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PREFACE

Tonic liquids (ILs) are organic salts that are liquid at or near room temperature
(i.e. below 100 °C). They possess unique materials and solvent properties that have
led to their use in multiple applications. Poly(ionic liquids) (PILs) refer to a special
type of polyelectrolyte that carries an IL species in each of the polymer repeating
units. PILs offer advantages over ILs in enhanced mechanical stability, and improved
processability, durability and spatial control over the IL moieties. The ability to
generate surface-tethered polymer films with IL functionality as side chains can en-
able coatings with versatile and tailorable properties. This dissertation describes the
preparation and characterization of surface-polymerized ILs.

Surface-tethered poly(ionic liquid) (PIL) films were prepared via surface-ini-
tiated ring-opening metathesis polymerization (SI-ROMP) of ionic liquid-tethered
monomers on gold, silicon, and glass substrates and were shown to be adaptive to their
anionic environment. Chapter 4 reports the surface-initiated ring-opening metathesis
polymerization (SI-ROMP) of ionic liquid-tethered monomers to grow poly(ionic lig-
uid) (PIL) films on gold and glass substrates. The kinetics of film growth are rapid,
with profilometric thicknesses approaching 600 nm within 15 min of polymerization
in a 0.1 M monomer solution and substantial film growth observed at monomer
concentrations as low as 0.02 M. The ionic liquid (IL) monomer consists of the cation
3-[(bicyclo[2.2.1]hept-5-en-2-yl)ethyl]-1,2-dimethylimidazol-3-ium (N; —dMIm™) with
the hexafluorophosphate (PFy ) anion. SI-ROMP of the IL monomer results in a
surface-tethered poly(3-[(bicyclo|2.2.1]hept-5-en-2-yl)ethyl]-1,2-dimethylimidazol-3-
ium hexafluorophosphate) (p|[N; —dMIm]|[PF]) film whose PFy  anion can be easily
interchanged to tune the film properties. The p|N;—dMIm|[PF]| films are adaptive to

their anionic environment with the extent of anion exchange quantified by reflectance-
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absorption infrared spectroscopy and ultraviolet-visible spectroscopy. Anionic dyes
incorporated into the p[N;—dMIm]| films via anion exchange resulted in a reversible
color change in the films. The surface and bulk interaction of the p[N;—dMIm]| films
with water was quantified by contact angle goniometry and quartz crystal microbal-
ance with dissipation (QCM-D). The p|N;—dMIm]| film with the perchlorate (ClO, )
ion exhibited the lowest advancing contact angle with water of 35 + 3° compared
to the p|N;—dMIm]| film with the bistriflate ("NTf,) ion which exhibits the highest
water contact advancing angle of 65+ 3°. The p|N;—dMIm|[ClO,] film demonstrated
an 8% increase in bulk water content, as determined by QCM-D, compared to the
p|N; —dMIm]||PF¢| film. The rate of ion transfer through the film was highly de-
pendent on the anion as characterized by electrochemical impedance spectroscopy
(EIS) in different electrolytes. In particular, resistances to ion transfer ranged from
7.90 &+ 0.11 kQ-cm? for films containing the PF,;  anion to < (4.34 £0.04) x 107°
kQ-cm? for films containing the C10,~ anion.

For surface-tethered PIL films on gold substrates, anion exchange with certain
anions such as triflate, led to the desorption of the PIL films from the surface due
to entropic effects and an increase in the glass transition temperature of the films.
Chapter 5 explores the fundamental intermolecular forces at play in surface-teth-
ered PILs. I report the preparation of p[N;—dMIm|[PF| films on silicon substrates
and the incorporation of anions that cause a desorption of the polymer film on gold
substrates. I synthesized an IL monomer, 3-[(bicyclo[2.2.1]hept-5-en-2-yl)propyl]-1,2-
dimethylimidazol-3-ium hexafluorophosphate ([N;—dMIm|[PF]) that incorporates a
propyl group between the polymerizable norbornene and the dimethylimidazolium
cation. Here, I report the preparation of surface-immobilized PIL films on planar
gold substrates via the SEFROMP of the IL monomer [N;—dMIm]|[PFg|. The increase
in repeat unit molecular volume (V},) for the [N;—dMIm|[PFy] monomer led to a

decrease in the glass transition temperature (7}) of the surface-tethered film and al-

viii



lowed the incorporation of anions for which anion exchange resulted in a desorption
of the p|N;—dMIm|[PFg]| film on gold substrates.

A simple anion exchange of PIL films with aqueous solutions containing a binary
mixture anions led to the formation of random copolymer PIL films, that offered a
continuous tuning of film properties between the extremes of the two homopolymers
incorporating the anions present in the copolymer films. Chapter 6 reports a novel
and simple approach to achieve surface-tethered PIL copolymer films via anion ex-
change. Initially, surface-tethered PIL films were prepared by the SI-ROMP of the
ionic liquid monomer [N;—dMIm|[PFy| whose PFy  anion was easily interchanged
with aqueous solutions consisting of a binary mixture of anions. The binary mole
fraction of each anion in the film was determined by analyzing the infrared spectra
of the copolymer films. The thermodynamically driven anion selectivity for exchange
from the liquid phase into the PIL copolymer films was determined to follow the order
ClO, > PF, > FSI . The surface wettability of p|N;—dMIm| copolymer films with
the PF,;~ and ClO, anions (p|N;—dMIm]||[PF|[ClO,]) was quantified by contact an-
gle goniometry with the observation that the surface showed an enrichment in the
ClO,  anion compared to the average binary anion mole fraction of Cl1O, in the film
(ycio,)- The rate of ion transport through the p[N, —dMIm|[PF4|[ClO,| copolymer
films linearly depends on the binary anion mole fraction of CIO, " in solution (zci0,)
allowing an extension of the discrete tunability of PIL films to a continuous tunability
with the PIL copolymer films to obtain specific properties for any desired application.

Part of the dissertation examines polydicyclopentadiene (pDCPD), which is a
rigid, cross-linked polymer with excellent impact strength, high modulus, and high
chemical resistance. Commercially used for automotive panels and sporting goods,
pDCPD has been experimentally explored for a broad range of applications including
ballistic protection. While bulk pDCPD has broad commercial impact, the ability to

prepare surface-immobilized polymer films of pDCPD, especially with minimal en-
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vironmental impact, could lead to tough, impact-resistant surfaces with numerous
applications. In Chapter 7, surface-tethered pDCPD films were prepared on gold and
silicon substrates via SI-ROMP of DCPD. The films were grown utilizing monomer
in both the vapor phase and the solution phase with the former process exhibiting
rapid kinetics producing ~400 nm thick pDCPD films in less than 1 min of polymer-
ization. No significant differences in thickness were observed for films generated from
monomer in the vapor phase with the different isomers (ezo and endo) of DCPD.
Decane was used as an inert additive to control the concentration of DCPD monomer
in the vapor phase enabling the preparation of pDCPD films with thickness ranging
from tens to hundreds of nanometers. The thickness of pDCPD films polymerized
using monomer in the vapor phase was enhanced by the presence of a rinsate solvent
on the surface of the ROMP-active gold substrates. The choice of ROMP catalyst was
an important factor when SI-ROMP was conducted on different substrates. Electro-
chemical impedance spectroscopy revealed that the films provide effective barriers to
the diffusion of aqueous ions in excess of 1 x 10 Q-cm?. The mechanical properties of
the surface-tethered pDCPD films were quantified with AFM PeakForce quantitative
nanomechanical mapping (QNM) with a measured reduced Young’s Modulus (F,) of
15 GPa. The measured E, was greater than that of a non cross-linked surface-tethered

polymer, pNB, indicating that the pDCPD films are stiffer.



TABLE OF CONTENTS

DEDICATION . . . . .

ACKNOWLEDGMENTS . . . ...

PREFACE . . . .

LIST OF TABLES . . . . . . . o s

LIST OF FIGURES . . . . . . . .. ..

LIST OF SCHEMES . . . . . . . .. e

Chapter

1.

Introduction . . . . . . ...
Poly(Ionic Liquids) . . . . . . . . . .. ...
Copolymer Poly(Ionic Liquids) . . . . .. ... ... ... ... .. ....
Polydicyclopentadiene . . . . . . . . ... ...
References . . . . . . . . . .o

Background . . . . ...
Surface-Initiated Polymerizations (SIPs) . . . ... ... ... ... ....

Surface-Initiated Ring-Opening Metathesis (SI-ROMP) . . . . . . ..

ROMP Catalyst . . . . . . . ...
Poly(Ionic Liquids) (PILs) . . . . . .. .. ... . . . ..
Polydicyclopentadiene (pDCPD) . . . .. . ... ... ... ... ...
References . . . . . . . . ..

