsand T; (filled symbols) values for the GFand
main Chgr oups for t KC®O/SPFO tomplexas dinde2 MAS 206 kHz
variable temperatureééééééecééécéeééeecécéc
Figure 6.1.1-D 'H NMR Spectra in BO at 500 MHz and 298 K; HB1 copolymer,
HDI, andb-CD. * denotes residual solvent (i.e., DMA and ethyl ethe)é é é .

Figure 6.2.VT *H NMR spectrain D,O at 500 MHzof HDI-1 without PNP in aqueou

solution; (a) heating cycle, and (b) cooling cyclEhe asterisk denotes residual solv

,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,

Figure 6.4.1-D '"H NMR ROESY spectra in fD at 500 MHz for HD-1/PNP complexes &
various host/guest ratios and a sluiok time of 400 ms; (a) 1:3 HEI/PNP at 298 K; where th
following nuclei were irradiated) Hs, ii) Hy, iii) Hs and H;, iv) (CHy)p , ¥) (CHy)s , ,and (b)
1:5 HDI1/PNP at VT; where the folaing nuclei were irradiated: H and (CH)s . (enlarged

spectra are also shown), and (c) 1:5 HIRNP at VT; where the following nuclei we

,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 6.5 Raman spectra of solution evaporafiéds at 295 K for HD41 (Host), and PNF
(Guest) and the 1:1, 1:2, 1:3, and 1:5 HIPNP (H/G) complexes. (A) Full spectral regi
(600 3400 cnl'), (B) Expanded spectral region (8a®40 cnt'), and (C) Expanded spectr
region (23003200cmM)é é é ¢ ¢ ¢ é éééééééééécééééééeéeééé. .

Figure 6.6  ICD spectra of hosguest complexes in aqueous solution;&D/PNP

at various hosguest mole ratio, and (b) HEWWPNP at variable hogjuest ratios and 29

XXXi

209

210

211

214

218

233

235

237

241

243



''''''''''''''''''''''''

,,,,,,,,,,,,,

Figure 6.8. DLS results recorded as change in hydrodynamic diameter oflk
copolymer with (a) temparature (298 to 348 K), and (b) relative PNP mole ratio-(
axis in Figure 8b represents moles PNP pemleriiDI-1 monomer, where zero mea

,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure7.1.Cal i br ati on -friets@wd tlsi menar firbeItresslts
Figure 7.2. Sorption isotherms of PFOA onto GAC, HIDJ HDI-3, and HDi6 at pH
3.85 and 295f iKt.0 |ITihnee sii bceosrtr espond t ¢
Figure 7.3.F NMR chemical shifts (Cfand fibest 1: 1 equi | i
for the titration of PFOA in the presence of HD[1 g/L) in aqueous solution at 298

,,,,,,,,,,,,,,,,,,,,,,,,,

and 298 K- it 6 botrespgoidostie Sips moéled é € € € € € é é .
Figure 8.1 Typical EStMS spectra of the solutions of PFOA (pH 3.8) and PFOS
~3) at low and high loading concentrations in the presence ofoHIdpdymere é .
Figure 8.2 Sorption isotherms for MIMs/PFOA (Left) and MIMs/OA (Right) syste
expressed as surface cover ageJ)éeE®) . a.qg:
Figure 8.3 Sorption isotherms of PFOS onto HDJ and (b) HDI6 MIMs at pH ~3 anc
295 K. FHhae Abesetsd cor r e s msets: dhe tarespomdimg
sorption isotherms of PFOA onto HI2| and HD#3 MIMs surfaces are compared whe
the circled regions at low £ show favarable adsorbatadsorbent

interactions . é é éééécéeeeéééééééceeeeeééééeée.

Figure 8.4 DSC thermograms of the hydrated samples of PFOA and mix

,,,,,,,,,,,,,,,,

//////////////////

Figure 8.6. FT-IR spectra of hydrated solids HB| PFOA, and HDbB/PFOA1, HDI-

XXXil

248

249

251

265

269

272

273

289

290

297

300

302



6/PFOA4, and HDI6/PFOAT7 systems at 295 K. The numbered band8)show the
CRJ/CR;sstretchingbands of PFAé é é e e ééeéééeééé . 303

6/PFOA4, and HDI6/PFOA18 systems at295&Ké ¢ ¢ é 6 6 é é 6 € € é é é 306
Figure 8.8,b.Cal or i met r i c-CD/PFOA, and (bpHDIL/ ®FOA @taohl ~ 4
and 298 K, respectivel y. T h@D/PFOAGall), and

1L:1HDIL/PFOA(bBIDée e é é e ééeeéééeéééeeééeéeéeéee. 308
Figure 89.Cal or i met r i c -CD/OA, and (b) HDI1/OA dyste(ns gt pHbH~
and298K éééeeeeéeéeéééceecececeeceeeéeééeceecee. . 309

Figure 9.1Pulse Sequencefor2bDRle s ol ved NMR Techni que 322

XXXiii



BET

CD

CIS

COSY

CP

DLS

DP

DSC

ESI

FC

FT-IR

HC

HDI

ICs

ICD

ITC

MAS

MIMs

MS

NMR

D

([N

D

D~

[N

[N

[N

(O

[N

(O

D

D

D

([N

[N

[N

D~

[N

[N

[N

(O

D

D

D

D

[N

D

([N

D

D~

[N

[N

[N

[N

[N

(O

([N

D

D

D

[N

D

D

D

[N

[N

[N

[N

[N

[N

(O

D

([N

D

D

[N

D

D

D

[N

[N

[N

D~

[N

D~

(O

D

D

D

D

[N

D

([N

D

[N

D

D

D

[N

[N

[N

[N

D~

[N

(O

D

D

D

D

[N

D

D

([N

[N

[N

([N

([N

[N

[N

(O

D

D

([N

D

D~

[N

[N

[N

[N

[N

(O

([N

D

([N

List of Abbreviations

D

D

D

[N

[N

[N

[N

[N

D

D

[N

[N

[N

[N

é

é

D

[N

[N

[N

[N

[N

[N

(O

D

([N

D

D

D~

[N

(O

D

D

D

[N

é

é

([N

[N

[N

([N

([N

(O

D

D

D

D

D

[N

D

([N

D

[N

é

é

D

D~

[N

[N

[N

D~

(O

éee

eeé

([N

[N

[N

[N

[N

[N

[N

(O

D

D

D

([N
([N

[N
[N

[N
[N

([N
([N

([N
([©N

D~
D~

([N
([N

D~
D~

D
D

([N
([N
([N

([N
([N
([N

D

[N

[N

D~
D~

D~
D~

XXXIV

é

é

D

[N

[N

[N

([©N

[N

([N

(O

D

D

([N

D

D~

é

é

D

[N

[N

[N

[N

D~

[N

(O

D

é

é

[N

([N

([©N

[N

[N

(O

D

D

D

D

[N

D

([N

([N
([N
D

([N
([N
([N

ompl exati on

[N

(O

([N

D

([N

D

D~

eee.

é

[N

(O

D

([N

D

D

[N

M-
M-
M-
M-

([N
([N

D~
D~
D~
D~
D~
D~

[N

D~

Correl
Cros
Dynamic
rec

eeeéébDi

Di f feren

ée. El

[N
[N
[N

éeééerFl

D~
D~
D~

Four.

D
D
D

([N

é é
amet
necl

é |

él nduced

D~
D~

5 ¢ Br u rfEmmeattTeller

eeeéeéeeéecCycl od

| nd

atio

s P
Li
t P
tial

ect

uor

eéHydro

hyl
usi

Ci

[

er ardd

€ é é é . |isation Gatorinmetty

Macr omol

s sz oz oz

éeéééeéNucl

Magi c

ecul

Mas s

ear

«

.



€ € € € é€ Nu c lverlzauser @ect Spectroscopy

NOESY eéeéeéecéecéeceeé

OA eééééeé é é céééeéeéeéeéeéeéeée. . Oc
PFBA eééé eéeéeé cééeéeéeéeée. . ééeéPerfl
PFCs eéeeée eée eéeeéeéeéeéeée. . . Perfluo
PFOA eéeéeée e é eéeéeéeéeéeé dléomectanoic Acid
PFOS eéeeée éeée eéeeéeéeéeéeéebPerfluor
PNP éeée eéeéeé. . eéeéeéeéceéceeééeéepmphtrophenol
PU eéeeéeéeée. eéeéeéeéeéece eeéeéée. Pol
PXRD eéeéeéeéeé. éeéeée. eeeée é é P eaay DiffractioX
RF Eééeéeéeéecécécécéeeeeeéeéeée. .. Radio
ROESY ¢éééééeeéeeééé. Rot at i @Qugrhabiser&mhancement Spectrosc
SPE Eééeéeéeéecé. éeéceéeéeéeeéeeéeéeéeésolid Pha
SPFO Eééeéeéeéeécécécéeéeéeeéeéée. . Sodium Per
TDI EééeééécécéceéceeéeeéeceéeceéecéeeéTol uene @i
TGA eéeéeéeéeéeéeéeéeée. . ééeé. Thermograv
TOCSY eéeéeéeéeéeéeéeé. .  éeéeée.Total Corre
TPPM céeéeéeéeéeéeéeéeeeeéeTwo Phase Pul

US-EPA éééeéeéeéceéeeéeééeé. United States Envir

UV-Vis ceéeeéeecéecéecéeceececeeéeeéUl tviolet Visible

VT ceéeceéeeéeecéeecéecté eeéeeéVariabl e
WWTP eeééeéeecéeecéececéecté éeéWaste Water

XXXV



CHAPTER 1

1. Introduction

1.1Introduction to Supramolecular Host-Guest Chemistry
1.1.1 Supramolecular Chemisty: A Brief History

Supramolecular chemistry refers to the area of chemistry beyond that of molecules and
focuses on thecollective chemical systermade up of a discrete number of assembled
molecular subunits or componentsThe concept of supramoleculelnemistry can be traced
back to the beginning of modern chemistry in the earl{ dghtury. However, the field has
seen significant development amthjorb r eakt hr oughs since the 196
that have been demonstrated by supramoleculanishg include molecular selissembly,
molecular folding, molecular recognition, hagiest chemistry, mechanicailyterlocked
molecular architectures, and dynamic covalent chemistry. While traditional chemistry focuses
on the covalent bond, supramolemulchemistry deals with the weak Roovalent
intermolecular interactions (e,diydrogen bonding, metal coordination, hydrophobic forces,
van der Waals interactions;” 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 chemystr Fischer suggestethat enzymesubstratesystems
displaythei | oc k and k ey orepresehtearkaycdncept amangundammental
principles of molecular recognition and hegtiest chemistry.

The breakthrough in synthetic supramolecular ceamicame with the synthesis of
the crown ethers by Charles J. Pederson in the 98B was followed by the works of
Donald J. Cram, Jeavlarie Lehn, and Fritz Vogtlen the synthesis oEhape and ion-
selectivereceptors, and the subsequent emergehtiee concepts of mechanically interlocked
mol ecul ar ar chi t>®T%he napideegpansion oftthe dield IogeBtbedpast few
decades has seen a significant i ncrease 1in
supramolecular chemistryebame even more sophisticated, with researchers such as James
Fraser Stoddartdeveloping molecular machinery and highly complex Zefembled
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 furaitip. Other related research



areas such as synthetic Zplicating systems, and studies on molecular information
processing devices followed. The emergence of the field of nanotechnology has strongly
influenced supramolecular chemistiyhere diversebuilding blocks such as fullerenes,
nanoparticles, and dendrimeepresent examples of som@mplex synthetic systems. Today,
modern supramolecular chemistry is not just limited to elementarygoest systems but
includes other systems such as molecdievices and machines, mechanicatiterlocked
molecular architectureswhich involve processes such as molecular recognition,- self

assembly, selbrganization and molecular folding.

1.1.2 Supramolecular HostGuest Chemistry

The simplest definition oupramolecular hogjuest chemistry involves narovalent
binding or complexation between a host and a guest as depicted in Scheme 1.1.-The non
covalent interactions involved include hydrogen bondingpceni r i ng,nt’er acti ons,
to-ligand binding,van der Waals forces, solvent reorganization, and partial made and broken
covalent bonds (transition states). Some of the most common and natuwgliésissystems
include antigerantibody, DNAligand, enzymesubstrate, and protecarbohydrate

complexes

K
dB_ K=

Scheme 1.1 The association of a host (truncated cone) and a guest (rectangle) to !
hostguest complex, where ;Kis the equilibrium biding constant
corresponding to a 1:1 hegtiest inclusion complex. Note that the contributi
of solvent is omitted for the sake of clarity.

Donald Cramdefined a hosguest relationship ae involvement otomplementary
stereoelectronic arrangement of binding siiesveen dost and guest. That is, the host must
possesdinding sites that are of the correct electronic chardoteomplement 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 sizeablegrgemized central hole or cavity (e.g.,

CDs, calixareng crown ethes, etc.). Theguest may beraorganic or inorganication, a



simple inorganic anion, an ion pair, or a more complicaieghnic molecule such as a
hormone. The host and the guest, as described by Cram, are molecular entities that possess
convergent(e.g., Lewis acid dasr sites, hydrogen bond donors, etc.) alinkergent(e.g.,
hydrogen bond acceptor, Lewis acidic acceptor sites or metal cationbieiding sites

respectively.

1.1.3 Classification of Supramolecular HostGuest Systems

Supramolecular hogjuest systems can generally be divided into three classes; (1)
cavitates, (2) clathrates, and (3) sels s emb |l i es. The term 6cl at hr
Powell in 1948who gave one of the first formal definitions of a supramoleccdayelike
hostguest structure. Generally speaking, the classification stfquest systems is based on
topological relationship of the host and the guest. Cavitahdst (molecules that fm
cavitatesge.g., CDs, calixarenes, and cucurbiturils) possess permanent intramolecular cavities;
whereas, clathrals possess extramolecular cavities that are created by gaps between two or

more host molecules in a latti¢ef. Figure 1.1)

(© 3: — m __,m

o O O CD%
v ae
Y —O
A 4
Figure 1.1  Schematic illustration of the association of a guest (triangle)ana cavitand

to form a cavitate, and (b) a clathrand to form a clathrate. (c) Formatior
self-assembly of a supramolecular complex. Adapted fron2ref.




Traditionally, clathrates refer to polymeric hestslecular guestsystems however,
the term has recently been used for-asBociating molecules such as calixarenes and CDs, as
well as inorganic lattices such as zeolft#dPAC® defines clathrateas inclusion compounds
in which the guest molecules lie in a cage formed by therhokdcule or by a latticef host
moleculesTherefore, the cavity in cavitands is an intrinsic property of the host, existing both
in solution and the solid state. Comyrdo the cavitands, clathmdsare only relevant in the
crystalline or solid state. Common examples of clathrates are methane hydrates and channels
in urea crystalé!® Selfassembly includes a third category where two molecules, which do
not fit the typcal descriptions of host and guest, associate bycowalent forces. The
distinction between the two host classes, andassémbly is illustrated schematically in

Figure 1.1.

1.14 Nature of Supramolecular Interactions

Supramolecular hosjuest chemisy concerns nowtovalent 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 comse bringing about summative or even multiplicative
interactions. For example, most of hgstest systems involve a combination of more than two
nortcovalent interactions occurring simultaneously. Thus, the stability of aghest
complex is fundamentahnd represents a key division within supramolecular -gosst
chemistry. The most important naovalent interactions in supramolecular hgsest

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

H H H
H | o H._/
' H O—H H ; O Yy
o H 0] H
_-H Sy N y |
o\ » H H-O o—H
H P\H —_— H H
—0 L_
H H t H H—0
H

Scheme 1.2 The tydrophobic effect is showas the association of a host (toroidhd a
guest (rectangle) in the presence of an aqueous sél\Note that the
molecular dimensions of the host, guest and solvent are not drawn to scal
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Among the vapous interactions listed abovef(Table 1.1), hydrophobic effects and
hydrogenbonding are of crucial importance in the binding of organic guests by CDs and
similar hosts in agueous solution. Hydrophobic effects generally relate to the exclusion from
polar solvents, particularly water, of large partic{eslute speciesyr those that are weakly
solvated by hydrogen bonding or dipolar interactiBnSincehost cavities such as CDs are
hydrophobic in nature, intracavity water does not interact favouraibhythe 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.

Table 1.1 Non-covalent Interactions and Their Strengths for Hostguest

Complexes**

Typical

Type of interaction Energy (kJ mol®) Examples

lon-ion 2001300 Tetrabutylammonium chloride
lon-dipole 50i 200 cationcrown ether compléx
Dipole-dipole 5i 50 Dihydroxybenzoic acie€CD complex?
Hydrogen bonding 4i 120 R-CO,H dimers! enzymesubstrates
T 0i 50 Proteinrligand complex*

Cation-’ 5i 80 Fe'*ferrocene compleX

Van der Waals <5 Toluene calixarene comple
Hydrophobic Variable CD inclusion complexes

Generally, the importance of solvent in supramolecular chemistry cannot be
overstressed, particularfpr complexes formed between an apolar host and a guest. Even
though the hostjuest binding process can Benplistically regarded aaninteracton between
a pre-organized host with unsolvated guest Scheme 1.1); however, solvatiprocessesf

the host and guest are important considerations in solutbrs¢heme 1.2). The difference in



Gibbs energy of solvaticior an unboundhost may be significantly different from those of the
complexed state, pattilarly if there issignificant conformation cheges (induced fit) upon
binding™® In the solid state, the solvent is often included as-guest in the crystalline lattice

and usually mediates the nucleation and deposition of a crystalline compound from solution.
In solution, all complexation phenon®emre in competition with solvation interactions and
the solvent is often present in excésgels Polar solvents such as water compete efficiently
for binding sitegshroughhydrogen bondingvhich reveals whyydrophobic (or solvophobic)
effectsareof paamount importance. In nonpolar solvents and in the gas phase, specHic host
guest dipolar and hydrogen bonding interactioresy bemore significantdue to the nature

and importance of solvation.

1.2 Cyclodextrin Based Inclusion Compounds: Structural Aspects
1.21 Native Cyclodextrins

Recent research efforts have been directed towards the study -@fuleestinclusion
systems in supramolecular chemist@yclodextrins CDs) are among thenost widely studied
host moleculesind the continuethterestin the stuly of the inclusion complexes involving
CDs andits copolymersstemsfrom bothfundamental science and practicpphcation point
of view. CDs are enormously important host compounds with a variety of appl&ation
food, cosmetics, pharmaceutisaind he environment®® CDs are a group of structurally
related natural products formed during bacterial digestion of starch. These cyclic
ol i gosacchar i-IJ4lsi nckderglsidopyranose finits(abd contain a lipophilic
central cavity anda hydrophilic outer surfac& Due to the chair conformation of the
glucopyranose units, the CDs ateroidatshaped like a tmcated cone rather than
cylindrically shapedThe hydroxyl groups arnecated at the periphery of the tori extenath
the primary groups at the narraside ofthe torusand the secondary hydroxyl groups at the
wider annulusregion The central cavity is linedith skeletal GC, GH, and ¢her groups
from theglycosidic linkages, which impalipophilic characteto the CD interior The native
U, - &n dCDs 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

areshown in Figure 1.2ncludingtheir physicochemical pperties in Table 1.2.



Figure 1.2  Themolecularstructure of cyclodextrmishowing (a) the macromolecule witt
enlarged glucopyranose unit where n = 6, 7 or 8, (b) the toroid shape, and
systematic crossection ofthe toroid showingthe primary and secondary
hydroxyl grougs, intracavityprotons, and the framework carbons

Tablel2 Physicochemical P ap arstycla@satrirsf N

Type of Cyclodextrin U-CD b-CD 9-CD
Number of glucose units 6 7 8
Height () of CD (A) 7.80 7.80 7.80
Internal(a) cavity outerdiameter (A) 5.7 7.8 9.5
Internal cavity center diameter (A) 5.0 6.2 8.0
Outer p) diameter (A) 13.7 15.3 16.9
Solubility in water (g/L, 25°C) 145 18.5 232
Cavity volume in 1g CD (c?r) 0.10 0.14 0.20
Crystalline water (wt. %) 10.2 13.214.5 8.1317.7
pKa (25°C, by potentiometry) 12.33 12.20 12.08




The nati ve CH®, hae lsngeel @aqueousl splubilityc{ 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
o f -Clb is important inthe preparation othe inclusion compounds betwe®CD and
perfluorinated compound$®FC9 usingdissolutionand evaporatiormethods reported herein
(8Chapter 2).The low solubility of CDs is thought to be due to relatively strong
intramolecular hydrogebonding in the crystal staf2.

1.2.2 Modified Cyclodextrins

The use of modified CDs as host molecules is well estabfisfehd provides a way
to enhancevarious physical properties e.g. solubildf CDs for tailored application in areas
such as phanaceuticals and medicine, catalysis, and separation phenomena. A variety of CD
derivatives containing one or more substituents at the primary or secondary pasérens
synthesized, many of which have shown improved molecular recogftitBome of the mst
common CD derivatives that have been used as host materials include; metf3fated

d,22° and hydroxylbased®*' CDs. Other types of derivatives have been

heptakismethylate
reviewed elsewheré:®

Recently, supramolecular chemistry has been rdipg to supramolecular polymer
chemistry as a way to enhance functionahtyd tune the physicochemical propertads
supramolecular materials. Gased hosguestcomplexes are presented by three tygBs
complex formation between a simple organic/gaic guest molecule and a native CD host,
(i) complex formation betweea simple guest and CGbased polymeric host, andii)
complex formation between a native CD host and a polymeric guest.-ghiest
supramolecular systems of the second type are @mmmthe sorption of organic pollutants.
The most common supramolecular architectures formed by association tfirtheype,
where a CD (or a derivatized CWith a polymeric guest are involved, include (pely)
rotaxanesind catenane$* These architetures represertclass of mechanically interlocked
molecular structuresvhich have potential application in the construction of molecular
devices. (Polyyotaxanes are prepared from axiaf. (Scheme 1.5b) polymeric inclusion
compounds with bulky termihaapping groups (stoppe) on the guest. Ogirfdoreported one

of the first examples of rotaxanes utilizing hgsest inclusion phenomena, where an alkyl



chain with metalleorganic stoppers threadetirought h eCD (tavity. Common poky
rotaxanes containing polCDhedeatisyhhve een rgporied loyl t h
Harada et ai®*’ Catenanes consist of two or more macrdcyshitsthat are interlocked in a

ring or chain. The schematic representatiohs rotaxane and a catenane are depicted in
Scheme 1.3.

C oy

(@)

Scheme 1.3 Schematic representation of (a) a rotaxane showipglymeric guest threading

through a CD tfuncatedcone), and (b) catenane showing two CDs interloc

in a chain. The triangles represent functional groups #natof different
complementarity to CD

(b)

The supramolecular association of ®Bsed polymeric materials with simple
organic/inorganic guest molecules is importantthis dissertationbecause of its sorption
based application§:® The design of CEbased polymers as sorbent materiasnisxtension
of hostguest chemistry that offers unique opportunities to engineer new materials with
tunable properties:(1) surface area, (2) pore structure, (3) solubility, (4)-tlifee
(regenerton), and (5) the functionalitgsurface chemistrydf the sorbent to aid ithe design
of optimal sorption properties Studiesof the application of CBbased copolymertor the

té4047

adsorption of aganic pollutants hae been repor and some examplesealisted in Table

13

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 cavitgf( 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 bostcavity. Higher orderequilibria involving the

formation of 1:2 and 2:1 complexes daeown and may exist simultaneouslyTherefore, a



model that describes the formation of a kqusest complex must adequately accounttiier

varioustypes of hosgueststoichiometry*®4°

Table 1.3 Examples of the Application of CyclodextrinbasedCross-Linked Polymers
for the Adsorption of Organic Molecules

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

Epichlorohydrin Aromaticguestg(e.g. Phenol, | Cavity inclusion, adsorption

benzoic acidb-naphthol,and onto polymer network, gues, 40,41

dyes) guest interaction
Diisocyanate Humic acid geosmine Cavity inclusion 44
Diisocyanates Cholesterol (as template) Cavity inclusion 45
Epichlorohydrin Dodecylbenzenesulfonic acid

Cavity inclusion 46

and benzalkonium chloride
2-Hydroxyethyl Steroids (cholesterol,
methacrylate and progesterone, testosterone) | Cavity inclusion 47

Di-isocyanate

Scheme 1.4 describes various complexes were considered in this work. It should
be noted that multiplequilibriaare possible in the case of aliphatic guests with longer alkyl
chains due to the occurrence of channel structufeS¢heme 1.4c angll.2.5.). In order to
form a stablancluson complex the guest molecules should fit, at least partly, into the CD
cavity®*?°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 complexesrinidet
predominantly bysizefit considerations according tbe dimensions of the guest with respect
to the host. Possible topologies of the guest includlesofnplete inclusion within the host
cavity, (i) partial inclusion with one end (short guest)teo ends (long guest) protruding
from the rim(s) of the macrocycldii § sandwichlike inclusion for short and thick guests, and

-10-



(iv) binding of the guesat the periphery orexterior of the cavity (noimclusion binding).

Several types of hogjuesttopologies of CD complexes are depicted in Scheme 1.5.

K11

(@) CD+G CD-G
K1:2

(b) CD-G +G CD-G,
K2:1

(c) CD-G+CD CD,G

Scheme 1.4 A model describing the formation of a hagtest complex according to
1:1, 1.2, and 2:1 bindg stoichiometry.

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 de Waals interactions, dispersive forces, dipdiigole interactions, charge
transfer interactions, electrostatic interactions, and hydrogen bonding are important as
previously describedc{. 81.1.4). Therelative cavity size f. Table 1.2 and chemical
modification of the hosfe.g.,derivatization cf. 81.22) determine theindingaffinity of aCD
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 pathefguest.

W c
@ 7

Scheme 1.5 Topology of cyclodextrln complexes; (a) complete, (b) axial, (c) partial,
(d) sandwhicktype irclusion; (e) 2:1 (axial) inclusion compound, and (f) ¢
inclusion compound. Adapted from ré8

@é
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1.24 Interaction of CD-based Polymers with Organic Guests

The crosslinking reaction of bfunctional reagents such as epichlorohydtiff;>°
diisocyanate¥**>1>2and diacid chloride¥>*with CD affords either soluble ansoluble
linear or branched polymers, depending on the reaction conditionsedd¢ten of such cross
linker reagents with CD® form a CDbased polymer is schematically represented in Scheme
1.6. Materials of the type shown in Scheme 1.6 are amorphaweure and their properties
vary according to the nature of the crtis&ker molecule (i.e., epichlorohydrin, diisocyanates,
di-acid chlorides, etc.). Sugiolymericmaterials are useful as adsorbents for the removal of
organic pollutants, such as PF&sl PNPgspecially when the inclusion properties of the CD
cavity are retained. Adsorptianto the linker domains (neinclusion or interstitial sitesf.
Scheme 1.6)s possible Thaefore, thee materials can be classifias both cavitands and
clathrands (cf. Fig. 1.1a,b)

Stoichiometric
@ crosslinker (‘éi ﬁ
- + T N e 5 D
G,
Excess
crosslinker

Inclusion

Interstitial
sites

Scheme 1.6 Association of a CDO(cone) and a biunctional reagent (e.g., a diisocyane
urethane linker; wavy lines) to form linear (top) or branched (bottom) uret
basedcopolymer materialsvhere guest (spheres) can bind in the inclusion ¢
or within the interstitial regions.

A major strategy in the design of &iased copolymer materials shown in Scheme 1.6
involves controlling the surface area and pore structure properties of the copolymer

frameworksby controllingthe composition andize of the crosinker, in agreement with
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studies of solid phase extraction (SPE) matertalthe positive correlation between sorption
capacity and increasing surface area and pore structure properties have been concluded from a
previousresearch repted elsewher?® 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 natiyeigntericCDs

in order todevelop improvedgorbenimaterias with tunablesorption properties.

In a study by Ma and L¥ the synthesis of urethaea s e@D nfaterials was
reported using hexamethylene diisocyanate (HDI) and toluene diisocyanate (TDI) linkers,
respectively. These urethabased CD polymers were reported to display very high binding
affinity with PNP (K =16i10°) |, as compar e€D (MFlOih0’). et i ve |
determination of the binding camasit (K) was obtained using Uwis spectroscopy where the
concentration of the residual (i.enbound) PNP was used to evaluate K. The underlying
assumption in their modelas that PNP was solely bound in the v i t-GD. lo the céise of
p ol y m€«€DbD,ithe birfding constant relation simplifies because the activity of theGinly
is unity and the value of K approximately equals to [PNFAJhe assumption that PNP is
strictly bound within the cavity of COs problematicsince potential sorption occurs at
interstitial sites within the polymeric framewor&f.(Scheme 1.64s shown byMohamed et
al>® Furthermore, the method used to evaluateykMa and Liwas oversimplified sice the
total number of sorption sites for PNP weralerestimatedl herefore, accurate measurement
of K values requires a better understanding ofriaeire of the binding sites involved time

adsorption process.

1.2.5 The structure of HostGuest inclusbn complexes

The structure of hogjuest inclusion compounds can be probed using several
techniques. Jobds met hod, al so known as con:
methods used for the determination of the stoichiometry of inclusion corspleX@e
continuous variation method wassed in conjunction with NMB* and U\tvis®
spectroscopy. Other techniques such as elemental affafjsesd calorimetri® methods in
solution have been used to provide information regarding the stoichiowfetrgstguest
systems. Aciebase titration methods can be used to evaluate the stoichiometry -gfulesst

systems involving acidic guests (e.g., PFGA).
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Spectroscopic methods (NMR, HR, and Raman) are important in probing the
structureand motional dgamics 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
recentlybeen used tprovide unequivocal evidence fibre inclusion of a guest within the host
for a variety of system®:°® Other techniqueshave been used to probe throtsgiace
intermolecular interactions for hegtiest systemsuch a2D NMR techniquege.g.,ROESY
and NOESY 81.5.7).

NMR relaxationtechniques 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 saoieation effects. Thermal analyses
(DSC and TGA) can reveal the formation of stable inclusion complexes and their hydration
properties, while Xray diffraction techniques caprovide information about the periodic
structure and packing arrangement of¢bmplexes in the solid state.

In the case of Pok¢D adsorbent materials, equilibrium sorption parameters extracted
from isotherm studies can provide important information regarding the possible
intermolecular interactions. However, detailed structurdbrmation of the complexes
requires additional techniques such as N¥IR FT-IR and Raman spectroscoffy ITC,"

PXRD, thermal analys&sand measurement of contact andfes.

The importance of solvent in supramolecular chemistry has been mentg&ingdt).

In the solid state the solvent is often-included as a guest within the crystalline lattice
Therefore hydrophobic repulsion effects between the guast solventare hindered
However, the dynamics and interaction of water with the host @t gue anticipated to affect

the structureand stabilityof the hostguest system. The structure of an inclusion complex in
solution can be challenging to establish since inclusion may occur in severaciv®héme

1.5); through the wide or the narrain, in an axial or equatorial position with respect to the
cavity long axis”’ Several techniques have been used to study the structure ajulesst
complexes, where NMR spectroscopic techniques are possible in the solid and solution
phases, as describabove. 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

HarataKodaka rules® the positive and negative sign of the ICD band indicétesaxial ad
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equatorial inclusion of the guesgspectively. Table 4.summarizes some of the structural
parameters and the experimental techniques that can be usedéotyties omeasuremest
Some of the structural parameters and experimental techniquesargesdd in greater detalil

in thefollowing sections.

Table 1.4 Some % uctural Parameters of Hostguest Complexes and the Techniques of

M easurement.

Parameter

Techniques of measurement

Description

Stoichiometry

Elemental analysis
NMR, UV-vis titration
Acid-base titration

ITC

C-H, C-F analyses
Continuous variation
Acidic guest (e.g. PFOA)

Hostguest titration

Specific interactions

FT-IR and Raman spectroscopy

e.g. Hbonding or dimers

Thermal stability, | DSC and TGA Melting, boiling,
hydration properties, physical/phase transition.
purity

Conformation, dynamics, | "H/"F NMR spectroscopy an{ CIS effects, chair

solvation properties

Relaxation (T/T./T; ) NMR

conformation,

rotational/motional dynamics

Through-space

interactions

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

NMR technigues

Spatial/dipolar interactior

(Guest inclusion)

Packing arrangement,

hydration properties

Powder Xray diffraction

Channel, cage, and laysipe

structures, crystalline structure

Equilibrium binding

constants

ITC

NMR spectroscopy

(Hostguest titrations):

Thermodynamic parameters

Host-guest interaction

NMR, DSC/TGA, FFIR, PXRD
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1.2.5.1Packing Arrangements ofCyclodextrins in Host-Guest Systems

Single crystal Xray diffraction is an unequivocal method fiteterminirg the structures of
single crystalsCD inclusion complexesind provides an understandidg the mode of
inclusion, the nature of the hegtiest interactions, and the role of solvent. In cases where
good quality single crystal cannot be obtained (62fp/PFCs complexes), powder-rgy
diffraction (PXRD) is an alternative method for the identification and chaizatien of host
guest complexe¥:® This is because it is not always possible to produce single crystals of
adequate quality for XXay analysis and PXRD is amenable to such amorphous materials with
limited crystalline behavior. Qualitative analysis oD results involve 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-gasst complexes, PXRD can
be used to characterize the packarrangements of the CD inclusion complexes.

In a review of CD inclusion complexés® the solid state packing arrangement was
generally classified into three broad categories; channel, cage aredlslyactures. Further
divisions are observed forO% depending on the relative orientation of the primary and
secondary face<f 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 theconnectivity between one cavity and the n&dgetype 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 inviesfoiati
due to the random arrangement of the molectliéghe cagetype structure results in a
Aherlrdmegod arrangement o f CD me€D.esoach btreidurea nd  a
have been reported for complexes with short chain fatty acids such as @wgtionic and
butyric acid* Ther e i s n o -CP foimdagetype compoands due to its large
cavity size €f. Table 12).

Channeltype structures can be formed by all three types of CDs with large guest
molecules. A rearrangement from tbagetypeto the channeltype structures occurs when
the guest molecule is so large that it protrudes on both sides of the cavity (e.g., Scheme 1.5b).
In thechanneltypearrangement, the CD cavities are lined up in order to produce an extended
hydrophobic bannel into which guests can thread through in a similar fashion as beads

through a string, fuillustrated byrotaxane system(cf. Scheme 1.3). Such structureg ar
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obs er v e dCDfcomplexof the pHUndicator dye, methyl orangeherethe guest spans
three CD cavitied Channeltypec ompounds ar e -GD cenpledeswdtiwlong f or b
and medium chain PF&sand other systen?$*“%71883 The formation & channeitype
structures is further classified as eitlitieadto-headd or fheadto-taildo depending on the
orientations of t he -@ki$rgportedto havega sttohy temdemceto ul e s
form fheadto-head dimers that are held together by ntiple hydrogen bonds at the
secondary rims, where at least one guest molecule can be acconidated.