Experimental and Characterization Methods . . . . . . .. ... ... ...
Materials . . . . . . ..
Chemical Synthesis . . . . . . . .. ..
[(HyIMes)(3 —=Br—py),(Cl),Ru=CHPh| . . . . .. ... ... ... ..
5-(bromomethyl)bicyclo[2.2.1]hept-2-ene (N;—Br) . . ... ... ...
3-[(bicyclo|2.2.1]hept-5-en-2-yl)methyl]-1,2-dimethylimidazol-3-ium
Hexafluorophosphate (|[N;—dMIm|[PFq]) . . . . ... ... ..
5-(bromopropyl)bicyclo[2.2.1]hept-2-ene (Ny—Br) . . . . ... .. ..
3-[(bicyclo[2.2.1]hept-5-en-2-yl)propyl|-1,2-dimethylimidazol-3-ium
Hexafluorophosphate ([Ny—dMIm|[PFq]) . . . . ... ... ..
Preparation of ROMP-Active Gold Substrates . . . . . .. ... ... ...
Preparation of ROMP-Active Silicon Substrates . . . . . . ... ... ...
Preparation of ROMP-Active Glass Substrates . . . . . .. ... ... ...

x1

Page

iii

v

vii

XV
xvii

XXV1



Characterization Methods . . . . . . . . . . . ... .. ... ...
Polarization modulation-infrared reflection-absorption spectroscopy
(PM-TRRAS) . . . .
Profilometry . . . . . . . . .
Ellipsometry . . . . . . . ...
Contact Angle . . . . . . . . .
Electrochemical Impedance Spectroscopy (EIS) . . ... ... .. ..
Quartz crystal microbalance with dissipation (QCM-D) . . . . . . ..
PeakForce Quantitative Nanomechanical Mapping (QNM) . . . . ..
References . . . . . . . . . o

. Dynamic Anion-Adaptive Poly(Ionic Liquid) Films via Surface-Initiated
Ring-Opening Metathesis Polymerization . . . . . . . . .. ... ... ...
Introduction . . . . . . ..
Experimental Methods . . . . . . . . . .. ... ...
Polymerization of [N,-dMIm|[PF4| on Gold and Glass Substrates . . .
Polymerization on QCM-D Quartz Sensor . . . . . .. .. ... ...
Ionic Polymer Film Anion Exchange . . .. . ... ... ... ....
Results and Discussion . . . . . . . . . . .. oL
Polymer Film Growth . . . . . .. .. ... ... ... ... .....
p[N;-dMIm| Film Anion Exchange. . . . . . ... .. ... ... ...
p|N;—dMIm]| Film-Water Interaction . . . . .. ... ... ... ...
Ion Transport in p|[N;—dMIm| Films . . . ... ... ... ... ...
Conclusions . . . . . . . . ..
References . . . . . . . . . .

. Stability of Surface-Tethered Poly(Ionic Liquid) Films to Ion Exchange . .
Introduction . . . . . .. ..o
Experimental . . . . . . ...
Polymerization of [N; —dMIm||PF] on Gold and Glass Substrates . .
Ionic Polymer Film Anion Exchange . . .. . ... ... ... ....
Results and discussion . . . . . . . . ...
p|N;—dMIm| Films Prepared on Silicon Substrates . . . .. ... ..
Polymerization of [N;—dMIm|[PFg] on Gold Substrates . . . . . . ..
Conclusions . . . . . . . ..
References . . . . . . . . .

. Surface-Tethered Poly(Ionic Liquid) Copolymer Films via Anion Exchange
Introduction . . . . . . ...
Experimental Methods . . . . . . . . . . .. ... .
Polymerization of [N, —dMIm||PFg] on Gold and Glass Substrates . .
Ionic Polymer Film Anion Exchange . . .. ... .. .. ... ....
Results and Discussion . . . . . . . . . . ..o oo
Copolymer . . . . . . . ..
Contact Angle . . . . . . . . . ...

xil



Ion Transport in p|N; —dMIm||PF][ClO,| Copolymer films . . . . . . 132

Conclusions . . . . . . . . . . 140
References . . . . . . . . . 142

7. Surface-Initiated Ring-Opening Metathesis Polymerization of Dicyclopenta-
diene from the Vapor Phase . . . . . . . . .. ... ... .. ... ... .. 144
Introduction . . . . . . . .. 144
Experimental . . . . . ... oo 147
Polymerization . . . . . .. .. .. L oo 147

Determination of Polydicyclopentadiene Vapor Pressure: US Coast
Guard Data . . . . . . ... 149

Determination of Polydicyclopentadiene Vapor Pressure: Vapor Pres-
sure Determination . . . . . . . . ... ... ... . ... .. 150
Results and Discussion . . . . . . . . . . ... L 150
DCPD Surface-Initiated Polymerization . . . . . ... ... ... ... .. 156
Film Growth Kinetics . . . . . . . . . . .. .. ... ... .. ..... 156
Film Thickness Tunability . . . . . . .. .. ... ... ... .. ... 161
Pre-Polymerization Rinsate Solvent Film . . . . . . .. ... ... .. 161
ROMP Catalyst . . . . . . ... ... 165
Polymer Film Properties . . . . . . . . . .. .. ... .. 167
Electrochemical Impedance Spectroscopy (EIS) . . . . ... ... .. 167
Contact Angle . . . . . . . . . 168
PeakForce Quantitative Nanomechanical Mapping (QNM) . . . . .. 168
Conclusions . . . . . . . . 172
References . . . . . . . . . . 174
8. Conclusions and Future Work . . . . . .. .. ... ... ... L. 179
Conclusions . . . . . . . . . L 179
Future Work . . . . . . . . . . 183
Friction Reduction with Surface-Tethered Poly(Ionic Liquids) . . . . . 184
Polydicyclopentadiene with Reporter Functionality . . . . . . . . .. 186
References . . . . . . . . . . 190
Appendices . . . ... 194
A. Surface-Tethered Poly(Ionic Liquid) Films with Electroactive Anions . . . 195
Introduction . . . . . . ... 195
p[N;—dMIm]| Film Anion Exchange . . . . . .. . ... ... ... ..... 195
Electrochemical Impedance Spectroscopy (EIS) . . . ... ... ... ... 197
Cyclic Voltametry (CV) . . . . .. .. . o 202
References . . . . . . . . . . 206
B. Embedding Reporter Molecules in Surface-Tethered Polymer Films . . . . 208
Introduction . . . . . . ... 208
Experimental Methods . . . . . . . ... ... 210
Polymerization of pNBFS8 on Glass Substrates . . . . . ... .. ... 210

xiil



Incorporation of CdSe nanocrystals . . . . . ... ... .. ... ...
Emission Spectra . . . . . . ... ..
Results and Discussion . . . . . . . . . . ... o

References

Xiv



LIST OF TABLES

Table

4.1.

4.2.

4.3.

4.4.

4.5.

4.6.

4.7.

5.1.

5.2.

5.3.

5.4.

6.1.

Profilometric Thicknesses and Anion Polarization Modulation-Infrared
Reflectance-Absorption Bands for p|N;-dMIm]| Films. 319 . . . . ..

Film Anion Polarization Modulation-Infrared Reflectance-Absorption
Bands of p|N;—dMIm| Films. 1619 000000

p|N, —dMIm]| Mass, Storage Modulus (G'), and Viscosity () Values
Obtained from a Fit of the QCM-D Spectra in Figure 4.5 with a Kelvin-

Page

voigt Model. Fractional Water Uptake (v) Obtained from Equation 4.1. 77

p|N; —dMIm] Solution Resistance (R;), Interfacial Resistance (R;), and
Interfacial Capacitance (C;) Values Obtained from a Fit of the EIS
Spectra in Figure 4.6 with the Equivalent Circuit in Scheme 3.4. . . .

p[N,—dMIm]| Film Resistance (Ry), Conductivity (xs), and Capaci-
tance (Cy) Values Obtained from a Fit of the EIS Spectra in Figure
4.6 with the Equivalent Circuit in Scheme 3.4. . . . . . . . ... ...

p|N; —dMIm]||NT,f] Solution Resistance (R;), Film Resistance (Rjy),
Conductivity (xy), and Capacitance (Cy) Values Obtained from a Fit
of the EIS Spectra in Figure 4.10 with the Equivalent Circuit in Scheme
S

p|N, —dMIm]||NTf,| Interfacial Resistance (R;) and Capacitance (C;)
Values Obtained from a Fit of the EIS Spectra in Figure 4.10 with the
Equivalent Circuit in Scheme 2. . . . . . . . . ... ... ... ....

Profilometric Thicknesses and Anion Polarization Modulation-Infrared
Reflectance-Absorption Bands for p|N; —dMIm| Films Prepared on Sil-

icon Substrates.®™2 . . . ..

Film Anion Polarization Modulation-Infrared Reflectance-Absorption
Bands of p[N; —dMIm]| Films.®8 1 . ..o

Anion Polarization Modulation-Infrared Reflectance-Absorption Bands
for p|[N;—dMIm| Films.> 't . . 0000000

Film Anion Polarization Modulation-Infrared Reflectance-Absorption
Bands of p[N, —dMIm]| Films.®8 1 . ... 0oL

p|N; —dMIm] Solution Resistance (R;), Interfacial Resistance (R;), and
Interfacial Capacitance (C;) Values Obtained from Fits of the EIS Spec-
tra in Figure 6.7 to the Equivalent Circuit in Scheme 3.4. . . . . . . .

XV

84

86

91

92

136



6.2.

7.1.

7.2.

7.3.

7.4.

7.5.

Al

A.2.

A3

p[N,—dMIm]| Film Resistance (R;), Conductivity (xs), and Capaci-
tance (C'y) Values Obtained from Fits of the EIS Spectra in Figure 6.7
using the Equivalent Circuit in Scheme 3.4.. . . . . . . .. ... ...

Propagation (K) and Termination (k;) Rate Constants for the SI-
ROMP of DCPD Utilizing Monomer in the Vapor Phase versus a 0.75
M Solution of Alumina-Filtered DCPD in DCE. . . . . .. ... ...

Effect of a Pre-Polymerization Rinsate Solvent Film on the Profilomet-
ric Film Thickness and Roughness of pDCPD Films Polymerized With
Monomer in the Vapor Phase Using Catalyst 2 on Gold Substrates. .

Effect of ROMP Catalyst on the Profilometric Film Thickness and
Roughness of pDCPD Films Polymerized Using Monomer in the Vapor
Phase. . . . . . . . .

Advancing and Receding Water Contact Angles for pDCPD Films poly-
merized with Catalyst 2 for 15 min Utilizing Monomer in the Specified
Phase on Gold Substrates. . . . . . . . ... ... ... ...

Reduced Young’s Modulus (E,) of Surface-Tethered pDCPD Films
Grown with Catalyst 2 for 15 min on Gold Substrates. . . . . . . ..

Film Anion Polarization Modulation-Infrared Reflectance-Absorption
Bands of p|N;—dMIm| Films.>*® . . . .. ... ... ... ... ...

p|N; —dMIm] Solution Resistance (R;), Interfacial Resistance (R;), and
Interfacial Capacitance (C;) Values Obtained from a Fit of the EIS
Spectra in Figure A.4 with the Equivalent Circuit in Scheme 3.4. . . .

p|N;—dMIm]| Film Resistance (Ry), Conductivity (xs), and Capaci-
tance (Cy) Values Obtained from a Fit of the EIS Spectra in Figure
A .4 with the Equivalent Circuit in Scheme 3.4. . . . . . . . . ... ..

XVi

137

164

201

201



LIST OF FIGURES

Figure Page
3.1. M NMR spectrum of 5-(bromomethyl)bicyclo[2.2.1]hept-2-ene (N, —Br)

in CDCl; acquired on a 400 MHz instrument . . . . . . ... .. .. 31
3.2. BC{'H} NMR spectrum of 5-(bromoethyl)bicyclo[2.2.1]hept-2-ene

(N;—Br) in CDCl, acquired on a 400 MHz instrument . . . . . . . . 32
3.3. '"H NMR spectrum of 3-[(bicyclo[2.2.1]hept-5-en-2-yl)methyl]-1,2-

dimethylimidazol-3-ium hexafluorophosphate (|N;—dMIm]|[PFg]) in

(CD;),CO acquired on a 400 MHz instrument. . . . . . ... .. .. 34
3.4. BC{'H} NMR spectrum of 3-[(bicyclo[2.2.1]hept-5-en-2-yl)methyl]-

1,2-dimethylimidazol-3-ium hexafluorophosphate ([N;—dMIm|[PFg|)

in (CD,),CO acquired on a 400 MHz instrument . . . . . ... ... 35
3.5.  'H NMR spectrum of 5-(bromopropyl)bicyclo[2.2.1/hept-2-ene (N;—Br)

in CDCly acquired on a 400 MHz instrument . . . . . . . ... ... 38
3.6. C{'H} NMR spectrum of 5-(bromopropyl)bicyclo[2.2.1]hept-2-ene

(N;—Br) in CDCl; acquired on a 400 MHz instrument . . . . . . . . 39
3.7. M NMR spectrum of 3-|(bicyclo|2.2.1]hept-5-en-2-yl)propyl]-1,2-

dimethylimidazol-3-ium hexafluorophosphate ([N;—dMIm|[PFg|) in

(CD;),CO acquired on a 400 MHz instrument . . . . . .. ... ... 41
3.8. C{'H} NMR spectrum of 3-[(bicyclo[2.2.1lhept-5-en-2-yl)propyl]-

1,2-dimethylimidazol-3-ium hexafluorophosphate ([N;—dMIm|[PFg|)

in (CD;),CO acquired on a 400 MHz instrument . . . . . . ... .. 42
3.9. Liquid drop on a solid surface in the presence of air. ~ gy is the inter-

facial free energy between the solid and air, v g, is the interfacial free

energy between the solid and the liquid, and ~ 1y is the interfacial free

energy between air and the liquid. . . . ... ... ... ... ... 50
4.1.  Structures of anions considered for exchange into p[N,-dMIm| films as

well as the structure of the cation methylene blue. . . . . . . . . .. 67
4.2. Polarization modulation-infrared reflectance-absorption spectra of

p[N;-dMIm]| films on gold substrates. The p|N,-dMIm]| films were
initially polymerized with the PFy anion, but were successfully
exchanged with Cl1O, , FSI" and "NTf, anions. . . . . . . . ... .. 68

xXvii



4.3.

4.4.

4.5.

4.6.

4.7.

4.8.

4.9.

Polarization modulation-infrared reflectance-absorption spectra of
p|N,—dMIm] films on gold substrates. The p|N;—dMIm]| films were
initially polymerized with the PFy  anion, but were successfully
exchanged with Cl1O, , FSI" and "NTf, anions. . . . . . . . ... ..

a) Images of p[N;—dMIm| with various anionic dyes on glass slides
b) Ultraviolet-Visible absorption spectra of p|N;—dMIm]| films with
various anionic dyes. Absorption spectra of the as-polymerized
p|N; —dMIm]|PF;] films were collected and subtracted from the spec-
tra for the p|N;—dMIm)] films with the anionic dyes. . ... ... ..

QCM-D spectra of p[N;—dMIm]| films. The p|N;—dMIm] film was
polymerized on a Au-coated quartz crystal with the PFy~ anion, but
was successfully exchanged with Cl10, , FSI" and “NTf, anions. The
spectra were collected for a minimum of 20 min in 18.2 MQ H, O at 20
°C and a flow rate of 50 pL/min after a 2 h flush of the chamber. The
fundamental (5 MHz) and the third overtone (15 MHz) were recorded.
The bare spectrum was collected for the Au-coated quartz crystal after
UVO treatment and prior to polymerization. . . . ... ... . ...

Bode plot of EIS spectra for p|N; —dMIm]| films acquired in a 0.1 M
aqueous solution of the polymer film anion salt. The salts used were
KPFy, LiNTf,, KFSI, LiClO,. EIS of a film consisting of a hydroxyl-
terminated SAM exposed to NBDAC acquired in a 0.1 M KPF, aque-
ous solution is shown as a control. The solid curves represent fits using
the equivalent circuit in Scheme 3.4. . . . . . . . .. ... ... ...

Phase angle plot of EIS spectra for p|N; —dMIm]| films acquired in a
0.1 M aqueous solution of the polymer film anion salt. The anion salts
used were KPFg, LiINTY,, KFSI, and LiClO,. EIS of a film consisting
of a hydroxyl-terminated SAM exposed to NBDAC acquired in a 0.1
M KPFy aqueous solution is shown as a control. The solid curves
represent fits to the equivalent circuit in Scheme 3.4. . . . . . . . ..

Effect of the electrolyte cation on the ion transport properties of
p[N;-dMIm] films. a) Bode plot of EIS spectra of p|N;—dMIm|[ClO,]
films acquired in 0.05 M aqueous solutions of C1O,  salts with varying
cations. The solid curves represent fits using the equivalent circuit in
Scheme 3.4. b) Solution resistance versus salt limiting molar conduc-
tvity. . .o

Phase angle plot of EIS spectra for p|N; —dMIm][ClO,]| films acquired
in 0.05 M aqueous solutions of ClO,  salts with varying cations. The
solid curves represent fits to the equivalent circuit in Scheme 3.4.

Xviil

71

74

76

81

82

87

89



4.10.

4.11.

5.1.

5.2.

5.3.

5.4.

2.5.

5.6.

6.1.
6.2.

Solvation effect on the ion transport properties of p|[N; —dMIm] films.
Bode plot of EIS spectra of p|N;—dMIm|[NTf,| films conducted in
a 0.1 M LiNTf, aqueous solution as well as in |[C,—dMIm|[NTT,)|.
Data from a hydroxyl-terminated SAM exposed to NBDAC acquired
in [C,—dMIm|[NT1,] is shown as a control. The solid curves represent
fits using the equivalent circuit shown in Scheme 3.4. . . . . . . . ..

Phase angle plot of EIS spectra of p|N; —dMIm||[NTf,]| films conducted
in a 0.1M LiNTf, aqueous solution as well as in [C,—dMIm]||[NT,].
Data from a hydroxyl-terminated SAM exposed to NBDAC acquired
in [C,—dMIm|[NT1,] is shown as a control. The solid curves represent
fits to the equivalent circuit in Scheme 3.4.. . . . . . . . . . ... ..

Structures of anions successfully exchanged into p[N; —dMIm| films on
gold substrates. . . . . . . ..

Anions that resulted in p|N;—dMIm]||[PF;]| film desorption from gold
substrates. . . . ... Lo

Polarization modulation-infrared reflectance-absorption spectrum of
p|N; —dMIm] films on silicon substrates. The p|[N;—dMIm)] films were
initially polymerized with the PF;~ anion, but were successfully ex-
changed with ClO0,  and OTfanions. . . . .. .. ... ... . ...

Polarization modulation-infrared reflectance-absorption spectrum of
p|N; —dMIm] films on silicon substrates. The p|N;—dMIm)] films were
initially polymerized with the PF;~ anion, but were successfully ex-
changed with ClO, and ~OTf anions. The spectra present the C—H
stretching region of the p[N;—dMIm] films. . . .. .. ... ... ..

Polarization modulation-infrared reflectance-absorption spectrum of
p|N;—dMIm] films on gold substrates. The p|N;—dMIm| films were
initially polymerized with the PF;~ anion, but were successfully ex-
changed with ClO, , "OTf and CF;CO, anions. . . . . . ... ...

Polarization modulation-infrared reflectance-absorption spectrum of
p|N;—dMIm] films on silicon substrates. The p[N;—dMIm]| films were
initially polymerized with the PF;~ anion, but were successfully ex-
changed with C10, , “OT{, and CF;CO, anions. The spectra present
the C—H stretching region of the p|N;—dMIm] films. . . . . . . . ..

Structures of anions exchanged into p|N;—dMIm] films. . . . .. ..

Polarization modulation-infrared reflectance-absorption spectrum of
p|N; —dMIm] films on gold substrates. Representative IR spectra of a
p|N; —dMIm] film with the PFy , ClO, , and a copolymer consisting
of both the PFy and Cl1O, anion. . . ... ... ... ........

Xix

90

93

102

103

105

109

111

114

121



6.3.

6.4.

6.5.

6.6.

6.7.