The layer-type packing structure is generally associated with large guest molecules and
has been r-@ypdmrmophendt aonr dCDicinnamoyi® conplexes. In this type
of structure the CD molecules pack in layers with their macrocyclic ring planes in parallel
orientation, with alter brekircawdllday epast sehnft ade

possible packing modes are illustrated in Figuge 1

‘z“ . \////\\\\////\ A\
S

AN\
© ‘ ()

Figure 1.3  Schematic representation of the pagkof cyclodextrin structure showing (¢
headto-head channel type, (b) hegwitail channel type, (c) caggpe, and
(d) layertype structuresAdapted from ref80.

1.2.5.2 Coffiormation 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, andanti-conformers, are discussed harigh special reference to PFCBhe
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 @G C-C torsional profile of perfluoroalkanes is well
established using-CsF1o as the model compouffd.The determination of thehree

conformers for fluorobutane were basedatminitio calculation& and N matrix-isolation
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Raman spectroscop$y®® Among the three conformers, thaucheandanti are most common
for PFCs and are widely reported in the literafiré.For a sinple fourcarbon organic

molecule of the type AZAX,AX,AX 3, thegauche andanti-conformers can be viewed using

the Newman projection as shown in Figure 1.4.

AX, AX,
AX, <
(@) X (b) axs

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

In general, thegaucheconformers ¢+, g-) have CCCC dihedral angles ca. £+60°, tintho-
(o+, o) ca. £90 and90, and thanti-conformers (#&, -a) have dihedral angles ca.180°. Figure

1.5 below shows thgauche andanti-conformers of PFOA.

(0)

Figure 1.5 The molecular tsucture of PFOA displaying thgauche (b and d) and anti-
conformations g andc) of the perfluorocarbon chaifigures ¢ and d represent tt

bal and stick structures of PFOAgeratedusind par t an 608 V1
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1.3 Perfluorinated compounds (PFCs)
1.31 Perfluorinated Compounds (PFCs): An Overview.

Perfuorinated compounds (PFCs) aresariesof fluorine-containing chemicalsthat
represent a growing list of persistent organic pollutants (POPs) accumulatingadién and
global environment¥*®® PFCs have the general formulasGEFR)-R6 and dechh be
into the groups of sulfonid R 6 =S0O38)Fand carboxylic ( R 6 = @Qc® H)
fluorotelomer alcohols (R = GFOH), and perfluoroalkanamides (R = CONHPFC
chemicals that aref interestin this research work are PFOA (EfF,)s-COOH), PFOS
(CFs(CRy)7-SQsH), PFBA (CR(CF,),-COOH) and SPFO (GFCF,)¢COONa’). These PFCs
were selected to represent a carboxylic acid (PFOA) andatgugate base (SPFO);
long/medium (C8) andhort chain (C4) PFE including PFCs with variable head groups (i.e.,

a carboylate vs sulfonate head group). Within the class of PFC chemicals, PFOA and PFOS
have eceival considerablattentionbecause of thepersistenein the environmentand their
bioaccumulative and toxiproperties® These compounds are considered as Useference
materials, particularly from a toxicological standpoint. Perfluoroalkyl carboxylates and
sulfonatesare amphiphilic because thegnsist of a PFC alkyl chain that is both hydrophobic
and oleophobic, while the anion group is hydrophilic in retut’ The combination of
hydrophobic and oleophobic character makes these substances asssfufactants. The

molecular structures of somepresentativ®FCs are presented in Figure 1.6.

F o
F
OH
F
F
(b)
i
OH
s
[
o)
(c)
Figure 1.6  The moleular structures of (a) PFO8/P F O, wh €/Na&, (bRPFBAT

and (c)PFCs
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Perfluorinated surfactants have been synthesizeeldntrochemical fluorination (ECF)
or telomerisation. Detailed procedures for the production of PFCs are reported els&®here.
Commercial production of PFOA and PFOS in the Americas is mostly based on ECF;
whereas, telomerization process is used foptieeluction of perfluoroalkyl carboxylates and
fluorotelomer alcohols (FTOHs). Perfluorooctanesulfonyl fluoride (P&BBgd polymers
and the volatile FTOHs can degrade to PFOS and PFOA, respectively.

1.3.2 Physicochemical Properties and Uses of PFCs

In gener§ 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 conditionspidsece of
C-F bonds makes these compounds resistant to hydrolysis, photolysis, microbial degradation
and metabolism”® They generally have low vapor pressures (@40 mmHg forPFOA at
25 °C)® and exhibit long residence times in the environment. Thewary surface active
and can therefore effectively lower the surface tension of agueous and other solvent systems,
even at low concentrations, by selective adsorption at the air/solvent interface. The relatively
high surface activity of PFCs confers thaipplication 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™ Therefore, the propensity of these compounds to adsorb onto solid surfaces
varies according to differences in various properties such as gofubility, and vapour
pressuredf. Table 15). In general, PFOA and PFOS have relatively high water solubildy an
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 at’?are attributed to its greater water solubility aaduced propensity to adsorb
onto solid materials. The sharhain PFCs (C4) are often exclusively detected in dissolved
solution phase; whereas, logh ai n PFCs (Cc08) are strongly
Some of the physicochemical properties for PEGRFO, and PFBA are listed in Table 1.5
and are compared to those of octanoic acid (OA).
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Table 1.5 Physicochemical properties of some perfluorinated compounds an

octanoic acid***'
Alkyl/ Perfluor oalkyl compounds

Physicochemical Properties PFOA PFOS PFBA OA
Molecular formula CgHF1502 CgHF1703S C4/HF0O, CsH1602
Molecular weight (g/mol) 414 500 235 144
Chain length (A)(* 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) 4555 >400 -17.5 16.7
Boiling point (°C) 189192 133 120 240
Vapor pressure (mmHg) 4.1-10 ~0 10 0.25
pPKa 2.5 <0 0.080.4 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 withi40 carbons were reported to be the dominant species detected
in landfill leachates in the Americas amibbally!®> 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 time environment asyntheticchemicals or as degradation
products of volatile precursot®!® These chemicals have been reported to enter the

environment directly during their productidtf**

Due to their low pKvalues ¢f. Table 15),
PFOA and PFO&re often present in solution in their anionic form at ambient environmental
conditions. Environmental contamination by PR@Gsreported due to the direct discharge of

industrial wastesuch asaqueous firefighting foam¥***and wastewater effluentsoin water
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treatment plant§**'" Consumption of contaminated foods and inhalation of air laden with
volatile PFCs (e.qg., perfluorinated alcohols and esters) that may be further degraded to PFOA
or PFOS are othgmotentialingestion pathways-*2°

Basd on the above mentioned activities, human beings are exposed to PFCs on a daily
basis via a number of different pathways; e.g- pred posthatal exposures, drinking water,
contaminated food, inhalation of contaminated dust, and occupational exffofetectable
PFC | evels vary from a few ng/L to several
activities €f. Table 1.§. For examplestudies fom Canada, the USA, Germany, Denmark,
and Japan reported elevated levels of PFOS and PFOA73 ¢ an/the rordiblood of
humans?**?* Similar studies reported average PFOS and PFOA concentrations of ~0.04

0.40egg/L in humar®reast milk samples.

Table 1.6 PFOA and PFOS Llev e | s ( Sanke IAqQuatic samples:
*_After Fire -fighting Activity, na - Not Analyzed®

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

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

atmosphere, land, water, and living organisar® well docmented by Becker in her thesis
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report® Table 16 lists some of the PFOA and PFOS levels in aquatic samptesuding

waste water treatment plants (WWTPS)

1.3.4 Toxicity of PFCs

As we have seepreviously human beings are exposed to PFCs on a daily basis via a
number of different pathwaysiowever, most of the toxadogical 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. /RFOS 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 assad 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 badin humans with a halife of approximately nine and four yedf,
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’ *** Reports have associated PFOA and PFOS with increased incidents
of abortedpregnaniesin animals:®*¥ Several studies have shown both PFOA and PFOS to
induce tumors in animals at relatively high doSé5¥** 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 Caridta.

Following repots 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 208/, which is the largest producer of PFOS
related sultances announced its intention to phase out production of such compounds by
reformul ating its entire range of fAScotcho
chain PFBS, that is reported to be less bioaccumulative than PFOS. In additiorEfeAUS
and other health organization (e.g., KP A) i ssuing O6provisional h

acceptable levels of PFOS and PFOA for short term exposure, several city councils have
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recently established drinking water guidelines fasthchemicals. Table7lpresents some of

the guidelines showing acceptable levels of PFOS and PFOA in drinking'ater.

Table 1.7 PFOA and PFOS Safe Levels for Various
Organizations and Governments:** N/A; Not Applicable.

State/organization PFOA (eg PFOS (&gl

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)

1.35 Perfluorinated Compoundsas Guest MoleculesTheir Challenges

The challenges associated with obtaining good quality crystals of inclusion complexes
with b-CD havegenerallyprecluded detailed Xay studes 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 4meal mixing behaviour with hydrocarbon
materials. The solution and colloidal laefior of surfaceactive 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 stofdyhe shortrange order of such
complexes.

A limitation to the study of low melting compounds suchRISOA (f. Table 15)
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 spuat frequenciess low as8 kHz or for longer periods due to the heat
generated through fast spinning. The study of SiRértedherein(chapter 5)enables its

structural investigation as a model PFC in its unbound state. The structural and dynamic
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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*aland Guo et &af® were among the first groups to
study CD/PFCs inclusion complexes using such techniques as conductometry and NMR
spectroscopy, respectivel y. | n part bcaunlda ro, (
CDs with C4C9 sodium perfluoralkyl salts using”F NMR spectroscopy in solution. As
well, Druliner and Wassermédiie x ami ne d t h e - ai nndCRiwith snsubstitatedo f U
acyclic and cyclic perfluoroalkanes in solution. The association of the various fluorocarbon
surfactants with}-CD inclusion was found to be fairly weak because the size of the cavity is
too small ¢f. Table 1.2) to accommodate th@iguest s
large enough to accommodate PFCs up to 8 carbons long in a 1:1 or 2:1 host/guest
stoihi omet r y. | -6D, favoeablec indireg atahfe 1:D and 1:2 (host/guest) mole
ratios is anticipated for longer chain PFCs. kmable association of PFC guests W€D
in solution is controlled by thsizefit complementarity of the host andegt**® as well as an
i nduced fit via a conformation change of t !
CD/PFOA complexes, the perfluorocarbon guest may adopt the cgdadheor helical) and
extended tfans or zigzag) conformatias) respectively, n order to adopt the cavity
dimensions of thaost €f. Table 1.2 and..5 and Fig. 1.5)

Among the thr eeD waspghosen forfthis Gtidy due fo sigefit
complementarity with the PFC guests (i.e., PFOA, SPFO, PFBA, and PFOS). In fact,
comd e x e sCD/peffluofpalkyl carboxylates with variable chain length were concluded to
form stable inclusion complexes in aqueous solution, according*f6'H NMR
spectroscop?®**** viscometry*** conductometry*>**>¢ and sound velocity’ in aqueous
sol uti ons . -CDmandBRFO formeorestable 1:1 abd 2:1 host/guest complexes in
solution.

There are relatively few example§the formation of soliestate inclusion complexes
b et weGDrandfPFC guests (e.g., PFOA)the literature relative to studies in aqueous
solution. I n fact, no studi es-Chand 8PFOether t ed
solid state. Tatsuno and Afiddave exami ned the sol-GDdwith ncl us|

CoF20 and GoFs2 using solid state NMR, wher2:1 and 4:1 hosguest complexes were
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reported, respectively. However, several other studies have examined modified*BREs
semifluorinated polymeré®'*°in the solid state. Recently, Koito et®lstudied inclusion

c o mp | e xGbsand dydroflucoether using solid state NMR spectroscopy and Aaittge

X-ray diffraction. Thus, soligtate structural studies of CD/PFC inclusion compounds remain
largely unexploredThis knowledge gap contributes to a limited understanding cfttheture

and dynangs propertie®f PFCsand their complexesn contrast, singlerystal XRD studies

o f -COvhydrocarbon carboxylic acids have been repdrt®d? Singlecrystal XRD studies

of CD complexes can provide rich structural information regarding the spatial orientation of
the guest within the host, inding the role of solvation properties governing the structure

and stability othe complex>>**?In the absence of single crystalry data, soliestate NMR
spectroscopy provides the opportunity to obtain detailed structural information of such
amorghous and crystalline host/guest matertais.

1.3.6 Other Organic Guest Compounds
Phenolate guestgarticularly PNP ¢f. Figure 17a), representcommonly used model
compoung of aromatic environmental pollutanbwing to their structural relevance to

phamaceuticals, explosives, dyes and agrochemtééls.

OH
Hq
Hm

NO,

(a) (b) ) () ()

Figure 1.7  (a) Molecular structure op-nitrophenol,and (b) three different inclusior
modes of the phenolate guestithin the cavity of a CD host as determin
from intermolecular NOE spatial interactsft®

PNP is a simple model guest for studyimgD and its related copolymers because its
complexes are amenable for study using NMR®® and U\vis™® spectroscopy,

calorimetry™’ electrospray ioization mass spectrometr§ and Xray crystallography>® Of
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paramount importance to the study of CD/PNimplexes is the use of Nucle@verhausr

Effect (NOE) (cf. 81.5.7) NMRtechniques in solution. TwdimensionaNMR methods such

as NOESY and ROESYrauseful in structural studies of througpace 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, Filgure 1.
lflustrates a typical NOE -&€p pomplexes,twhichmayfoocur p h e n
in three possible inclusion modg@slil) .">’ The 2DROESY spectrum gf-iodophenolate with

U-CD showed the inclusiomode 1©°°The 2D ROESY s p eCOMPNPuisngode in b
greater detaill in this study (AChapter 6). T
CD and its copolymers was based on thiity of various methods whereistudied in

solution. Moreover, Ma and ¥i used PNP and their results providecomparisorfor the

binding affinity studies of urethadsased copolymersThe binding properties of the
copolymers toward PNP constitudae of the research hypotheses for wisk (cf. 81.7).

1.4 Methods for Removing PFCs from the Environment

Since nost 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 ultfasonic
and UVirradiatior’®® are limited due to their demanding capital cost and time requirements.
Adsorption with activated carb8fi*®’ offers a general utility, technicaimplicity, and
relatively low costfor the removal of such pollutants. Other carbonaceousrialz (e.g.,
carbon nanotubes; CNT&**° 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 Re@do their inert character and
relative immiscibilityof PFCswith HC adsorbent materiat§>*"*

We hypothesized in this work thahproved molecular recognition of target substrates
(e.g., PFOA) is possible using synthetically engineered adsorberdriaiatpossessing
macr omol ecul a-€D) within & sopolyreer fyfameworfef. Scheme 1.6). The
incorporation of macromolecular porogens within copolymer frameworks bst@mup
strategy which offers the possibility of tuning the physicochemicglgrties 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 reah@f PFOS from aqueous solution using molecularly
imprinted polymers (MIPs) where PFOA and PFOS were used as molecular tef{pdfes.

In contrast, a number of reports have described the sorption of PFCs onto commercially
available resind’*'">The ug of polymeric adsorbent materialsf. (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 someaspects of sorption phenomena that are necessary for understanding the
thermodynamics oheterogeneouadsorption of organic molecules onto the surface of solid

materials.

1.4.1 Adsorption Phenomena

Adsorption is the accumulation of molecules (ttlsaobate) on a surface of the
adsorbenin contact with air oa water phase. It is important to distinguish between the terms
Aadsorptiond and Aabsorptiono. Whil e adsorpt
surface of a solid adsorbent material, apsion is thepartitioning of molecules within the
inner structurgacross the interfacaf the adsorbent. Since both adsorption and absorption
may occur simultaneously, the tesuarptionis often used to descriteecombination oboth
processes. Thera® 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 processesasmn be categorized into two types; (1) Phygison and (2)
Chemisorption Physisorptiondescribes the necovalent 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., hydrogending), and CH o-r’
interactionsChemisorptiorinvolves covalent bonding interactions between the adsorbate and
adsorbent.

The interaction of the adsorbate with ®Bsed copolymer adsorbent involves one of the
binding topologies described in Schefn6, where multiple binding sites may be available as
long as there are no steric effects. Mowalent interactions are crucial in the binding process

and for adsorptive applicationshe hypothesis considerbdre wagelatedto understanochg
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the struture and functionof adsorbentadsorbate systesn includingnature and mode of

interactiors involved and tke role of thesolvent(water)(cf. 81.6- 1.7).

1.42 Adsorption Isotherms

Sorption phenomena are usually described using isotherms to providetaged
understanding of the thermodynanmpcoperties of the adsorbate/adsorbent syste@as
porosimetry measurements have been used to characterize the adsorption of gaseous species
onto adsorbent materidi€. Solid-gas isotherms have been used to dassisorption 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 i(typesrd
shown in Figurel.8 and are discussed briefly hereifihe other types of isotherms (not
shown) have been described in detail elsewhére.

[11 vV

Amount adsorbed

A 4

Relative pressure
Figure 1.8  Types of adsorption isothermBoint A represents the regions where monola
coverage is complete.

The type | isotherm represents sorption behavior of mpmus solids whose pore size
does not exceed a few mol ecul & the adidorhateéhtse r s ( t
type of isotherm depicts monolayer sorption that is dweficribed byhe Langmuir isotherm
(81.4.3). Physicahdsorption for this type of isotherm involves adsorption within the micro
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pores. Upon saturation of these sites, no furddsorption occurs. Materials which exhibit
type | isotherms include GAC and zeolites.

The type Il isotherms are encountered when adsorption occurs epamous or macro
porous materials (pore widths >%0n). Type Il behaviour involves multilayer adstoop
which occurs after subsequent adsorption onto the first adsorbed monolayer after phint A (
Figure 1.8.

Type 1l isotherm describes multilayer sorption which occurs in-panous adsorbents
with characteristic weak adsorbeadsorbate interactionAs 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 megmorous adsorbents (pore width& 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 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 phasen¢g or
mg/g) against the residuaquilibrium concentration of unbound adsorbate species (C
mmol/L or mg/L) as described by egn 1CL.refers to the initial adsorbate concentration prior
to sorptionmis the mass (g) of adsorbent, aha the volume (L) of the solution.
C,- C3V

m

Q.= Equation 1.1

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 altee thermodynamics of the adsorption
process, including the sorption capacity and the affinity of the adsdfBéhwo sorption
models (Sips and BrunauEmmet-Teller (B.E.T)) were considered in this work and are

described along with the Langmuir anekéndlich models.

1.4.3.1 Langmuir Isotherm
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In its formulation, the Langmuir isothetf involves three assumptions; (1) monolayer
adsorptionoccursonto the adsorbent surface, (2) adsorption can only occur at equivalent
adsorption sites, and (3) thereno 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 phne of the surface. Since &iased copolymers potentially contain two binding sites
(cf. Scheme 1.6) with variable adsorption enthalpies, this model is not valid for sucisiteulti
adsorption. The Langmuir isotherm model (egn 1.2) is graphically repeelsantl similar to
the type | isotherm in Figure&.Qnis the monolayer surface coverage of the adsorbate on the

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

Q.= Ko Equation 1.2
1+K,C,

1.4.3.2 Freundlich Isotherm model

The Freundlich isothertf (egn 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 assumelseterogeneouadsorpion that also applies to multilayer adsorption, withnon
uniform distribution of adsorption activation energies and affinities ovehéterogeneous
surface. Such a model would be appropriate for the CD copolymer/PFCs systems. However,
the model is limigd in its ability to accurately determing,®@ince the ratio of the adsorbate

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

Q. =K.C" Equation 1.3

1.4.3.3Sips Isotherm Model

The Sips isothen modet® (eqn 1.4)combines features of the Langmuir and Freundlich
models. K is the Sips equilibrium constant angdis a heterogeneity parameter. Values of n
that deviate from unity infer that the adsorbenthéterogeneouyswhile values ofns = 1

indicate a homogenous surfatieat resembleshe Langmuir isotherm. In the limit where

(Ko ™ << 1, the modetonverges witithe Freundlich model. The versatility and general

applicability of this model lies in the ability to describ@ngmuir and Freundlich behavior. In
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general, the model reduces to Freundlich isotherm at low adsorbate concentrations, whereas, it

predicts a monolayer adsorptigrofile characteristic of the Langmuimodel at higher

concentration. Thereforéghe Sipsmaod e | I's useful for GMAOGIASBIFC sy s
polymeric adsorbents/PFC systems for monolayer adsorption.
Q, :M Equation 1.4
1+(K.C.)"

1.4.3.4BET Isotherm Model

Brunauef Emmett Teller (BET) isotherr® (eqn 1.5 is widely used to describe
multilayer adsorption systems as first derived3tgphen Brunauer, Paul Eminahd Edward
Teller. It is the model of choice for most adsorption systems that involve PFC adsorbates due
to their tendency to aggregate and form multilay@itse BET model involves an initial
adsorbed layer which acts as a substrate for subsequent adsorption. The BET model describes
adsorbateadsorbent systems that involve cooperative adsorption as anticipated for most
systems that involve PFCs as adsorbaté® parameter&ger and G are the equilibrium
adsorption constant and saturated concentration of the adsorbate, respectively. For surface
active compounds such as PFOA and PFQSallies areinterpreted as or close to the cmc

values.

— QmKBETCe
i (Cs ) Ce)[1+ (KBET ) 1)(Ce/Cs]

Q.

Equation 1.5

1.5. NMR Spectroscopy of HosGuest systems
1.5.1. NMR spectroscopy: An Overview

Nuclear Magnetic Resonance, commonly known as NMR, is a spectroscopic technique
thatmeasureshe intrinsic magnetic properties of atomic nuclei in the presehan external
magnetic field. The concept of NMR was firs¢tndonstratedn 1946in condensed matter
simultaneouslyy two research groups; that oflix Bloch and that of BwardMills Purcell
Bloch and Purcell were jointly awarded the Nobel Prize faysies in 1952 for their
discovery. Since then the field of NMR has seen tremendous developmenish the

instrumental and experimental aspects. Recent experimental advances have made the NMR
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technique a method of choice for many solution and solid leaamalyses. 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 batieory of NMR spectroscopy. From there, more
advanced NMR techniques will be explainédtention will be cafined mostly to*H, *°F,
and **C nuclei in our discussion. A detailed theory of NMR spectrosomjtly reviews on
quantum mechanics, which is beybathe scope of this works provided elsewher&#'84

1.5.2 Matter, Spin and Magnetism

Matter is made up of atomsvhich are made up of electrons and nuclei. The four
important physical properties that define a nucleus include mass, electric chargetisnag
and spin. Nuclear magnetism and spin have almost no effect on the normal chemical and
physical behavior of substances, but prodaaenderful tool for NMR.

NMR involves detailed manipulations of nuclear spins. A spinning object possesses a
quantitycalledangular momentun®, which is quantized:

p= mﬂ Equation 1.6

Inegn 16,k =h 2~ (hiihse rRl ancko6s c o %sg andltis the arfyulad 2 5 6
momentum quantum number or simply, the nuclear sfipin is a form of angular
momentum; howeverynlike angular momentunspin is not produced by the rotation of a
particle but rather it is an intrinsic property of nucks described above. The overall spin
guantum numbel of the magnetic particle is tlemined by the number of neutrons and
protons in the nucleus and is given by either a-inédfger or a whole number as shown in
Table 18.

The angular momentui has associated with itrmagnetic momerd, both of which
are vector quantities and are proportional to each other:

m= P Equation 1.7

Thepopor ti on al thegyomégaetidraiieand &5 a prgperty of each nuclide
(i.e., each isotope of eaethement;cf. Table1.8). The detection sensitivity of a nuclide in the

NMR experiment depends on 9; 'Hand¥F)akesadtwi t h
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be sensitivity, while those witls ma | | 3C) afeesaidyto be insensitive. Also, nde
with spin | = 0(e.g.,**C) have no nuclear magnetic moment (ref. tosegé and 17, cf. Table

1) and are NMR inactive or silent

Table 1.8 Properties of Some Common NMR Spectroscopy Nucleid®

Nuclide | Spin Natural Magnetic Electric Magnetogyric NMR Relative
| abundance Moment quadrupole ratio frequency receptivity
(%) ed % moment (10'rad T's%)  (MHz; By,
(10%°m?) 2.3488 T)
H Y 99.9885 2.7928 - 26.7522 100 1.00
2H 1 0.0115 0.8574 0.2860 4.1066 15.3506 9.65x10°
c 0 98.9 - - - -
Bc Y 1.07 0.7024 - 6.7283 25.1450 1.59x10
1N 1 99.63 0.4038 2.044 1.9338 7.2263 1.01x10°
BN 1/2 0.368 -0.2832 - -2.7126 10.1348 1.04x10°
%0 0 99.96 - - - - -
o 5/2 0.038 -1.8938 -2.558 -3.6281 13.5565 2.91x10°
S Y 100 2.6269 - 25.1815 94.0940 8.32x10
BNa 3/2 100 2.2177 10.4 7.0809 26.4519 9.27%107?
3p Y 100 1.1316 - 10.8394 40.4807 6.651072

If a nucleus with angular momentufand magnetic momerat is placed in a static
magnetic field B, the angular momentum takes 2I+1 possible orientations ddfyed= I,
-1, -lé For a nucleus with 2I+possible orientationghere are also 2I+1 energy states
known as the nucleateeman leveld=or *H and**C nuclei, both of which havie= 1/2, there
are two energy levels in the magnetic field corresponding to thentwalues +1/2 (spin up)
and-1/2 (spn down) as shown in Figure 1.9. Thesergy states are ndegeneratei.e. the
nuclear magnetic momenbof the nuclei (e.gtH) can align withBo in a manner that iither
reinforaes it (spin up or opposs it(spin down. The energetically preferredientation has
the magnetic moment aligned parallel with the applied field. Thus, the lower energy
orientations (spins) of spErl/2 (e.g.*H and*°F) and spie-1 (e.g.,’H and™*N) nucleiare %

and 1, respectively.
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Figure1l.9 The energy difference @E bet w&/2
nuclei as a function of the magnetic flux density B

In the absence of external [fis at equilibrium,the energy states are degenerate and
the spin angular momenta are isotropically (uniformly) distributed in all possible directions as

depicted in Figure 10.
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Figure 1.10 The orientations of the nucleanagnetic momentst equilibriumin the
absence of external magnetic fielct isotropically distributetf>*#3

Note that theotational axis of the spinning nucleus cannot benter exactly parallel
(or antiparallel) with the direction of the applied fieRb, which is arbitrarily chosen to be
thezza x i s, but must precess about this field
magnetic momenrt experiences a torqueerpendicular to its direction causing it to predass
a conealong the magnetic field direction with a frequency termed as the nuchkearor

frequency(w,) described by eqn 8,.where Bis the magnetic field at the site of the particle

w,=-9B’ Equation 18
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Figure 1.11 Precession of the spin magnetic moment in the presence of externBlfiel

1.5.3 Macroscopic Magnetization

As described abovéehe spin polarizations atisotropicallydistributed in the absence
of an external magnetic field§). 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 slightlyifferent magnitude and direction. This is because small fluctuations in
the fields due to the thermal motion of the environimeuse a gradual breakdown of the
constant angle cone precess{of Figure 1.11)pf the nuclear spins. Over time, the magneti
moment of each nuclear spmovesbhetwee n di f f er ent anad everduallyy s i o n

sampling the entire range of possible orientations.

B, B induced
/\ z
¢ B 4
/,f I = e M,
% x X 4 ——
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Figure 1.12 (a) A cluster of spins precessing at the Larmor frequénglyin the presence of
external magnetic fiel&, along thez-axis, and (b) the corresponding longitudir
magnetization vector.
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The net distribution of spin orientations with magnetic moments along the #ield (
axis) are more prable than orientations with magnetic moments opposed to the field as
shown in Figure 124 This gives rise to a longitudinakt magnetization M due tothermal
equilibrium The vector M plays an important role in the description of all types of pulsed

NMR experiments.

1.5.4. The Basid®PulsedNMR Experiment

The longitudinal nuclear spin magnetization described above is very smatioand
detectableNMR measures nuclear spin magnetization perpendicular to the field (i.e. xin the
y plane). Transverseagretization is achieved by rotating the polarization of every single
spin at ther mal equi |l i br izarms(ch Figure 1.23) Thimid i an s
equal to applying a radio frequency (RF) pulse to bring the polarization toythmane in
order to generate a transverse magnetization, which is the basis of a simple NMR pulse
sequence. Once the RF pulse is turnedaoffaction ofthe nuclearspinsare bunched together
in phase as thelegin to precesabout the field direction. This conditiae called phase
coherence The precessing nuclear spiesentually lose their coherencelue to slight
fluctuations oflocal fields. The transverse magnetization decays slowly as it is impossible to
maintain exact synchrony between the precessing nuclegmets. The precessing transverse
magnetization after an RF pulse is very small. Nevertheless, it is detectable because it

oscillates at a very wetlefined frequency.

z

—>N

(@) (b)

Figure 1.13 Net magnetization is shown)(an longitudinal ¢-ax i s ) before t
(b) rotated in the transversée mne by the “~/ 2 RF pul
of the transverse magnetization.
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For a one channel singpilse sequence, an NMR spectrum is recorded)wspulsed
experiment as the one shown in Figure4l Rirst a delay of the order of a few seconds,
known asthe relaxation or recycle delayry), is left in order to allow the spins to come to
equilibrium. Then the sample is irradiated with a pulse fromledicated transmitter that
produces an RF signal at a frequendy) lose to the Larmor frequency of the selected

nuclear isotope defined by edr®.
U= %gBo Equation 1.9

This RF pulse disturbs the equilibriuwf 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 sigrienown asfree induction decayFID), which is afunction of
time. The FID is recorded for a time called thequisition time(t,) which usually lasts
between 50 ms to a few seconds. Finally, the FID signal is subjected to mathematical
operations called~ourier transformationwhich 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.

"

lq

tacq

Figure 1.14 One channel singlpulse NMR seque.

1.5.4.1The Chemical Shift and Shielding

Only a single peak would be egpted from the interaction of Réhergy and a strong
magnetic field in accordance with eq®. Luckily that is not the casdecausdf it were,
NMR technique would be of no use. Thecleus in a molecule is shielded to sorxteet by

its electron cloud, the density of which varies with the chemical environmeirig rise to
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differences in chemical shift positian¥he ability to efficiently discriminate among the
individual absorptiongresonance lineg)escribes highesoluion NMR spectroscopy.

The basic NMR equation.€., eqn1.9) for all spins in a nucleus can be modified to
give the effective frequency that accounts for the shielding factor as shown iril@owhere

the symboli is the shielding constant. Note that ay given By, h < e

Uer = %EBO(]-' 5) Equation 1.10

The degree of shielding depends on the density of the circulating electrons, as well as
on the inductive effect of neighboring atgn@nong otherfactors. The difference in the
absorption position of a particular nucleus in a molecule from the absorption position of a
reference peak is called tlohemical shiftof that nucleus. Further detailed information on
chemical shift is given elsewhel®® The focus here is on the factatsat 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
hybridizationalsoexist® but are not discussed here

Electrons under the influence of a magnetic field circulate generating their own
magnetic fieldknown as thdocal field, either increasing or decreasing the influence of the
applied external magnetic field. The shiely of nuclei can generally be expressed as the sum

of four terms;

S=SatS para+5 neig+s solv Equation 1.11

Whergi s the di amagmeitsi ct hsehi pdrda mageyisithe c s hi

nei ghbouring gr lsphe solvénteshieddingy EOH aral otder niiclei with
spherically symmetric charge distribution, the diamagnetic shieldimg teduces the strength

of the external magnetic field resulting in chemical shifts moving togher field (also
upfield or low frequency). Paramagnetic shieldieffects arise only fornuclei in non
spherical molecules (e.g., electrons irorpitals). Paramagnetic shielding terntend to
increase the strength of the external magnetic field, consequently, resulting in chemical shift

moving tolower field (also downfield or high frequency).
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Shielding arising from the neighboring groups also plays anoitapt role in
determining the chemical shifts. This term may be expressed in terthe abntributions
from one of the electronic effect.e. inductive and-gaucheeffects. The inductive effect of,
for instance, an electrenithdrawing group (e.g., flarine) connected to a proton on the same
carbon atom in a molecule, will decrease the electron density around the proton resulting in
hi gher chemical shifts (deshielding).- Since
bonds of the molecule and decseawith the inverse cube of the distafité®), much smaller
shielding effects ar ecarooh. ©Oethevcentraryf toerprotpns ontthens o
o-carbon will experience a significant shielding effect dugvibat is termed athe o-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, thsiarcbf a guest
within the cavity of hos( e . €D),in adueous solution presents a typical example where the
influence of electron density and neighboring group shielding are at phegy.effect of
solvent on NMR chemical shifts comes from several contributions such as bulk magnetic
susceptibity, magnetic anisotropy, and coibutions from van der Waals and hydrogen
bonding interaction®’*®8van der Waals interactiomsake a relatively large contribution to
¥ chemical shifts and such interactions depend upon solute size as well as on the
polarizability and ionization potential of the solvéfftFor instance, th&F nuclei arehighly
polarizable in polar aqueous solvent resulting in increased van der Waals interactions and

upfield shifsin their environment.

1.5.4.2Chemical Shift Anisotropy

For most molecules, the secondawyl6cal) 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 fieldcf. Figures 1.10 and 1.12Jhis is generayl described by saying that
the chemical shift isnisotropic 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 anystant, the local field is different for molecules at

different orientationsThelocal field due to the chemical shift is not necessarily parallel to the
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applied field it can point in any directiomnd thereforehis local field can be a source of
relaxdion mechanisn(81.5.6).

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 tetrathedites, 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&yppm; whereas, for'C and
F, the anisotropy can eaglbein the order of.00 ppm or more.

1.5.50verview 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,-duestt systems, and gteins. An
informative introduction to the basics of sefithte NMR with an emphasis on applications in
supramolecular chemistry has been described by Ripmeester and R&tcliffee
fundamental difference in spectrometer design for solid samples id basteanisotropic
effects of powder samples. Thus, the spectra of solid samples are characterized by broader
peaks compared toarrowlines forsimilar samples in the solution phase. Rmlated spis-

1/2 nuclé (e.g.,*°F and**C) in the solid stateCSA is the major source of line broadeniAg.
previously described\MR 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 magtill be observed in solution and only affects relaxation
processes whefeis the dominant mechanism for rare spins sucli@¢g1.5.6).

In contrast to NMR spectra in solution, the full effects of anisotropic interactions are
observed in the specti@ solid samples. The NMR linshapes 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 digglele (D-D) interactions in
solids which are averaged to zero in solution, leads to an additional source of broadening in
solid sampleS®®* as shown in Figure 161 For nuclei with spis >1/2 (e.g., >>Na), the

guadrupolar interaction is often the dominant source of line broadening.
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High resolution soliestate NMR can provide similar information that is available from
corresponding solution NMR spectra if specialized techniques are incorporated suafi@s
angle spinning (MAS), cross polarization (CP), and MR methods. Furthermore, NMR
relaxationoffers an option for the study of the motional dynamics of host/guest complexes,

including the role of solvent in the complex.

_

(a) (b)

Figure 1.15 Distribution of spin orientation (ovals) in (a) solution, and (b) solid samy
Rapid molecular tumbling in solution averages the orientation dependence
isotropic value and sharp resonance line (a). Anisotropic effects in solid sa
result in broad NMR spectral lines (b).

Figure 1.16 Dipolar coupling of two spins presents a source of line daoig in solid
NMR.

15.5.1 Magic Angle Spinning (MAS)

The dipolar and chemical shielding interaci@ontain (3co®-1) terms.In Magic-
angle spinning (MAS)the axis of the sampl®tor is placedat the magic angle (54.74°) with
respect tBo, where theterm 3cs -1 = 0, = BAl74°The pate ofspinningmust be
greater than or equal to the magnitude of the anisotropic interaction to average it 8okdro.

samples are normally packed tightly into rotors and spun at rates ob0iklttz at the magic
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angle €f. Figure 1.7), 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 sideband&hich are separated by the rate of spinning (in Hz) are observed.

It is important to note that the presence of briael shapesan 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 ondigmeirteractions.

0=54.74°

Sample spinning
in rotor

Figure 1.17 Schematic interpretation of the magic anglé = °)5Shmpled are spun
this angle with respect to the vertical axis.

1.55.2 Polarization Transfer Techniques

Cross polarization (CP) is one of the most important techniques instatel NMR
spectroscopyhich is mediated by dipolar interactions this technique, polarization from
abundant spinsush as'H or '°F is transferred to dilute spins (eX4C) 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 spateObserving dilute spins such &%C
presents a number of problems; 1) the low abundance of the nuclei means that th®-signal
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 ioiesastiich can drive
such relaxation transitions. Long relaxation times often require longer recycle (fldyg),
sometimeon the order of several minutes between successive scans. Such problems can be
eliminated by using CP techniques which can enhane signal from dilute spins potentially
by a factor ob 'H)/ X)( w h &) ando o \drethe gyromagnetic ratios of thgotons (or
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any otherabundantspin) and dilute spins, respectively. Secondly, there is a potential
reduction in the acquisition time through elimination of the wait time for slowly regaxi
dilute nuclei since the recycle delay is dependent upof;fhef the abundant nuclei (e.gH
and*%F).

The pulse sequence of a typical CP experiment is shown in Fig@&&?Pblarization
is transferred during the spin locking periodthe contact time tc,. Spin locking involves
applying a resonant RF field to suppress the free evolution of transverse magnetization,
locking it to a particular directiom thex-y plane (rotating framelhe” / 2 pul se i s on
on the abundant nucleus, follotvéby decoupling of the abundant nucleus to eliminate
splitting patterns and inhomogeneous line broadening. A direct polarizédBih pulse
sequence woul d be si miflFagurelid) exdept tor ar additphae ~ / 2

decoupling channel, asquired.

]2
H
Decoupling
contact
timetc,
I
X [\ 1:acq
[\ /\ /\ AW NN

Figure 1.18 A typical cross polarization pulse sequence for observing dilute nuXe
where magnetization ifransfered from an abundant nucleus.g., *H to X
during spin lock time ).

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 &ewpbtaining efficient cross
polarization is setting thelartmanrHahr™ match (eqn 1.2) properly. In this case, the RF
fields of thecisdidueesspiaqyeal gt o tthatThisof t he

is usually achieved experimentally by keeping the power orthehannel constant while
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adjusting the power level on thé channel so that the most inten$¢ spin spectrum is

observed.
gx BX =-g1H BlH Equation 1.12

1.5.5.3High Power DecouplingTechniques

The use of heteronuclear dipolar decoupling in the presence of MAS techniques is one of
the key factorgo obtaining high resolution spectra in sedichte 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 frequeni@y*® The CW decoupling sequence was originally
used in liquidstate NMR and later applied in $8MR under MAS!®?% put it was soon
realized that resonance offsets could result in inefficient decoupling and fteBitia
splitting2%%?® |t is essential to apply efficient decoupling at higher MAS conditions. In high
power CW decoupling, thabundantspins (e.g., *H, cf. Figure 1.18) are irradiated with a
strong RF field of typically 2250 kHz, where the decouplinguality improves with
increasing field strength.

The twopulse phase modulated (TPPM) decoupling sequence was the firsipuoiséti
heteronuclear decoupling method that was applicable for solid samples with dense
homonuclear coupling network. There ar@wmber of variations and modifications of the
TPPM decoupling sequence, but a typical TPPM decoupling sequence consists of a train of
RF pulses sepr at ed by a dur a,tandoaternatifg pleasesli(/ r2q t iattdi/ o2n,,

a/ 2éetc.), as i Blustrated in Figure 1.1

TPPM
I Decoupling

+ 0/ |-G/ 2

Figure 1.19 A cross polarizatioMAS NMR pulse sequenceith TPPM heteronuclea
decoupling of spirh.
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1.5.5.4Technical Aspectof High Resolution **F SolidsNMR
Now that we have anunderstaniohg of the basic NMR concepts, weopide an
overview of the properties ofhe °F nuclide and its NMR features sindéc NMR
spectroscopy represents a common technique used in this thesis.
F has a spin of ¥ and natural abundance of 100 %, and alondHaighconsidered
as one of the asgest nuclides to observe. It has a relatively high resonance frequérseyto
that of the proton, whickalong with the other properties makes this nucleus possess very
favourable sensitivity(cf. Table 18). The chemical shift range &1F is comparalal to that of
3¢ and considerably wider (several orders of magnitude) than thiat.féhus, the spectra of
F are simpler than those of the analogous hydrogen compounds since there is less
overlapping beveen the groups of the pealsnce fluorine forrs 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 cont¥ning
3¢ and®H, fluorine will often be peferred.
The total amount of highesolution *°F solids NMR work on hostguest
supramolecular systems containifc and *H is relatively limited, and may bedue to
technical problems associated witk solids NMR measurement&ndo et af® cited the wo
advantages of the nucleus, namely the 100% natural abundance and its high magnetic
moment, as the reason fwme of the technicalities of higksolution*’F NMR spectroscopy
in the solid stateThis is because homand heteronuclear dipolar interaxts are likely to be
extremely strongnaking discrimination of individuat’F lines a challengeSome technical
problems associated with high resolutfS8 NMR of fluorinated systems containifg can
be summarized as
1) The presencef extremelystrong'H-'*F heteronuclear dipolar interactiomseans that
very highdecoupling powers and very fast MAS (>20 kldrg required

2) Fast MAS conditions present the same degree of line narrowing throughout the
experiment with defeats the purpose of NMR, ite poswility to manipulate and
separate interactions Therefore, even under higipeed MAS, protofluorine
double/multiple resonance experiments, e.g., CP experiments with simultaneous

decoupling are desirable.
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3) Achieving high resolution*F spectra of perfiorinated systems may still present a
challenge even with efficientH decoupling because of the strodd'°F dipolar
interactions. Such homonuclear dipolar interactions often require either-pulsi
decoupling techniques (e.g. TPPM) or very fast MA® 2 Ocoriditions)

4) Finally, the low melting point of some perfluorinated compounds e.g. PFOAS5-46)
implies that NMR measurements of such samples under conditions of fast MAS are only

possible at extremely low temperature (€0).

1.56 Relaxation

We have already seen thatt equilibrium we have magnetization alomgxis, and
none in the transversey plane.The thermal equilibrium of the spin system is disturbed by
irradiating at the resonance frequency. This alters the population raticseaels transverse
magnetic field components ,Mind M,. When the perturbation ceases the system relaxes until
it reaches equilibrium again. Relaxation is how thik buagnetization from the spins reaches
its equilibrium value.We distinguish between twoygdes of relaxation processeghe
relaxation in thez direction, which is characterized by the sfittice or bngitudinal
relaxation timeTy, and relaxation in thg-y plane, which is characterized by the sppin or
transverse relaxatiaimme To.

Rdaxation in NMR is generallyon the order of between milliseconds and a few
seconds or evemmours 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
erergies 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 relaxatioreafsothat the
FID persists for long enough for us to obtain krgholution 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 equililon magnetization to be-stablished (relax)
before the experiment can be repeated. Referring to the pulse sequéig@enl.14, after
the 90 pulse the transverse magnetization relaxes with a rate that is a function of the
longitudinal relaxation timeT,;, of the nucleus. Thus, a recycle delay efTa must be
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allowed to ensure that the magnetization has recovered to approximat&G0%P 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 nultheis, relaxation can be
conveniently used to probe both the environment and dynamics of the nuclei. Furthermore,
relaxationprocesses can manifest in tNaclearOverhauseiffect (NOE; cf. 81.5.7), which
IS a very important phenomenon ctharacterizing the spatial orientations of hgsest

systems

1.5.6.1. Longitudinal and TransverseRelaxation Time Constants

Relaxation in the direction of applied field4xis) is characterized by the spattice
or longitudinal timeT;. 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 buighlg localized.Recall that at
equilibrium there is magnetization along thaxis (M, = M,t)) and none in the transverse
plane (My = 0). A 9C RF pulse equalizes the populations of the two energy levels; whereas, a
180 pulse inverts the population i@t Spinlattice 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 conditiotFNM(t) reasserts itself
(cf. Figure 1.20).

Typical T; values range from a few seconds {& and'H nuclei, to hundreds of
seconds for*C nuclei in small moleculed; largely depends on the time scale of the local
fluctuating fields and is often dependent on the temperature and tysaiosie material.

The tansverse relaxatiofiTy) is the decay of the transverse magnetization to its

equilibrium value of zero(cf. Figure 1.20) The significance ofT, values lie in their

relationship to the line width of the observed NMR signals {hadfi g ht wip).dlere = 1/ °

are two contributions to transverse relaxation; the transverse components of local fields which
are oscillating at the Larmor frequency, and the distribution of-t@mponents of the local
fields. Recall that an RF pulse ates phase coherence between s(fts5.4) Fluctuations
caused by the local tirrgependent 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 ralationis characterized by the time constant, which is different fronir;. Note

that the energy of the spin system is not altered by-gpm relaxation, only the phase
coherence of the nuclear spins is I@#cays of longitudinal and transverse metgrations at

rates defined byf; andT,, respectively, are graphically shown in Figure 1.20. In order to be
able to compard; andT,, we needod ef i ne ¢ or g which is usedto determiee, U

and quantify random thermal motion.

Y
My (t)] z-magnetization

x-y magnetization

0 —
—
/ fime

Figure 1.20 Relaxation drives the-magnetization to its equilibrium value (dottéde)
and the transverse magnetization to its equilibrium value of'Zero.

1.5.62 Correlation Time

As described above, to cause longitudinal relaxation the transverse component of the
|l ocal field must be oscil | gtAimolgculais liketyitobe e ar
executing two distinct types of motion: vibrations/ibons (which modulate the dipolar
interaction) and overall rotation (which modulates the local fields due to both the dipolar
interaction and CSAMolecular vibrations typically take place at frequencies df @10
Hz, which represent a tirrgzaleof ~10 ps§ 17 2).Od the other hand, molecular rotations
are in the order of f0Hz (~10 ns)(cf. Figure 1.21Y%%'% The highest attainable Larmor
frequency is in the order of ~1Biz.

Vibrational and rotational motions are generally characterized by theelation
t i me)swhichUs the average time needed by a molecule to achieve an orientation one
radi an away fr omtdeperslsos thatentpéraiuge, andsize and visaosity of)
the molecule. Only those molecular motions whose frequenagsh the Larmor frequencies

lead to rapid/efficient relaxation of the molecule. Note that molecular libration and rotation
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can be reduced significantly particularly in hgsiest 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 nfedecule.
a random fluctuating field (B along thex-axis, he amount of motion preseat the required
frequency can be represented by the spectral density funct®nwhich is related to the

correlation timeand given as shown in eqn 1.13

)= 2

m Equation 1.13
c

The higher the value of tiédn Efficient dpihlaticemor e e
relaxation T,) requires fluctuations in the local field at frequencies of hundreds of megahertz
(Larmor time-scalg and thisroughly equates to correlation times of nanoseconds. On the
other hand, spifattice relaxation in t& rotating framgT: ) requires fluctuations of tens of
kilohertz (spectral timescale) equating to correlation times on the order of microseconds.

Typical NMR timescales are depicted in Figure 1.21.

Very slow
Y T,/T,, (u-ms) Very fast
KHz MTHl(S)
z
2 Q. !
%% %% %5 % “ %% 2
% z@ 2 6/ o/‘/ Q} ?1» %z .
2% S S, W %, % 2
T o7 3 %, O 2%
S, O % @ . @
& 9 % (
N 2, 2%

Figure 1.21 Typical NMR timescales and related motional dynamics. Adapted frefn
184.

Thus, if the transverse field fluctuates rapidly, the corredatiot i Jnseshoft Bhd the
spectral density is broaduch that the valuef J at any particular frequency is small.
Similarly, if the transverse field fluctuates slowly, the correlation time is long and the spectral
density iss har pl y peak e sotha the walued of 3 at any féequency is zero.
Rel axation at frequency (3), (wghoftbenspimingnet be
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sample, is most efficient when the molecular motion results in a fluctuating titafigld of

the same frequegcRe |l ax at i on

i s t herefore

mo st ¢

eff ect

where the spectral density is neither too broad nor too naifiosve is a value of correlation

time when the spectral density is maximum, definedl asg=U 1 . =1/ ". # follows that

T, will also bemost efficientw h e n=1/2)", @s this is the correlation time that gives the

maximum spectral density at the Larmor frequency. Therefore, for the most efflgient

relaxation the correlation time must neither be too long nor tod, dhat must be within a

reasonable range ¢/ 3

Lower
10 |- . Small Higher Field
molecules
10t
Tls T2
]0-1 —
102 [~
Large molecules,
103k polymers, proteins
10-4 =
10-°f
I | | | I l I

1072

Figure 1.2 Relationship between longitudinal and transverse relaxadi@nconstants as

10t 10 10 10% 107 10 10

Correlation time (t,)
Increasing viscosity or molecular size ——

function of correlation time. Adapted from ref. 205.

From here, we distinguish two motional regimes; the fast motion or extreme narrowing

(2 (B<< 1) and slowmt i on

narrowing, he motion of the molecule is very fast (i.e. the correlation time is very short) and

or

spi n Ubb 1)fragimés.olm thel exktrermet

the spectral density is independent of the Larmor frequéineyd ( s §)). At very short

rotational correlation times (at the extreme narrowing limit), the valu&sarid T, arenearly

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 motinpasses through a
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minimum and then increase3he transverse relaxation timeonstantT,, continues to
decrease which means that the NMR peaks get progressively broader as the molecular mass is
increased. In the solid stat€; is generally shorter tha; (i.e. T,<T;), because return of
magnetization to the-axis inherently cawes loss of magnetization in they plane. The
relationship betwee; andT; as a function of correlatiaime is depicted in Figure 1.22

In practice,T; depends on temperature because the random field fluctuations originate
in the molecular environmerand is temperature dependence. The effect of temperature on
T, depends on theot a t i q with eegpectto the minimum. For example, for systems with
| o ng(right side of theT; minimum on Fig. 1.22)warming the sample reducés.
Conversely, for systms  wi t hwarsimgtietsample increases(Refer to theT; curve
in Figure 1.22)

1.5.6.3Relaxation Mechanisms

A particular source of a local magnetic field is callegtlaxation mechanisnGenerally,
for spirs-1/2 nuclei, relaxation is causdyy fluctuating magnetic fields at the sites of the
nuclear spins, caused by thermal motion of the molecdbesous relaxation mechanisms are
recognized as contributing to the stattice and spirspin relaxation processes. Of the
variousmechanismstwo are common and more relevant to this walikple-dipole (D-D or

dipolar) interactions anchemical 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 froma neighboring spin. ID relaxation shows vergtrong distance dependence
and operates most effectively between directly bonded nocléhose that are in close
proximity. Generally, the precise role of-D and CSA relaxation effects depends on details
of the system.For example, for hogj u e s t syst e md and ronganic guest g b
molecules (e.g., PFCs), contributions gT, generally come from heteronucledH{*°F,
3C/%) dipolar interactions modulated by the dynamics of the gu€sf°F, H/*H
homonucleadipolar interactions are also known to drive such relaxations. In general, the
main contribution tor; relaxation comes from D interactions.Structural peculiarities of a

molecule determine how -D interactions affect; relaxation'® For example, thd; of a
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terminal methyl (CH or CF;) group can be appreciabiyngerdue to its internal rotation that
tends toreducedipolar coupling. As well, hydroxyl (e.gn the case ob-CD) and carboxyl
groups(e.g., in carboxylic acidgjan form Hbonds 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 sig@ins decreasind; values for the groups

adjacent to the anchor point.

1.5.6.3.2 Chemical shift anisotropy (CSA)
The CSA mechanism results from the presencastfong applied field which is thought

to induce local fields from the electrons. The magnitudb@finduced local fieldepends 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 thateh observed 0 is an averaged va
motions that produce this value cause oscillations of the local magnetic field and these time
varying fields lead to relaxatiolCSA gives rise to T:/T, of elements suclas *°F and**C
nuclei, but nothe *H nucleus since it has a relatively sm@BA (5ppm). CSA has generally
been shown to make a minoontributionto *°F T, relaxation, but adds significantly to th&
signal line width T, relaxation)*®
1.5.6.4 Measurement of Relaxation TimesT./T2/T1 )

This part describes the measurement of -fgtiiice relaxation time constants in the

laboratory T1), and rotating Ty ) frames, as well as spBpin relaxation constanty).

1564.1 Inversion Recovery: Measurement ofT;

As noted aboveT; characerizes 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 medsusncpalled
inversion reovery; as illustrated in Fig. 13'%?

The first 180° pulse inverts the magnetizationinthenegatvexc i s ( Aii nver si o
then the magnetization is allowed to recover (by a spin lattice relaxation process) for a

specified period of time U (firecoveryo). The
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magnetization into the-y plane where the mount of recovery (i.e. signal intensity) is

measured.

K ( 12),

\ 4

Figure 1.23 Inversion recovery pulse sequence for measuring the rate constant for
longitudinal relaxationTy).

Typically, 1520 recovery times{ are chosen for a singl& measurement, where the
inversion recovery process is characterized by equatiah 1.

M, =M,[1- 2eF*/%] Equation 1.14
Equation 114 can be rearranged to:

M,- M t
0o Tt =|n2- — Equation 1.15

[o] 1

Ln

The initial condition (= 0) immediately after the 180° pulse is given byaMM, (i.e.
the initial magnetization is along tfie-axis). The equilibrium conditond)= B i s gi ven
Mg= +M, (i.e., the magnetization is in its equilibrium position aloagxis).

From Equation 1.5, a plot ofIn[(M-Mg/M,] vs. Owill yield a slope of-1/T;. For

solids,T; values araisually on the order of a few milliseconds to seconds in magnitude.

1.5.6.4.2 Spin Echoes: Measurement of ;

Recall thatT, represents the time constant for the decay of magnetization from some
nonzero value to zerdl, can be measured using a Hahna@¥ypulse sequence, as shown in
Figure1.2, by variation of the U spacing between

The 90° pulse places the magnetization inxyeplane, where it begins to dephase
under relaxatiron Tlhhe Bh8 PAerpwldsefi I adelayef ocus
the spectral intensity reflects soleli, relaxation, with magnetic field inhomogeneities being

refocused.
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Figure 1.24 The simple spin echo pulse sequence used to measure the rate const
transverse relaxatn.

\ 4

T, measurements are characterized by efj dr. its rearranged form (Eqn )1

M,=M Oe%z Equation 1.16

= Equation 1.17

=

A plot of In(MgM,) vs. Uyields a slope ofl/T,. For solids, thd@,values are on the order of a

few milliseconds to tens or hundreds of microseconds.

1.5.6.4.3 Spin Locking: Measurement ofT ,

Another property that is routinely measured in the study of relaxatidrdgnamics is
the spinlattice relaxation in theotating frame,or T1, ExperimentallyT; ,is measured by
rotating the longitudinal magnetization to the transverse plane using a 90° pulse. This is
followed by subsequent application of a lower amplitpdése (also known as splacking
pulse or field) with the same phase as the
The applied sphiocking pulse is typically on the order of milliseconds, as opposed to
mi croseconds for loer pdilsensaquence fof @easprilg, is shown T

below?®

(12)

le

Spinlock m\/\/\/\/\/\/\/v
VV V vVv"”

U

Figure 1.25 Pulse sequence for measuring, T
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If the spirlock field strength is large enough (800 kHz), the spin magnetization is
locked into position along the axis corresponding to the phase of the locking pulse and
precession occurdbao ut t hi s ax i sis turnéd dff allowing the rmagrektizdlion B
to decdyl iikeemoa pfiocess which is governed by
rather than the Larmor frequency. The equation describingdecay is the same as that Tor
decay, and the same graphical treatment can applieti farthe T, is replaced withly ,in

Equation 1.7.

1.5.7 The NuclearOverhauser Effect (NOE)

The NuclearOverhausekEffect (NOE) is an important consequence eDDrelaxation.

It is the transfeof nuclearspin polarizatiorfrom one nuclear spin population to another via
cross-relaxation The NOE is an extension of the seminal worlAofericanphysicistAlbert
Overhausemvho in 1953 proposed that nuclear spin polarization could be enhanced by the
microwave irradiation of the conduction electrons in certain m&talie generaDverhauser
effectwas 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 anéther.

Subsequent to itsigtovery, 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 gpspinor Jcoupling (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, wheseslar orJ-coupling is observed only when
the atoms are connected by32chemical bonds. The intatomic 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 Withrich was awarded thé Riateein
Chemistry for demonstrating that the NOE couldexeloited usingwo-dimensional NMR
spectroscopyo determine the thregimensional structures of biological macromolecules in
solution. Some twaimensional NMR experimental techniques exploiting spin coupling and

the NOE effect are described below.
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1.5.7.12-D COSY

The COSY (Correlation Spectroscopygxperiment is one of the most popular and
useful of all 2D experiments. It is a homonucleaD2technique that is used to correlate the
chemical shifts of mostlyH (also *°F) nuclei which are -toupled®* From a COSY NMR
spectrum it is pssible to identify the chemical shifts of spins which are scalar coupled,
enabling interpretation of the-cbupling network in the molecule. Figure &.8hows a
schematic COSY NMR spectrum which consists of two types of peaks; cross peaks and
diagonal peks. 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 stsfirvithee
spectrum. The spectrum in Figure@Ah ows t hat a gieceupledaoapeak | i ne
a tg, ofimore generally the followingpuplings are present:-B, B-C, and FD.

D C F B A

F1

—>
[
1
1
|
|
[
1
1
1
1
1
|
|
|

T

P —

Figure 1.26 A Schematic 2D COSY spectrum siwing cross peaks (grey ovals) ai
diagonal peaks (black ovals) and scalar coupled peaks (shown by

The pulse sequence for COSY in Figure7lcan be explained s f ol | ows ; t he
pulse creates transverse magnetization components which evaleethechemical shift and
homonuclear -toupling during the evolution periodt The second pul se (|

the magnetization components among all thesiteons that belong to the same coupled spin
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systems. The final distribution of labeled magnetization components is detected by measuring

their precession frequencies during the detection period t

_tl-—’ _t2_>

Figure 1.27 Basic 2D COSY pulse sequence.

1.57.2 TOCSY
Total correlation spectroscopy Q@CSY) is similar to COSY in that cross peaks of

coupled spins are observed. However, unlike in COSY wt@herence transfer is restricted

to directly spin coupled nuclein TOCSY oscillatory exchange is established which proceeds
through the entire couplg network so that there is net magnetization transfer from one spin
to another even in the absence of direct coupkiog 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
obseved even though they are not directly couplBuk isotropic mixing which occurs during

the spinlock period of the TOCSY sequence (Fig.8)'%*?2 exchanges all of thia-phaseas

well asanti-phasecoherences.

e
| | , AAAAAAAAA

1Lk

Figure 1.28 Basic 2D TOCSY pulse sequence.

1.57.3NOESY

A 2-D NOESY (NuclearOverhauser Effect Spectroscompectrum 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 coupfiigihus, the cross peaks of a NOESY

spectrummdicates which protons are close to each other in space.
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Figure 1.20 Basic 2D NOESY pulse sequence.

The basic NOESY sequence ct Gigusei1s®). She o f t h
sequence will be analyzed for two spins that are undergoing dipolar relaxation and assuming
there iIis no scalar coupling betweed /thehdasvo
already been analyzed in the COSY experimesft §1.5.7.1). Duringt;, transverse
magneti zation acquires a phase | abel accordi
is rotated onto the-axis by the second pulse. Duringthe miximgéd U cr oss pol ar i :
transfer this labeledmagnetization to other spins. The final pulse rotateg-thagnetization
into the transverse plane, allowing a signal to be detected.

1.57.4 ROESY

ROESY (Rotatingrame Overhauser Effect Spectroscopig) analogous to NOESY
experiment, except that instead of generating cross peaks by cross relaxation between the
magnetization of different spins, the cross peaks in ROESY arise from cross relaxation
between spilocked transverse magnetization. The ekpent 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 thec or r e | at ).oRDES iisnteerefg¢rd) used to look for NOE
enhancements in moleculedgth intermediate (~100®G000 Da) molecular weightsr in
moleculesw h o s; enaké) the conventional NOEs zero or close to Z8rd> The pulse

sequence for a-B ROESY is shown in Fig. BO.

b I\n/\/\/\/\m\,\

Figure 1.30 Basic 2D ROESY pulse sequence
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The pulse sequence for2 ROESY is very similar to that for NOESY in that frequency
labeled magnetization is prepared duringTihe difference arises from the mixing time. In
NOESY, the frequency magnetization is rotatedhe z-axis, where cross relaxation takes
place. In ROESY, it is themagnetization present at the end;ofhich is spinrlocked so that

transverse cross relaxation can take place.

1.6. Overall Research Objectives

The overall objectives of this researchrwcan be classified into two main themes: (1) To
study t he -GDtbasedcstpramatecutar hggkest inclusion compounds (ICs) using
perfluorinated compounds (PFCs) as guest molecules, and (2) To examine thaelsost
pr oper tCD dased agablymiers as potential adsorbent materials for hydrocarbon (HC)
and fluorocarbon (FC) compounds. Based on the overall objectives, the thesisiigicedh
into five main projects;
1) Preparati on anGD/PECds aostuest irclusior eompmdan(IC) in - b
agueous solution and the solid state,
2) I nvestigation of the st iCD/BRCshosglestiCs,d dynam
3) Structur al eCib-hased ccopelymerz §PoIYDs) nand atteir ifclusion
properties with a modglhenolic guest molecule (i.ENP) in agueous solution,
4) Application of synthetically engineered &iased copolymers (or MIMs) for the
adsorption of alkyl and perfluoroalkyl carboxylates, and
5) Structural investigation of the adsorptive interactionsthef alkyl and perfluoroalkyl
carboxylatesulfonatesonto the (MIMS).

The motivation to carry out a detailed and systematic study of the complexes formed
bet we@bnandPFCs was based on the fact tthesre are no detailed Xray and
spectroscopic studi es -ODiPEQsmeenplexesiygthetshlie staget r u c t
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-gassst inclusion complexes
c ont atCbiamd FCR 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. Tw
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met hods (dissolution and sl ow cool-GDPAMzr e de

complexes using PFOA as the model guest. A modified dissolution method was later adopted
to afford hostguest complexes with greater phase purity where various PFCs gua®

used. The guests were chosen to represent long chain (PFOA; C8) and short chain (PFBA;
C4) acids, and the conjugate base of PFOA

CD and PFCs were characterized usiity"*F/**C solution/solidstate NMR andFT-IR

(

spectroscopy, t her mal anal yses ( B®EFCamd TGA

solution were studied using NMR with,©O as the solvent system.

The second theme of the thesis comprises projetct® §chapters 6 8). The main
objectives of this a@rt of the thesis were to characterize the structure eb&ed polymeric
host materials and to evaluate their adsorption properties towards fluorocarbon and
hydrocarbon guests. The polymeric host materials were synthetically engineered from
hexamethylendaliisocyarate (HDI) linker at different loading ratios (i.e., 1, 3, and 6 with
r e s p e-Cl) tofoon HWI1, -3, and-6 copolymers, respectivelyh& copolymer materials
werer ef erred to as macromol ecul ar i mpr-Chhted
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 copolymet)(HDI
where its complexes with PNP as a model guest in aqueous solutionhaeaeterized using
NMR, FT-IR and Raman spectroscopy, thermal analyses (DSC, TGA), induced circular
dichroism (ICD), and dynamic light scattering (DLS) (chapter 6). The structure oflHDI
copolymer was characterized in agueous solution as a function sf gomcentration and
temperature.

The adsorption properties of a series of polymeric adsorbent materials (i.el, +3DI
and-6 or MIMs) were evaluated towards perfluorooctyl (PFOA) and octyl (OA) carboxylate
anions, as well as perfluorooctyl sulfongPFO) anions. The main objectives were to
compare the adsorption properties of the different Mitwgards a variety ojuestmolecules
in order to be able to propose possible interaction modes between the host/guest systems. The
adsorption results for MIBI were compared to similar resulising 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 siace of MIMs.
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The adoption of the urethafbmsed host copolymers grew out of the PhD research
work of M. H. Mohamed? The research presented in this thesis report was aimed at
extending the study of simple hagiest systems to polymeric hosts whigséserving the

unique hosguest chemistry df-CD.

1.7. Specific Research Objectives

This PhD thesis research was aimed at addressing various knowledge gaps and

hypotheses:

1) To develop i mproved prepar at iCOPFCailCsihods f
thesolid 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
hostguest comlexes in the solid state.

4) To study the effect of guest concentration and temperature variations on the structure
of urethanebased copolymer materials in aqueous solution.

5) To characterize the types and nature of the active binding sites present inrmolyme
hosts such as inclusionand interstitial (polymeric framework) regionsin a
controversiastudyby Ma and Li°* an anomalously high binding affinityasreported
between uretharkased copolymers and PNP {100°%) as compa€lzd to
(10i 10°). The assumption by Ma and’Lindicates that PNP is bound solely in the
cavi ty -GDanhdenatwithih thebinterstitial regions.

6) To understand the sorption behaviour of alkyl and fluoroalkyl carboxylate anions
using CDbased urethane copolymer adsanrts in agueous solution.

The end goal of this work is to gain further insights about the structure/dynamics

relationship of hosguest systems in order to be able to rationalize the design of polymeric

adsorbent materials for improved function.

1.8. Sope of Work
As describd above, this PhD thesis mainly deals with the structural studies of
supramolecularhogf u e st s-g g t b ;md exDr | a@Ddjadbd copolymers were
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used as host materials where several fluorocarbon and hydrocarbon guest molecules were
studied (PF®, 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. Chaptdrg &e published articles and submitted
manuscripts as outlined below;

1. Karoyo, A. H.; Borisov, A.; Hazendonk, P.; Wilson, L. D. Formation of HG@aiest
Comp | e x-€xlodexfrin émd Perfluorooctanoic Acid. Phys. Chem. R011,

115 9511 9527. (Chapter 2)

2. Karoyo, A. H.; Sidhu, P.; Hazendonk, P.; Wilson, L. D. Characterization and
Dynamic Poperti es for t he Sol i-@yclodextanl and i 0 n C
Perfluorooctanoic Acidl. Phys. Chem. B013 117, 8269 8282. (Chapter 3)

3. Karoyo, A. H.; Sidhu, P.; Hazendonk, P.; Wilson, L. D. Characterization and
Dynamic Properties for the Solid Inclosh Comp | eQyeladextrinfandb
Perfluorobutyric AcidJ. Phys. Chem. 2014 118,15460i 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 Dynamicseotiid inclusion
c omp | e x eGyclodextrin &nd Sodium Perfluorooctanoat®lanuscript in
Preparation(Chapters)

5. Wilson, L. D.; Karoyo, A. H. Structural Characterization of a Urethdrased
AMol ecul ar Accor di o rsdbmiited tolLarggmuer Augist 28D | ut i o |
(Chapter 6)

6. Karoyo, A. H.; Wilson, L. D. Tunable Macromolecuthased Materials for the
Adsorption of Perfluorooctanoic and Octanoic Acid Aniods.Colloid. Interf. Sci.

2013 402 196 203. (Chapter 7)

7. Karoyo, A. H.; Wilson, L. D. Investigatin of the Adsorption Processes of Alkyl and
Perfluoroalkyl Carboxylates onto Macromolecular Imprinted Materials. Submitted to
J. Am. Chem. So&ugust2014(Chapter 8)

In Chapter 2, the thesis firstly introduces the formation of the inclusion complexes
be t we-ED and PFCs, where two preparative methods were developed. PFOA is used as
t he model compound t-GD gbtheeld @and :1 Isost/uiestl mole Gasos wi t h
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using dissolution andCD/PROAW s wareodharaotezizetinagd s . Th
NMR and FFIR spectroscopy, thermal analyses (DSC and TGA), and PXRD methods. The
results were further complemented using solution NMR spectroscopy of the complexes in
D-0O.

In chapter 3, the preparative conditions for the dissolution method devefopledpter 2
were opti mi z-€0/PFO®A ICsoviith greater pbase 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 analysé&FabB/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 guesheincomplexes,
respectively.

I n chapter 4, t he modi fi ed di s€D/PFBA i on m
complexes. These complexes were characterized using the techniques described above in the
solid state and complemented by NMR spectroscopy.@. Dhe dynamics of the guest were
further characterized through interpretation of the coupling constants from simtigted
PFBA spectrum to supplement the NMR relaxation data.

In chapter 5, the structure and dynamic properties of the inclusion complexes formed
bet we@nandbSPFO were wdied. This work was aimed at probing the effect of
counterions (i.e., Navs. H) on the structure of the complexes formed between SPFO and
PFOA wCD, fespdztively. CIS values Of/**F/C nuclei in aqueous solution and the
solid state were quantttai vel v used to elucidate the- geome:
CD/SPFO complexes. Simulaté¥ CF; lines at MAS 25 kHz and variable dipolar coupling
strengths were used in conjunction with deconvolution analyses of théinéFshapes to
probe tke dynamics of the sodimi ch guest and -GDtasd tocsoppignmers x e s W
NMR relaxation data. The physical, structural and dynamic properties for the PFOA, PFBA,
and SPFO guest s an dCDfrésgectively,overengoinpareccand taedt h b
(cf. Table 56).

In chapter 6, a soluble GBased copolymer material was used as the host system, where
the physicochemical properties of the copolymer in agueous solution were characterized using

various methods. The structure of the inclusion cemxgd 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 a€12-D NMR spectroscopy, ICD, and DLS.

In chapter 7, the adsorption properties of PFCs onteb&f2d copolymerndsorbent
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 copetymaterials (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 adsorpéisults 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 involvd analyses of the hoeguest interactions at the liqublid 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
Il n this work, t h e -GDnaod RFGA were preparstpulsiigxtveo snetipofls b
namely; dissolutionand slow cool (cf. 82.3.2) The twoprotocol methods were developday
comparisonfor the preparatioro f -CbBb/ PF Cs ¢ o mp-CBFeA complexeg wefe
prepared at the 1:1 and 2:1 hgsist mole ratios and were characterized using NMR aA@®RFT
spectroscopic methods, thermal analyses (DSC and TGA), and PXRD.