Binary anion mole fraction of CIO, in the film (ycio,) as a func-
tion of the binary anion mole fraction of ClO," in solution (zcio,)
for p|N;—dMIm|[PF][ClO,| copolymer films prepared by anion ex-
change. Anion exchange was performed from p|N;—dMIm|[PF4| and
p|N; —dMIm]|ClO,]| films with 0.2 M aqueous solutions containing
both PF;" and ClO, anions. Reported values represent the aver-
ages and standard deviations of at least three independently prepared
films. . . ... 125

Binary anion mole fraction of CIO, in the film (ycio,) as a func-
tion of the binary anion mole fraction of CIO, in solution (zcio,)
for p[N;—dMIm|[PF][ClO,| copolymer films prepared by anion ex-
change. a) Anion exchange from p|N;—dMIm|[PFg| films with 0.2 M
aqueous solutions containing both PF;~ and ClO, anions. b) Anion
exchange from p|N; —dMIm]||ClO,| films with 0.2 M aqueous solutions
containing both PF,~ and ClO, anions. Values represent the aver-
ages and standard deviations of at least three independently prepared
films. Solid lines are fits of the data witheq 6.8. . . . . . .. .. .. 127

Binary anion mole fraction of FSI™ in the film (yps;) as a func-
tion of the binary anion mole fraction of FSI™ in solution (xpgr) for
p|N, —dMIm]|[PFg][FSI] copolymer films prepared by anion exchange.
Anion exchange was performed from p|N; —dMIm|[PFy| films with 0.2
M aqueous solutions containing both PFy~ and FSI™ anions. Values
represent the averages and standard deviations of at least three inde-
pendently prepared films. The solid line is a fit of the data with eq
0.8, e 129

p|N; —dMIm]||PF|[ClO,] surface wettability with water as a function
of the binary anion mole fraction of ClO, in the film (ycio,). The
solid line is a representation of the Cassie equation for a film combining
the PFy and the ClO, anions. . . . ... ... .. ......... 131

Bode plot of EIS spectra for a pure p[N, —dMIm|[PF| film (yci0, = 0),

a pure p[N; —dMIm]|CIO ] film (yci0, = 1), and p[N; —dMIm][PF][CIO]
films with varying binary anion mole fraction of ClO, in solution
(zcio,). The spectra were acquired in a 0.1 M aqueous solution
consisting of the same zcjo, used to prepare the CoPIL film. The

salts used were KPFy and KClO,. Solid curves represent fits to the
equivalent circuit in Scheme 3.4. . . . . .. ... ..o 133



6.8.

6.9.

7.1.

7.2.

7.3.

7.4.

7.5.

Phase angle plot of EIS spectra for a pure p|N;—dMIm|[PFg| film
(ycio, = 0), a pure p[N;—dMIm][CIO,] film (ycio, = 1), and
p|N; —dMIm]|PF|[ClO,] films with varying binary anion mole frac-
tion of ClO, " in solution (xcio,). The spectra were acquired in a 0.1
M aqueous solution consisting of the same wgo, used to prepare the
polymer film. The salts used were KPFy and KClO,. The solid curves
represent fits of the data with the equivalent circuit in Scheme 3.4.

Normalized film resistance as a function of the binary anion mole frac-
tion of ClO,  in solution (zci0,) for p[N;—dMIm|[PF][CIO,| copoly-
mer films prepared by anion exchange from p|N,—dMIm|[PF] films
with 0.2 M aqueous solutions containing both PFy~ and ClO, anions.
Values represent the averages and standard deviations of at least three
independently prepared films. The solid line is a linear fit of the data
(RZ=10.98). . . . . .

Polarization modulation-infrared reflectance-absorption spectrum of a
pDCPD film polymerized using DCPD monomer from the vapor phase
(see Scheme 7.1). The polymerization was conducted at 55 °C using
catalyst 2 on a gold substrate for 15 min. . . . . . ... ...

Polarization modulation-infrared reflectance-absorption spectrum of
pDCPD films polymerized with monomer from the vapor phase and
the solution phase. The films were polymerized using catalyst 2 on a
gold substrate for 15 min. The polymer films prepared by SI-ROMP
in a 0.75M DCPD in DCE solution exhibited similar thicknesses to
polymer films prepared by SI-ROMP with monomer from the vapor
phase . . ...

Polarization modulation-infrared reflectance-absorption spectrum of
pDCPD films polymerized with monomer from the vapor phase with
either the exo or endo DCPD isomer. The films were polymerized
using catalyst 2 on a gold substrate for 15 min. . . . . . . . ... ..

Polarization modulation-infrared reflectance-absorption spectrum of
pDCPD films polymerized with monomer from the solution phase with
either the exo or endo DCPD isomer. The films were polymerized
using catalyst 2 on a gold substrate for 15 min. . . . . . . . ... ..

Effect of polymerization time on the profilometric thickness of pDCPD
films polymerized using DCPD monomer from the vapor phase (See
Scheme 7.1). The polymerizations were conducted at 55 °C using
catalyst 2 on gold substrates. The solid curve represents a fit of the
data witheq 7.5. . . . . . . .

Xx1

135

139

151

153

154

155

158



7.6.

7.7.

7.8.

7.9.

Al

Thickness of pDCPD films grown with monomer in the solution phase.
a) Concentration dependence of profilometric thickness of pDCPD
films polymerized using alumina-filtered DCPD solutions, and ellipso-
metric thickness of pDCPD films polymerized using unfiltered DCPD
solutions. The films were grown with catalyst 2 for 15 min on gold
substrates. b) pDCPD film growth kinetics. The films were grown
from 0.75 M solutions of alumina-filtered DCPD in DCE using cata-
lyst 2 on gold substrates. Solid curve represents a fit of the data with
€ T.D. v v o e

Effect of DCPD molar fraction on the profilometric thickness of pD-
CPD films polymerized using DCPD monomer from the vapor phase
(See Scheme 7.1). The polymerizations were conducted at 55 °C using
catalyst 2 on gold substrates with decane as an inert additive. The
solid curve represents a linear fit of the data. . . . . . . . ... . ..

EIS of ~ 400 nm pDCPD films grown from either the solution or the
vapor phase, acquired in a 1 mM K ;Fe(CN)g, 1 mM K, Fe(CN), - 3 H, O,
and 0.1 M Na,SO, aqueous solution. The pDCPD films were grown
with catalyst 2 for 15 min on gold substrates. The solid curve rep-
resents fits to a Randle’s equivalent circuit modified with a Warburg
impedance term. The charge transfer resistance obtained from a fit
of the data for the solution pDCPD film is 8.2 Mf) - cm?, whereas
the resistance for the vapor pDCPD film is 4.3 M - cm?. The ca-
pacitance obtained from a fit of the data for the solution pDCPD
film is 8.8 nF/cm? while the capacitance for the vapor pDCPD film
is 7.9 nF/ecm® The solution pDCPD film was grown from a 0.75
M alumina-filtered DCPD solution in DCE. The vapor pDCPD film
was polymerized at 55 °C employing the drying method presented in
Scheme 7.1. . . . . ..

Phase angle plot of EIS of ~ 400 nm pDCPD films grown from either
the solution or the vapor phase, acquired in a 1 mM K ;Fe(CN)g, 1 mM
K,Fe(CN), - 3H,0, and 0.1 M Na,SO, aqueous solution. The pDCPD
films were grown with catalyst 2 for 15 min on gold substrates. The
solid curve represents fits using a Randle’s equivalent circuit modified
with a Warburg impedance term. The solution pDCPD film was grown
from a 0.75 M alumina-filtered DCPD solution in DCE. The vapor
pDCPD film was polymerized at 55 °C employing the drying method
presented in Scheme 7.1. . . . . . . ... ... L.

Polarization modulation-infrared reflectance-absorption spectrum of
p|N;—dMIm] films on gold substrates. The p|N;—dMIm]| films were
initially polymerized with the PF;~ anion, but were successfully ex-
changed with the Fe,"(CN)* anion. . . . ... .. ... ... ...,

xxii

159

162

169

170



A2

A3

A4

ALS.

AL6.

AT

B.1.
B.2.

B.3.

Polarization modulation-infrared reflectance-absorption spectrum of
p|N,—dMIm] films on gold substrates. The p|N;—dMIm]| films were
initially polymerized with the PF;~ anion, but were successfully ex-
changed with the Fe(CN)* anion. . . . . ... ... ... ......

Polarization modulation-infrared reflectance-absorption spectrum of
p|N,;—dMIm] films on gold substrates. The p|N;—dMIm] films were
initially polymerized with the PF;~ anion, but were successfully ex-
changed with the Fe,"(CN)g* anion. . . . . ... ... ... .....

Bode plot of an EIS spectrum for a p|N, —dMIm|[Fe?" (CN);| film ac-
quired in a 0.1 M aqueous solution of K;Fe? " (CN),. EIS of a film con-
sisting of a hydroxyl-terminated SAM exposed to NBDAC acquired in
a 0.1 M K Fe?" (CN)4 aqueous solution is shown as a control. Solid
curves represent fits with the equivalent circuit in Scheme 3.4. . . . .

Phase angle plot of an EIS spectrum for a p[N;—dMIm]|[Fe*" (CN)]
film acquired in a 0.1 M aqueous solution of K;Fe(CN)4. EIS of a film
consisting of a hydroxyl-terminated SAM exposed to NBDAC acquired
in a 0.1 M K, Fe(CN)4 aqueous solution is shown as a control. Solid
curves represent fits to the equivalent circuit in Scheme 3.4. . . . . .