Aut hordés Contribution

The ideao prepareand charaerize the structurefthei ncl usi on compounds f or
CD and PFCsvas proposed by BrLee Wilsonand Paul Hazendonk (University of Lethbridge;

Uof L) . The prepar at i on-CDaPR@OA conipiexesaveete elogramtzelyt i on @
by myself. Most of theinitial solid stateNMR measurements for this work were done by Alex

Borisov at the UofL NMR facility; while the solution NMR, HR, PXRD, and thermal analyses

were done by iyself. | prepared e first draft of the manuscrigind subsequent drafts were

editedby 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 gttml the preparatioand characterization dfe inclusion

c omp | e xGbsandBHCs Tbh e CDEPFOAcomplexesvereused as a model systenr the
preparati on and -GDWEGsaaniplexes; where itwo prepardtive fmethods,
namelydissolutionand slow coo| were developed.
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Graphical Abstract

Research Highlights
ATwo preparative methodslissolutionandslow coo)f or t he i ncl usi o-n comp
CD and PFOA were developed. Tbemplexes were prepared at the 1:1 ando2ZCD/PFOA
mole ratios.
AThe hostguest stoichiometrywas estimated by acid/baseration in conjunction with
gravimetry andrevealedhostgueststoichiometricratios(r) slightly exceeding 1:Dbr less than
2:1. The hostguest ratios2:1 >r > 1:1, aosefrom excess host, reduced guest, or formation
of small amountsf both the 1:1 and 2:1 complexes.
ATheb-CD/PFOAcomplexes faned in this work were generaligundto be phase impure, i.e.
there was possible formationfanclusion and no#inclusion compunds in addition tosmall

amounts ofinboundguest
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2.1 Abstract

Solid inclusion complexes odb-cyclodextrin p-CD; hos) and perfluorooctanoic acid (PFQA
guesj were preparetly comparisorusingtwo methodsdissolutionandslow cool The structure

and dynamic properties of thB-CD/PFOA complexeswere further characterized using
'H/*FC NMR spectoscopyin aqueous solution and the solid stateermal analyses (DSC

and TGA), PXRD, and FIR results provided complementary support that inclusion complexes
wer e f or me dCD lamdt RF@Ae withvériable stoichiometry andjuest inclusion
geometry.The dynamics of the gest molecules in theomplexegprepared by the two methods
were studied usindfF DP/MAS solidsNMR at variable temperature (VIThe guest molecules
were observed to be in several different molecatavironments, providingvidence ofvariable
hostguest stoichiometry and inclusion geometry, in accordance with the preparation method of
the complex and the conformatidtna pr ef er ence of PFOA. I t - was
CD and PFOA form inclusigmpeoomphRPOVASSsolas t h
NMR at variable spin rate (VSR)was used to assess the phase purity oftilee types of
complexes (i.e., dissdion and slow cooljand it was revealed that slow cooling resulted in
relatively pure phase8H/**F s p e c {CB/BFOA complefies in solution were acquired using

D,O as the solvent system, whex@mplexatiorinduced chemical shifts (CI®¥ the'H and*°F

nuclei provided additionals uppor t for t he f o fCOV&ROA anolusianf 1:

C (

i c

1

compl exes. The dynami cs-Ch/PFOA dompleges i@ EDtsolutomd e c u |l e

were probed usind’F NMR at variable temperatur@nd revealedariableguest conformatios

and exchange dynamics as a function of temperature, aneldbiee hosguestmole ratios
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2.2 Introduction

Many fluorinecontaining compounds such as pharmaceuticals, pesticides, coatings,
adhesives, and surface active agents sgotea growing list of persistent organic pollutants
(POPs) accumulating in Cadian and global environment3his is particularly true for
recalcitrant perfluorinated compounds (PFCs) of the type:(CR),-R’, where R' = CFOH,

COOH, CONH, or CR-SOsH. 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 cap#ay and molecular selectivityFor example, Deng et al. developed a
molecular imprinted polymer with good sorption toward perfluorooctane sulfonic acid (PFOS; R’

= CR-SOsH) in aqueous solutioh.

PFCs of the type described above possess unique physicochemical properties, as
compared with their hydrocarbon analogues since #neygenerally apolar and relatively inert
owing to the stability of the & bond? They generally have low vapor pressures (~10 mmHg for
PFOA; RECO.H, at2B°C§ and exhibit long resiehce times in the environmerithe
relatively high surface actityi of PFCs confers their application as high performance surfactants,
emulsifiers, and surface coatings for metals and papEOA and PFOS are commonly found in
soil, sediments, and aquatic environments because of their ability to infiltcatedgwaterto
varying extentsEnvironmental contamination by PFCs was reported from direct discharge of
industrial activities, for example, aqueous fiighting foamé and wastewater effluents from
water treatment planfsConsumption of contaminated foods andailition 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.

Despite the human health and environmental concerns of PFOA, the distribution
pathways a not fully understood; however, researchers have linked its exposure to %cancer,
birth defects, infertility, liver damagé and suppression of immunity! Thus, there is a need to
further study PFOA due to its widespread use and the assocetit &d environmental risks.
Perfluorinated surfactants are generally more surface active than their hydrogenated analogues,
as evidenced by tirelower critical micelle concentrations (cmcp comparison of the cmc
values for PFOA £0.0105 M) SPFO (sodium grfluorooctanoate, 0.032 M¥,and sodium

octanoate (8.4 M)**® illustrates the differences in surface activity between PR@d
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hydrocarbon surfactant$he solution and colloidal behaviour of surface active agents may be

attenuated by their complexaiti with host compounds such as cyclodextifs.
Cyclodextrins (CDs) iarke dmad Dagacpmgiariese antl 1 Y04 )

the most commonl-y- B tadicensisting Bf§ 7-aande8gludopyranose

units, respectivel§” b-CD displays the remarkable ability of forming stailelusion complexes

with perfluorinated al kan€s$t 0i comaioehangiest aai s g

and the hostComplexes ofb-CD/perfluoroalkyl carboxylates of variable chain length were

concluded to form stable inclusion complexesafueous solution, according t&/"H NMR

y>?®%"and sound velocit§? In particular, SPFO

spectroscopy:*#viscometry?> conductometr
forms very stable 1:1 and 2:1 CD/SPFO inclusion complexes. In contrast to solution studies,
there are relativg few detailed examples documenting the formation of solid state inclusion
complexes betweeln-CD and perfluorinated guests.g.,PFOA), and this may be attributed to
challenges associated with obtaingmpd quality single crystalatsuno et af’ hawe reported a

solid state NMR study of CD inclusion compounds consisting of mediu8) Dain and long

(C-20) chain perfluorocarbon compounds; however, several other studies have examined
modified perfluorocarbofd® and semfluorinated polymers->?in the solid stateThus, solid

state structural studies of inclusion compounds of CDs and PFCs remains largely unexplored. In
contrast, a single crystal XRD {pay diffraction) study ob-CD/hydrocarbon carboxylic acids

has been reportéd. Recent advances solid state NMR spectroscopy have provided the
opportunity to obtain detailed structural information of such amorphous and crystalline host
guest material* %

In thisarticle, we report a detailed study of the formation of inclusion complexeskeatw
b-CD and PFOAusing twodifferent preparation methodsligsolution andslow coo) using
solid/solution state NMR, FIR, PXRD, and thermoahaical (DSC and TGA) method3. h e b
CD/PFOA complex is a very interegginsystem because it can adogmriable hostguest
stoichiometry and inclusion geometig condensed phases that depemd thermodynamic
parameters such as relative hgsest oncentrations and temperatubeCD/PFOA complexes
are amenable to the use of HFX solid state and muttiear NMR tebniques® therefore, the
dynamics 6 the free and complexed PFOA wenwestigated using’F NMR techniques in the

solid andsolution statesat ambient and variable temperature conditidf’®8 DP/MAS solids
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NMR at variable spinning rates (VSR)as used tastudy the phase purity and stability of the

complexes prepared biye dissolution andlow cool methodsespectively

2.3Experimental Section

2.3.1 Materials

b-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. Potastiogerhy
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-CD andPFOA at thel:1l
and 2:1 b-CD:PFOA) mole ratioswere mixed in glass vialscontainingdeionized watemwith
continuous stirring and mild heating (~40 °®) dissolve the solid mixturesThe solution
mixtures wereallowed to cool to room temperature and tlé/ent wasgraduallyevaporated
over several days (+8) to obtainthe solid producs. The solid productsvere ground into fine
powders and characterized using NMR, DSC, TGA, PXRD antRET

2.3.22 Method 2 Slow cool In slow cool method, saturated solutionse€D andPFOA(1:1 and
2:1 mole ratio} were prepareth glass vials using deionized water form thick slurry. More
deionized water was added drafise to the mixtureswith continuous stirringinder heating at
~80°C untilclear solutios wereformed. Theresultingsolutionmixtures wereslow-cooled over
several hour§é~ 2h)by placing the vialgontaining the mixtures ihot water bath housed within
an insulated box to ensure gradual coolofgthe solutions. The solvent of the slawoled

solutions wasir-evaporated tobtain the solid produst

2.3.3 SolutionstateNMR Spectroscopy
Solution NMR experiments were performed on-ehannel Buker Avance (DRX) spectrometer
operating at 500.13 MHz fdH and 470.30 MHz fof°F. All *H NMR spectra were refenced

externally to tetramethylsilane (TM8, = 0. 0 °p gpentra wara réferenced externally to
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2,2, 2trifluoroet h an ol (79. A Bpm) Samptes fotH NMR were prepared in D at pD
~5 in mole ratios ofl:1, 2:1 and 3:b-CD/PFOA.Samples fof°F NMR were similarly prepared
inDOat®~5 and at-CD/PEQA nwle tatos (B:1 and 2:1The external reference
TFE solutions for thé’F NMR samples were prepared in@at pD ~5 in sealed capillary tubes
a a concentration ofG3:5 mM.All the NMR spectra obtained in the solutistate were acquired
at 295 K.Dry nitrogen gas was used to control the temperature for th&fRNMR dynamic

studies.

2.3.4 Solid-State NMR Spectroscopy

All solid state NMR spectra were obtained using a Varian INOVA spaetter operating at

470.33 MHz t%F) and 125.55 MHzC). **F and**C solids NMR spectra were referenced
externally to liquid hexafluorobenzeleot spun)( HF B ,-1 @4 =9 ppm) and adame
38.5 ppm), respectivelAll samples were spun at the magic angle with a spinning rate between

10 kHz to 25 kHz usin@.5 mm and 3.2 mm Vespel rotors equipped with-Kelirbinecaps,

inserts and seal screwsll N MR spectra were obtained using a 100 kHz sweep width84i$2

points in the FID, and were zefiled to 64 k data points, unless stated otherwiser all DP
experiments, a orpulse sequence was used where the 90° excitation pulse lengths ft¥ the
channelwers et t o 2. 5, 3.25, 4. 25 and 4 ¢s, and re
respectively*F{*H} and **C {*H} spectra of all solid samples were acquired using a two pulse

phase modulation (TPPM) decoupling mét& where the powers of thi#d and *°F decoupled

channels were set to 35.7 and 38.5 kHz, respectively, as determined btp-peak voltage.

Curve and width for théH- *C ramped CP experiments were set to 50 and 10000 Hz,
respectively, and optimal Hartmaitahn matching conditions weeehieved 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 andTGA

Differential scanning calorimetfp SC) o f t-®DePF@Adnd theancliision complexes
were acquired using a TA Q20 thermal analyzer, while the thermogravimetric analysis (TGA)
was performed on a TA Q50 over a tempara range of 30 to 350 °The scan rate for DSC

was set to 10 °C/m 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 temperatndesample compartment purgirgSC samples were
run in hermetically sealed aluminum pawkereas, an open pan geometry was used for the TGA

measurements.

2.3.6 FT-IR Spectroscopy

Fourier TransforrlR spectrawere obtained using a Biead FTS40 spectrometer with a
resolution of 4 cii. All spectra were obtained with spectrosaograde KBr which constituted
~80% (w/w) of the total sample&sampls were run as finely ground powders in reflectance

mode.

2.3.7 PXRD

Powder XRD spectra were collected with a Rigaku Rotaflex2R0 rotating anode -Xay

diffact omet er usi n@ge Ca & Uhdafpten aojtagecand current were set to

40 kV and80 mA, respectivelyThe 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 diffractometied{RiD

patterns were measured in the contnumsd e f or a 2 d20awtgadseanmtaofge o f

0.5 degree/mirkinely 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)
2.4.1.1Stoichiomery of the Inclusion Complexes

The stoi chi oODdPFOA ICsowas detbrmined 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 (standardwedt h  KHP) and -t he an
CD were estimated by differencélhe preparations of 1:b-CD/PFOA complexes (i.e.
dissolutionvs slow coo) yielded the following host:guest ratios; unwashed (0.95:41.1:10)
and washed (1.2:Q vs 1.3:10), respectivel. The 2:1b-CD/PFOA complexes vyielded the
following host:guest ratios: 1.6(vs 1.7:10 (unwashed) and 1.6Qvs 1.7:10 (washed) fothe
dissolutionvs slow coolmethods,respectively.In general, the productsrepared by the slow

cool method showecklatively greateb-CD:PFOAmMole ratioscompared taomplexes prepared
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by the dissolution method.he results are not straight forward to interpret unequivocallesin

the host:guest mole ratiod 2 may arise from the occurrence of exde€3D, reduced gest,or

a possible contribution of 2:1 complexX&sin the @se of 2:1, hoAjuest ratios 2:1 mayarise

due to the formation of small amounts of 1:1 complexes. Nonetheless, the experimental values
for the 1.1 and 2:1b-CD/PFC complexes areonsistent wit the relative magnitude of the
binding constants (e.g., ~7 x“1R™ (1:1) and ~ 9 x 1M (2:1)%**%in aqueous solution. The
preparative methods for the 2:1 complex yield a mixture of 1:1 ando2aplexes; whereas, the
preparative methods for thellproduct yield chiefly 1:1 complexes. Washing of the solid state

products e not appear to affect tHest/guesstoichiometry to any significant extent.

24.1.2DSC and TGA

The DSC ther mogtrCdbms PFOOYA, n atnidv et-6PFAA: 1 and
complexes prepared by the slow cool and dissolution methods are showarag2HgIn Figure
21 a, t he t heQDrmhyd@ate shows two enddbhermic transitions centered aadd0
320 °C, and are attributed to its dehydration and decomposgitamessesrespectively. PFOA
shows three endothermic transitions-@0, 10Q and 170 °C; these are attributed to the melting,
dehydration and vaporizah transitions, respectivelyThe DSC curvesfor the inclusion
c omp | e xCDOEFOAfpredared at the 1:1 and 2:1 mole ratios, usingltie cool SC) and
dissolution D) methods are shown in kige 2.1b andc, respectively. The thermograms in
Figure 2.1b-c indicate the presence of several uniqodothermic eventbetween 3207 250
AC, as c omp a r-GdandwFQ@Ah The thermialveeenthare attributed to the variable
phase transitions of the c¢ompiCP rccuaimgchetwebne | os
~1207 150 °C.In the context of th abovenoted phase transitions, thigy referto the relative
spatial orientation of the guestthin the hostguest complex.

The 1:1 complexes are consistently characterized byféatures at 380 and 210 °C,
while the 2:1 complexes have only onetfga at 210 °C.The presence of two thermal
transitions supports the eteace of additional topologidsr the 1:1 complexThe slowcooled
complexes are characterized by sharp and pronounced features at, #50ctCmay eveal the
greater phase puritfor the complexes prepared Blow coolmethod comparedto complexes
prepared bydissolution (cf. Figure 2.1b).3° According to the DSC resultand table 2.1the
increased ther mal stability of PFQOG®Dpoobdser ved
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sipport -CD/RROA indusion complexes are formed, and this is consistent with the
favourable complex formation stabiliffy The DSC thermograms of tHeCD/PFOA physical

mixtures @e presented irhe supporting information in appendi(Fig. A2.1), andaredistinct

since theyreveal endotherms at ~6@C corresponding to the melting of PFOAhe
thermophysical properti es 0-€CD decantinighted?d-eQceedwi t hi
thosefor pure PFOA due to the occurrence of faradble van der Waalsteractions within the

complex, as summarized in Tald4d.

Table 2.1 DSC and TGA Thermoanalvtical Data*

Systems DSC Results(°C) TGA Results (°C)
M.P./ Phase Hydrate Melt Melt
transitions*  Water loss  vaporization Decomposel (guest) (Host)

Nat i-C - 110 - ~320 - 310

Unbound 60 100 ~175 - 100 -

PFOA

b-CD:PFOA Range* ~120- 150 ~250 >300 ~220 320
(1:1)

b-CD:PFOA Range* ~120- 150 ~250 >300 ~220 320
(2:1)

“indicates range between ~150 and 250 °C.

In Figure 22, t he TGA r e s u-4CbD show nmass loBsEsG-A00 and 820 fC,
respectivly. 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.
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DSC thermograms of a )

Temp .("C)

n-&€D hydrate abd PFOAandthe 1:1 and 2:1

complexes prepared Hglp) slow cool,and(c) dissolution methods.

The thermal events at 220 °C in &ig 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 h e

decompo<€D.tThe pure ®’FOA fvaporizes immediately after

dehydration at the conditions employed in the TGA experiments since the sample is heated in an
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open system. However, the TGA results support the formation of inclusion complexes between
b-CD and PFOA since the physicochemical properties of guests are altered in the bofihd state
(cf. Table2.1).

° —BCD
=3.5 o ' A
Eﬂ PFOA
-q; ............ CD:PFOA 11
?_': =+« =CD:PFOA 2:1
al
15 £
..knah—_-—.-.u-ﬂis{. *~"H’J
05 N " " " + I i - k t A . * * t :
0 100 200 300 400

Temperature (°C)

Figure2.2 TGA pl ots -€Ebr hynatatve, bPFOA, -@D/RFOA
complees prepared by the slow cankthod.

2.41.3FT-IR
FT-IR spectroscopy can provide useful information on guest conformational preferences
(i.e. gauchevs trans @lsoant)) of t he al kyl c h a iICD/PFOA indlusien g u e st
complexe€? Figure 2.3 shows the FAIR spectrafort h e n-&D, ipureePF®A, and both 1:1
and -ZD/RFOA comgexes in the region between 5800 cn* (left) and its enlayement
of the aredetween 8001400 cn (right). The IR spectra of the physical mixtures are compared
and are presented in the supplementafgrmation (cf. Fig. A2.2. Figure 2.3 (L) shows the
vibrational bands for the carbonyl group of pure PFOA at ~1754 amd its band form in the
1:1 and 2 1-COWPFOA complexesThe hydroxyl and €H vibrational bands (~3300 and 2900
cm?, respectively) exhibit strane r i nt e n s i-EDfPF@Accomplexhaed th2 spectriim
i s consistent with +DBbydrgte.eat er mol e fraction
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The expanded spectreeveal three band$ o r PFOA and itsCDcompl €
appearing at1230 (1), 1210 @), and 11503) cm™; which have been previously reportéd>*3
Vibrational bandsl and 3 are attributed to GFasymmetric and symmetric stretching; whereas,
band 2is assigned to the-C and GC-C stretching and bending modes, respectively. The most
notablefeature for the spectra in Figu2e3 are the relative changes in intensity of the bafds (
3) for the 1:1 and 2:1 complexeBhese bands are attributed to diéiet conformational isomers
(i.e. anti, gaucheandortho), asconcluded for solid and liquid forms of,&¢"* where theanti-
and gaucheconformersare favoured. The attenuation of baRdat ~1210 cm' for the 2:1
complexindicates an alteration of the atilve population of PFOA for thigans and gauche
conformers in tis complex. Tatsuno et &findicated that band? (1230 cmi’)  f o fCD/CoR,e¢ b
complex was attributed mainly to ttenti-conformer. In the absence of quantum mechanical
calculations andetailed spectroscopic evidence, the unequivocal assignment of-Relfanhds
of PFOA is beyond the scope of the present work, as compared to the published resyfis.for C
In addition the foregoing IR results for various vibrational bands are subtepti potential
changes in dipole moment when accompanied by a conformational change of PFOA as a
consequence of changes in electron deASifyh e r el at i ve -Chhand/arBFOAi es o
lines in the 1:1 and 2:1 complexas Fig. 2.3 provide further evidence for variable

conformations and dynamic properties of the gfrest.

PFOA
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Figure2.3 FT-l R spectra-Chf RG/iPFeOADb c o mpCDEKOQA
complex, and PFOA. The figure on the right is apassion of the spectral regic
between 800 and 1400 &m
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The FTFIR results in Figre 2.3 provide evidence thiaconformational changes of the

perfluorocarbon chain in the 1:1 and 2:1 complexes are variable and may be attrilitaed to

and gaucheconformers of PFOA. There is a significant decrease in the contribution of the

gauche and/ortrans-conformer of the POA 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 REG#Ag. 2.3

since a portion of t he cGDamacrocyoia In thiss xegaedntle o ut s

PFOA chain in the 1:1 complex may adopt variable inclusion topologies with multiple

configurations of the guest perfluoroalkyl chain, as previously concludedtire®@SC results.

Further elaboration on the conformational effects of the PFOA chain is made in the discussion of

the NMR results (vide infra)lhe FTIR results may provide a semuantitative estimate of the
relative hostguest composition from the réhze intensity of respective vibrational bands of
certain functional groups. A more detailed understanding of thegliest complex can be

obtained from NMR studies of these systems.

2.41.4PXRD

Figure24s hows t he PXRBCDpatPRFQA),s afnodr tbhe 1:

CD/PFOA inclusion complexes that were preparedsloy cool and dissolution ethods.The
XRD patterns of the physical mixtured.(Fig. A2.3 are simple superpositions of the patterns of
unbound host and guest, respectively. On the other ham&RDpatternd or t he 1: 1
CD/PFOA complexespresented in Figure 2.4epresent unique solid phase materials, as
evidenced by the appearance of unique diffraction lines. The XRD resultisefmomplexes

cannot be simulated f r «DandRROA eothponents, and providdst e r n

further evidence that the complexes are unique phases. The XRD pattes@D bxhibits major

signatures at various &mdd vatl lueers ; milar8 As i dlr2a t6l

values.Such patternare characteristic of ficagetypeo lattice structure arising from the random
packing ar r-€D’§*®The bt and Z:1 chplexes derived from slow co@nd
dissolution methods show ghtly different XRD patterns, as indicated in kig2.4.

Two prominent peaks & d~11.8 and 17.8° observed for the 1:1 and 2:1 complexes
indicatet h @hannélt y pe 6 c r y s t “4* mai bre dormedandaredistinathedifferent
from the PXRD mmt t e r -&€D Hydrate. Such low angle scattering lines outlined above are

consistent with spacisgn the crystal framework ~5.0 and 7.60(Ad = ne/ 2si nd;
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1.54A), and these have been attributed to the irted intras p a ¢ i n-@x*° Forthembre,

t he XRD pat t eGDiPBOAfcamplexestam characterizéd by a small shoulder above

the main signature at11.8° (indicated by asterisk). The additional XRD lines for the 1:1
complexes provide further support for the existence of additiooafigurations due to the
conformational preference of PFOA, in agreement with the DSC ad® Fdsults. In the case

of th-€DAPEOA compl ex, a |low angle 2d (~7.8A)
arising from unbound PFOA and to thosetloé pure 1:1 complex. The genef@tures of the

PXRD spectra fothe 1:1, 1:2, and 2:¢omplexes esembl e t he +Bsincéthes f or

former are anticipated to have similar unit cell dimensions relative to that of the macrocyclic

Mzw
/\j\'l\/\/_\//\,\‘l:l D
o M\/\szl sC
Ml:l SC
A Mlzz D

host, as olerved in Figur 4.

20 (degree)

Figure 2.4  Powder xray Diffraction (PXRD) spectra for natifeCD, unbound PFOA, 1:Z
b-CD/ PFOA dissolution ( DED/PEQATSIDW eonled
(SC) compl e x e s CD/BROA diskalufion @POhcompiexed. b

2.4.2 Solution-state NMR
2.4.2.1"H/*F Solution NMR Characterization
Complexatiorinduced'H and**F NMR chemical shifts (CIS) in aqueous solution were

used to provide evidence for the formation of inclusion compleeéseenb-CD and PFOA.
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Figures2.5 and2.6 illustrate the respectiviél and*°F NMR spectra for PFOA and its inclusion
comp !l ex e sCD. Whet &ssigriment of théH NMR signals agree with previous
assignment3>'The'H NMR chemical shifts of the interior cayipratons (band H) edD b
inFigure25 provi de esti mates of t he-Chagavitg'h’t of

*
H3 H5
( 3:11C
H3
H5
2:11C
H3
H5
JJ{ /J L 1:11C
H6
H5
H1 H3 H2 H4
A Mle peo
" 5.1 5.0 4.9 4.8 4.7 4.6 4.5 4.4 4.3 4.2 4.1 4.0 3.9 3.8 3.7 3.6 3.5 3.4  ppm

Figure25 'HNMRIND,O sol uti®nsther 1b 1-CD/RFOA inclusion

compounds acquired at pD~5 and 295K; where * indicates HOD signal.

o) K. C
W\N + —_—
R R
O D KZ:I
+
R

Scheme 2.1 The formation of a hosjuest complexi s s h o w@D (foroid) and a
perfluorinated guest molecule according to a 1:1 and 2:1 equilibrium bir
process where Kare the corresponding equilibrium binding constants for €
hostguest stoichiometry. In the case of perfluorooctanoic aci©D®FR=-OH.
The rel ati ve €D mams/deanddFQAfare hohdeawto sca
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Scheme21l i | |l ustr at es -GDKWEC irMclasiom@mpler, whei i€ tha b
equilibrium binding costant. Schem22 out | i nes t he nDIsteuctwrdwithh st r u

a schematic side view showing the interior catibgt protons.

T (OH), (OH),

Scheme 2.2 Representations of t heCDsstryctura mitd lefl
hard structure refers to the oligomer where n = 7 and the right hand strt
represents the toroidal shape of the macrocycle.

The results illustrated in Figui25 are consistent with the fact that the guest molecule
displaces the pal solvent from the host cavity according to the upfield chemical shifts of the
complex for the Hand H, protons ¢f. Scheme2.2). Theshift of these protons thigher fieldis a
consequence of their increased chemical shielding effects resulting frguasteomplexation
process? The inclusion of an apolar PFOA guest molecule withtvthapo | ar -CD®svi ty o
thermodynamically favoured according to the hydrophobic effadbwever, as the mole ratio
of the host increases beyond the 1:1 rdtie. for 2:1 and 3:1 complexesthe intracavity
protons (H, Hs) become less shielded ambve to higherrequency (downfield) with respect to
the 1:1 compledecause of the greater mole fractiamiibution of the unbound hostiote that
the observed chemical shift is a weighted average of the bound and unbound $pédies.
contrast, thel:1 complex shows the most attenua@® effectsfor the H3 and H nuclei, and
this is due to the increased steric and shielding effant$ the variable conformatioof the
PFOA chaif® (cf. Scheme2.1).

The F NMR results in Figure2.6 reveal somewhadifferent 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 assteleal (gauché and zigzag(trans) conformations for
long chains € > 12) and short chainsC(O 8), respectively? A mixture of conformations

(gaucheandtrans) may be present in intermediate chain lengthsidf28carbon atom¥ The
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helical structure was shown to be the stable form for PR@dd PFOS%' according to density
functional theory (DFY and semempirical molecular calculations, respectivelyhe
assignment of°F signals for long chain PFCs may be difficult due to the long range couplings
(over at least four bond3),and possible spectral overlap of resonance likEsvever, the
assigiment of the’®F spectrum of PFOA in Figur2.6a is in good agreement with previous

results by Goecke et #land Buchanan et af.

CyFa-CF2-CoF -CiF 2-CoF o-CoF2-CF-COOH

M Az
AU L

—_

o

¥ 7\\ o U 6 b U
| I 1 M A PFOA
I T l - I “III T T T T T 1
-82 -83 -84 -119.5 -120.5  -124 -126 -128 ppm
Figure 2.6 Expanded and assigné®F solution NMR spectra of PFOA, the 1:1 a

2 . ACD/PFOA inclusion compounds acquired at pD ~5 and 295 K.

In generalc omp |l ex f or mat i on -Cb essuliseredownfield 6hts i n d
most ofthe *°F resonancewith respect to unbound guedte contribution of van der Waals
interactions presents the largest effects®nchemical shifts and depends on the polaiiitgb
of the solvent. Fluorine is highly polarizable in bulk aqueous soleentparedto the CD
environment, particularly near the rim which is composed of hydrocarbaét) @hd hydroxyl
groups Therefore the guest molecule expenices reduced van der Wsanteractions near the

CD rim resulting in increased chemical shifesirthermore, &n der Waals interactions between

-94-

b



the guest and ethdike oxygens in the apolar interior of CD will result in shielding of e
nuclei in its environment.

The chemial shift changes for th€g~, group are affected by thaductive effect®f the
carboxylate ion du#o H-bonding interactionsvith the -OH groups of CDandor bulk aqueous
solvent The resultis a downfield shiftof the GF, resonanceThe chemical shiftof the °F
nuclei are also affected by thenformation of the guesthe endto-e nd st a<«€RBinthg of
2:1 complex ¢f. Scheme2.1) will force PFOA to adopt an extendad-trans conformation in
order to occupy the inclusion sites of two host magrlecmoieties. This conformational change
from gaucheto trans results in the maximization of the througpace H- distance between
neighboringCF, groups andsubsequenbptimization of favarable van der Waals interactions
wi t hi n-CDt mterior™ A combined all-trans conformation (deshielding) of the
perfluorocarbon chain and the occurrence of @isable van der Waals interactions witttthe
CD interior (shielding) for the 2:1 complaxay result in a composite deshielding/shielding
effect.

In the cae of the 1:1 complexhe deshielding effect observed for thg=£{roup may be
associated with the loss of thegaucheshielding effect that is commonly observed for alkyl
carboxylate groups in thejauche configuration®®®® as the PFC chain untwists itself.
Knochenhauer et al. have shown that perfluorocarbon chamsind from a helical to an
extended chain configuration when packed in a periodic I&fticEhe gauchétrans
conformational inteconversion of the perfluorocarbon chain of the ptaxres is consistent with
the IR results shown in Fige2.3. In the 1:16-CD/PFOA complexunequal populations of the
helical and zigzag conformers of PFOA may eXist.

The chemical shift of the terminal glgroup in the complexed state may reveal the
proximity of the perfluorocarbon chain relative to the interior or thepperiy of the host The
observed chemical shifts in kige 2.6 indicate that the GFgroup in the 2:1 inclusion complex is
in closer contact with thenterior of the apolar CDcavity than within the bulk solvent
environment.The interior of CD is composeaf etherlike oxygens which can take part in van
der Waals interactions with the fluorines of the guestpreviouslydescribed Note thatthe
influence of conformational change is mininaltthe case of the Gigroup.In contrasto the 2:1
complex the CF; group in the 1:1 inclusion complex can reside near ritre of the CD

macrocycle (cf. Scheme 2.1)or in the extracavity environment in the bulk solvenThe
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environment near the CD rifmas a small polarizability compared to that of tuk aqueous
phase Such an environment will result ireducedvan der Waals interactisnbetween the
fluorocarbon guest anithe CD causingdeshielding of the GFgroup.The chemicabnift pattern
of the guest for the 1:1 and 2:1 complexesaissistent with the lengttf 6-CD cavity (7.9 A)?°

which is about one half of the extended chain length of PFOA.

The overlapping signals of thef; and GF, groups in the 1:1 compler Figure2.6 and
the variable line shapes of th& signals for PFOA in the 1:1 and 2:1 conxgle may be
attributed to the differences ithe conformationand geometry othe PFOA guesin the
complexeggeometries. These dynamics are further explained in the VT NMR studies. However,
the CIS values provide strong evidence that complexes are forehed b eGD arid PFOA in
agueous solutionThe results in Figre 26 are consistent witlieportedCIS values forb-
CD/SPFO systerfi'

2.4.2.2Solution NMR Dynamics

The motional dynamics dPFOA in the complexed state were probed#y NMR at
variable tempeture (VT)in aqueous solution. Fige 2.7 shows™F (VT) NMR stack plot
results forcomplexe f -Cband PFOA at the 1:1 mole ratio. There is an overall increase of the
% chemical shifts as the temperature is increased. The downfield trend in the MR- &l
shifts may be attributed to the conformational changes of the perfluorocaraiom According
to °%F (VT) NMR and spin relaxation studies in solution, Ellis et al. suggested that PFC chains
may adopt a helical twiggauché conformation®> howeve, slow untwisting of the helix may
occur, and the perfluorocarbon chain may adopt adlrirans conformation at elevated
temperature§-®?Bunn and Howell concluded from their XRD studies that PFC chains undergo
variable rotation about the chain axes ig¢al conformation) and longitudinal zigzag
displacement at temperatures above ambient condfidrtsus, temperature effects may induce
CF, groups with variable conformations. The helical nature of perfluorocarbon chains is
generally explained by the gteavan der Waals radius of fluorine relativethat of hydrogen
as well aghe correspondingly greater repulsive interactions between alternatingy &Lps®*®>
The helical structure can be viewed as the rotation about the perfluorocarbon chaattémg
of the chain to increase the distance between alternatgrééps and minimize the repulsive

interactions.

-96-



J\ A M | 75°C
I A ) J_ssec

L e
S R SR

* o ﬁ 25°C
-82 -83 -118 -119 -120 -122 -124 -126 -128 ppm

Figure 2.7 'FNMRspectrat vari able temper aiCD/PROA
complex in BO at pD~5 (heating cycle from 25 °C to 75 °C).
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Figure2.8 F NMR spectra at vari ab-CRPFOAe
complex in BO 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 frongauche to an extended all-trans configuration at elevated
temperatures. This is consistent with the downfield shifts ot¥hsignals as the temperature is
increased. Apart from the chemical shift changes, another unique feature is the overlap and
separation of theC;F, and GF. (cf. Figure 2.6) signals atca. -125 ppm as a function of
temperature and this is similarly observed in the stack plotEigfres 2.8i 2.10. As the
temperature increases, averaging and sharpening offhsignalsfor the GF, and GF; is
observed. The results are attributed to the increased motional dynamishdriercorrelation
time) for thel:1 complex in relation to that of the 2:1 complex because of the difference in
relative molecular weighkt Furthermore, the guest molecule in thé& complex may experience
less restricted dynamics because it can exist in the-eawity 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 résuThe positions of ¢ and GF, may be regarded
as pseudsymmetric points along the perfluorocarbon chain, andeimperatures below 15 °C
(Figure 2.8) these signals start to separate. This is attributed to changes in the conformational
preference ofthe perfluorocarbon chain about the &d G positions. The presence of a
conformational dependence (j.eoiled and uncoiled forms) of treegaucheshielding effect at
the GF, group may contribute to the overlap and separation of thg@F, resonane lines for
these temperature conditions. The reversibility of the exchange dynamics is shown by the heating
and cooling cycle betweenahd 25 °C in Figre2.8.

In contrast to the 1:1 complex, a different spectral pattern is observed for the 2:1 complex
where the @ and GF; signals overlap at higher temperatures Eigure 2.9). At low
temperatures, the motional dynamics of the PFOA molecule may have greater variability given
the |l ong#4rn kieoh s e |-CO malecwdes. ddditianallyg thebgreateotacular
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 theadd GF, signatures at ambient
temperature. As the temperature is increased, gren€ G methylene groups undergo further
conformational changes due to the increased motional dynamics and the formation of a 1:1
compl ex where a portion of t hC® cavify.JResecfdttars n e xt
result in the overlapping of thegk;-CpF, signals observed at higher temperatures. However

more quantitative study of the relaxation timéB, (T, T;) and the coupling constant
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measurements of tHéF groups of intereqcf. chapter 3 5), along with 2D NMR experiments
may be required to fther characterize the conformational features adopted by liossguest
systems.

A distinct feature shown for the 2:1 complex is the broadening of¥hesignals at
temperatures below 15 °C (lige 2.10) andthis is due to the attenuation of the exaba
kinetics observed for the 2:1 complexes Figure 2.6). The decreased tumbling rate the 2:1
compl ex di scussed wearlier r e s ) khat syields broadarn I ncl
resonance lines at reduced temperatures, and may be attributed to reduced exchange kinetics of
the guest bet ween t heCDhRréwdus studies havenshownithat®en si t e
values of bound guest for 1:1 and 2:1 complexes are markedly different relative to the unbound
guest®In general, the variable temperature studies provide support that the PFC chains of PFOA
may interconvert betweeall-trans and gaucheconformations during the heating and cooling
cycles.

.,h A M \ 75°C
,h }k M_M | ss°c

ﬁ J\ MM |_4sec

J A . M J_s5°c
WJ\_ N ch

-82 -83 -118 -119 -120 -122 -124 -126 -128ppm

Figure 2.9 ' F NMR spectra at variabl t emper at ur eCD/PFOA
complex in DO at pD~5 (heating cycle from 25C°to 75 °C).
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Figure2.10 F NMR spectra at var i adDIPEOAtcanmex
in D,O at pD~5 (cooling cycle from 55 °C to 5 °C).

2.4.3.Solid-state NMR
2.4.3.1Solid NMR Characterization

% NMR was used to characterize tseucture ofunbound PFOA and itéclusion
complexes withh-CD. **F NMR spectroscopy in the solid state is unique because of the high
natural abundance and the wide chemical shift dispersion dffheuclei. The opportunity to

simultaneously observe several independent nuclei provides useful structural atithtouea
information for hosguest complexes.

¥

Cc
=

-

8 ) 00 o A 730 ppm
Figure 2.11 Solid stateF DP/MAS spectrum of PFOA obtained at MAS 25 kHz and 295
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The results in Figre 2.11 showa **F NMR spectnm acquired under DP conditions with
MAS at 25 kHz. The spectrum of the unbound PFOA shows well resbiesignals and the
assignment is in good agraent with the high resolution solution NMR spectruch Figure
2.6). On the other hand, Rige2.12 shows a well resolvéddC NMR s p e cGDrhydratef or b
obtained usingH Y**C CP/MAS at 20 kHz condition#\ | t h o-G@ ik cofprised of seven
glucose monomers, the individudlC nuclei are not completely resolved in the CP/MAS
spectrum, and this is attributed to the crystalphic inequivalence of the pyranose units and
coincidental overlap of certain resonance lines because of the variable hydratisrasthte
amorphous characteristics of powdered samples with mixtures eénoni c hi €Met r i c

hydrate.

C
C4 C6

10 106 100 95 90 85 80 75 70 65 60 55 50 ppm
Figure 2.12 Soliddate®c HYC CP/ MAS s p e-€D hydrate abMAS 20z
and 295 K.

The®® DPMAS spectra for pure PFOA and its 1:1
CD are shown irFigure 2.13. The *F NMR results provide evidender the formation of 1:1
and 2:1b-CD/PFOA inclusion complexeprepared using theslow cool method. Complex
formation b e t w e-€h anc PFOA results in reduced motional averaging of fife
homonuclear dipolar couplings which result in broadening of ¥aeignals and the appearance
of spinning side band (cf. asterisks in Figres 2.13 and2.14). As the PFOA becomes
increasingly bound (i.econversion of 1:1 to 2:1), the stoichiometry of the complex coincides
with the attenuabn of the sharp component@d.-82 ppmfor the 2:1 complexand the presence

of increasingly broadenetfF signatures, eopared to the 1:1 commt. The presence of the
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sharp Ck component at82 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 ps#adane complex
wh er e i-@D natrecycldé can encapsulaté ~5 CF, groups with an ensemble of potential
configurations, depending on the conformation of the diéstcontrasto the 1:1 complexthe
2:1 complex represents a more static pseotlixane ype complex in which a greater
proportion of the PFC chain is included within two host cavitiels $cheme2.1). As a
consequence of this inclusion geometry, a potentially lower energy state configuration confines
the motional chain dynamics of the gueltese results are consistent with the solution NMR
results €f. Figure 2.6). Furthermore, the presence of sharp and broad signatures for 4he CF
group (ca-79 and-82 ppm) in the 1:Elow coolcomplex provides support that it may reside in
two or more ngroenvironments (i.e. n s i d e v s -CD macwadyalel and thie corilusion
is consistent with results for DSC, #R and PXRD presented aboweor example, the DSC of
the 1.1 complex was consistently characterized by two transitions at 180 an@ 24f0 Fig.
2.1). It should be noted that contributions from free unbound guest cannot be ignored,
particularly in the 1:1 compleand may also account for the broad and narrow feature at high

frequency

* )L *  2:1 Slow cool

*
* 1:1 Slaov cool
PFOA
L 1 | | 1 | | | 1
40 60 80 100 120 140 150 7180 ppm

Figure 2.13 '°F DP MAS 25 kHz NMR spectra at 295 K for pure PFOA, and the 1:1
2 : 1CD/PFOA complexes obtained by the slow cool method.
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Figure 2.14 depicts the’F DP/MAS NMRspet¢ r a o f -GDWPEOA lincldsionb
complexes prepared by th&dow cool and dissolution methodsespectively. The prodat
obtained by slow coolis characterized by relatively broat’F signatures due to a
microenvironment in which the motional dynamicsRFOA are attenuated, as compared with
the complex prepared by dissolutiar. Fig. 2.14) The DSC resultxct. Figure2.1) have shown
greater phase purifpr the complexes prepared by slow cool relative to the products obtained by
dissolution.In the later casethe appearance of numerous sharp resonance lines is consistent
with increaed motional dynamics of PFOA.

The sharp resonance lines obserf@@dPFOA are attributed to the unrestricted motional
dynamics of unbounduest as compared with the badin f or ms of t-@GD¢PFQA 1 and
complexes. In Figre 2.14, the chemical shift trends for the sharp; Gie for the dissolution
complexfollows a similar trend as that obsedsin the solution NMR spectra Figure 2.6. In
contrast tahe dissolutiorcomplex the slowcooled 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 methodlifsslution vs slow
cool). In general, the PFOA chain the 1:1 complex rsa distribution of thgauche andtrans
conformers. However, the results provide strong evidence for thanfat i oc@D/PBOA b

inclusion complexes with variable stoichiometry and inclusion geometry in the solid state.

*

1:1 Slow cool

M * 1:1 Dissolution
g

PFOA

L 1 ! l L ! l L ]
-40 -60 -80 -100 -120 -140 -150 -180 ppm

Figure2.14 * DP/ MAS 25 kHz NMR spectra at -
CD/PFOA complexes obtained by dissolution and slow cool methods.
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2.4.32"F Solid NMR Dynamics

The foregoing r es uiCD formé stable inciusion gosnplexes tweghd  t
PFOA in the saltion and solid states, respectively, with variable {gostst 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 dréynatieegéd for
inclusi on c eonPf dHowever, the retatfonsliiip between the mode of preparation
of these complexes and their structure in the solid state are poorly understood and require
further study.

An understanding of the structure, dynics, and molecular recognition properties of
such solid state complexes is afforded by multtlear NMR studies described hereks
previously observed, the complexes prepared byskbw cool and dissolutionmethods yield
distinct differences in theMMR line shape patternsf( 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 ' UsilP/MAS
conditionswith variable spin rate (VSR; 10 to 25 kHz) at 295 K. The unbound PFOAIrg-ig
2.15) and the 1:1 dissolution complex (&g 2.16) display welresolved'*F resonances with
broad and sharp components for the specified VSR conditions, as anticipated.spsitieg
rate ncreases, dipolar couplings are scaled down and the different phases possessing variable
configurations of the guest are revealed.

In Figure2.17, the 1:1 complex prepared by slow cool appears more static for these VSR
conditions, as suppted by the absence of shalfF 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 Wg2.15, the 1.1 cmplex
(Figure 2.16) is madeup 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\ote that the effects of free unboundegticannot be ignored as previously
described and may contribute to the overall dynamidse frequencies of the narrow

comporents due to the complexed and pBFEOA are provided in Tab22.
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Figure 2.15 *°F DP NMR spectréor unbound (free) PFOA at variable spin rates (VSRs
295 K.

The dynamics of PFOA in the complexedtstavere studiedising VT °F DP/MAS
NMR. The®®F NMR experiments were obtained at moderate MAS rate (14 kHz) while varying
the temperature fro®0 to 100 °C. Figur@.18 illustrates thé’F DP MAS spectra where the
system is heated fror®0 to 22 °C. Theguest dynamics of the 1:1 complex prepared by the
dissolutionmethod are observed to increase as the temperature increasesply resolved’F
signature for the GFgroupappears upfield at ca82 ppm and e mp e r @DICuUThie peak®
attributed tothe occurrence of greater rotational dynamics for these conditions. However, the
signatures for the GFgroups are relatively invariant over the temperature range investigated,
and this is attributed to insufficient motional averaging of-frehomonuclar 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 therpioysial transitions observed for the guest at
t emper ®Q°C EcfeFmyured.l).

As shown in Figure2.19, a further increase in the temperature for the 1:1 complex

prepared bylissolutionreveals significant dynamic effects with increasing temperatugurds
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2.19A andB show the'*F (VT) DP/MAS NMR results for the hdag (25 to 90 °C) and cooling
(90to 25 °C) cycles, respectively.

Table 2.2 Chemical Shift Data for Uncomplexed and Complexed PFOA Guest a
Variable Spin Rates (Chemical Shifts for Broad Ck Components are
shown in bracketg

Uncomplexed PFOA b-CD/PFOA 1:1 Dissolution
Signal ud (25 a (23 a (25 [ 0 (23 1
1 ( -81.53 -81.56 -81.24 ¢79.38) -81.24 ¢79.34)
2 -118.6 -118.7 -118.3 -118.3
3 ( -121.0 -121.1 -120.6 -120.6
4 ( -121.5 -121.5 -121.1 -121.0
5 ( -122.1 -122.2 -121.7 -121.8
6 ( -122.3 -122.4 -122.0 -122.0
7 ( -126.0 -126.1 -125.6 -125.6

L 25 kHz
R 1

e
60 -80 100 120 -140 -160 ppm
Figure 2.16 '°F DP NMR speca of t HCO/PFDA tomplex prepared by tt

dissolution method and run at variable spin rates (VSR) at 295 K.
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Figure2.17 F DP NMR s p e c-ED/REOAdcbmpteshpeepated Wy the slc
cool methodand run at variable spin rates (VSR) at 295 K.

20°C
15°C
Mﬂ

-60 -80 -100

Py 120 140 7160

Figure2.18 F DP/ MAS NMR spectra at 14 kHz -

CD/PFOA complex prepared by the dissolution method (warming f88fC
to 20 °C).
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During the heating cycle, thEF signals forthe guestbecome more resolved as the
temperature is increased. The relative intensity of the shay@rG&p signaturat ca.-82 ppm
increases at the expense of the broad &fmponent at ca79 ppm up to 80 °C, revealing
variable distribution of conformational effects as a function of temperature. Thé'$tisignals
for the CF, groups (ca-120 ppm) become more resolved a®ttemperature is increased t80~
°C. This olservation is consistent with the intBonversion between conformational states of
PFOA, as previously discussed. We conclude that the broad and narrpwo@ponents
correspond to thgauche andtrans-conformers, respectively. The broadening of thg sghal
is suspected to arise from the strong coupling between the inequivalent fluorinegauche
conformer; whereas, the equivalent fluorines in titems-conformer are expected to exhibit
narrowing of the Cksignal. Above 80 °Cuniqueline shape chnges are observed for the CF
region (~ 120 ppm) andhis 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 conditi@sseviénced by the DSC results in Figitd. The
proces of dehydratioomay occur attemperature< 120°C (cf. DSC results, Fig. 2.13ince the
samplerotor is an open system. In additiprthe apparent temperature recorded during the
experiment is exgcted to be less than the in situ temperature within the sample rotor since the
mechanical effects of spinnirsge expected to generate hddte role of hydrate water and guest
molecular dynamics are supported from independent ultrasonic relaxatiors dhydfgcart et
al®® Tatsunoand And8r eported similar conclusions, accor
CD and long chaim-alkyl PFCs.

Upon cooling (90 to 25 °C) in Fige 2.19B, the trends in line shape$ the guestre
observedhotto be reversibleas compared with the heating cy@é 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 Blystem.
void volume arising from dehydiah causes a microenvironment change which subsequently
affects the motional dynamics of the PFC chain in the host framéWbrladdition, slight but
observable shift changes for th& signals are observed for the guest in the complexed state
during thke heating and cooling processes, respectively. The heating and cooling processes may

be accompanied by different populations tcdns and gaucheconformers of PFOA. The
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chemical shift changes are as high as ~1.3 ppm in the solution state and ~0.8 fy@rs&did

state spectra over the specified temperature ranges.
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Figure 2.19 '°F DP/MAS NMR spectra obtained at 14 kHz and variable temperature fc
1 : 1ICD/PFOA complex prepared by the dissolution method. The heating
was from 25 °C to 90 °C (A), and the cooling cycle was from 85 °C to 25 °C

Variable dynamic effects were observed for the 2:1 complexes prepareddigwwheool
method ¢f. Figure 2.20). The absence of a sharp component for the terminagfip at ca-82
ppm in Figire 20A suggests thahe complex formed by thslow cool method is different in
nature than the corresponding 1:1 compleix Kigure 2.14c). The broad resonance lines for the
2:1 complex are consistent with attenuated motional myes with a different inclusion
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geometry compared to the 1:1 complex. Minor dynamic effects are observed above 80 °C for the
% guest signals at cal20 ppm and this is related to the loss of hydrate water, as described
above. The reduced temperature etefence of théF 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 o the
guest sigals during the heating and cooling cycles, and these are related to thmimtersion

betweenrtrans andgaucheconformers of the PFC chain of PFOA, as described above.

70 °C 50 °C

25 °C 90 °C

L L L ! L L L L L L ] ! L 1 1 h ! | 1 L 1
60 -80 -100 -120 -140 -160 -60 -80 -100 -120 -140 -160
PPM PPM

Figure2.20 * DP/ MAS NMR spectra obtained at 14
CD/PFOA complex prepared by the slow cool method. The heating cycle was
25 °C to 100 °C (A), and the cooling cycle was from 90 °C to 25 °C (B).

2.5. Conclusiors
Two preparative methodslow coolanddissolution weredeveloped andsed to prepare
1: 1 an-CD/PFOA solifi state complexedH/**F NMR spectroscopyand CIS effects
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provide supportfor the formation of1:1/2:1 b-CD/PFOA complexeswith variable guest
geometry and conformatioThe NMR results wereoenplemented usingesults fromFT-IR,
thermal analyses (DSC and TGA), and PXRB®results revealed that PFOA adoptsdgheche
andtrans-conformations in the 1:1 and 2:1 haggtest complexes, respectiveffChanneltyped
structureswere reported for thé&:1/2:1 complexes which audstinctly different from the cage
structures formed by nativeCD according to PXRD results

According tovariable spinning rates (VSR) and temperature (VT) NMR studies, the
complexes prepared by slow caokthod were characterizedgossess less mobile components,
as compared with contgxes prepared by dissolati. °F (VT) NMR results in solutiorand the
solid state indicate that PFOA undergoesariable temperaturénduced intramolecular
conformatiors as a function of host/guesiole ratioand the preparative methatH/**F NMR,
IR and DSCsupportthe presencefovariable conformations and the greater phase purity of the
complexes prepared by slow cool method.

The structue and conformational dynami€sr the solidcomplexesformed betweetb-
CD and PFOA are generally affected by hegtiest mole ratigstemperaturechanges and
hydr at e cGDnCGomplexes prépardd Isjow coolmethoddisplay reduced dynamics
than complexes prepared by dissolution, timsimaybe related to the greatstability and phase

purity of thecomplexes prepared by the slow cool method.
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CHAPTER 3
Manuscript no. 2
Description
In this work, thedissolutionpreparative method described in chapter 2 was modified a f-f or d
CD/PFOA inclusion complexes with greater phase purity. The phase purity was assessed using
% DPMAS NMR spectroscopy and DS®lultinuclear *C/*°F MAS NMR spectroscopynd
relaxation NMR techniquesere used to further characterize the strecof the complexes and

dynamic properties of the hégtiestsystem respectively.

Aut hordés Contribution

| proposedite ideato modify thedissolution preparative methalgveloped in chapterif order

to oltain phase pureéb-CD/PFOA ICs The idea of usig multinuclear and relaxation NMR
techniques waproposed bypr. Paul Hazendonk (UofL) and secondeduy Lee Wilson The
preparation and characterizati@fil-IR, DSC, and PXRDp f  +ODAFOA complexes were
done by myself. The solid state NMR characization was done by yself, while the NMR
relaxation measurements and data analyses deme incollaboraion with Dr. Paul Sidhu
(UofL). | prepared he first draft of the manuscript aradl the subsequent revisions/edits were
done byDrs. Wilson, Hazen@nk 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 iensured that we obtain phase pure inclusion complexes which would bie affedd

more reliable spectroscopmeasurements. Thaeveloped modified method couddsobe used

to prepare the complexes of PFBA and SR¥FO t -GD, fespectively
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Graphical Abstract

520 115 110 105 100 95 90 85 80 75 70 65 60 55
80 ppm

Research Highlights

-

A The modified dissolution methodave rise to inclusion complexes with improved phase
purity.

A Bc *°F Y*C CP) MAS NMR technigusprovided unequivocal evidence for the inclusion of
the guest within the host.

A Two types of motional dynamics were characterized for the guest; rotationahnobtthe
terminal fluoromethyl CF;) group, and axial (librational) motion of the entire

perfluorocarbon chain.
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3. Characterization and Dynamic Properti-es for
Cyclodextrin and Perfluorooctanoic Acid
Abdalla H. Kaoyo? Paul Sidhd, Lee D. Wilsor}” Paul HazendorK
AUniversity of Saskatchewan, Department of Chemistry, Saskatoon, SK, S7N 5C9, Canada.
YUniversity of Lethbridge, Department of Chemistry and Biochemistry, Lethbridge, AB, Canada.
*Corresponding Aithors

8Suppementaryinformation(Appendix B

3.1 Abstract

The structural characieation and dynamic propertidsr the solid inclusion complexes (ICs)
formed betweerb-cyclodextrin p-CD; host) and perfluorooctanoic acid (PFOA; guest) were
investigaed using>C NMR spectroscopy. The 1:1 and 2:1 host/guest solid state complexes were
prepared using a modifiedissolutionmethod to obtain complexes witireaterphase purity.
These complexes were further characterized using differential scanning calp(iD®C), FF

IR spectroscopypowder X%ray diffraction PXRD), **F direct polarization (DP) antfC cross
polarization (CP) with magiangle spinning (MAS) NMR spectroscopy. Th& Y=C CP
results provided unequivocal support for the formation of-defined inclusion compounds.
The phase purity of t h-€D adRPFrOA wexeeassessedusmi d bet
DP/MAS NMR technigue aR0 kHzandvariable emperature (VT)The canplexes were found

to be of high phase purity when prepared in accordance with the madigsalutionmethod.

The motional dynamics of the guest in the solid complexes were studied Tigingl: ,
relaxation NMR methods at ambient and variable temp@&sturhe relaxation data revealed
reliable and varialel guest dynamics for the 1:1 2sl 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° tataal jumps of the methyl (GFgroup 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 withinthe 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 concefnsTheir recalcitrant nature make these compounds
environmentally persistent leading to potential-Bozumulation, biemagnification, and global
distribution? PFOS (perfluorooctane sulfonategFg;SOsH) and PFOA (GF17/0,H) have been
reported as the most abundanigy of PFCs in the environment, especially in aquatic bibta.

The occurrence of PFCs in other matrices include ground water, fish and animals, soil, and
sediment$. PFCs have also been discharged in the environment directly through firefighting
foams, imlustrial waste effluents, and pesticide applicatidrndirectly, PFCs are formed
through degradation pathways of precursor compounds such as fluorotelomer alcohols and
perfluoroalkyl sulfonamide$.These compounds have been widely used in applicatiorgng
from pharmaceuticals to surface active agéhtespite their potential adverse health risks as
endocrine disruptor€jinfertility** and immunotoxin agent$*

The fate and transport pathways of PFCs in various environments and ecosysteoas|are
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 thHeidrocarbon analoguéd® In previous
studiest”® cyclodextrins (CDS) 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. Anmpr oved wunder st an d-CD/RFCCE wilt congribuset r uc t
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. T&fambDrulinef* reported
1 solids NMR studies of the complexes formed between alipheatitt aromatidased PFCs
with CDs. By contrast, there are numerous reports of high resolutitiR studies of CD/PFC
complexes in aqueous solutiBff° In the case of solid state NMR, there is a paucity of structural
studies, particularly those employing HFX and maoliclear NMR techniqué$ o f such b
CD/PFC hosguest systems. Recently, Koita et*ateported a detailed®F Y=C CP/MAS
NMR study of the hostju e st compl ex f-GDr ane@ & sebdkuorinatee n b
hydrofluorether.
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The aim of this study was to prepare wddifined highly pha e  p-CD/RFOA inclusion
compounds at various hegtiest ratios (e.g., 1:1 and 2:1) using a preparative methapdedd
from a previous study. The method was modified to obtain phase pure inclusion compounds to
allow for more reliable dynamic relaxaticstudies of the guest in the complexed state. The
inclusion compounds were characterized by DSGJFEETPXRD and soliestate’’F DP/MAS
and'H/*F YC CP/MAS NMR.™F NMR under DP conditions at MAS 20 kHz and variable
temperature was used to assess tlas@lpurity of the complexes. Sgattice (T1) and spirspin
(T,) relaxation times in the laboratory frame, and dpttice relaxation times in the rotating
frame {1 ), were used to study the motional dynamics of the guest molecule in the 1:1 and 2:1

hod/guest complexes at ambient and variable temperature conditions.

3.3  Experimental Section
3.3.1 Materials
b-CD hydrate (~10 % w/w) and PFOA (96 %) were purchased feagmaAldrich
Canada Ltd. (Oakville, ON)and were used as received without any further patiin. The
water content of the materials was determined using thermogravimetric analysis during

preparation of the sample mixtures.

332Pr eparation and the sCDRPFGAICsometry of the so

The solid b-CD/PFC complexes were prepared usirgjssolution(evaporationynethod
modified from a previously reported methbdAppropriate masses of the host and gueste
weighed and dissolved inl® mL of high purity MilliQ water in 50 mL beakers to prepare the
1:1 and 2:1 host:guest complexes E&cheme3.1). The solutions were continuoustiyrred under
mild heating of 40 °C. Upon dissolution, the solutiaras allowed to cool to room temperature,
and thesolvent was evaporated oveR days in an open system to obtain the solid products.

The stochiometic ratiosof the solid complexes were independently analyzed by acid
base titrationThe relative amounts of the guest in the washed and unwashed complexes were
determined by titration with 0.01 M NaOH (standardized with potassium hydrogen péthalat
and the amounts of the host were estimated by gravimetric differdiee.experimental
host/guest values were shown to be comparable with previously réperkes (1:1 unwashed
= 1.0:1.1 and washed = 1.0:0.95; 2:1 unwashed = 1.7:1.0 and washed .8)1The 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 predominant/?

The modified preparation method allows for the isolation of complexes with greater
phase purity beese compounds (e.g., PFOA) that melt incongruently are susceptible to phase
separation upon cooling or solvent evaporation at slower Yateslusion compounds with
greater phase purity allow for more reliable dynamic relaxation studies of the guestilmole
within the host*

@)

>/\/\/\/

HO K 0o Ky
— —
HO +CD

Scheme 3.1 Stepwi se f ormation of the 1: 1 a@Dl(tordid)and
PFOA, according to the 1:1 and 2:1 (host/guest) stoichiometric ratios.

corresponding equilibrium constants are presented.aartiK.,.,, respectively.

3.3.3 Solid-State NMR Spectroscopy

3.3.3.1"C/*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 HFX¥bp operating at 125.55 MHz

for'3C, 499.99 MHz for'H, 469.89 for'F. Solid statd®’C NMR MAS spectra were referenced
externally to adamantane (U = 38.5 ppmjF as a
MAS spectra were referenced to hexafluorobenz8amples were spun at the magic angle with
variable spinning rates (14, 20 a@fl kHz) using 3.2 and.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 in8192 points in the FID and were zdiibed to 64 k data points, unless stated
otherwise. Thecurve and width parameters for the adiab3tle **C CP experiments were set
between 50 and 10,000 Hz, while those f#- °C were set between 50 and 50,000 Hz,
respectivelyOptimal HartmanfHa hn mat ching conditions were ac
2 ms and powers ranging from 68 kHz and 59.5 kHz for#hend™*C channels, respectively.

3¢ {*H, F} spectra of all solid samples were acquired using apmise phase nuulation
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(TPPM) decoupling mod&:*3using a pulse phase of 13.5 degrees and pulse powers of 35.7 and
38.5 kHz in théH and'°F decoupled channels , respectively, as determined by thegppakk
voltage.

3.3.3.2%C/*F NMR for Relaxation Dynamics

The'®F T, values T:") were measured by inversion recovery (:8090°- acquire), whereas the

T," values were obtained with a Hahn eth@0°-0180>Uacquire). TheT; | relaxation times

were measured with a pulse sequence that contains-#spi(SL) pulse in phase by 9@ith
respect to an initial 90° pulse (e.g., 9&L,-acquire)®*®> The °C T, relaxation times were
obtained by using a pe&tP Hahn echo in thEC channel. Thé’C-detectedr;" andT; ' were
measured with a pr€P 180° pulse followed by a variable deldy  a n-CP spin lpakieg

pulse in the'H channel, respectively. All relaxation measurements were obtained at ambient and
variable temperature {@0 °C). The error estimates (brackets) correspond to the standard

deviation of the linear leasiguares fting parameters.

3.34 DSC and TGA

Differential scanning calorimetrfD S C) o f t-G0s PROA and the ICshwere acquired

using a TA Q20 thermal analyzevar a temperature range ofi3B0 °C. The scan rate was set

at 10 °C/min and dry nitrogen gags 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 3.80TiB& was carried out using a TGA Q50

over a temperature raa@f30i 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.

3.35 FT-IR Spectoscopy

Fourier TransforrlR spectra wereobtained using a Bi#Rad FTS40 spectrometer with a
resolution of 4 cil. All spectra were obtained with spectroscogiade KBr which constituted
~80% (w/w) of the total sample. Samples were run as finely ground powders in reflectance

mode.
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3.3.6Powder X-ray Diffraction (PXRD)

PXRD spectra were collectesing a PANalytical Empyrean powderay diffractometer using
monochromatic CiKal (&= = 0 . fadiation.nThe)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 moae of2ed

angle rangef 5/ 20° with a scan rate of 25 degree/min.

3.4 Results and Discussion
34.1DSC

DSC is used to provide evidena® the purity and the formation of hegtiest ICs. It can
also be used to provide experimental support for the occurrence of variable gueshatons
in hostguest system®:%’ In particular, the disappearance of the melting endotherms of the free
guest in the DSC thermograms can be used to indicate the formation -@ubestinclusion
compounds$®3® As well, changes in the enthalpy of detstibr®® of the host is an indicator of
the formation of hosguest complexes.

Figure3.1 illustrates the DG results foithe host (hydrate), guest, and the 1:1 andb2:1
CD/PFOA complexes. Two endotherm peaks are shown urégjl for the host at +15 and
320 °C which are attributed to dehydration and decomposition processes, respectively. The DSC
results for the gueseveal endothermic peaks &@0; 100, and 170 °C; attributed to the melting,
dehydration and vaporigan transitions, respectivelyThe observed thermograms of the
complexes are distinct relative to the unbound host and guest, and illustrate the disappearance of
the guest melting endotherm a80-°C. The unique endotherms of the 1:1 and 2:1 complexes
provide support that a unique solithgseis formedcorresponding to the hegtiest (e, - b
CD/PFC) IC.

It is worthwhile to mention that some minor differences are observed between the
thermograms of thdissolutioncomplexes reported in this study with those of a previous study
(cf. Chapte 2, Figure2.1). The appearance of additional endothenmansitions 480 270 °C in
Figure 2.1 for the hostguest complexes prepared dgveer rates of evaporation (+8d) were
attributed to variable phase transitions of the bound guest in the complhese 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 nofuniform temperatures resultingimavw i ab | e p HCB/PFEOA complexdsbre b
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, theslow coolinclusion complexes reported previously were characterized to have
greater phase purity relative to the dissolution complexes. This is bettaisdow cool
complexes were cooled gradually under controlled temperature conditions in an insulated box
before @aporating the solvent. The relative amounts of the host and guest in the complexes
reported in this studycf. 83.3.2) relative to those reported previously (as determined by titration
with NaOH) are consistent with a lesser fraction of unbound guestprBiparation method in

this study was modified such that the amooinsolvent and duration g-day9 of evaporation
were controlled in -GD/RFOAICS 0 afford phase pure

PFOA
30 80 130 180 230 280 330 380

Temp. (°C)
Figure3.1 DSC t her mo@D amsdrodt éb, unbound RF
CD/PFOA inclusion compounds.

Two endothermic features are revealed for the inclusbompounds in Figre 3.1 at ~90
and115 °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 complexdésisamattributed to
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the differences inthe amountf i ncl usi on bound water and the
CD complexed’ For example, the relativiatensities of the two peaks at 90 and 115&Geal
that the 2:1 complexes possess a greater proportion of the cavity batedthan 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 lowgretatures for the 1:1 IC
indicates reduced interactions and entropic characteristics of the hydrate water with the CD
interior;*! consistent with the favourable binding affinity of the guest in this confpféx.

The decomposition endotims of the two aglid complexes-320 °Cin Figure 3.1reveal
distinct features. The 1:1 complex is made up of a single brahathearm (at lower temperature
~270'320 °C); whereas, the 2:1 complex is composked prominent sharp feature320 °C)
and other minor contribuidns 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 2rl ICs,
agreement with previous finding$*In general, the differencés the DSC patterns of the hest
guest complexes reported in this study when compared to a previous study reveal that complexes
prepared by slower cooling rates or uncontrolled temperaturesesaly 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 cdep formation. Thermogravimetric e@sultsf o FCD/BFOA
complexes prepared by the modified dissolution methoel presentedas supplementary

informationin appendix Band reveal increased stabilfiyr the complexegcf. Fig. B3.1).

34.2 FT-IR

Figure3.2 shows thd-T-IR spectra as stack plots fitre host, guesgndthe 1:1 ad 2:1
host/guest inclusiomomplexesin the 5004000 cni spectral region. It is worthwhile to note
that the FTIR results reveal some minor spectral differences as comparéd pretious
results'’ This wasattributed 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 bandsi 3 are consistently obsexd in the F-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 e f i «CB/BFOA ICs with variable hydration characterisfits.

123 | e
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Figure3.2 FT-I R spec€Cba womnbadund PFOA, a-C/PF@Ah
inclusion compounds. The inset shows expanded region frorh 2600 cn.

The relativeintensity and shift of the carbonyl vibrational band3<0 & 1750 cnt) for
the ICs relative to the pure guest reveal some information regarding the variable stoichiometry
and/or inclusion modef the guest within the hosthe relative changes in theémsity of the IR
bands:1 (~1150 cn; 3a5nrCF2), 2 (~1215cm™; -CICC  a-6Q@), arfu3 (~1250 cm™; 3gnr
CF,) (refer to the inset of Fige 3.2), for the 1:1 and 2:1 ICs were previously reported and
assigned to thgaucheand trans conformations of t& guest in the complexed st&t@® The
attenuation of these bands, especially band 2 for the 2:1 conugbldXgure 3.2) is related to
conformational changes of the guest in the 2:1 complex and are distinct to those of the
conformaton of PFOA in the 1L complex.The FFIR results reveal that the bound guest in the
2:1 complex exists in an ensemblegafuche andtrans-conformers, with the latter being the
preferred conformationcf Scheme3.1) as described previous¥. In contrast to the 2:1
host/gust 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.
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3.4.3 PXRD
Figure 3.3 shows the PXR results for the hostguest, along with the:11 and 2: 1
CD/PFOA ICs. The PXRD patterns of the physical mixtyodsFig. B3.2 arewell described as
a direct superposition of weighted fractions of the individual specttheofree host and guest.
However, the PXRD results for the I@sFigure 33 show unique diffraction lines and provide
further support that unique phases are formed in accordance with the formation-gfidgist

inclusion compounds.

26 (degree)
Figure3.3 PXRD speecGD ahyodir alt e, PFOA, aGDPFOA
inclusion compounds. Differences in the PXRDtt@as between the twi

complexes are shown by asterisks (*).

The PXRD patternsof the host(cf. Fig. 3.3)exhibit prominent lines at ~9°, 12, Avith
mi nor signatures at hi gher icdetyped latticea &ranggmbraat ar e
due to the random pCGD&klinn gc oanrtrraansgte nteon t {Chef FHX R
hydrate, the 1:1 and 2:1 complexes shownsg¢ediffractionil ne s a 0.8 2.0, 146, 17.8
and 18.9°, indicating the formation dichanneltyped structures?® In particular, the appearance
of a st r onal8 meahe PXR tpattedn$ of the IGgas previously reported and
suggests that the comeges adpt headto-headchannel structuss’® 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
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corresponding to unbound PFOA, in agreement with IR and DSC results presented above. The
guantitative indexing of PXRD-CDandwgousttypesofbt ai n
inclusion complexes is outside the scope of this study and are naecepereinWe speculate

that tre slight differences irthe PXRD patterns of the 1:1 &1 complexes as shown with

asterisks (*) are associated with the variable conformation or binding topologies of the guest and
variable hydration states of the composifidas described in the DSC, AR, and NMR results

reported herein.