Current-voltage seen for the 20th cycles of cyclic voltammetry experi-
ment for p[N; —dMIm][Fe*" (CN),] films conducted at a 20 mV /s scan
rate. ..o

Current-voltage seen for the 20th cycles of cyclic voltammetry experi-
ment for p[N;—dMIm][Fe*" (CN),] films conducted at a 20 mV /s scan
rate. ..o

Absorption and emission spectra of CdSe nanocrystals.® . . . . . ..

Integrating sphere emission spectra of CdSe nanocrystals embedded in
5-(perfluoro-n-octyl)norbornene (pNBF8) grown on glass with Cata-
lyst 3, and suspended in CHCl;. The CdSe nanocrystals were excited
with 405 nm light. . . . . . . .. .. oo oL

Integrating sphere emission spectra of CdSe nanocrystals embedded in
5-(perfluoro-n-octyl)norbornene (pNBF8) grown on glass with Cata-
lyst 3, and suspended in CHCl;. The CdSe nanocrystals were excited
with 405 nm light. . . . . . . .. .. oo

xx1il

198

199

200

203

204

205

209

213



B.4.

CdSe nanocrystal emission as a function of time. Integrating sphere
emission spectra of CdSe nanocrystals embedded in 5-(perfluoro-
n-octyl)norbornene (pNBF8) grown on glass with Catalyst 3, and
suspended in CHCl; were collected for each time point. The CdSe
nanocrystals were excited with 405 nm light and the emission for the
region between 425 and 850 nm was integrated with subtraction of
the background emission from the empty chamber to determine the
area under the peak of the CdSe emission peak (Peak Area). . . . . .

XX1v



LIST OF SCHEMES

Scheme Page
2.1. Olefin metathesis mechanism . . . . . . ... .. ... ... ... ... 15
2.2. Initiator/catalyst immobilization on gold and silicon substrates. . . . . 17
2.3. 1) Grubb’s Catalyst 1% Generation [(PCy,),(Cl),Ru=CHPh|. 2)

3.1.

3.2.

3.3.

3.4.

Grubb’s Catalyst 2 ™ Generation [(HyIMes)(PCy,)(Cl),Ru=CHPh]. 3)
[1,3-dimesityl-4,5-dihydroimidazol-2-ylidene|bis(3-bromopyridine)dichloro
(benzylidene)ruthenium(II) [(HyIMes)(3 —Br—py),(Cl)yRu=CHPhL|. . 19

Structures of the ionic liquid monomer precursor and ionic liquid
monomer utilized in preparing poly(ionic liquid) films via surface-ini-
tiated ring-opening metathesis polymerization (SI-ROMP). 3) 5-(bro-
momethyl)bicyclo|2.2.1]hept-2-ene (N;—Br). 4) Ionic liquid monomer
consisting of the cation 3-[(bicyclo[2.2.1]hept-5-en-2-yl)methyl|-1,2-
dimethylimidazol-3-ium (N;—dMIm") and the anion hexafluorophos-
phate (PFy ) . . . . . o o 29

Structures of the ionic liquid monomer precursor and ionic liquid
monomer utilized in preparing poly(ionic liquid) films via surface-ini-
tiated ring-opening metathesis polymerization (SI-ROMP). 5) 5-(bro-
mopropyl)bicyclo|2.2.1]hept-2-ene (N;—Br). 6) Ionic liquid monomer
consisting of the cation 3-|(bicyclo|2.2.1]hept-5-en-2-yl)propyl|-1,2-
dimethylimidazol-3-ium (N;—dMIm") and the anion hexafluorophos-
phate (PFy ) . . . . . . o 36

Model of a thin film of thickness d on a metal coated substrate. The
radiation is incident at an angle 6 and encounters indices of refraction
for the film and metal surface, n-7K, that are complex and wavelength
dependent. . . . . . . . ... 45

Equivalent circuit model used in the analysis of surface-anchored
p|N;—dMIm)] films on gold-coated silicon substrates. The two-time-
constant circuit model consists of a solution resistance (R;) connected
in series with a film capacitance (C}) and resistance (Ry) attached in
series with an interfacial capacitance (C;) and resistance (R;). . ... 53

XXV



3.5.

3.6.

7.1.

Equivalent circuit model used in the analysis of surface-anchored pD-
CPD films on gold-coated silicon substrates. The reduced (R) species in
the test setup is K,Fe(CN), and the oxidized (O) species is K3Fe(CN)g.
The one-time-constant circuit model consists of a solution resistance
(Rs) in series with an interfacial capacitance (C;), and resistance (R;),
with an additional Warburg impedance (Z,,) to account for a resistance
to mass transfer. . . . .. ..o

Schematic of QCM-D Operation. a) Amplitude vs. time curves for
an unloaded QCM-D sensor as well as a side view of the sensor. Ap-
plication of an AC voltage on the QCM-D sensor results in a cyclic
shear deformation represented by the black curve. Frequency (f) and
dissipation factor (D) are determined by intermittent removal of the
AC voltage and performing a fit (shown in red) to the decay (shown
in blue) of the oscillatory amplitude over time. b) Amplitude vs. time
curves for a QCM-D sensor loaded with a viscoelastic film as well as a
side view of the sensor. The additional mass from the viscoelastic film
induces a decrease in frequency as well as an increase in dissipation due
to the viscoelastic nature of the film . . . . . . . ... ... ... ...

Reaction scheme for the SI-ROMP of DCPD from the vapor phase.
ROMP-active substrates, modified with catalyst 2 or 3, were added
to the reaction vial consisting of a 20 mL scintillation vial, equipped
with a copper stage and filled with > 2.0 g of DCPD monomer. The
neat DCPD monomer was heated to and maintained at 55 °C for the
duration of the polymerization. . . . . . . . . ... .. ... ... ...

XXV

25

57



Chapter 1

INTRODUCTION

Ionic liquids (ILs) are organic salts that are liquid at or near room tempera-
ture (i.e. below 100°C) and whose liquid character arises from electrostatic interac-
tions with weakly coordinating ions and large asymmetric chemical structures. '™ ILs
possess unique physicochemical properties such as negligible vapor pressure, chemi-
cal, thermal and electrochemical stability, nonflammability, and relatively high ionic
conductivity. >*%7 Their unique physicochemical properties have led to their use in
multiple applications, including as solvents, electrolytes, catalysts, and polymer plas-
ticizers.®1* The IL properties are tunable by either the anion or the cation.?31%16
The anion strongly influences the properties of the IL leading to a gross tuning of IL
properties, such as an increase in hydrophobicity by utilizing relatively hydrophobic
anions such as bis(trifluoromethanesulfonyl)imide (" NTf,) as compared to hydrophilic
anions such as acetate.?1% The IL properties can be more finely tuned by varying the

cation. 31516

Poly(Ionic Liquids)

Poly (ionic liquids) (PILs) are permanent polyelectrolytes composed of a polymeric
backbone that carries an IL species (cation or anion) in each of its repeating units.3>7
The majority of studies on PILs polymerize an ionic liquid monomer consisting of a
polymerizable group tethered to the cation of an IL.? %7 Tethering the cation as op-
posed to the anion leads to a highly tunable PIL due to the strong influence of the
anion on the properties of ILs. PILs differ from classical polyelectrolytes, which are

synthesized from solid salt monomers, in that the IL species has a solvent-independent

ionization state.®® In addition to retaining the tunable physicochemical properties



of ILs, PILs have additional advantages over ILs such as enhanced mechanical sta-
bility, improved processability and durability, and spatial control over the IL species
within the polymer structure.?® The solubility of PILs in water can be controlled
by exchanging hydrophobic anions into the PIL, resulting in the precipitation of the
polymer out of aqueous solution.®>” The enhanced properties of PILs compared to
ILs have led to their incorporation as solid electrolytes in electrochemical devices,
sorbents, dispersants, catalysts, separation polymers, and smart materials.?>" The
ionic conductivity in bulk PIL depends on both the anion and cation of the PIL.?* For
bulk PIL in which the cation is immobilized on the polymer chain, the PIL becomes
a single ion conductor and the choice of anion greatly influences the ionic conduction
of the PIL film.?*7 In comparison to ILs, PILs exhibit diminished ionic conductivity
due to the immobilization of one of the ions of the IL.

Tethering PILs to surfaces enables the retention of the advantages of PILs in
addition to enhancing PIL properties such as thier mechanical stability and process-
ability.”% Surface-initiated polymerization (SIP) can provide improved adhesion of
the polymer film, superior control of the film thickness and composition, easy sep-
aration of the film from the monomer and exchanged ions, adaptability to multiple
substrate compositions, and the ability to prepare uniform films on planar and non-
planar geometries.!'® Among the various types of SIP, surface-initiated ring-opening
metathesis polymerization (SI-ROMP) has emerged over the past decade as a tech-
nique for rapid growth that is adaptable to multiple substrates.!™'%2° The utility
and appeal of SI-ROMP has increased with the development of well-defined ROMP
catalysts (1), leading to rapid initiation and polymerization in comparison to other
SIP methodologies such as surface-initiated atom-transfer radical polymerization (SI-
ATRP).212

In Chapter 4, I report the preparation of surface-immobilized PIL films on

planar substrates of glass and gold via the SI-ROMP of the IL monomer 3-[(bi-



cyclo|2.2.1]hept-5-en-2-yl)methyl|-1,2-dimethylimidazol-3-ium  hexafluorophosphate
(IN;—dMIm|[PFg|, 2). By employing SIFROMP, I demonstrate the rapid growth
of PIL films that are > 500 nm, which is an order of magnitude greater than the
thicknesses achieved by other polymerization routes. Thicker films are expected to be
more robust as coatings and have greater anion absorption capacity. I investigate the
anion exchange of the PIL films with various anions. I report the first incorporation
of large anionic dyes into a PIL film, highlighting the ability of the films to behave as
anionic chameleons, which means that the films can adapt their appearance to their
anionic environment. The anion-dependent surface wettability of the PIL films was
characterized by contact angle goniometry. I report the first use of quartz crystal
microbalance with dissipation (QCM-D) to determine the bulk interaction of sur-
face-anchored PIL films with water as well as the material properties of the PIL such
as dynamic shear modulus and viscosity. The effect of anion on the ion conduction
of the surface-anchored PIL films was analyzed using electrochemical impedance
spectroscopy (EIS), revealing dramatic differences in the resistance to ion transport
between the PIL films with the PFy~ anion and the ClO, anion. Understanding the
ionic conduction of surface-tethered PIL films is important for the use of the films in
electrochemical devices

In Chapter 5, I explore the fundamental intermolecular forces at play in surface-
tethered PILs. The motivation for this study is the observation that certain anions
cause desorption of the surface-tethered p|N;—dMIm]|[PF| films on gold substrates.
The desorption occurred on the same timescale as the anion exchange process. For
the anions that caused desorption, the phenomenon was observed for both aqueous
solutions prepared with the salts of the offending anions, as well as with ionic liquids
whose resident anion was one of the offending anions.