3.4.4.Solid-state NMR Characterization
3.44.1"F DP/MAS NMR

Figure 34 shows thé®F NMR results under DP conditions and MAS20 kHz and
ambient temperature. The spectrum of theepguest is comprised of websolved °F
resonancesand the assignments are supportedalprevious repoft according tothe labeled
structure in Figure.4. The spectra of the 1:1 and 2:1 compleixeBigure 3.4 consist of four
contributionsat ca.-82 ppm due to the methyl (gFgroup,-117 ppm (GF), -120 ppm (main
CnF2 groups), and-128 ppm (terminal @,). For the sake of discussion, the respectife
resonances a@.-82,-117,-120, and-128 ppm will hereafter be referred to assCFCB,, main
(CiF2) and t h eCR)simalsasderatéd in(Fidured 4.

C'F3Cst(Cszh(‘-u,FzCOzH

Ck; C.Fs
y Ce
1:11C
> M e
| N
s0 6 -70 80 -90 -100  -115  -130  -14s

ppm

Figure 3.4 F DP/MAS (20 kHz) NMR spectra of PFOA, and the 1:1 ¢

2 . ICDPPFOA complexes at ambient temperature
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Note that the'”F resonances of the guest in the bound state aredsrdtive to the
pure guest and this is due to reduced motional averaging of the'Wedikolar couplings along
the PFOA chain, alongith increasecheterogeneity in thé’F environment$? In fact, the'*F
resonances of the 2:1 i&erelatively 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 omponentat ca-83 ppm was reported in a previous stiidgnd was attributed to the
rotational dynamics of the Glgroup of the guest and/or the presence of free domain of the guest

in the complex.

34.4.2"F DP/MAS NMR Dynamics atVariable Temperature (VT)

The phase purity of the 1:1 and 2:1 host/guest inclusion compowsifunther assessed
in a VT (25 70 °C)**F DP/MAS NMR dynamic study at 20 kHz as shown inufé.5a ancb,
respectivelyThe CF, regionsat ca.-130 to-115 ppm in the 1:1 and 2:bmplexesdid notshow
any noticeable line shape changdswever, the deconvolved gkne shapeslisplayed variable
guest dynamicsiithe 1:1 vs the 2:1 complexes.

The expanded regions showing deconvolutions of ther€enances in the 1:1 and 2:1
complexes are shown in Figui@6, where CEin and-out represent the intraand extracavity
environments of the GFgroup, respectively. The GFesonance of the 2:1 complex can be fit to
a single Lorentzian lineshape (2:1 £F; cf. Scheme3.2a). On the otkr hand, there is a
shoulder on the high frequency side of the @&Sonance of the 1:1 complex, and the §hape
is fit as a combination of two Lorentzian liséapes (1:1 GFin and 1:1 Ckout, cf. Scheme
3.2b,c). The assignment of the three compamémtheir respective complexes appears in Figure
3.6. Line shape fittingfor both the 1:1 and 2:hhost/guestomplexes were performed for all the
temperatures measured, where the deconvolution parameters are priestrdesipplementary
data(Tables B3.1-3.2).

@) (b) ©
Scheme 3.2 Schematic representation of the three types of complexes that can hypothe
be formed betswBPen PFOA and b
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pom ppm
Figure 3.6  Deconvolution of the Cfsignal in the”F DP/MAS (20kHz) NMR spectra of the 2::

(L) and 1:1(R) complexes at 28C (bottom) and 70C (top) The 2:1 complex is fit

to one Lorentzian peak (G#n cavity), while the 1:1 complex is fit to two Lorentzie
peaks (CEk-in cavity, Ck-outof cavity).

3.4.4.3 Chemical Shift and Line Width Analyses

A plot of the *F chemical shift and linevidth of the three compones are shown in
Figure3.7a andb, respectively. The chemical shifts of both compisén the 1:1 complex (i.e.
1:1 CR-out and 1:1 CEin) shift to higher frequency (less negati’& shift) with increasing
temperature; while the chemical shift of the 2:1 complex (2:tiQFappears to have no simple
dependence on temperature. Theroktal shift of the two Cfcontributions (i.e. 2:1 GFn and
1:1 CR-in) occur at sintar shifts (betweera.-80.5and-82.0 ppm), while thabf the minor 1:1
CFRs-out contribution appears at much higher frequen@®.0 t0-80.5 ppm). The lingvidth of
the 1:1 Chk-out component becomes narrower with increasing temperature, while that for the
CFs-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 temperatuiidse apparenncreasan the mobilityof the CFk insideof

the cavitysuggest the possibility of exchange with the €éutsideof the cavity.Further details
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of the dynamics of the guest in the 1:1 and 2:1 complexes will be discussed in the relaxation
experimentsdf. §3.4.5).
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Figure 3.7 Plots of the(a) chemical shiftand (b) linewidth estimates of the 2:1 (or
component) and 1:1 (two comparte) NMR spectra from the deconvolutic

results illustrated in Figure 3.6

3.4.44°C Solid-state CP/MAS NMR
3¢ solidstate NMR techniques which employ CP/MAS and high power decoupling
afford welkresolved*C NMR spectra and provide useful structural information, as evidenced by

the characterization of polymers andated hosguest system®. The **C NMR CIS values and
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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 hagiest system’ Figure 3.8 shows theH Y**C CP/MAS spectra
of the nativehost and the inclusion compaasat variablehost/guesstoichiometry(i.e. 1:1 and
2:1).

The assignment of thEC resonance lines agrees with previous reffottgcf. Scheme
3.3). A broad range of carbon resonance frequencies sefain a range of bst/host
interactions and various hydrated forfig.he presence of sharp features for the line shapes of
the °C nuclei in the 1:1 complex relative to the 2:1 complex (e.g., the rim carbois,Gnd
Cs; cf. Scheme.3c) of the host in Figre 3.8 is as®ciated with the greater motional dynamas
the guest molecule in the 1:1 complex. For example, the 1:1 complex was previously reported t
show the most attenuated i@ the intracavity'H nuclei (H, Hs; cf. Scheme8.3b) in solution
(cf. Fig. 2.5)"

N k 2:11C

1:11C
Co
C
C 3
' Cs Cs ¢,
A b-CD
1i5 | 165 | 9‘5 9I0 8‘5 sb 7I5 76 6‘5 GIO 5‘5 Sb 4I5 46

Ppm

Figure3.8 ¥Cc *HY®C) CP/ MAS sol i d -O0NMR tshpee ct i
CD/PFOA complexes at ambient tempara.

The differences inC 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 Secfidn 3.

Furthermore, thé*C CIS values are difficult to assess, in part, thu¢he resolution and line
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width effects for the respectivéC NMR host spectral lines. However, the anomeric carbons (C
and G) of both ICs are shifted in excess of 3 ppm indicating that the glycosidic bonding
framework €f. Scheme3.3c) undergo confeonational rearrangement when including PFBA.
Small variations in CIS values are consistent with subtle conformational changes of the host
which hare been generally appreciated to occur in reviewingaX structures for inclusion
complexes ob-CD.>® Note also that the gsignal of the 1:1 IC is sharper and occurfoater
frequency with respect to the 2:1 complex. This can be attributed, in part, to rapid rotational

dynamics of this primaryCH,OH group, which will be discussed further in the relaxaticuolte

(vide infra).
T Hy OH 7
H,C'g ]
—0 _——0
OH |
| Hs H
n, Y ! 3 B
L O—% (OH) (CH)y,

(a) (b)
Scheme 3.3 Representation of t-6B (antelolmanerwaare ns

7, (b) the toroidal shape of the macrocycle showing the inclusevity

protons, and (c) the toroidal shape of the macrocycle showing the rin

Figure3.9 shows thé®F YC CP/MAS NMR spectra of the guest (PFOA) and the 1:1 IC
at variable contact times (3.5, and 10 ms). The spectra of the complexes show the appearance
of a resonance line centeratica.-78 ppm(markedin rectangle)which increases in intensity as
afunction of contact time §,; 5/ 10 m9. These results indicate that magnetic polarization from
the '°F of the guest is transferred to tHE nuclei within the host (i.eCs and G; cf. Figure 3.8
and Schem@&.3). Such heteronuclear CP transfer suggésiisthe guest is spatially located close
t o tObendfprovides 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 (G 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; hencg-greatly in excess of; f are required to attain significant CP tramsfe
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In fact, G and G signals in Figre 3.9 are beginning to emerge &k t7.5 ms @enoted 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 efficiéti Y*C CP trasfer dueto the variable dynamics and
conformation of the guest in this complex. For example, an exteatig@dns conformation of
the guest molecule in the 2:1 complex in solution was reported in a pretimlys’ The lack of
CP transfer in the 2:1 aplex implies that the intermolecular heteronuclear couplings inside the
host cavity are weak which can result from laGé distances. That, in combination with
moderate internal motion (millisecond time scale) of the guest and fast MAS dynamics will
dedroy any prospects of CP transfer in the 2:1 complex. In contrast to the 2:1 complex, strong
binding in the form of possible Fbonding can be thought to occur in one of the binding
geometries in the 1.1 complex. This would exhibit faable rotational dyamics and
heteronuclear distances for improved CP conditions in the 1:1 complex. Despite the increased CP
efficiency in the 1:1 complexhe carbon signal intensity is smaller than expected, which is
readily explained by the major binding geometry beingendynamic and thereby lacking
efficient CP transfer like in the 2:1 complex.

% j"\.. * 10 ms

75 ms

5ms

PFOA

1£II-5 I 1::!5 I 1I25 I 1]I.5 I 165 I 9I5 I 8I5 I 7I5 I 6I5 I 5I5
ppm
Figure 3.9 **C (*F Y**C) CP/MAS 20 kHz NMR spectra of pure PFOA and the
b-CD/PFOA complex at variable contact tisne
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3.4.5 Solid-state Dynamics and Relaxation Data
3.4.51'F DP/MAS Dynamicsat Ambient Temperature

Table3.1 lists the'C-detectedT; |' relaxation times (undeCP conditions) for the host,
and the 1:1 and 2:1 hegtiest complexes. In general, increased rate$;gfrelaxation are
observed for protons on all of the carbons upon &bion ofthe complexes. The relaxation times
in Table 3.1 are all between 2 and s
significantly shorter values between 1 and 2 ms. The shbytgrfor the complexes explains

their much reducetH Y*®C CP ef f i ci e n c yCDihydraté* (cirRigare3i8)s o n

f-6D hydrate, while the complexes display

Table3.1  '°C-Detected T, ' Relaxation Values for the'*C Resonances of

the Ho st and t he -CD/AFOAa @othplexts at
Ambient Temperature.

“c shift (ppm) Host (ms) 1:1 IC (ms) 2:11C (ms)

100 (G) 2.67 (+0.07) 1.70 (£0.02) 1.56 (£0.04)

78 (Cy) 2.40 (+0.06) 1.38 (+0.05) 1.89 (+0.10)

70 (C»,C3,Cs) 2.20 (+0.03) 1.61 (£0.02) 1.66 (£0.01)

56 (Co) 2.21 (+0.09) 1.74 (+0.06) 1.48 (£0.09)

Note thatT“H relaxation is governed primarily by the strength of fie'H dipolar
interactions and the time scale of their fluctuatidihese interactions are influenced by local
motion and packing arrangement in the lattice, which in turn are both strongly depemdieat

degee of hydration. Furthermore, becaulere are few modes of motion available to the host

t

(0]

overall one must consider the motion of water and its influence on librational motion of the

hydro x y |

and

met h yCDe ne

moi et i

The dynamics of complek or mat i on |

near the diffusiorcontrolled limit but vary as the lipophilicity of the guest increasesrertthe
forward rate constaris in the orér of ~10° Ms?.%%2 Ultrasonic relaxation measurements of

cyclodextrin complexes further indicate that several relaxation processes(guelaxationn
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thel MHzrange( ~ € s / s p escde)isattributeddmefi-wh g gi ng o o ftosidiche hos
bonds,(ii) a relaxation process in theg 3 MHz range is attributed to hydration of the host

cavity, and(iii) a relaxationin the 100 MHz range(~ns/Larmor timescale) is attributed to

rotation of the G-Cs bonds of the hosE® In the case of comples in the solid state, the guest,

host, and solvent motional dynamics are considered to be strongly coupled. InTi_}fbse
relaxation experiments, a locking field of 66 kHz was us@d form of relaxation isensitive to

motion on the timescale ofca. 15¢ s . I'n this cas etheslev matioh | ass
(millisecond time scale) regime applies, where a decrease imetheation time indicates

reduced correlation time andcreased motiorcf. 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 inT; andT, processes.

In Table3.1, one realizes that tHE | relaxation times for protons on the rim carbons
CJCy/Cs (220 ms)and £( 2. 21 ms) ar e -Cbh hydrates¢ch 8cheme38d). Inf o r b
contrast, the relaxation times for protons on the anomeric carid@s6Z ms) and £(2.40 ms)
arerelatively longer. This reflects the influence of the extevity environment of the host in
driving T |; whereas protons on the rim carbons would be affected the most by hydration
dynamics in the interstitial region, protons on the anomeric carbons would liketgobe
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 betwEenand'H coupled to the motion ohé guest,
and (2) *H-'H homonuclear dipolar interactions. The former is predicateche various
inclusion geometries, and modulated by a range of dynamic processes of the guest; hence the
relaxation of the protons on the anomeric carbonsa(d G) would be most affected. The latter
is sensitive to changes in lattice structure, namely the breakup of the tight packing arrangements
0 b s e r v-@Ddhydrate rebulting in much less long range order and increased dynamics in the
extracavity environment; henaelaxation of the protons on the rim carbong/@aCs, and G)
would be most influenced

On going from the pure host to the 1:1 complex in T&dle the anomeric carbons; C
and G on the interior surface of the macrocycle show the greatest decreﬁs}é@m.-l.o ms),
while the rim carbons £C3/Cs and G exhibit a smaller decrease (¢8.5 ms). This highlights
the point that for the 1:1 complex, dipolar interactions betw&eand'H coupled to the motion
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of the guest are prominent drivers T)lff relaxation, in contrast to changes in homonuclear
proton dipolar interactions associated with changes in host geometry and packing. The protons
on G have the shortes‘[l;H in the 1:1 complex (1.38 ms), which suggests that the inclusion
geometry of the gt places the GFgroup closest to £ resulting in its enhanced relaxation
driven by rotation of the GFgroup. Conversely, the protons ori€ the 2:1 complex exhibit the
shortesﬂ'lf (1.48 ms) while thseof the G protons are much long¢t.89 ms). This suggests

an altered binding geometry of the guest in the 2:1 complex where trgr@Lp is nearer to the
protons on the narrow rim of the host macrocycle as depicted in S&h2ntéowevey one still

has to allow for concomitant contributions fromaalges in host geometry and packing. Note
that the protons on ;Care more isolated from the exiravity environmentdf. Scheme3.3);
hence a reduce®," on C in the 1.1 complex is much less pronounced than that recorded for
C4, suggesting that the Gfgroup is more remote from;CGor the intracavity environment).
Interestingly,TuH of the G protons in the 2:1 complex is much smaller suggesting @irign
geometry where the GFgeometry is much closer to the intravity environment and this is
consistent with the stoichiometry of the complexes and the deconvohridrchemical shift
analyses in Figres 3.6 and 3.7, respectively The eneto-end stacki g eCD inbthe 2:1
complex €f. Scheme3.1) will ensure that the dynamics of the guest are limited to the- intra
cavity environment of the host.

Recall that thel," process is sensitive to the time scale predicateiie proton Larmor
frequency’’ More specifically, assuming that the dipolar mechanism dominates and the slow
motion limit applies, the contribution from the zeyoantum transitions is most prominent;
henceT; will be sensitive to differences in the proton frequencies implying a times€ale o
milliseconds. Tabl&.2 shows thé’C-detectedH spinattice (T,") relaxation times for the host,
and those for the 1: 1D hydrdte, &d;1of theomton oh the widee c a s
annular rim (G and G) is significantly longer than the other protonsdicating possible
increasedlynamics in its envirament.

The T,"6 of the protons onCs how al mo st no ch&€bdgoetheon gol
complexes, while £shows only a slight decrease (ca. 0.2 s) for 1:1 and no change for 2:1. In
contrast, Gand G (ca. 70 ppmpn the wide rim) show significant decreas T;" (up t00.4 s)
upo n g o i n-@D hiydrate no the complexess well, Cs (56 ppm on the narrow rim) shows

a large decrease i 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 complexks Tt of the anomeric carbons, namely (00 ppm)

and G (78 ppm), are least affected by the presence of the guestead) thdost nuclenear the

rim, G,/C3/Cs (70 ppm), and €(56 ppm), are attenuated to a greater ext€hese results are
consisten with decreased order and enhanced dynamics of the host upon complexation. These
observations are consistent with tié CP/MAS NMR spectra in Figu@8 and PXRD patterns

in Figure3.3. Dynamic disorder results in narrowed distribution and largemlidéhs of the™*C

c 0 mp a r-€ll hydrate. Furthermore ghe charactenstic afid b

signals when

intense low angle reflection at & greatly reduced indicating the loss of long range oftler.

Table 3.2 13C-detected T," Relaxation Values for the®®*C Resonances athe hostand the
1: 1 a n-GD/PFOACorfaplexes atAmbient Temperature.
l3c shift (ppm) pure b-CD (s) b-CD/PFOA 1:1 (s) b-CD/PFOA 2:1 (s)
100 (G) 1.160 (+0.009) 1.065 (+0.035) 1.097 (+0.018)
78 (C) 1.066 (+0.018) 0.861 (+0.017) 1.080 (+0.011)
70 (C»,C3,Cs) 1.312 (+0.025) 0.948 (+£0.023) 0.974 (+0.013)
56 (Co) 1.126 (£0.011) 0.735 (+0.005) 1.023 (+0.005)

Table 3.3 shovs the*C T, valueso f -Cb 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 Ipyoton decouplingThis relaxation process is driven by the carbon
single quantum transitions; hence, the tsoale is determined by the carbon Larmor frequency.

Assuming the slow motion regime applies, the relaxation time will increase slowly with
decreaing dynamics frequency. o CDfhydrate (and also the complexes to some extent), the
much shortef,° values for G( 1. 8 4 @B, 2.01ans fobthe 1:1 complex and 2.06 ms for
the 2:1 complexjare likely due to the increased dynamic disorder of this,@H primary
hydroxyl atthe narrow rim, as it is tethered to the macrocycle framework by only one tiond (
Scheme3.3). All of the other carbons (CC, and G/C3/Cs) are tethered to the framework by two
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bonds, and as a result are much less dynamic, resulting in [bngalues. Again the anomeric

carbon (@) indicates much greater rigidity than &5 its relaxation time is 1.2 ms longer.

Table3.3  *C T, relaxation values (T.°) for the *C resonances of the host anc
t he 1: 1 -CbHEOAZamplexés at ambient temperature.

*C shift (ppm) b-CD (ms)  b-CD/PFOA1:1 (ms) b-CD/PFOA 2:1 (ms)
100 (Gy) 7.89 (+0.25) 8.66 (+0.13) 8.06 (+0.20)
78 (Cy) 9.14 (+0.37) 5.82 (+0.09) 6.17 (£0.21)
70 (C2,C5,Cs) 7.93 (20.21) 4.19 (£0.13) 4.49 (£0.11)
56 (Cs) 1.84 (+0.08) 2.01 (+0.03) 2.06 (+0.06)

In the case of the complexes, heteronucté@r'F dipolar couplings contribute t®,
relaxation as°F decoupling was not employed in these experiments. Upon formation of the 1:1
complex the carbons on the wide rim,(@nd G; cf. Scheme3.3c) experienceenhanced
relaxation, while those on the narrower rimg)(@main unchanged (within error limits). The
anomeric carbon (§is relatively unaffected; however, tig” of C, is reduced significantly by
3.3 ms. As the gcarbon already exhibits significantotional freedom, further increases would
have little incremental effect on its relaxation rate. The willecarbons are sensing changes in
H-bonding which modulates the carbon CSA, enhancing its relaxation. Ag&nd0lated from
the extracavity envionment, and remote from the £Fence, the relaxation rate does not
change significantly. In contrast, & closer to the Cfgroup, whose motion and heteronuclear
dipolar interactions drive the relaxation and reduce the relaxation time. The sametabsé&va
made in the 2:1 complex; however the relaxation times of the anomeric carbons are altered
slightly where G is reduced and Lincreased. This is consistent with an inclusion binding
geometry in the 2:1 complex where thes@Foup is closer to C(intracavity environment) than

in the 1:1 complex.
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Table34
Sodi um

“F Relaxation Values T.7/T, "/T,) for the F Resonances of
Perfluoroctanoat e
CD/PFOA Complexes at Ambient Temperature.

( SPF

BET,

“F shift SPFO (s)

-80 ppm (CF) 2.655(+0.003)

-125ppm (main Cfjj  3.104(x0.00b)

1:11C (s)
0.917(x0.003)

0.978(0.005)

2:11C (s)
1.199(+0.004)

1.138(+0.003)

“FT,
SPFO (ms) 1:11C (ms) 2:11C (ms)
-80 ppm (CR) 0.158(+0.003)  0.488(+0.005)  0.490(+0.005)
-125ppm (main C§j  0.114(x0.0@2)  0.329(+0.008) 0.358(+0.006)
“FT
y
SPFO (ms) 1:11C (ms) 2:11C (ms)
-80 ppm (Chk) 0.232(+0.08)  0.329 (+0.003)  0.350 (+0.009)
-125pm (main CE)  0.088(+0.003)  0.173(+0.005)  0.186(+0.004)

In Table3.4, the'%F relaxation timesT,", T," andT; |)

point (cf. Table 1.5)Alternatively, the relaxation parameters of the sodium salt (SPFO; sodium

perfluorooctanoate) were measured. The lofiges s f o r

due to rapid dynamicd?* Note that, thel," and T, values in Table3.4 differ in excess of 3

orders of magnitude at ambient temperature, which suggests that the PFOA guest is in the slow
motion regime at r@m temperature, where motion of the guest occurs at rates significantly
smaller than the differences 1 chemical shifts (<20 kHz) under these conditions. The very

shortT, ffor the Ck group in the complexes @33 ms) are as much as 8 times shohan tthe
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T1 | values of the hostcf. Tables 3.1 and3.4). This explains why*F Y°C CP transfer was
much less efficient thalH Y**C CP ¢f. Figures3.8 and3.9), as seen in the dramatic disparity in
the number of transients required in their respectivemxents. In general, the relaxation data
provide strong support for the formation of welle f i 1€CB/BFOA ICs. Furthermore, it also
provides support that the binding geometries of PFOA in thardd12:1complexes are distinct,
and that the guest is neodynamicin former. Further details regarding the dynamics are

explored in he temperaturdependent®F relaxation parameters.

3.4.5.1"F DP/MAS Dynamicsat Variable Temperature

Figure 3.10 (a,b) showsthe variation of spidattice (.") and spirspin (T2 relaxation
times as a function of temperature. Thé values for theCF; group of SPFO re presented in
the supplementary data (Fig. B3.8hd are much longer than the corresponding values for the
1:1 and 2:1 ICs at various temperatuted\s prevbusly described, longeF; values fora
perfluoroal kyl guest r e | aQ@Dicanebe attobutédttcs motionamp | e x
guenching via spin diffusion. In the solid state, long alkyl chains undergo axial rotation as a
consequence of successiveéatmnal events in fragments of the chain. In these complaxes
rotation occurs at a rate similar or greater than the differences iiRtiesonance frequencies
(<20 kHz), while GC bond rotation of the GFmoiety occurs at rates far exceeding tffe
Larmor frequency. Thus, two different motional time scales potentially apply, where an axial
motion is most likely in the slow motion regime, and the 86&nd rotation would be in the fast
motion regime.

Relaxation of'%F nuclei results im fluctuatiors in local fieldsarising from both the
CSA and dipoldipole coupling interactions modulated by localized reorientational motion.
Molecular motions at frequencies that greatly exceed the CSA and dipolar interactions attenuate
them significantly, and mayliminate them completely with rapid isotropic reorientational
dynamics?*®" Hence, the faster the rate the less efficient the digiplele (DD) and the CSA
relaxation mechanisms become, and results in Iohgelaxation times.

SPFO is expected to hagecompletely different lattice environment than the inclusion
complexes; therefore, the axial motion and; 6&nd 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 betwe€# gvevironments and

indicate that the fast motion regime applies, where the 1@6tion drives '°F relaxation
throughout the chain via efficient spin diffusion.
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Figure 3.10 *°F T; (open symbols) andi (filled symbols) values for the GFmain (G.F»)

and terminal @,groupsf or t he ( a) -CD/PEQA camplexes( !

The inclusion compounds exhibit more comparable dynamics and local environments
than SPFO, hence their relaxation times would be expected to be similar. Thenplexchas

two different inclusion geometries, while the 2:1 complex appears to have one geometry, as
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described previously. One form of the 1:1 complex involves binding near therimidmrbons
(Scheme3.2c), while the other appears to be intracavityjsathe case with the 2:1 complex
(Scheme3.2a,b). The former is expected to be more constrained near the carbonyl end as
suggested in thEF to**C CP dynamics, while the latter does not appear to be constrained to the
same extent. Hence, one would expeaxty 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 CF
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 lesgent in the more mobile form.
However, the manner in which they change with increasing temperature is determined by the
activation of Ck bond rotation which will be the same for each. As a rehdil; andT, values

are expected to increase graduallgh temperature, consistent with the behaviour in the fast
motion regime.

Figures 3.10a andb show the variation of°F T; and T, values as a function of
temperature for the 1:1 and 2:1 complexes, respectively. Note th@} ttedues are generally
several orders of magnitude shorter than Thevalues at the same temperature. Generally, both
T, and T, increase monotonically with temperature, where the values for’6hd@; (open
symbols in Figure8.10gb) of the-CF; and the mainrCF, groups (ca-120 ppm) are similar in
both the 1:1 and 2:1 complexes. Thus, the motion of the guest that drivaBects all
perfluoroalkyl groups in a comparable way for both complexes.

In contrast to thd6 s , *FtThvalues (filled symbols in Fige 3.10ab) for the CF,

Cd~ and G, groups of the 1:1 complex are different. Althou@his driven by rapid C§
rotation, spin diffusion propagates it along the chain less efficiently.wihisesult in a reduced
relaxation time for the GFgroups further removed from the €group (i.e, the main GF
groups). As thel, data contain less scatter than fhedata, it was possible to distinguish
betweenT0 s o f t hfe) amdatérminal ((,) signals and determine that they are
statistically distinct. In the case of the Zdmplex (Figire 3.10b), the difference ifi, between

the terminal and main GFmoieties is less pronounced, and follows a similar trend at higher

temperatures. In contrast to the 2:1 complex, the differendgdirs i n t he 1: 1 comp
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prominent. This, the axial dynamics of PFOA differ sufficiently and lead to uniguelaxation

behavior along the chain for each of the complexes.
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Figure3.11 (@) 'FTips for,andBRgrCoFups of the 1:
complexes. (b}gFTlf) s fopgrausef CtFhe 1: 1 an

complexes on an expanded scale.

The'*F T, ,data at variable temperature for the 1:1 and 2:1 complexes appear in Figure
3.11a for the CE(25 to 70°C) and main GKO to 70°C) signals. Th&; ,of the Ckis governed
by rotation about the € bond. Thél1ps i ncrease with indicaingthed si ng
the CF rotation rate is greater than the spmsk frequency (ca. 100 khzThe 1:1 complex

appears to have a faster rate og @Fation which could be a consequence of one of the favoured
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binding geometries. The geometry where theg @& nt s o u-CD aav¥ity wohlde make
rotation less restricted than the geometry where theisC€onfined to the cavity as in the 2:1
complex €f. Scheme3.2).

The™FT.p s o f ,gtolps areGrfEich shorter than that forGHd show little difference
between the 1:1 and 2:1 complexes. Tfe T, ,of the CR, 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 cosgpato the rate of GF
rotation.

When comparing ,of the Ck and the CEkgroups, it can be seen that fhe,(CFs) shows a
much greater difference between 1:1 and 2:1 complexes, Whjl€CF,) of the 1:1 and 2:1
complexes are almost the same. Timdigates that the dynamics of the ;Gffoup is quite
different between the 1:1 and 2:1 complexiascontrast, the librational motion of the whole
PFOA chain that driveSF T, ,of the CF, groups is occurring at practically the same rate in the
1:1 and 2:Xcomplexes. In the case of the complexed @Bups, the*F T, ,relaxation timesire
much less scattered than their;Qunter parts, as observed on the expanded scale ureFig
3.11b where significant differences are seen. The 1:1 complex shows a comEex
dependence df; ,with temperature than that observed for the 2:1 complex. In both casas the
are near their minima, where each seem to have several local minima at different temperatures
indicating several dynamic modes differing significamtiyfimescale. This is especially evident
fromT  O% 40 - 70 °C in this caseynd coincides with the DSC results where significant

differences are observed.

3.5Conclusiors
Solid-state’H/**F Y**C CP/MAS NMR spectroscopy, DSC, A, and PXRD were usei
study the structur e -GDRPEFOAMgstyweshcomplegahap/EROATI es of
inclusion @mplexes were preparaging a modified dissolutionmethod with improved phase
purity andwere further characterized by the various complementary mettiegisribed herein.
b-CD forms complexes with ainique channelype structurewith PFOA and differs when
compared to the cagey pe st r +CD thydrate. PBOA adopts variable alkyl chain
conformation for the 1:1 and 2:1 complexes, where the 1:1 compmiefers agauche

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 thdR-T
results. Two modes of rotational dynamics were concludede complexes; the axial rotation

of the entire chain, and the-©/C-F bond rotation of the GFgroup 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 €Bond rdations in varying magnitudesvhereas the latter
dynamics can be concluded docur 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 suppo 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 anttantracavity, while that

of the 2:1 complex is mainly intreavity. For example, the wide rim carbons of the host
underwent significant changes inbi$nding as revealed by the relaxation data andHh&**C
CP/MAS results!*F Y*°C CP/MAS results in the solid stateopided unique and unequivocal
proof that the guest is included within the host cavity as a-dedihed inclusion complex

according to the nature of the haggtest stoichiometry.
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CHAPTER 4

Manuscript no. 3
Description
In this work, solid state and solution phase inclusion conp | e x e sCD arid a fshort
perfluorocarbon compound (C4; PFBA) were prepared at various host/galestatios(i.e. 1:1
and 2:1) using the modifieddissolution method. The complexes were characterized using
solid/solution NMRspectroscopyFT-IR, thermalanalyses (DSC), and PXRhterpretation of
the splitting patterns of the simulated NMR spectra for PFBA in solution was used to understand
the dynamics of PFBA.

Aut hordés Contribution

The idea ofreparing inclusion@ mp | e x-€B and PFBAwadased orthe original plan of
the overall research projetdid out by Drs. Wilson and Hazendonkhe preparation and
characterization (FT R, DSC, a nd -GPRIRIA )ompléxestware dorie byself.
The solid state NMR characterization was done byseli while the NMR relaxation
measurements and data analyses were incollaboraton with Dr. Paul SidhuAll simulations
were done by Dr. HazendonKhe first draft of the manuscript was prepared by with

subsequent editing lyrs. Wilson, HazendonkandSidhu.

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
becausehe use of a short (C4) chain PFC (i.e., PFBA) provided the opportunity to compare an
better understand trstructures of PFCs. AIs®FBAf or ms excl usi vel y 1:1
CD.
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Research Highlights

A 3¢ % Y*C CP) MAS NMR technique provided unequivocal evidence for the inclusion of
the guest vithin the host.

A PFBA formsficagetyped st r u ¢ t u rC® dn the isdlich state, where the guest adopts
gaucheconformation in the 1:1 complex.

A PFBA exists in at least two distinct geometries that resemble 1:1 and 2:1 host/guest
configurations

A Dynamic elaxationand coupling constants simulation data revieal the CE group has free
intermal rotation, whereas the rest of the chain is not locked in a particular rotamer

configuration but experiences significdliC bondsrotation
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8Supplementary da{@ppendix C)

4.1. Abstract

The structural characterizati@f the solution and solidstate inclusion complexes (ICs) b#f
cyclodextrn (b-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 modifieddissolutionmethod. Thermal analyses and multinucl&¥@ NMR methods
employing direct polarization (DP) and cross polarization (CP) techniques with magic angle
spinning (MAS) and high powéH/*°F decoupling were used to characterize the solid state host
guest complexes. Unequivocal evidenoethe formation ofb-CD/PFBA inclusion compounds

was provided using’F Y*C CP/ MAS NMR results. PXRD feveal s
t ypeo st r «D,tiruwhieh theiguest adbptgucheand neafinear conformations in

the 1:1 and 2:1 complexes, respectively, accordinFT-IR results. Interpretation of the NMR
splitting patterns of PFBA spectrum in solution reveals that PFBA undergoes fast rotation of the
CFs group on a threéold axis, while the remainder of the chain experiences a significaht C

bond rotation, here not locked in a particular rotamer configuratidhe distribution of the
rotational and -@D/AFRA commplexes imthessolid state tishreealed 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.Intro duction
There is vast mearch interest in perfluorinated compounds (PFCs) because they
represent a new class of persistent organic pollutants (POPs) found in Canadaalhd Bi6Gs

are a class of fluorine containing compounds that are surface activgeaerally resistant to
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chemical and thermal degradatibiiher useis foundin many applications such as surfactants,
adhesives, cosmetics, pesticides, and firefighting foams and pofWd8eseral studis have
documentedthe 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)*® PFCAs (CK(CF),CO:H) and PFSs (GFCF).SO:;H) have been dected in soil and
sediments, ground water, fish and anirtiabues, sewage effluent, and other matri€&dn
general, PFCAwith alkyl chains that ardi 10 carbons long were reported to be the most
dominant species detected in landfill leachates inAtmericas®® The distribution of PFCs in
water, air, and sediment was found to depend on their physicochemical prdpengesfore,

the distribution of such compounds onto solid surfaces varies according to differences in
properties such as pKsolublity, and vapor pressure. These properties are directly related to the
alkyl chain length and the structure of the head grdupn the basis of known physical
properties ¢f. Table 4.1), PFOS is essentially nemlatile and more soluble than PFOA and
dispaysa strong tendency to exist igueoussolution PFBA ismuchmore mobile than PFOA

and PFOS due to its greater water solubility and shalkgt chain length Therefore PFBA can
favourably reside inground and surfacewater environments The shorchain PFCAs are
primarily detected as dissolved species; whereas;dbam PFCAs are mostly adsorbed onto
solid interfaces such as suspended solids and sedinfdrgsstructures and physicochemical
properties oseveralPFCs argyivenin Table4.1.

We peviously reportetft he f or mati on of soli d-Chand!| usi o1
PFOA (chapters ). As well, similar complexes were formed using the conjugate base of
PFOA (i.e., sodium perfluorooctanoate; SPRBapter 5 Such complexes were generally
characterized using a variety of techniques including NMR andRF3pectroscopy, thermal
analyses and PXRD. Understanding the structure of PFCs and their complexes witlis CDs
crucial because it helps develop bettest systems formmobilizing thesecompounds in the
environment. PFOA (and SPF@)er e previously shown to-CDorm bo
with variable binding configurations. Ellis et aand other researchérs® have demonstrated
that changes in the chain length of a perfluorocarbon compound correlates with changes in its
conformation and phsicochemical properties (e.g., cmpK, 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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Table4.1 Physicochemical Properties of Selected Perfluorocarbol

Compounds: 620
PFOA PFOS PFBA
Molecular Formula CsH F1502 CsH F17038 C4H F7O2

and Structure

(0]
F F 5 /
OH
¥ F
F
Molecular weight (g/mol) 414 500 214
Solubility (g/L, 25°C) 3.4% 0.57 High
Melting Point (°C) 45 55 >400 -17.5
Boiling Point (°C) 188 133 120
PKa 2.5 0.14 0.080.4
cmc (mmol/L) 8.510 2.0 No data
Vapor pressure (mmHg, 0.017 2.48x10° 10
25°C)

*Note that the conformation and stereochemistry of the PFCs are not accurately dépi
value of 9.5 g/L (25°C) has also been reported. It is unclear which value represant
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 hagiest complexesBunn et af'’ explained thathe
helical conformation adopted by medium and long perfluoroalkyl chains results in a significant
increase (~3 units) in pKfrom PFBA (0.40) and trifluoroacetic acid (TFA; 0.%3)o PFOA
(2.5i3.8) 1% In general, e chain conformation of perfluorocarboompounds is best described
as being fully zigzag (otrans) for alkyl chain lengts O8 car bons, a mi xtur
helical foralky chain lengths BL2 carbons, and fully helicab&uché for alkyl chain lengths
>12 carbon atomsThus, the general trend in the geometry of perflatbyd chains is the
progression of a planar zigzag helical geometrywith increasingchain length.Thus the

physiochemical properties Table4.1 varywith the perfluoralkyl chain length
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In this paper, we report the structural characterization of the complexes formed between
PFBA &D.dNeflso rport on the dynamic properties of PFBA in its pure form in solution
and its c¢ompl-@xiretlde sdlidstata. PRBAtrepresbnts a model guest compound
possessing a relatively @t PFC chain (C4). Thstudy of theformation of complexes of PFBA
wit h-CDhbwill provide an improvedunderstanding of the structure lagdrophilic PFCswith
relatively short carbon chains. The complexes were prepared at the 1:1 and 2:1 host/guest mole
ratios using a modifiedissolutionmethod® andtheywere further chawerized usingH/**F/~*C
solids/solution NMRspectroscopyFT-IR, DSC and PXRD.

4.3.Experimental Section

4. 3.1Materials and Chemicals

b-CD hydrate (~10 % w/wandPFBA (98 %) were purchased fradigmaAldrich Canada Ltd.
(Oakville, ON) andwvere usedas received witout any further purificatioriThe water content of
the materials s determine from thermogravimetric analysis when preparing the sample

mixtures.

432Pr epar ati on -GDIPFBAMCs. sol i d b

The solid complexes ob-CD/PFC were prepad at the 1:1 and 2:1 host/guest mole ratios using
a modified dissolution methodadapted from a previous repdtt as depicted in Schemel.
Upon evaporation of the solverthe solidproductswere ground into fine powdemnd were

furtheranalyzed.

AL [

Scheme 4.1 The as s oelDarndiPEBAn aoclflhofkguest stwhiometry
yieldsa -TD/PFBA inclusion complex
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4.3.3Solution-stateNMR Spectroscopy

'H solutionNMR experiments were carried out on a thebannel Bruker Avance (5mm DRX

probe) spectrometer operating at 500.13 MHz, while ‘e solution NMR spectra were

acquired at 282.4 MHz using a 300 MHBruker Avance 2 spectrometer outfitted with a 2

channel (H/FX) 5mm BBO probe. All NMR spectrasaimples in solution were prepared igCD
athostguest mole ratios of 1:1 and 2: Haadt 295 K
were measured with rpsct totetramethylsilane (TMS!H 0.0 ppm) and trifluoroborane (BF

%F~131 ppm) as internal standards, respectiv@lypical acquisition parametersiere as

foll ows: a spectral window of 62 H8®petta;afédand a
size of 64 k data points, a spectral window of56B¥& nd a 10. 3 e€s (" /2) pu
9 spectra, where 100 transiemisre acquiredn all cases, with an acquisition time of 1.15 s,

with a file size of 32 k data points and 1 s relaxationydela

4.34 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 MH3Cfo499.99

MHz for *H, 469.89 for'°F. Solid stée *C CP/MAS spectra were referenced externally to
adanant ane (U 38.5 ppm) as a seCtrNMRapestraweteandar
referenced with respect to hexafluorobenzeimel@4.9 ppm) as a secondary standard with
respect to CFGI(0 ppm) All samples were spun at the magic angle with a spgqnate of 20

kHz (or as stated) usin®.5 mm zirconium oxide rotors equipped with Vespel (low fluorine
background) turbine caps, inserts, @mdl capsAll NMR spectra were obtained using a 100 kHz
spectral window in transients & k points, which were exofilled to 64 k, unless stated
otherwise. The curve and width parameters for the adialhétic>C CP experiments were set at

50 and 10,000 Hz respectively, while those fdF- °C were set at 50 and 50,000 Hz,
respectively. Optimal Hartmardahn matchig conditions were achieved at a 1 ms contact time
and spin locking powers of 68 kHz and 59.5 kHz for'fffeand*3C channels, respectivel}’C
spectra of all solid samples were acquired using apm®se phase modulation (TPPM)
decoupling modé’ using apulse phase of 13.5 degrees and decoupling frequencies of 125 and
100 kHz in the'H and*°F decoupled channels, respectively, as determined by 360° pulse width

measurement in each channel.
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4.35 Differential Scanning Calorimetry (DSC)

DSC experiments weracquired 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

hermdically sealed aluminum pans where the sample maasged from 3.50 to 3.80 mg.

4.3.6 FT-IR Spectroscopy

Fourier TransformR spectrawere obtained using a Biead FTS40 spectrometer with a
resolution of 4 crl. All spectra were obtained with spectroscopiade KBr which constituted
~80% (w/w) of the total sample&amples were run as finely ground powders in reflectance

mode.

4.3.7Powder X-ray Diffraction (PXRD)

PXRD spectra were collecteginga PANalytical Empyrean powder-pay diffractometer using
monochromatic CtKal 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 continuouseno over a 2di2@ngl e r

with a scan ratef 0.5 degree/min.

4.4.Results and Discussion
4.4.1DSC

DSC and TGA are comghentary techniques that have been used to characterize thermal
properties of polymerf@ and other hosguest system¥.?® Changes in the enthalpy of
dehydration of the host due to displacement of cavity water have been used to indicate formation
of host/guest complexé8The DSC t her mo g r-@Dntsdratef thetlA eomplext i v e
and -ZD/RFBA ICs are depicted in Figpu4.1. The corresponding transition temperatures
are listed in Tablet.2. Generally, the DSC spectra show three major endothermic transitions
which are related to dehydration, vaporization and decomposition processes. The peaks at ~115°
and 320 °Cdf. Figure4.1) are related to dehydration and decomposition transitions of the pure
host, respectively. The guest molecule in the bound state vaporizes and decomposes at ~200° and
310 °C ¢f. Fig. 4.1), respectively. The dehydration transitions for the complaksplay three
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endothermic contributions at ~80°, 100°, and 120ctCF{gure 4.1 and Table4.2) and exhibit
variable hydration levels and nature of the stoichiometry (i.e., 1:1 and 2:1) for thgulesst
complexes. It should be noted here that PFBA vegmorted to form mainly 1:1 host/guest

c omp !l e x e@D inmeiquedusolution due tosizefit complementarity of the host and the
guest®However, hosguest complexes with other host/guest ratég., 2:1 and 1:2hay arise

in the solid phas&-*?>b-CD/PFBA complexeswith variablestoichiometric ratios (e.g., 2:1 and
1:2) may result frondifferent binding configurations, e.g., a 2:1 association where the guest is
strongly bound by one CD and weakly bound to a second CD oyatzo

Table 4.2 The DSC D&b,andfthe L:1 &md2:1 b-CD/PFBA Inclusion
Complexes. Main Dehydration Transitions are Indicated by Asterisks.

Dehydration (°C) Vaporization (°C) | Decomposition °C)

b-CD - - 113 - 319
1:11C | ~80,90 ~102 117 195 310
2:11C ~80 ~100 114 198 310

CD/PFBA 2:1

CD/PFBA1:1

gpc 1ooc 120€C

PFBA

rrrr r rr rr r T rr o T rro.1 T 1 r5rrr Lo |

30 80 130 180 230 280 330 380

Temperature (°C)

Figure 4.1 The DSC thermogranfs o +CD,fand the 1:1 and : 1CD/PFBA complexes
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According to Figure4.l, the variable enthalpies ofdehydrationevidenced by the
desorption temperatureorrelate with different hydration statésat exist due to the different
guest binding configurations. For example, the displacement of the main dehydration process to
lower temperature (80 °C) for the 1:1 complex relative to the 2:1 complex (~100 °C) may be
associated with a reduced contributionocafvity 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 temperaturé~90 °C) and this may suggest an additional guest environment in this
complex. In contrast, the 2:1 hagiest association reveals a greater level-bbthd water due
to the greater mole fraction of the host. Hence, the dehydration preliss to higler
temperature (100 °C). A minor enthalpic contribution at a temperature corresponding to the main
dehydration procedsr the 1:1 complex (~80 °C) is displayed for the 2:1 complex, suggesting
minor contributions of the 1:1 guest configuratitor this conplex. When comparing the
vaporization temperature of pure PFBAQ. 120°C,cf. Table4.1), the vaporization temperature
of the guest in the bound state is increased (198°C) providing thermodynamic evidence of
the formation of stable inclusion compalsnThe minor transitions at 12 for the complexes
may be related to the melting of small amounts of-inciusion bound, unbound (free) PFBA

guest, or hydrate water.

4.42 FT-IR

FT-IR has been widely used to study the structure ofb@Bed ICs in Wwich the guest
molecule bears a carbonyl group because thestt€dching band is sensitive to changes in guest
conformation as well as possibletdgnding with the CD** The FFIR spectra of the host,
guest, and t-GD¢PFBA:IGs ara shdwn Higuke 4.D. The relative intensities of
the -OH (~3400 crit), -CH (~2900 crit) and-C=0 (~1700 cnit) vibrational bands for the 1:1
(weaker) and 2:1 (stronger) inclusion complexe#sKigure4.2) correlate with the relative mole
ratios of the host/guestlative to the unbound species. The unbound PFBA is characterized by a
broad, low intensityOH band ~36002500 cm' that is typical of fatty acid® The attenuation
of the carbonyl band in the 1:1 and 2:1 complexes is relatedbtond formation and suppts
t he f or m@DYVAFBAninclasion cbmplexe3he visibly attenuated daonyl band in the
1:1 complex irFigure4.2 indicates formation of multiple of-Honds* as this band displays two
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distinct contributions. The IR results further support that guesexistsin the 1:1 complexn

two distinct microenvironments, sgreementvith the DSC results in Figurel.

AT N er\w/\i: 2:11C
I U e Sy 1:11C
/_,\__\,J\MJ\W%J\W\ fj o PFBA

A

—
M _/I U‘))\A 1400 1200 1000 800 b_CD

4000 3500 3000 2500 2000 1500 L 1000 504 Wavenumber (cm’)
Wavenumber (em)

Figure4.2 TheFFI R traces-Chbpr PRBA]j vant®é t he I
inclusion complexednset: Expanded region from 1400 &ir800 cm’.

The FTFIR spectral region from ~140800 cmi' is of interest in terms of the
conformational preference of the guest moleciileis expanded FIR region is shown as an
inset in Figure4.2. Bandsl1 (~1230 cnt), 2 (12001210 cm?), and 3 (1150 cm) in the
expanded region of Figure 2 were reporpedviously’>"and assignetb the Ck asymmetric
stretching mode, CC bending a@€C stretching modes, and £$ymmetric stretching modes.
Note that the wavenumber position of bahi$ not straight forward to assign as this band may
be partly overlapped with barid However such band position is assigned to be within 1200
1210 cnt range.Changes in the relative intensities of these bands, particularly handre
related to thetrans and gaucheconformations of thePFC chain. As described previously,
perfl uorocarbon chains oF: carbons ( sany . ,
conformation inthe solid phas€® whereas, composite zigzag/helical conformations were
reported for CBC12 chains? Ellis et al® reportedusingNMR simulation of coupling constants
that the PFBA chain in solution does not adopt a ftins conformation. However, such
conformation is the generally accepted form of C4 perfluorocarbons in the solid*phase.
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Bandsli 3 in Figure4.2 wae observed for gaseousC4F1o where band ~1200 1210
cm* was attributed to thé&rans-conformer®® as described ipreviouschapters. Adecrease in
intensity of this band was previously attributed ttramsto-gaucheconformational change of
the perflorocarbon chain. Recall that PFBA adopts a fidhs conformation in its unbound
form in the solid state. However, a variable conformation may rdésihié environment of the
guest is varied.

Erkoc and Erkotreported that the conformation of PFOS chahfyem 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 conformatioh PFOA changed from a helical to zigzag
when packed into a periodic lattiteWe believethat the significant decrease in the intensity of
band 2 -GDdPFBAtcdmplexbs is related tioe transto-gaucheconformational change of
the perfluorocarbon chain. The guest molecule in the 1:1 and 2:1 complexes is expected to adopt
variableconfomation with variations in the GRsymmetric stretching modéband 1) and CC
bending/CCC stretching modes (bandaording to the FIR results.

4.4.3 PXRD

The PXRDpatterns fothe host, and the 1:1 and 2:1 hga#stinclusion (ICs)complexes
prepaed by the modifiedissolutionmethod are shown ifigure 4.3. The PXRD of sodim
perfluorobutyrate (SPFB) is shown for comparison sihgethe salt form of the conjugate base
of PFBA. The hydra€Ck) foxmi ift st hientheonsste (dbi f f r &
values ~90U, 120 and minor signaturessy@eo high
crystalline structure. SPFBxhibits intense diffraction lineat ~7° and ~1722° with minor
refl ections at higher 2d values.

The diffraction patternsof the 1:1 and 2:1 ICs iRigure43consi st of,a®Rld val u
917, where the higher 2d r e gnsothat are sharacteristitc ofi s e d
Acatgeped structure€D Wer mbyngéeadet t hat ubes wi th
to its structure in the native unbound °form.
in the 1.1 and 2:1 complexewith respect to pure SPFB (at’)7reveal the variable

conformations/configurations of the guest in these complexes.
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Figure 4.3 The PXRD patterns fon a t i-GDe SPBB, andhe 1:1 and
2:1 bCD/ PFBA aum€e | usi on con

4.44 Solution-stateNMR Spectroscopy
4.4.4.1'H/*F NMR Characterization

'H/**F solution NMR spectroscopy was used to charaetehe inclusion compounds of
b-CD and PFBA through complexation induced shifts (CIS), as shown in Fig4resd 4.5,
respectively. In Figuret4, the'H sol uti on NMBD saedtthef-ar 1 ban
CD/PFBA ICs are shown. ThéH solution NMR spectra were assigned accordindjterature
reports’ The intracavity protons (i.e.,¢hnd H, cf. Schemet.2b) are the most affected nuclei
providing evidence for the f or-@2and @FBA.dlie i ncl |
Ha/Hs CIS values are greater in the 1:1 complex andishislated to the greater steric effect on
the intracavity nuclei upon complexation. It should be noted here that the complexation induced
shifts are aveighted average due to the bound and unbound sp&dikes. observed chemical
shift changes for the extcavity'H nuclei (i.e., H, Ho, Hy) 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 complexationnduced conformationalhange of the host. The extracavity environmery.(
H,) 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 descnlibd FFIR results.The increase

in line broadening upon complexatioan be readily ascribed to the increase in correlation times
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expected upon complexation, which decreaEgdeading to a wider natural line widthhd
greatedine width furthersupports the formation of the complex

We believe that the guest molecule preferentially adoptgdaheheconformation in the
1:1 complex in solution phase; whereas a futllgns conformation is favoured in the 2:1
complexes. Agaucheconformation is antipated to impart a greater steric strain (shielding) on

the host compared to a fullsans conformation, in agreement with thie solution NMR results.

H3 H5
2:11C
H3/1  Hs
1:.11C
H5

H1 H6
5.0 49 48 4.2 41 4.0 3.9 3.8 3.7 3.6 3.5 3.4 3.3
ppm pPpm

Figure 4.4  'H solution NMR spectrafdi-CD, and t heCDIPFBA ar
inclusion compounds iB,0 at295 K.

Figure4.5 shows the expandédF solution NMR specarfor PFBA and théb-CD/PFBA
inclusion compoundgpreparedat the 1:1 and 2:1 mole ratiosin#lar results for the 1:2
host/guespreparationwere included for comparison. The assignment of thesolution NMR
agrees well with previous literature reporiBhe formation ohostguest ICs results in an overall
downfield shift of the'*F resonances due teduced polarizability of the host interior relative to
the environment of bulk aqueous solutféiT hi s provi des evi dence for
CD/PFBA inclusion compounds® solution Note that the CIS values did not increase further
beyond the 1:1 mole ratio supporting tdbe fact
in solution phase. Th&F CIS values for the 1:2 hdguest complexes are the least affected
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relaive to unbound PFBA and may be due to the lower mole ratio of theahdsincreass
fraction of unbound guest

(HO), Secondary rimgyy,

- Y

(b)

T {OH),

(@) Primary rim L__

Scheme4.2 Molecular Structureof (a) PFBA, and (&) -CbD . The s t-Chuic
shown as d@runcatedtoroid where the primary and secondamdroxyls, and

glycosidic oxygen bridges arshown. The intracavity protons 4Hs) are

shown in (b).

-CF
’ CRCoF2-

-CyF2COH
2:11C

Ay N
e
A

/\ 1:21C

/\]\/\/L PFBA

17,13 -127.19

-11840 -127.01 -122.07

-11800  -11810  -11820  -11830
ppm

T T T T 1
-80.30 -80.38 -80.46 -80.54 -80.62
ppm ppm

Figure 4.5 °F solution NMR spectra fdPFBA, and the 2, 1:1, and 2 b-CD/PFBA
inclusion compounds in {® at295 K.

The inherent line widths in the spectra of Fig4ré are about 1 Hz, where slight
distortions due tadifferences inshimming cause slightineshapechangesbetween samples
which could easily be confused for subtle changeshe splitting patterndetween the
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complexes and pure PFBA. As one follows tffe shifts of all the signals, one realizes that the
trends t he i ncr &Rrssenaricalines with the dedgree 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 molebpts thegauche
conformation in the complexed state. However, since such results clearly suggest tifzatsthe
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 gaenmagaucheshielding effect. As a resylihe chemical

shift should increase from the 1:2 through thet®:2:1 host/guest complexed.(Fig. 4.6).

4.4.4.2Coupling Constants of Simulated">F NMR Lines

% NMR in solution can be a very important tdol understanding the structure of
perfluorocarbon materials. For examplee tability to discern the coupling constants of all the
Y nuclei in highy fluorinated materials in liquid form is an important technique in determining
and understanding molecular @ynics andconformation of such material€oupling constants
in perfluorinated carboxylic acids have largely been indiscernible due to long range coupling
(over 4 bonds) and coincidental spectral oveffdfThe °F solution spectrum of PFBA in,D
was smulated using MestreNova to determine the individual coupling constants. The simulated

spectrum of pure PFBA inJ® along with its labeled structure are shown in Figuée

(a) CF,

-22690 -21700{ H) -22?107 -22720  -33295 -33310 -3332(5H ) -33340 -33355 -35850 -35865 -35880 -35895
z K Z

Figure 4.6 19F simulated spectrum of PFBA (Hz) in,©® at ambient temperature showi
the splitting of the (a) CF,, (-GR), G n dCF,(signpls. Bhe satellite lines are shown
asterisks.
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The spectrum of PFBA can be determined by seven coupling conéfaats*Ja c 5 8.3
Hz,%Jae= 1.4 HZ,2Jag 5 0.7 Hz,*Jec = %)k 5 6.9 Hz,* % 6 & *Js c 5 -5.8 Hz,%Js s 5 -263.1 Hz,
and®Jc ¢35 -283.1 Hz.The values of coupling constants reported herein agree whlreyorted
values in the literatur&, however at his resolution they cannot represent a unique solution.
According to the splitting pattern, tHé&F spectra of pure PFBA and the complexes i Bre
ABBO6CCO6 spin syst gouwps arehneagnetically hrequiv@lent. Figute
represents the thrgmssible rotamers of PFBA; omans (t) and two equivalengjauche(g , ) g 6
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 parametessenhic
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 rotam&syhich in this @se constitute ondrans and two

symmetrically equivalergaucheconfigurations.

CAF3 FB’ FB
FC FC FC FC’ FC FC
R R R
trans(t) gauche(g) gauche( g 0
Figure 4.7 The three possible rotamers of perfluorobutyric acid (PFB,

The R/Fssand R/Fcsspins are strongly coupled by two geminal couplings whose
difference s s4Jc ckis 20 Hz. This resonance spacing (i.e. ~20 Hz) casee® occurring
between the satellite lines and the main signals in bottssettra ¢f. Figure4.6b,c). These are
second order satellites, which can only result from very strong coupling. A second set of such
satellites (at very low intensityhould appar in the spectrum of Figure6b (not shownin the
scal§ for the GF, group at ~546.2 Hz. Hence tfi& couplings are283.1 and-263.1 Hz.
Reported geminal couplings in acydi€F-CFi groups range between 260 and 290Hz.
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Thecoupling constants cannot be determined from the spktdbgerved inth B6 and
C C asthe individualspectral lines are not resolvdthwever, som@bservedsplittings can be
attributed tahe sum of the various geminal and vicinal coupling constédetsce the inability to
obtain a unique solution for the spectral paransesence apectal resolution of less than 0.3 Hz
would be required in this casor example, théJas and>Ja s gouplings 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 théwo germinal couplingsSimilarly, the sum of the two vicinal couplings
336clPJs 6 @d 3Js 6/2Js c ds 1.1 Hz.Again, these couplings cannot be determined separately at
this resolution. Resolution enhancement allowing the identification of some characteristic
spacings in the d— degions pIace§JBc and 33 c at the 6.9 and5.8 Hz. The*Jac and*Jacs
couplings add up to 16.6 Hz. Again these couplings cannot be detersgpathtely at this
resolution.They do not have to be equal; however, in the simulahey tere assumed to be
equal at 8.3 HzChanging the magnitudes & couplings, but preserving their sum does not
change the appearanceof i€ and CCO specwm upmos limitweterntined by the
two geminal couplings

The nearly constaniptting patternsbetween all thé°F spectra of neat PFBA and its
complexescannot be used as evidence fioe lack of conformational changeoccurring upon
complex formationas any change that preserves the sums dftbeuplings will have the same
patern. As theé’J couplings are an average of their counterparts in the individual rotamets (i.e.
g, and g, cf. Figure 4.7), they will change only subtly upon stabilization of thans
conformation. Thus, the sum of these couplings cannot be expedtexnidase significantlylhe
interpretation of the splitting ptern of PFBA reveals that the F atomms the CE groups are
non-equivalent as indicated in a previous repdrhus, the results suggest that there musase
rotation about the GFCF, bords of PFBA chain in aqueous solution, but each configuration (i.e.
t,gandgb) does not clTbhenefore,ithe mairechai g¢anot bie igid, because if it
were, one woul@éxpect to observiihne subspectracorresponding tall three rotamerdNote also
that thetrans configuration is likely to be the least stable, compared to thectsv{gauche
configurations, which have equal populations as they have the same energy. Thustaas the
configuration is stabilized, the averatjeand®J reflectthis by an increaskcontribution from the
coupling constants in thieans rotamer to the averagé&his leads to theonclwsion thatthat the

PFBA chain undergoes free rotation of il& group about the threfeld axis and appreciable
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rotation about th€€F,-CF, bonds of the main chain. The structure of PFBA in the complexed
form in the solid state is expected to vagpecially with respect to its bond rotation dynamics,
which may beinfluenced by steric interactions withe host°F DP/MAS NMR and dgamic
relaxation results are presented to further understand the structure and dynamic properties of
PFBA and its -€CO nmgpecaveles with b

445 Solid-state NMR
4.4.5.1'F DP/IMAS NMR Characterization

NMR methods where the nucleus of imstlris observed provide an opportunity to study
the structure of hosjuest systems. Figure8 shows assignetfF DP/MAS solid NMR spectra
of the 1:1 and 2:1solid complexes prepared by thmodified dissolutionmethod. The'‘F
DP/MAS spectrum of the guesfas not acquired because PFBA is a liquid at room temperature.
Minor changes in the CIS values for the methyl {Gihd methylene (Gl groups in the 1:1 and
2:1 b-CD/PFBA complexes reveal variable environments and dynamics of the guest as

previously described.

CFs , -CoF>
/ -CdF2 |

Ry J;_,P N

2:11C

90 800 810 820 830 B0 850 ppm
m L — 1:11C
* % AN A
=30 =50 =70 =90 -110 -130 -150 =170 -190 =210

ppm

Figure 4.8 'F DP NMR spectra fot he 1: 1 ,-CDdPFBA cdnpldxes
acquired a0 kHz MASand 295 K.
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The *F resonance lines of the 1:1 and 2:1 complexes are characterized by various
contributions which may be due to the presence of warimicroenvironments of the guest
and/or the presence of unbound guest. Note that the fast rotation of the short chain PFBA guest,
particularly the CEgroup as described the simulation studiesffects the line widttishapeof
the adjacent®F lines. Tke motional dynamicsf the PFBA chain are generally expected to be
much faster compared to that of G8g(, PFOA and SPFO) perfluorocarbon chains. In Figure
48, the Ck group displays the sharpestsonance line followed by the methylene group
connectedlirectly next to it (gGF,) and then the GFgroup connected next to the carbonyl group
(CoF2). The 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 configuratisissent
with the results from DSC and AR. Deconvolution analyses of tH& resonancéines were
carried out to further understand the structure of the complexes and the dynamiaetthe

4.45.2 Deconvolution Analyses of’F NMR Line Shapes

Deconvolution analyses ®MR line shapes were previously used to assign the various
phases (e.g., crystalline and amorphous) of a compurtte deconvolution results for the £F
and CF lines at 295 K appear in FigudeQa,b for the 1:1 and 2:1 complexeaespectively. The
CFRs and CR resonances of the 1:1 and 2:1 complexes are generally characterized by two or three
components ({13, cf. Figure 49a,b). In a previous repafi,t hr ee t o p-GD/RFPA es o f
complexes were concluded from the deconvolutioalyses of the GHine shapegchapter 3)
These topol ogi es -ChRFOAcesmpwheratwotconfigaratibns @utb
of and Ck-in cavity) were possible, and a 2:1 complex with a-@Fcavity configuration f.
Scheme 2, ref. 1Scheme3.2). The three topologies (two for 1:1 complex and one for 2:1
compl ex) r e-pWAFOA dompfexes wefe determined by the length of the
perfluorocarbon chain (~15 ) with respect to
CD/PFBA complexeshigher 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;IRTand*°F DP/MAS NMR results. As was the casetwi
t heCDH PFOA complexes, the different bChhadei ng co
determined by theizefit complementarity (length of PFBA is about half that of PFOA) and
interactions between the different components of the hostand guest. Eac a mp |l e, -t he ec
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CD are lined with hydroxyl groups, whereas the internal cavity is lined with H atoms and
glycosidic O bridgescf. Schemed.2c). Therefore, the internal cavity ligydrophobic, whereas
theannular hydroxyl groups ateydrophlic in nature Several binding interactions are therefore
possible between the perfluorinated carboxylate anion and the various segments of the
macrocycle.

The relative distribution of components3lfor the Clz and Ck groups in the 1:1 and 2:1
complexesin Fig. 4.9were estimated from the deconvolution parameters, and reveal variable
binding geometries and stoichiometrieshiese complexes. Deconvolution parameters showing
chemical shifts, areas under curves, aeldtive Lorentzian/Gaussian ratios are meted as
supplementary datdTable C4.4,0. Whereas cmponen 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 siagrestirely in the latter.

Thus, we conclude that componenis3 Inay correspond to guest binding configurations that
resemble 1:2 (1), 1:1 (2), and 2:1 (3) host/guest stoichiometries, respectively. S&Beme
represents the various possible binding gpnfations of PFB within the CD cavity. Note that
guestpenetrationthrough the narrow rim is possible. As well, formatiof channel or cage
structures, as described in the PXRD resuwts, known to occur in CD complexes but are
omitted for clarity.

Configuration 1 in Schemd.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. Accorditm the deconvolution analyses Figure 4.9a,bi), the 1:1
preparation gives rise to approximately equimolar amoyrater to TableC4.1a) of 1:1
(configuration 2) and 2:1 (configuration 3) hostgtistoichiometries, and small amounts of the
1:2 stoichiometry (configuration 1). The presence of thednd 2:1 complexes in the 1:1

preparation may coincide with the two DSC dehydration transitions at ~80° and 90 °C,

BB B

Scheme4.3 Schematic representation of the binding interacpostulated folPFBA guest and
b-CD host (1) partial guest inclusion in a 1:R/G ratio, (2) conplete guest
inclusion in a 1:1 HG ratio, and (3) compte inclusion with guest protruding t
result in 2:1H/G ratio. Note: inclusion through the narrow rim of CD is possible.
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() 1:11C (i) 2:11C

—

75.0 76.5 -78.0 795 -81.0 -82.5 -840 ‘855 -75.5 -77.0 -78.5 00 815 -83.0 84,5 -86.0

Figure 4.9a Deconvolution analyses of the §lihe shapes fothe °F DP/MAS 20 kHz spectra
of (i) the 1:1, and (ii) 2 1-CWPFBA solid complexeat 295 K.

() 1:11C (i) 2:11C

a11 1S 19 123 a1 .131 135 -1t -115 -119 123 127 131 -135
ppm ppm

Figure 4.9b Deconvolution analyses of the §lihe shapes fothe *°F DP/MAS 20 kHz spectra df)
t he 1: 1, -@DIRFBA(solid gomplexedt296 K.

In contrast, the 2:1 preparation is composed primarily of the 2:1 complex, with a small
contributian of the 1:1 host/guest compleX.(Fig. 4.9a,bii and Table C4.1lpconsistent with the
minor DSC dehydration transition at ~8C. The 1:2 host/guest contributions are either
attenuated or are missing entirely in the 2:1 preparation due to the greddrantion 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 andhdndirg behaviour described in the DSC and-IRT
respectively, agree well with the findings of the deconvolution analySesplexeswith
variable host/guest configurations where different stoichiometric distributi@ens?il, 1:1, and

1:2) may be preserdre expected to experience different hydration arabHding effects.
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4.45.3'"H Y°C CP/MAS NMR

Multinuclear NMR techniques gpioying polarization transfer have been used to provide
unequivocal evidence for the formatiohinclusion complexes'> Additionally, solid stateC
NMR CIS values and line shape variations can be useatdbe conformational effects and
molecular dynamics of hogjuest system&The NMR spect r-@G,thedl:ltafde nat |
2:1 hostguest inclusion compounds obtained usthgY**C CP under conditions of 20 kHz
MAS at ambient temperature are depicteffigure4.10. The'C resonance lines were assigned
in agreement with previous repafts® The individual™>C  n u ¢ | -€D hydratein Fid 4.10
are not completely resolved due to the amorphous nature and variable hydration state of the
material, in adition to the spectral overlap of certafiC resonance lines. Note that thé Y**C
CP/MAS NMR spectra in Figuré.10 show3C host nuclei and since the guest has no protons,
any changes in line shape/width are attributed to hydration properties of thend: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 suNOAR are
observed in théC solid NMR results, further supportinget 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.,s@nd G). This further supports the inclusion of the guest with
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 comptaxtiie framework carbon nuclei {@nd
Cy) ; wher eas, t h e edshupaffectedairt botl ¢oimglees. (nUgeneral, fthe C1
complex experiences r e d ovele. We inferdrom thel ongmisgt  a | |
discussion that the host cavity in the 1:1 complex experiences greaieresfects 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 tgaache conformation in the 1:1
complex, in accordance with the configurations in S, the IR and solution NMR results.
Variations in the relative intensities of IR band {mCF) and 2 b CC andn/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 Agaear conformation of the guest in the 2:1 complex is
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generally expected to causninimal constraints on the host framework thereby resulting in a
downfield shift for suchC nuclei.

The spectrum of the 1:1 compléx Figure 4.10 is characterized by narrow resonance
lines; whereas, the resonance lines for the 2:1 complex are nglabread 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 macromdes: In the case of the 1:1 complex, part of the
guest may extend outside of the CD cavity as shown in ScHé&nd&he deshielding effect
observed for the extraand intracavity carbon nuclei of the host in the 2:1 complex may be
related to a variable gst conformation, as described above, and in agreement witR Bid
solution/solid NMR results. For PFBA to form a 2:1 host/guest complex with CD, the guest must
adopt a nealinear conformation. We conclude that while PFBA guest adoptauwche
conformdion in the 1:1 (and 1:2) host/guest complexes, the conformation in the 2:1 complex is

notgauchebut a linear oe.

Cl C4 C6

b-CD

—
T T T T T T T ] | A B m —— B B e e — T
125 120 115 110 105 100 95 20 85 80 75 70 65 60 55 50 45 PPMyp

Figure4.10 ®C'HY¥C CP NMR r-€B, andittse flo:rl ;6D/RFBA 2
complexes at 20 kHz MA&nd 295 K.
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4.45.4F Y**C CP/MAS NMR

% ¥13C CP/MAS NMR techniques allow for dipolar interactions between the host and
guest to be detéed. Figure4.11 shows the'*F Y 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
Figures45 and4.10. The®®C resonance of the -CO®RFBAMCuUgdnN gr our
compounds is observed at a much higher field
carbonyl carbon of the PFOA complexes in a previous stabgpter 3)° Carbonyl carbon
nuclei in general resonate in the characteristic region betwed22G@pm whereas carbonyl
groups of carboxylic acids appear in the range o 180 ppm®*The observed U val
carbonyl carbon of PFBA reported herein is in good agreement with a reported vedlation
by *C NMR>" The most remarkable observation time *F Y**C CP/MAS results is the
appearance of a host signal centered ~78 ppm. This signal indicates fhalarization from the
guest has been transferred to tf@ nuclei of the host cavity (i.e.,s@nd G) and provides
unequivocal evidence for ¢hinclusion 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 coiuioramak
dynamics in the two complexes. The appearance of a similar resonance ~85 ppm) (ice., C
only the 2:1 complex further supports an altered binding configuration and conformation of the
guest in this product. Note that @3 closer to the centerf 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 -#imesarconformation, in
which the guest is entirely encapsulated within the host cavity space as described above. In the
case of the 1:1 complex, tigaucheconformation coupled withakter dynamics of the guest are
expected to reduce efficient dipolar coupling between the host and guest, thus reducing CP
transfer. Thé®C peaks of the PFBA guest in Fig.11 are broader for 2:1 and narrower for 1:1
and this suggests that guest dynamaiesfaster in the 1:1 complex. In general, differences in line
shages andi values observeih the°F Y:*C CP/MASNMR resultsreveal the differences in the
guest geometry, mobility and solvent effect in these complardsare in agreement with the
DSC, FFIR, and™F NMR results.
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Figure4.11 ®C Y¥*C CP NMR resul t s-CD/BRBAt h
complexes a0 kHz MASand 295 K.