Choi et al.?* explored the correlation between glass transition temperature (7,)

and repeat unit molecular volume (V},,) for imidazolium ionic liquids, IL. monomers,



and PILs. They observed that T; for the IL monomers and PILs correlated with
their V,,,.2* In particular, the IL monomers and PILs containing smaller counter-
ions such as Br™ or BF,~ exhibited higher T, due to a stronger interaction with the
imidazolium cation than those with the larger PF;~ or “NTf, counter- ions that act
as plasticizers.?* Choi et al.?* also demonstrated that the imidazolium cation side
chain length affected 7, independent of the counter-anion, with a decrease in T, with
increasing V,,, approaching a steady value in the large V,,, limit.

Ring-opening metathesis polymerization (ROMP) is an equilibrium-controlled re-
action that is driven from monomer to polymer by the release of cyclic olefin strain
("ring strain") balanced by entropic penalties.?! These entropic effects are enhanced
when performing ROMP from planar substrates due to a reduction in the degree of
freedom for the segmental motion of the polymer chains. SI-ROMP on gold sub-
strates is achieved by the anchoring the catalyst onto a chemisorbed SAM, whereas
for SI-ROMP on silicon and glass substrates, the catalyst is anchored onto a cova-
lently bound SAM. A hypothesis is an increase in T}, for a surface-tethered polymer
chain via anion exchange with a small counter-ion would lead to an increase in the
entropic effects of tethering the chain onto the surface and in the case of chemisorp-
tion could lead to detachment of the polymer chain from the interface. I report the
preparation of p[N;—dMIm|[PF;| films on silicon substrates and the incorporation of
anions which led to a desorption of the polymer film on gold substrates.

In order to increase the V;,, of the IL monomer |[N;—dMIm|[PF]|, I synthesized
a similar IL monomer 3-[(bicyclo[2.2.1]hept-5-en-2-yl)propyl]-1,2-dimethylimidazol-
3-ium hexafluorophosphate (|[N;—dMIm|[PF]), which incorporates a propyl group
between the polymerizable norbornene and the dimethylimidazolium cation. Here,
I report the preparation of surface-immobilized PIL films on planar gold substrates
via the SFROMP of the IL monomer |[N;—dMIm]|[PF¢|. The increase in V;, led to a

decrease in the T of the surface-tethered film and allowed the incorporation of anions



for which anion exchange resulted in a desorption of the p|N;—dMIm]|[PF] film on

gold substrates.

Copolymer Poly(Ionic Liquids)

Copolymerization of two different monomers is a general strategy to obtain macro-
molecules with tuned properties.® Random and block copolymers of PILs have been
prepared by the copolymerization of ionic monomers with other ionic or nonionic
monomers.®525 Copolymerization of an ionic monomer with a nonionic monomer can
lead to random or block copolymers with a dilute charge character due by the re-
duction of ionic moieties in the polymer backbone.3%2% Crosslinked PILs can also
be formed by the copolymerization of ionic monomers with bifunctional crosslinking
agents or via the polymerization of bifunctional ionic monomers.?> Copolymerization
can also be done to achieve random or block copolymers with opposite charges on
the backbone by the copolymerization of an anionic monomer for which the anion
tethered to the polymerizable group with a cationic monomer for which the cation is
tethered to the polymerizable group.?

Copolymerization of similar ionic (cationic or anionic) monomers having the same
polymerizable moieties but different counter-ions can lead to random or block copoly-
mers exhibiting a uniform polymer backbone but different counter-ions. 2% In all these
approaches, the preparation of two different monomer units is required presenting a
synthetic burden to prepare the monomers as well as a challenge to find the opti-
mal polymerization conditions for the formation of the copolymers. A copolymer of
PILs, however, can exhibit an increased tunability due to an increase in the number
of degrees of freedom for the manipulation of material properties. PILs allow the
tuning of the material properties in discrete quantities by anion or cation exchange.
An additional tuning knob in the form of a second ionic moiety could provide access

to wide array of material properties.



In Chapter 6, I report a novel, simple approach to achieve surface-tethered PIL
copolymer films via anion exchange. Initially, surface-immoblized PIL films on gold
planar substrates were prepared by the SIFROMP of [N, —dMIm|[PF] whose PF~
anion can easily be interchanged to tune film properties in discrete quantities. In my
approach, anion exchange of the surface-immobilized p|N;—dMIm]|[PF| films with
aqueous solutions consisting of a binary mixture of anions provides a novel, rapid
route to achieve random surface-tethered PIL copolymers. This route is advantageous
compared to traditional PIL copolymerization strategies in that it only requires the
synthetic preparation of one monomeric unit to achieve random PIL copolymer films.
The preparation of random PIL copolymers via anion exchange is a reversible process
providing the capability to reacquire the material properties of the PIL homopolymer
prior to the binary anion exchange. In this way the advantages of the PILs are
retained and enhanced by the ability to easily prepare PIL copolymer films from the
PIL homopolymers.

The binary mole fraction of each anion in the film was determined by analyzing
the infrared spectra of the copolymer films. By utilizing a thermodynamic model for
the anion exchange equilibrium, I determined the thermodynamically driven anion
selectivity for exchange of each anion in the binary mixture from the liquid phase
into the PIL copolymer films. I observed that the thermodynamic driving force for
anion exchange from the liquid phase to the solid phase follows the order ClO, >
PF, > FSI'. The surface wettability of p|[N;,—dMIm| copolymer films with the
PF, and ClO, anions (p|N;—dMIm|[PF4|[ClO,]) was quantified by contact angle
goniometry with the observation that the surface showed an enrichment in the ClO,"
anion compared to the average binary anion mole fraction of C10, " in the film (ycio,).
The rate of ion transport through the p|N; —dMIm]||[PF]|ClO,]| copolymer films was
shown to be linearly dependent on the binary anion mole fraction of ClO,  in solution

(zcio,) allowing an extension of the discrete tunability of PIL films to a continuous



tunability for obtaining specific properties.

Polydicyclopentadiene

Polydicyclopentadiene (pDCPD) is a rigid, cross-linked polymer with excellent im-
pact strength, high modulus, and high chemical resistance.?"?® pDCPD is produced
commercially via a ring-opening metathesis polymerization (ROMP), reaction injec-
tion molding (RIM) process with a variety of metathesis catalysts including the well-
defined Grubb’s 2"! generation catalyst. Commercially used for automotive panels

2728 pDCPD has been experimentally explored for a broad range

and sporting goods,
of applications including ballistic protection.?? While bulk pDCPD has broad com-
mercial impact, the ability to prepare surface-immobilized polymer films of pDCPD,
especially with minimal environmental impact, could lead to tough, impact-resistant
surfaces with numerous applications.

SIPs that utilize monomer in the vapor phase allow for a reduction in the consump-
tion of solvent, energy, and monomer and ensure a more environmentally sustainable
polymerization process.?" During ROMP, secondary metathesis reactions such as in-
termolecular chain-transfer may occur, where one polymer chain containing an active
metal alkylidene on its terminus can react with any olefin along the backbone of a
different polymer chain, maintaining the total number of polymer chains but increas-
ing or decreasing the molecular weights of the individual polymers accordingly. 23!
Introduction of the monomer in the vapor phase allows not only for the elimination of
the need to find an optimal solvent to solubilize both the monomer and the growing
polymer chains, but also reduces polymer chain mobility at the vapor/solid interface,
minimizing the occurrence of unwanted secondary metathesis reactions.3%32
The majority of studies on surface functionalization using ROMP have been lim-

ited to norbornene (NB) and its derivatives due to NB’s superior reactivity and ease

of derivatization.®* The ROMP reaction is driven from monomer to polymer by the



release of cyclic olefin strain ("ring strain") balanced by entropic penalties.?! We have
calculated the strain energy of dicyclopentadiene (DCPD) to be 26.7 kcal /mol, which
is similar to that of NB (27.2 kcal/mol).3* Volatile cyclic monomers such as cylooc-
tatetraene (COT) have been considered for SIP of monomer in the vapor phase. Gu
et al.?® reported the first polymerization of COT in the vapor phase by micro-con-
tact printing and physisorption of catalyst 2 (Scheme 2.3) to prepare highly oriented

1.32 and Lerum and Chen?? utilized covalently bound

polyacetylene films. Feng et a
catalyst 2 and explored the SI-ROMP of volatile cyclic monomers in the vapor phase.

In Chapter 7, I report the tunable growth of surface-bound pDCPD from the va-
por phase. The polymerization of DCPD from the vapor phase is governed by the
vapor pressure of DCPD in the polymerization setup. I describe a unique method to
control the concentration of DCPD in the vapor phase thereby tuning the resulting
polymer film thickness. By utilizing an inert additive during polymerization, I have
shown fine control of the pDPCD film thickness from 0 to 400 nm. The ability to
tune the pDCPD film thickness in this manner allows the preparation of thin pDCPD
films that are difficult to prepare due to the rapid polymerization kinetics of DCPD. I
investigate the utility of three catalysts (Scheme 2.3) for the SI-ROMP of DCPD, all

36-38 T have

known for a high tolerance toward air, moisture, and functional groups.
characterized the material properties of the surface-anchored pDCPD films, includ-
ing composition, surface wettability, barrier properties to aqueous ion transport, and
stiffness. I report the first characterization of pDCPD films as barrier coatings by the
use of electrochemical impedance spectroscopy (EIS). The mechanical properties of
the pDCPD films were investigated by the use of PeakForce Quantitative Nanome-
chanical Mapping (QNM) to obtain the reduced Young’s modulus (E,) of the films.
Here, I report the first characterization of pDCPD film elastic modulus by PeakForce

QNM.
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Chapter 2

BACKGROUND

Surface-Initiated Polymerizations (SIPs)

Surface-immobilized thin polymer films provide a route to alter the surface prop-
erties of a material while maintaining the bulk material properties.! There are two
methods to achieve surface modification with polymer films, "grafting to" and "graft-
ing from" techniques.! The "grafting from" approach, also called surface-initiated
polymerization (SIP), provides a robust and versatile technique to achieve surface-
immobilized films.!? SIP is able to provide improved adhesion of the polymer film via
chemisorption, superior control of the polymer film thickness and composition, easy
separation of the polymer film from the monomer, tunability to multiple substrate
compositions, and the ability to prepare uniform polymer films on planar and non-
planar geometries. > Among the various types of SIP, surface-initiated ring opening
metathesis (SI-ROMP) has emerged over the past decade as a rapid and tunable SIP
technique. »3* The utility and appeal of SE-ROMP has increased with the development
of well defined SI-ROMP catalysts, leading to rapid initiation and polymerization in

comparison to other SIP methodologies such as SI-ATRP.®

Surface-Initiated Ring-Opening Metathesis (SI-ROMP)

Olefin metathesis was discovered by accident in the mid-1950s as an outgrowth of
the study of Ziegler polymerizations with alternate metal systems.%” The term "olefin
metathesis" was coined in 1967 by Calderon and co-workers and is currently under-
stood to mean the metal-catalyzed redistribution of carbon-carbon double bonds,

which has a variety of applications including ring-opening metathesis polymerization
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Scheme 2.1: Olefin metathesis mechanism

(ROMP), ring-closing metathesis (RCM), acyclic diene methathesis polymerization
(ADMET), ring-opening metathesis (ROM), and cross-metathesis (CM or XMET).”
Chauvin proposed that olefin metathesis involves the interconversion of an olefin and
a metal alkylidene via a metallacylcobutane intermediate by alternating [2 + 2] cy-
cloadditions and cycloreversions (see Scheme 2.1).5"7 This led to the development of
well-defined ROMP catalysts and enabled the synthesis of a wide range of polymers
with complex architectures and useful functionality.?”

ROMP is a chain growth polymerization process where a mixture of cyclic olefins is
converted to a polymeric material.® ROMP reactions are generally reversible, equilib-
rium-controlled reactions where the position of the equilibrium (monomer vs. poly-
mer) can be predicted by considering the thermodynamics of the polymerization.®
The reaction is driven by the release of cyclic olefin strain ("ring strain") balanced
by entropic penalties.’ Norbornene (NB) is a cyclic seven-membered ring that ex-
hibits high strain energy (27.2 kcal/mol) and as such exhibits superior reactivity in
ROMP.? During ROMP it is possible for secondary metathesis reactions such as in-
termolecular chain-transfer to occur, where one polymer chain containing an active
metal alkylidene on its terminus can react with any olefin along the backbone of a dif-
ferent polymer chain maintaining the total number of polymer chains but increasing
or decreasing the molecular weights of the individual polymers accordingly.>® ROMP
catalyzed by Grubb’s catalyst leads to nearly monodisperse polymers and allows the

lengths of polymer chains to be controlled by chain termination or adjustment of
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the monomer /catalyst ratio.” In addition, because the propagating species remain
attached at the end of the polymer chain even after the complete consumption of the
monomer, block copolymers can be synthesized by this route.”!°

SI-ROMP is the implementation of ROMP on surfaces. Among the various types
of SIP, SI-ROMP has emerged over the past decade as a rapid and versatile SIP tech-
nique. »3* The utility and appeal of SEROMP has increased with the development
of well defined SI-ROMP catalysts, leading to rapid initiation and polymerization in
comparison to other SIP methodologies such as the more popular SIFATRP.® The
key step in SIFROMP is the immobilization of the initiator/catalyst on the surface.
This is usually accomplished by the immobilization of olefin functionality on the sub-
strate either via alkene functional groups or cyclic olefin (i.e. norbornene) functional

derivatives (see Scheme 2.2).2%11:12

ROMP Catalyst

Early olefin metathesis was accomplished with poorly defined, multicomponent
homogenous and heterogenous catalyst systems that consisted of transition metal
salts combined with main group alkylating agents, or deposited on solid supports. %7’
An increased understanding of the olefin metathesis mechanism led to the discovery
of the first single-component homogenous catalysts during the late 1970s and early
1980s that included catalysts based on titanium, tungsten and molybdenum that ex-
hibited better initiation and higher activity.®” Functional groups (including oxygen
and water) in the substrate or solvent can interfere with catalytic activity by binding
competitively to the active metal center and deactivating the catalyst, or by reacting
directly with the metal center and destroying the active species.” Ruthenium catalysts
react preferentially with carbon-carbon double bonds over other species, making cat-
alysts based on ruthenium unusually stable toward alcohols, amides, aldehydes and

carboxylic acids when compared to earlier transition metal (Ti, W and Mo), based
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catalysts. 57

Grubb’s catalysts (Scheme 2.3) are homogeneous ruthenium-alkylidene metathesis
catalysts that show high tolerance toward air, moisture and functional groups.%"!3
Grubb’s 1% generation catalyst (1), was the first commercially available ruthenium
based catalyst, which enabled its widespread use for a variety of applications ranging
from the synthesis of pharmaceutical intermediates to the production of a variety
of polymer composites.®” The mechanism of metathesis using ruthenium catalysts
proceeds by the loss of one of the neutral ligands to produce a 14 e~ species.'*'® The
decomposition of 1 is second order in the 14 e~ species and inversely proportional
to phosphine concentration, while productive metathesis is first order in the 14 e~
species. 1% Substitution of one of the phosphines in 1 with a N-hetero-cyclic carbene
(NHC) was performed in an attempt to increase activity as a result of the NHC lig-
and ston o-donating ability and decreased lability, leading to Grubb’s 2°¢ generation
catalyst (2).67

Catalyst 2 exhibited performance that was previously possible only with the most
active early metal systems, displayed high rates of ROMP for low-strain substrates,
and even accomplished the ROMP of sterically hindered substrates. 5791415 The effi-
ciency of the catalyst depends on the rates of initiation, phosphine rebinding, reaction
of the 14 e~ species with olefin and catalyst decomposition.%!? While catalyst 2 shows
a 2 fold decrease in the rate of formation of the 14 e~ species compared to 1, it shows
an overall catalytic activity that is 2 orders of magnitude higher than that of 1 as the
partitioning between the coordination of the alkene substrate and the rebinding of
the phosphine ligand is about 4 orders of magnitude greater for 2 relative to 1.%19:16
The high activity of 2 is attributed to its improved selectivity for binding © — acidic
olefinic substrates in the presence of ¢ — donating free phosphine and not due to
its ability to promote phosphine dissociation.%!*!6 The activity of 2 has also been

shown to be improved at elevated temperatures (> 50 °C).%!3 In general, the rate of
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catalysis can be improved by increasing the rate of initiation without a substantial
increase in the rate of ligand rebinding. '6:17

The rate of initiation of catalyst 2 can be improved by modifying the ligand envi-
ronment with bis(pyridine)-coordinated complexes, by taking advantage of the lability
of pyridine ligands.!® Synthesis of bis(pyridine) complexes is easily accomplished by
the addition in excess of the appropriate pyridine to 2.1%'7 Grubb’s 3'¢ generation
catalyst (3), can be prepared within minutes via the reaction of 2 (0.59 mmol) with
3-bromopyridine (5.9 mmol).1%7 The product is isolated in up to 95% yield by simple
precipitation with pentane and without further purification.!” Catalyst 3 has been
shown to initiate ROMP at least six orders of magnitude faster than 2.1%"The rapid
initiation of catalyst 3 has enabled the production of polymers with very narrow

polydispersity and block copolymers. 1

Poly(Tonic Liquids) (PILs)

Tonic liquids (ILs) are organic salts that are liquid at or near room temperature
(i.e. below 100°C).*®1 Their unique properties have led to their use in multiple
applications, including as solvents, electrolytes, catalysts, lubricants, and polymer
plasticizers.?26 The structure and interaction of ions in the ionic liquids determine
their unique physicochemical properties, such as negligible vapor pressure, chemi-
cal, thermal and photocatalytic stability, nonflammability, and relatively high ionic
conductivity.'® ILs exhibit lower friction and wear values than traditional liquid lubri-
cants (oils), and their performance depends on the thermal stability, polarity, ability
to form ordered adsorbed layers, and the tribocorrosion process at the interface.26

plLs are polymers that contain IL groups as side chains.'® The ability to generate
polymer films with IL functionality as side chains can enable coatings with versatile
and tailorable properties. He et al.?” reported the first preparation of pIL brushes by

surface-initiated atom transfer radical polymerization (SI-ATRP), where they pre-
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pared poly(|1-(4-vinylbenzyl)-3-butyl imidazolium| [hexafluorophosphate|) brushes on
a flat silicon substrate. They demonstrated the tunable wettability of the pIL brushes
by exchanging their counter anions and nanometer-level control over film thickness,
using brushes that were ~ 50 nm thick obtained from a 24 h polymerization time.?"
Ye et al.?® reported the first preparation of pIL brushes via SI-ROMP, where they
prepared  poly(|1-norbornylmethylene-3-methylimidazolium|[hexafluorophosphate)
brushes on titanium dioxide (TiOy) nanowires. They also demonstrated the tunable
wettability of the pIL brushes by exchanging their counter anions, using brushes that
were ~ 80 nm thick obtained from a 2 h polymerization time.?