4.46 °F Solids NMR Relaxation Dynamics

The dynamics othe guest in the complexes were studied usffgrelaxation Tv/T2)
NMR methods at variable temperature (VT;i20 °C). TheTiy/T, data as a function of
temperature are shown in Figutd2 for the 1:1 and 2:1 complexes. Theprocess ofthe 1:1
complexshows a bexponential behaviour as a function of temperature; whereas, thg2:1
preparatiorshows relatively lineabehavior €f. Fig. 4.12) The biexponential behaviour of the
1:1 preparation suggests that this material cansistwo contributions and may be consistent
with the presence of equimolar amounts of 1:1 and 2:1 host/guest complexes as illogtita¢ed
% NMR decomwolutions of the CEpeaks in Figurel9a-i. In contrast, the linear behaviour of
the 2:1 preparatiois consistent with the presence of the 2:1 complex as the predominant product
in this material. It should be noted here thatlihexponential behaviour of the 1¢T;) complex
could be the result of multiple dynamic processes at work.

The relaxation o$pin-1/2 (e.g.°F) nuclei results from fluctuations in local fields arising
from chemical shift anisotropy (CSA) and dipalpole (DD) coupling interactions modulated
by localized motions® The faster the rate of motion, the less efficient the CSA RBd
relaxation mechanisms and the longer Thd, relaxation times. Notice from Figurel2 that
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the T; relaxation times increase monotonically with temperature, and this suggests that the
motions that give rise td; are faster than the Larmor frequen@s9 MHz) at the measured
conditions. However, th&, values (~0.R1.3 milliseconds) are about three orders of magnitude
smaller than the correspondiiigvalues (~0.41.0 seconds;f. Table4.3). This implies that the
types of motion causing; and T, relaxation are different. Starting wiff, plots from Figure
412, we observe that th€&; relaxation values for the different segments of the chain at each
temperature are indisguishable in both the 1:1 and Z&mplexes. This suggests that the type
of moton that drivesT; relaxation affects different segments of the chain similarly. That motion
must be a librational (axial) motion of the guest as a whole. In contrast 1q ¥iakues, ther,
valuesare different for the different segments of the chiaitihe 1:1/2:1 ICst each temperature.
We therefore conclude that the internal rotation of the i€€ausingT, relaxation, where the
group furthestremoved from the CGFgroup (i.e., @) experiences the most attenuated

relaxation time dueotless efficient spin diffusiort

1.2 *
+ ¢ ©
+T1 (CF3) 0815 ‘ + T2 (CF3)
T1 (CaF2) et T2 (CaF2)
| g__;, T1 (CBF2) : | T2 (CBF2)
0-4
04 ‘
|
N 1:1(Ty) . 1:1 (T2)
-20 0 20 40 60 80 -20 0 20 40 60 80
1.2
4.2 * ¢
. + ¢ ‘ ’
0.8 .
. *
*T1 (CF3) 681+ i ——  +T2(CF3)
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- " lo4 4 =
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Figure 4.12 '°F Ty (in seconds) and, (in milliseconds) relaxation times ftie 1:1, and
2 . ICD/PFBA complees
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Table 4.3

T1/T2 Rel

axat.i

on

CD/PFOA Complexes.*

V a |l-QiDe/sP HFBA anhde 11::

1: 1CDEPFBA 1: 1CDRPFOA
Ti(s) T2 (ms) T1(s) T2 (ms)

T (°C CK CK CFRU CFb CK CK CFEm CFkit
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 0514 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 008 s and 0.05 m®r T, andT, values respectively.

In general, thel, values of the Cigroup for the complexes reported herein are about

t wi ce

as

ong

compared to

s i-CDIPF@Ar complaxkesafe s

rep

Table4.3). This is beause the motional dynamics of the short PFBA chain are expected to be

significantly faster compared to the dynamics of PFG&thermae, it is evident from Figure
4.12 that theT, relaxationvalues of the methylene groupsf PFBA are significantly reduced
p-CDePFOAccanplexed thedwalues

relative to tlose of the Ckgr ou p .

of the methylene groups were close to the correspoginglues of the Cigroup(cf. chapter

3, Fig. 3.10. SinceT, relaxation is driven by Gfrotation, the reduced relaxation times the

n

a

b

methylene groups of the complexes reported herein further support the relative dynamics of the

main PFBA chain, as described in tHE NMR simulation results in solution. The PFBA chain
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was described to experience extensive rotation of theg@ip at the termini and appreciable
rotation of the Ckbonds in the main chain. Thus, spin diffusion propagates thed@&ional

motion along the chain less efficiently resulting in redu@edelaxation values for the GF
groups of PFBAThe increased dmrity between th&, 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 @Broup in the former complex in accordance with the configurations

in Scheme &.

The activation energies for the methyl and methylene graugre estimated from the
sl ope of the Arrhenius pl ot s-CO/RIFBAcampletxee Theev al u
results are presented in Table.4A\Nbte that the energies of activation,)(Eor the T; processes
are similar for all the segments ({£FCg,, and GF,) of the chain in both the 1:1 and 2:1
complexes. This supports the fact that the type of motion that driwetaxation is libration of
the whole body and affects all the fluorines in the same way. Recall;tisataused by the free
rotation of the CEk group which affects segments of the guest in different ways. This is
manifested by the disparity in,Zalues for theT, relaxation between the methyl and methylene

groups ¢f. Table4.4).

Table 4.4  Activation Energies (kJ/mol) of PFBA Guest as Estimated fronT /T,
Dat a-Cb/PFBA Complexes.

Parameter CF3 CoF2 CoF2

b-CD/PFBA 1:1 T1 7.83 9.33 8.06
T, 4,12 14.4 111

b-CD/PFBA 2:1 Ty 8.26 9.21 8.45
T, 3.56 12.6 10.3
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The CRK groups displayed low JT>) values 4.0 kJ/mol), while much greater values
(~10i 14 kJ/mol) were recorded for the &groups. The lower HT,) values forthe CFK groups
are understood in terms of thelative ease with which this group can freely rotate around its
threefold axis. In contrast, theotation of theof CF,-CF, bondsis relatively constraineth the
complexes compared to the pure PFBPRhe grater E (T,) 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.

45. Conclusiors

b-CD/PFBA host/guest inclusion compound®re prepared and characterizesing
multinuclear solidsolution NMR techniques, FIR, DSC and PXRD The solid phase
compounds were prepared usamgodifieddissolutionmethods at various host/guest mole ratios
(1:1 and 2:1). Thé°F Y**C CP results providkunequivocale vi dence for the fo
CD/PFBA inclusion compoundsPXRD results have shown the host to fofitagetyped
structures with the guesthe enthalpy of dehydration revedlearious binding comjurations of
the guest in the 1:1 and 2:1 complexes. According to the deconvolution analyses'#f the
resonance line shapes, the guest molecule in the 1:1 preparation exists in at least two distinct
configurations that resemble an equimolar mixture:&fdnd 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 adogpisclae
conformation and is different frothe fully linear conformation of the guest in the 2:1 complex.
Simulation of the' s pectrum of pur e PFBCP insaolution reveal ¢ o mp
that the CEk group experiences an extensive rotation about its -flotdeaxis, whereas a
significantrotation of the CFis 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,®Bnd rotations are more hindered 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 modifieddissolutionpr epar ati ve met hod developed in cft
CD/SPFO inclusion complexes at the 1:1 and 2:1-gosst mole ratio€Complexatiorinduced
shifts ofthe ' H/*°FA*C nucl ei in sol uti oCGD/SBROcompléxes were | i d
compard wi t h si mi ICOPFORA admplexas infoaler tofprobe the effect of the
counterion species (i.e. sodium and hydronium) in the binding of the guests. Simulgted CF
signals at MAS 25 kH and variable dipolar coupling strengthereused in conjunabn with
deconvolution analyses of the e shapes to probe the dynamics of SPFO and its complexes
wi t-BD. 8t ructur al properties for PFOA, EPFO anc

were compared and summarized.

Aut hordés Contribution

The idea of p e p a rADISBFOACs was proposed by Drs. Wilson and Hazendsrngart of
the original research plaithe idea of usingimulations to probe dynamics was proposed by Dr.
Hazendonkl carried out tle preparation and characterizatieol(gtion NMR,FT-IR, DSC, and
PXRD) o f t-@DESPFO complexes The solid state NMR characterization, relaxation
measurements and data analyses wieng incollabortion with Alex Borisov andDr. Paul
Sidhu. All simulations were done by Dr. Hazendonkhe first draft of the ranuscript was

prepared by me arglibsequently editday Drs. Wilson, Hazendonk, and Sidhu

Relation of Manuscript 4 to Overall Objective of this Project
The main objective of thiswork was to provide a structural comparisdretweenthe CD
complexes oEPFOandPFQA, respectivelyin terms of the dynamics and geometry of the guest

as determined by the presence of different counterion speeids’/Na’).
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Research Highlights

A 3 *°F Y*C CP) MAS NMR technique provided unequivocal evidence for the inclusion

A

A Thed y n a mi €B/SP&F®invdive extensive motions of the GFotationsint h e

of the SPFOguest within the hostavity.

The binding geometry

and

CH/SRFO vshED/RFOA t h e

complexeswere compared and found to be variable as détednby the presence of

sodium vs. hydronium counterion species.

-1: 1

CD/SPFQ whereas, the axial motions of the central body dominate the dynamics of the

guest in the2:1 conplex in accordance witlthe role of the sodium counterion in the

bindingof the guest
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5 Probing the Effect of Sodium Counterions in the Structure and Dynamics of Solid

HostGu e st Co mpCGydodextan andf Sodium Perfluorooctanoate

Abdalla H. Kaoyo” Paul S. Sidhi Alex BorisoV. Lee D. Wilsor” Paul HazendonK:"
AUniversity of Saskatchewan, Department of Chemistry, Saskatoon, SK, S7N 5C9, Canada.
YUniversity of Lethbridge, Department of Chemistry and Biochemistry, Lethbridge, ABd@an
Supplementary Information (Appendix D)

5.1. Abstract

Structur al characterizat i onrCyoccfl otdne®D:; imastyrdnd( sbi o n
sodium perfluooctanoate (SPFO; guest) was carried out UsifigF/*C NMR spectroscopy.

The 1:1 and 2:1 bCD/ SPFO sol i d dissouyidnengtteod. wer e
Evidence for {CH/SPF® s waa provideu usohd DB (direct polarization)

and CP (cross polarization) scktate NMR spectroscopy with magic angle spinning (MAS) at

20 kHz. Comexationrinduced shifts (CIS) fotH/**F/**C nuclei in solution and the solid state

f o r-CD/BPFO complexes were compared with similar values for the complexes of
perfl uorooct anoi-€CD imarderdo pfoPeRhe Aflect eountefgpedesin the

binding of the guests. Analyses ofetlCIS 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, TGWR, Bhd powder X

ray diffraction (PXRD) wereised to complement the NMR results. Simulated IQEs at MAS

25 kHz and variable dipolar coupling strengths were used in conjunction with deconvolution
analyses of the GHine shapes to probe the dynamic propertieSPFO and its complexes with

b-CD. The dynamics of the guest are modulated by the nature of the guest and the stoichiometry
of the complex, and involve thrdeld rotation of the Ckgroup as well as rotations of theFC
bonds.°F DP/MAS NMR results, spiattice 1) and spirspin (T2) relaxation times in the
laboratory frame at variable temperatures in the solid phase support that the dynamics of SPFO
i n-COISPFO complexes are unique due to the role of sodium counterion in the binding of the
guest-Chith b
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5.2 Introduction

Perfluorinated compounds (PFCs) of the types-(@#,)-Ré have diverse f
gr oups 2OR,COBH, CBNH,, or CR-SO;H) and chain lengths and have received vast
research attention due to environmental and health relatetems. Such materials have been
used in applications ranging from fifighting foams to pesticides and surface active agéhts.

They have unique physicochemical properties in comparison to their hydrocarbon analogues. For
example, a comparison of theitical micelle concentrations (cmc) of perfluorooctanoic acid
(PFOA; CR-(CR)s-CF-OH, ~0.00870.010 M), perfluorooctane sulfonate (PFOS; 0.0060
0.0080M), and sodium perfluorooctanoate (SPFO3-(CI)s-CF-O'Na', ~0.032M)*’ and
sodium octanoate (~0.4Q),% 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; <0Y*° SPFO and APFO (ammonium perfluorooctanoate) are salts of PFOA commonly
used as surfactants and as essential processing agents in fluoretesswformulations for
making consumer products (e.g., films and membranes fostmncookware and outerwea

and cleaning agents for carpetsMost 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.

Cyclodextrins (CDs) have been widely used to lower the surface activity of
perfluorocarbon compounds through formation of fgpstst complexe$:**CDs are a family of
macrocyclic ol i go@R),-CPp(nBs-CH glucgpganasd unitah ré)

l inked1%4) Ugl yc os i Sthemes.lajb)®kVa epored ih prévious wotk'’

the structur al and dynamic pr opGDrandiPEGA (G8pr t he
in the solution and solid statéshapters 2,3)We also recenflreported similar studies for short

chain perfluorobutyric acid (C4chapter 4)® It was concluded from these studies that PFOA
forms 1:1 and 2: 1 i 4D Wwith sariabla confaynmapoa and dysamiasioft h b
the guest. In contrast to PFOA, B4 was reported to form mainly 1:1 hegtiest complexes.

SPFO (C8) is the most widely studiéd® perfluorocarbon salt because it shows strong
affinity for CDs due to its unique amphiphilic nature. The research groups of Reinsbdrdugh
and Gud wereamong the first to study CD/SPFO complexes using conductometry and solution

NMR spectroscopy, respectively. Guo ef aéported a detailed study of the complex formation
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in solution between CDs and a series of sodium perfluoroalkanoates compfiSirggidon

atoms. In that study, it was reported that the association of CDs to shorter sodium
perfluorocarbon chains favors 1:1 hgstest formation; whereas longer chains favor 2:1 or a
combination of 1:1 and 2:1 formation. A preferred extendsbtians) corformation of the
perfluorocarbon guest was reported in the 2:1 complexes in solution. Similar conclusions were
drawn from ourCDAREOAdGYstens in aqneous Sokitiorband the solid Stafe.

For structural considerationsyenZ® described theassociation of the host and guest to form
complexes as consisting of one or more CDs or guest molecules; in this case these complexes
can forminclusionas well asorrinclusionassociations with a variety of topologies. Wilson and
Verrall?"#
aqgueous soluti ofDbndlogerainPFOA di f i ed D

Other reports of CD/SPFO complexes in solution have focused on analyzing the effects

showed thahigher order (e.g. 2:1 and2): hostguest complexes were formed in

of SPFO monomemicelle exchange rates on CD additdmeasurementsf dinding constants
using native and substitut€Ds?>?*and selective association of CD to SPFO in the presence of
other hydrocarbon surfactarftsRecently, it was demonstrated that complexation of SPFO to
CDs is important to the biomedical field sintteese perfluorocarbon surfactants are used as
oxygencarrying, pulmonary drug and gene delivery agéhtdThe widespread use of these
recalcitrant perfluorocarbon compounds, along with their extreme inertness, are responsible for
their environmental psistence. 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. Demsite
widespread use and related potential health and environmental concerns, detailed studies of the
structural characterization of the solid qorh e x e-GD aad SPEO 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 complexe

I n this study we report t h-€D ictharsplitienxandf or mat
solid states usingH/**FA°C NMR and FTIR spectroscopy, thermal analyses (DSC/TGA), and
powder Xray diffraction (PXRD). The complexes in the solid state were prearde 1:1 and
2 : 1CDBPFO mole ratios using a modified dissolution method described previbTgig.
Cl'S values f or <D/BRFO tomplexes awéra compprédacssenilabvalues for
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b-CD/PFOA complexes to aid in probing the geometry of ghests within the host ang

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 £fesonane and NMR relaxation studies in the solid state. The

results of this studyare anticipated to contribute to a better understanding of the detailed
structures of both nat i v-€D I®th Qhe aotution and solidc o mp |
phases. Previous resul ts of-CDtwitte PFOA and BRBA,r es o
respetively, are highlighted to provide comparison and further understanding of the structure of
SPFO and its -Cbhmplexes with b

Ol
H,Cg

e

(a) (b) ()

(OH),

Scheme 5.1 Mol ecul ar St r-Qx oligomer svhererf = a¥ ;CD
represented as a toroidal macrocycle, and (c) SPFO.

5.3. Experimental Section

5.3.1 Materials and Chemicals

b-CD hydrate (~10 % w/w D) was purchased frorSigmaAldrich Canada td. (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 preparatitre sample mixtures.

532 Pr e par a tCD/SPFO &dlid Ificlusion Compounds

The solid b-CD/SPFO complexes were prepared at the 1:1 and 2:1 mole ratios (
Schemes.2) using a modifiedlissolution (evaporationpethod adapted from a previous repgort.
The solid products were growl into fine powder for characterization with sedithte NMR,
DSC/TGA, FFIR and PXRD.
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e (O

Scheme52 St epwi se formation of t-@De(tordid)
and SPFO according to the 1:1 and 2:1 host/guest mole ratios.

5.3.3 Solution-state NMR Spectroscopy

Solution NMR experiments were performed on a tule@nnel Bruker Avance DRX 500 NMR
spectrometer operating at ca. 500 MHz fidrand ca. 470 MHz fot’F. *H NMR spectra were
referenced externally to t et speceat wene refeiedcedn e (1
externally t0 2,22 ri f | uor oe t-12npph). Sarplks fdH dnd *F NMR were

prepared in PO at pH ~5 in mole ratios of 1:1 and D©ACD/SPFO. All NMR spectra obtained

in the solution state were acquired at 295 K.

5.3.4Solid-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 HFXYhar@perating at 125.55 MHz 3¢,
499.99 MHz for'H, 469.89 for'®F. Solid staté>C MAS spectra were referenced externally to
adamantane (U = 38.5 ppm) as a séEMABGmecryg st an
were referenced to hexafluorobenze  (-164.9=ppm).All samples were spun at the magic
angle with a spinning rate of 20 kHz usiadg mm Vespel rotors equipped with Kelturbine

caps, inserts, and end caps, unless stated otherwis€’CAIMR spectra were obtained using a
100 kHz swep width with8192 points in the FID and were zdilted to 64 k data points, unless
stated otherwise. The curve and width parameters for the adiabatit®C CP experiments
were set at 50 and 10,000 Hz respectively, while thosEFer*C were set at 5and 50,000 Hz
respectively. Optimal Hartmartdahn matching conditions were achieved with a contact time of
5 ms and approximate powers of 68 kHz and 59.5 kHz forfhand*C channels, respectively.

The °F T, values T:") were measured by inversioacovery (1800 90° acquire), while the

T," values were obtained with a rotor synchronous Hahn eche({980°Uacquire)’' The T, |
relaxation times were measured with a pulse sequence that containdazisgL) pulse out of
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)»*? Relaxation time

phase by 90° with spect to the initial 90° pulse (e.g., ¥®BLy-acquire
measurements were obtained at ambient and variable temperdfr0 °C). Simulation
analysesof CF; resonance as a function of dipolar coupling strength (Hzewdone using

MestreNova

5.3.5 Thermal Analyses (DSC and TGA)

Differential scanning calorimetrD SC) o f t-@De unboand SRFO, afd 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
temperatureand 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 temperaturei dDBC°C. Solid sample®r

TGA were heated in open pans where sample massd8-/rig were analyzed.

5.3.6 FT-IR Spectroscopy

Fourier Transform (FT) IR spectra were obtained using aR&id FTS40 spectrometer with a
resolution of 4 crit. All samples were prepared with spectrggcayrade 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 collecteing a PANalytical Empyrean PowdefrXy diffractometer using
monodiromatic CuKal 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 measuireth a conti nuous modeidsfver a
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 polymefit and hosiguest system&:*® 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
o f -Cp, SPFO, and the 1:1 and 2:1lidoinclusion compounds prepared by the modified
dissolution method are shown in Figurgd and5.2, respectively. In Figre 5.1, the DSC

t her mogr am-Cb exhibitativo en@othebmic peaks at ca. 115 and 320 °C that are
attributed to dehydration amtecomposition 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 ther mogr ams -OOSPEOI@s display endothermictrankitiobs at ca. 130

°C due to dehydration processes. The exothermic transitions lying in the temperature ranges
between ca. 25@85 °C and 300B50 AC {fCO/ISPF® ICe mdy be related to the
decomposition of the guest and host, respectively. The appearance of the exopeatksi for

the inclusion compounds is telling-CHSPBEO pr ovi
inclusion complexe® In a previous studg f -CIPFOA complexes, the decomposition of the
guest/host were shown as endothermic procgsses highlightssome structural differences

with the complexes reported herein.

30 80 130 180 230 280 330 380
Temperature (°C)

—pCD —=—SPFO ----p-CD/SPFO 1:1 — - [-CD/SPFO 2:1

Figure 5.1  The DSC traces fdy-CD hydrate, SPFO, and the 1:1
and -ED/SPF® inclusion complexes
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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
delhydration 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 aeagreatount of extra

cavity water. In contrast, the 2:1 complex may contain a greater amount of highly ordered cavity
bound watef® The decomposition of the guest in the 1:1 complex (betweein2850°C)
revealed two distinct thermal events which suppatpghesence of more than one environment

of the guest in this complex.

v . i T . ;
30 100 170 240 310 380
Temperature (°C)

—p-CD —=—SPFO ----B-CD/SPFO 1:1 — - B-CD/SPFO 2:1
Figure52 TGA tr ac-€b hydr abt e, SPFO an

CD/SPFO inclusion compounds.

The DSC results suggest that the guest molecule of the 2:1 complex may be fully
encapsul at ed wi {CBh;iwnereashthe gaestvin theyl:1 @wdmpldx is partially
included with variable microenvironmerffsThe inclusion compounds decomposed ahéig
temper atur es (Cdl atnidv ep utrce mSaPtFiOveanbd t hi s-suppor
CD/ SPFO inclusion compound sCD/SPFO eompe2&€ weree s u |l t
complenented by the TGA results in Fig25.
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The TGA results in Figh.2 are pesented as weight derivatives in thexs
versus temperature in theaxis. 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 irSection5.35. The thermal events in Fi§.2 at ca. 280°C for SPFO and 310 °C for
b-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 decompben 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 charderized by a broad range of thermal events betweenZ®00°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 orlgligitgater than
that of the 1:1 complex. Greater magnit-udes o
CD/SPFO complex (K1) compared to K values according to solution studfe<.The slight
differences in the thermal stabilities of the arid 2:1 complexes reported herein may be a result
of artefacts arising from possi bl eCDSPFOmat i on
complexes.

The TGA % weight losses for the different thermal events are presented in the
Supporting InformationKig. D5.1). The weight loss (%) due to the dehydration processes at ca.
60 eC were evalGDy8%d(dl.:1laosnplex)aand 6% (24 céniplex), and are in
agreement with results from DSC. In general, the formation of the inclusion compounds tends to
increase the theldDmahosstt adbnd i 2 wyg gds tbs-COUYSPEEO f or ma
ICs 3 Differences in thermal stabilities, enthalpies of dehydration, and the number of thermal
transitions suggest that there are structural differences between the la n dCD/3PFOD b
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 functiona$ gozhp
as the carbonyl and hydroxyl groups. For example, this technique has been used to characterize

guest conformational changes (i.gauchevs trans) of perfluoroalkyl chain®*® and other
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systemé®* The FFI R s p e cGD;, S8PF®, fand fthe 1:1 @r2:1 hostguest complexes
prepared by the modified dissolutiomethod are displayed in Fi§.3. The relative intensities of
the -OH (~3400 crit), -CH (~2900 crit), and-C=0 (~1700 cnt) vibrational bands in Fig5.3
for the 1:1 and 2:1 hogjuest complegs correlate with the relative mole ratios of the host/guest
relative to the unbound species. Rafifts of ca. 8 cil and 6 cnit for the frequencies of the
TIC=0 bands f or -CDMRFO ICs respectively, rlatie tofthe IR frequency of the
unbound SPFO (1694 ¢th are noted. These shifts reveal differences in dipolar interactions
between the host and guest and \@e@dinding geometry and conformation of the guest for the
1:1 vs 2:1 hosguest complexes.

The IR spectral region between 110250 cni* was previously used to characterize the
conformational preferences of perfluorocarbon chains in the solid phasati®filat bandsi(i 3)
are labeled in Fig5.3 and are assigned to £&ymmetric stretching modd. @agm/CF2; 1250
cm?), CC bending and CCC stretching mod2® (/ -C, &C-C; 1215 crit), and Ck symmetric
stretching 8 G,m/CFy; 1150 cnt).*? In particular, ban@ was previously used to provide useful
structural information regarding the conformatiomaélange of a PFC guest in a hgsiest
systent®

OH oo 123

S coisproa e
1686
7 N\_~__CDisPFO11

%%

1694 \1,
SPFO
M b_CD
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm)

Figure 5.3 FT- R s p e «tDr, a S®PfFOh a n d -GDISEFOlincldsiora n
compounds.
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I n a previ oCH/SPF& pomplexes o nsolufidna preferredall-trans
conformation of the perfluorocarbon chain was reported for the 2:1 complex. PFOA and other
C8 perfluorocarbon chas have generally been reported to adopt helgaai¢hé conformations
in the pure solid compared to the zigzar{s) conformation adopted by PFCs with chain
lengths less than 8 carbons (e.g. PFBAJ.A conformational change of the perfluorocarbon
chain may occur if its environment is chandé®® The attenuation of bar@lin 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 guesitisompletely retained even
in the 1:1 complex where observable attenuation of Bdadoted. In previous repotts’o f- b
CD/PFOA complexe¢Chapters 2 and 3}he guest molecule was concluded to adogawiche
conformation in the 1:1 hogfuest comfex, similar to the unbound guest in the solid phase. In
contrast to thegaucheconformation adopted by the guest in the 1:1 complex, a prefalired
trans conformation of the guest was reported for the 2:1 complex. This is in contrast to the

gaucheconformation formed byhe CAPFBA gues{chapter4) n t he 1: 1 -GDd®mp | e x

5.4.3 PXRD

Powder Xray diffraction is sensitive to loagange order or to the periodic structure of
the framework. PXRD has been used to study the structure ofyhest complexes and to
confirm the formation of a new compoufrom parent molecule¥. The PXRD patterns for ¢h
nat i-GDefredSPFO and the 1:1 and B:CD/SPFO ICs are shown in Fi§4. The PXRD
patterns due to the host molecind=ig. 54c onsi st of prominent | ines
and otherminos i gnat ures at higher 2p vdlyped tchytst al
structure®®™ Nati ve SPFO reveals its signature 28 va
peaks at higher 2bp. The PXRD patt ehamderized t he
by some sharp reflections and -QD/SPRO idcksiorevi den
compounds. The patterns of the 1:1 and 2:1 <co
17.5° and represetiieadto-headi c hanyppé o sS'Psumi bme, to those re
CD/PFOA complexein chaptes 2-3.*’ However, such structures are
CD and the native SPFO guest r-EpD/PFBA cmdplexeer ei n,
reported previousiPwh i ¢ h f otrymp efidc asqtbrpter 4) uaPdssknown to have a
strong tendency to forrheadto-headd i mer i ¢ units with | ong <chain
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together by multiple Fbonds at the secondary rim of C&f.(Schemé.1), in which one or more

guests can baccommodatetf

11.6
L CD/SPRO 21
i T T T - .
CD/SPFO1:1
SPFO
A J - _A .LA_A—A A AN

b-CD hydrate
é 1.0 1 5 2.0 2.5 3ll) 35 4lI] 4 5
2theta (degrees)

Figure54 The PXRD paabD ewrydsr aftcer, BSPFO, - a
CD/SPFO inclusion compounds.

e, - -,

The broad patterns at values of B2%8map20A
reveal that the inclusion of the sodiuioh perfluorocarbon guest within the host results in
significant loss of longange order. The PXRDesults of the 2:1 complex in Fig.4 are
characterized by peaks at 2& angl esSdhadtad, 15.
not present or are significantly attenuated in the patterns of the 1:1 compéadditional
reflections may idicate that the structure of the 2:1 complex is distinct from that of the 1:1
complex. WenZ described the packing of the cyclodextrin hgsest compounds to depend on
the dimensions of the guest relative to those of the host, as previously descrivggieshcan
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 1:11vsoPaplexes is revealed by the
DSC results, and contributes to differences in structural dtder.
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5.4.4 Solution-state NMR Spectroscopy
5.4.4.1.*H Solution NMR Characterization

Numerous studies have been reported on the structure efunestinclusion systemssing
complexatiorinduced *H/*°F NMR shifts (CIS) in solutioh??"?® Comparative esults for
PFOA and its <D wilpbe presentd imvthig anmd tHe following sections, to aid in
understanding the struct u¥Cb. Fagf5.5 $héws Slaclapiots ofi t s ¢
the'M sol uti on NMGED asdtieecltl rarsd : f1ODMBPED hosguest inclusion
compounds. Si mCDO/PA®A conepkexes dresshofvioin Fifd for comparison.
The assignment of the resonance lines for'thespectra in Fig5.5 agrees well with previous
literature report$™>° and with thestructures illustrated in Schensela,b. Theti val ues f or
H/*F nuclei were measured to within +0.001 ppm and @8 values are listed as the
di f fer enc g eqgnidiwhereghe vesutts ate presented in Tékle The determination
of t dvues far thespartly overlapped signals in Eig. was confirmed from the known signal

splitting patterns and the corresponding integrated coupling constants.

Dd=d, a,

complex” “free

Equation5.1

The CIS values for the inti@avity protons (i.e. b Hs) in Fig. 5.5 are the most affected due
to steric effects of the included guest, providing evidence for the formation ofQuesi
inclusion compoundscf Schemes.2 ) . I n particul ar , -cavithprotogsl v al u
are more attenuated in the 1:1 compared to the 2:1 complexes due to increased steric effects of
the guest in thgaucheconformation for the 1:1 complex, as described in the IR results.
Compaas on of the CIS values for the S-EBBO and
respectively, allows for estimation of the relative positions of the guest within the host. The CIS
values of the intr@avity nuclei for the 1:1 complexesf( Fig. 5.5) are relately constant
compared to similar values for the 2:1 complexes as shown in the expanded spectra irR2Fig. 5.5
and Table 5.1. Therefore, the latter can be used to probe the relative positions of the guests in the
complexesNotice that the CIS values chailgey -0.006 ppm (upfield) for fland +0.010 ppm
(downfield) forH, goi ng f ICOMmPFIO& 2 oADISBF® canpldx. That is,sH
is less shielded andsHH s mor e s hi e-CRISPEHO domplex rhlaive 20:the shifts of
the PFOA counterparSimilarly, Hs is less shielded andsHs more shielded in the 2:6-
CD/PFOA complex.
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Figure551 'H NMR s pe eCDr,a afnadr

t bh@D / P:FIO/A2-CRISRHD
inclusion compounds in{® at 295 K.
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Figure 5.52 'H NMR expanl e d s p e eCDraadthé ©:¥2: 1bC B/ P F OA ,-CD/SRFO

inclusion compounds showing CIS patterns foy &ahd Hsi gnal s f o
CD/PFOA (dotted lines) an@ : 1CD/&PFO (arrows) complexes.

The trends in the CIS values for the intravi ty protons of t he t

w
CD/ P F OA-CR/8PFO) suggest the presence of variable guest geometry/conformations in
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the two samples. Part of the SPFCGegfuchain must be in close proximity tg group of CD
causing increased shielding effects due to st
i n t h-€D/SPFQcorbplex for Hmeans reduced steric effects at its environment. Note that
contribt i ons of @i from other sour c &BsolstioncNMRas s o |

results are presented to further understand the geometry of the guests in the complexes.

Table 5.1  CIS Values (ppm) for the'H Nuclei of b-CD and its Complexes with
PFOA and SPFOin Solution at 295 K

Utree Qu
b-CD/PFOA  b-CD/PFOA  b-CD/SPFO  b-CD/SPFO

Nuclei b-CD 11 2:1 11 2:1

H, 5.002 -0.022 -0.020 -0.019 -0.030

Hs 3.897 -0.160 -0.117 -0.157 -0.123
HeHs 5 3.810 -0.040 -0.017 -0.036 -0.013

Hs 3.798 -0.203 -0.129 -0.196 -0.119

H, 3.582 -0.029 -0.032 -0.028 -0.039

H, 3.516 +0.013 +0.005 +0.015 -0.005

5.4.4.2.*°F Solution NMR Characterization
The®™ NMR results of the solution compdexes

CD respectively are shown in Fig.6. The assignments of th€F resonance lines for
PFOA/SPFO in Fig5.6 were madén agreement with COSY results 6uzmar® reported by

Guo’ and according to the accompanying structwfeKig. 5.6). The well resolved®F resonance

lines in Fig.5.6 allow for more accurate quantitative analysis of the CIS vaNete that the
chemical shift changes of the individdaF resonance lines of theigss in the complexed state

are assumed tbe subtle relative to the unbound guest, such that any coalesced peaks are

asumed o be from two neighboring signals.
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Figure 56 '°F NMR exanded spectra for PFOSPFO, and the 1:1/2:1 inclusion compour
with b-CD in DO at 295 K. The resonance lines assigned according to th
accompanying structure.

Table 5.2  CIS Values (ppm) forthe®™® Nucl-@eD/ $ P F ®-CB/RRDA b
Complexes in Solution at 295 K.

<
C

Uee U Uree pU
b-CD/PFOA b-CD/PFOA b-CD/SPFO b-CD/SPFO

Nuclei PFOA 1:1 2:1 SPFO 1:1 2:1
CF, | -119.899 0.168 0.331 -118.000 0.226 0.492
CF, | -125.152 0.248 0.527 -123.256 0.333 0.710
CF, | -124.197 0.436 0.328 -122.307 0.511 0.233
CF, | -124.429 0.437 0.262 -122.541 0.508 0.121
CF, | -125.624 - - -123.730 - -

Cf, | -128.450 0.045 -0.086 -126.558 0.059 -0.169
C,F, -83.189 0.049 -0.088 -81.294 0.063 -0.181

Wilson and Verrafl”?® have used®F CIS values to elucidate the binding geometry of a

series o fluorocarbon alkyl carboxylate guests in @Rsed complexes since such guests can
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