Ishikawa et al.?? have performed the only investigation to date of a pIL brush
in tribological applications, where they showed that low sliding frictional coefficients
(COF ~ 0.01) could be achieved when the substrate and probe both contained a pIL
brush and a compatible IL was used as a mobile component. Ishikawa et al. were
also able to demonstrate the wear characteristics of the pIL brush, while they were
only able to achieve ~ 50 nm thick pIL brushes over a 72 h SI-ATRP process, the

pIL brushes were able to withstand up to 800 friction cycles before an increase in the

COF in a dry nitrogen atmosphere.

Polydicyclopentadiene (pDCPD)

Dicyclopentadiene (DCPD) is produced in large quantities as a byproduct of
petroleum cracking, making DCPD one of the cheapest monomers for ROMP.3? pD-
CPD is a tough, rigid, thermoset, industrially important cross-linked polymer with
excellent impact strength, high modulus, and high chemical resistance.3!3? pDCPD
is produced commercially via a reaction-injection molding (RIM) process and is com-
mercially used for heavy-truck hoods, tonneau covers for pick-up trucks, snow mobile
hoods, tractor fenders, automobile fenders and sporting goods.?! The polymer is

commercially produced with a variety of metathesis catalysts, such as tungsten and
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molybdenum complexes combined with alkylaluminums and can be formed via ROMP
using a ruthenium catalyst.®3%32 Simons et al.3? reported SI-ROMP of dicyclopen-
tadiene from the surface of clay-based composites utilizing catalyst 3; however, no

other instance of surface polymerization of DCPD has been reported in the literature.
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Chapter 3

EXPERIMENTAL AND CHARACTERIZATION METHODS

Materials

Gold shot (99.99 %) was obtained from J&J Materials, silicon (100) wafers were
purchased from WRS Materials, and chromium-coated tungsten rods were obtained
from R.D. Mathis. Deionized water (> 2.0 M) was purified using a Millipore Elix
filtration system. [(5-bicyclo|2.2.1]hept-2-enyl)ethyl|trichlorosilane (NBSiCly) was ob-
tained from Gelest, Inc.

The following chemicals were obtained from Sigma-Aldrich and used as received:
4-mercapto-1-butanol (95%), Grubbs catalyst 1 generation [(PCy,),(Cl),Ru=CHPh]
(1), Grubbs catalyst 2™ generation [(H,IMes)(PCy;)(Cl),Ru=CHPh] (2), 3-bro-
mopyridine, dicyclopentadiene (98%), trans-3,6-endomethylene-1,2,3,6-tetrahydroph-
thaloyl chloride (NBDAC), and activated, basic Brockmann I, aluminum oxide
(alumina).

The following chemicals were obtained from Fisher Scientific and used as re-
ceived: allyl bromide (99%), biebrich scarlet, bromocresol green, calcium perchlo-
rate (Ca(ClOy,),), cesium perchlorate (CsClO,), chloroform, copper foil (0.025 mm
thick), cresol red, 1,2-dichloroethane (DCE), 1,2-dimethylimidazole (98%, dMIm),
ethanol (200 Proof), eosin Y, fluorescein, hydrogen peroxide (30%, H,0,), lithium
bis(trifluoromethanesulfonyl)imide (LiNTf,), lithium perchlorate (LiClO,), methyl
orange, methylene chloride (DCM), pentane, potassium bis(fluorosulfonyl)imide
(KFSI), potassium hexafluorophosphate (KPFy), potassium perchlorate (KClO,),
premium plain microscope slides, sodium perchlorate (NaClO,), sulfuric acid

(H,S0O,), and toluene.
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1-Butyl-2,3-dimethylimidazolium bis(trifluoromethylsulfonyl)imide (99%, [BAMIm|[NTT,])
was obtained from IoLiTec Ionic liquids Technologies, Inc. Ag/AgCl reference elec-
trodes were obtained from CH instruments, Inc. Au-coated quartz crystals (4.95

MHz, 14 mm diameter, polished, and AT-cut) were obtained from Biolin Scientific.

Chemical Syntheses

[(HyIMes)(3 —Br—py),(Cl),Ru=CHPh]

[(HyIMes)(3 —Br—py),(Cl),Ru=CHPh| (3) was synthesized as described by Love

et al.! Briefly, 3-bromopyridine (0.94 g, 5.9 mmol) and Grubbs catalyst 2 ™

generation
(2) (0.5 g, 0.59 mmol) were added to a 20 mL vial with a screw cap. The reaction
was stirred for 5 min with a color change from red to bright green. Pentane (20 mL)
was added into the vial with the precipitation of a green solid. The vial was capped
under air and placed in the freezer overnight. The green precipitate was vacuum

filtered, washed with pentane (4 x 10 mL), and dried under vacuum to yield 3 as a

green powder. (0.51 g, Yield 98%)

5-(bromomethyl)bicyclo|2.2.1]hept-2-ene (N, —Br)

5-(bromomethyl)bicyclo|2.2.1]hept-2-ene (N;—Br) was synthesized utilizing a
Diels-Alder reaction as described by Ye et al.? Briefly, a Parr Instruments high-pres-
sure reaction vessel was charged with dicyclopentadiene (29.7 g, 225 mmol), allyl
bromide (47 mL, 544 mmol), and hydroquinone (150 mg). The mixture was held at
170 °C for 24 h. Excess allyl bromide was removed by rotary evaporation and the
remaining mixture was purified by vacuum distillation to afford a clear, colorless oil
as a mixture of exo and endo isomers. (34 g, Yield 69%)

endo isomer (82%): 'H NMR (400 MHz, CDCL,)(ppm): dy 6.21 (1H, dd, J =
5.7,3.0 Hz, H1), 6.00 (1H, dd, J = 5.7,2.9 Hz, H2), 3.21 (1H, dd, J = 9.5,6.8 Hz,
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Scheme 3.1: Structures of the ionic liquid monomer precursor and
ionic liquid monomer utilized in preparing poly(ionic liquid) films via sur-
face-initiated ring-opening metathesis polymerization (SI-ROMP). 3) 5-(bro-
momethyl)bicyclo[2.2.1]hept-2-ene (N;—Br). 4) Ionic liquid monomer consisting
of the cation 3-[(bicyclo|2.2.1]hept-5-en-2-yl)methyl]-1,2-dimethylimidazol-3-ium
(N, —dMIm") and the anion hexafluorophosphate (PFy")
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H8), 3.04 (1H, t, J = 9.6 Hz, H8), 2.99 (1H, s, H6), 2.88 (1H, s, H3), 2.56 - 2.48 (1H,

m, H5), 1.98 - 1.91 (1H, m, H4,_), 1.49 (1H, dd, J = 8.3,2.1 Hz, H7), 1.30 (1H, d,

exo);
J =84 Hz, H7), 0.59 (1H, dq, J = 11.8,4.4,2.6 Hz, H4_,,,)

BC{'H} NMR (125 MHz, CDCL,)(ppm): &, 138.1 (s, C1), 131.5 (s, C2), 49.6 (s,
C7), 45.4 (s, C6), 43.0 (s, C3), 42.0 (s, C5), 38.2 (s, C8), 32.7 (s, C4)

exo isomer (18%): 'H NMR (400 MHz, CDCl,, )(ppm): &g 6.12 (1H, dd, J =
5.6,3.0 Hz, H1), 6.09 (1H, dd, J = 5.6,2.9 Hz, H2), 3.48 - 3.38 (2H, m, H8), 2.88

(1H, s, H3), 2.70 (1H, s, H6), 1.90 - 1.83 (1H, m, H5), 1.43 - 1.37 (2H, m, H4__, HT),

1.30 (1H, d, J = 8.4 Hz, H7), 1.24 - 1.19 (1H, m, H4_,,.)
BC{'H} NMR (125 MHz, CDCl;)(ppm): 4. 136.9 (s, C1), 136.3 (s, C2), 45.8 (s,
C6), 44.9 (s, C7), 42.3 (s, C3), 42.0 (s, C5), 39.2 (s, C8), 33.3 (s, C4)

The 'H and *C NMR spectra for N, —Br are shown in Figures 3.1 and 3.2.

3-[(bicyclo|2.2.1]hept-5-en-2-yl)methyl]-1,2-dimethylimidazol-3-ium Hexafluorophosphate

N, —Br (30 g, 160 mmol) and 1,2-dimethylimidazole (18.5 g, 192 mmol) were added
to a 500 mL Schlenk flask. The reaction mixture was placed under nitrogen (N,) and
stirred for 40 — 50 h at 60 °C to yield a viscous liquid of 3-[(bicyclo[2.2.1]hept-5-en-2-
yl)methyl]-1,2-dimethylimidazol-3-ium bromide (|N;—dMIm]|[Br|) via the addition of
the 1,2-dimethylimidazole across the C—Br bond to form the imidazolium terminus.
Ethyl acetate was added to the crude reaction mixture with the precipitation of a
solid. The ethyl acetate was decanted and the solid dissolved in water (200 mL).
The water fraction was washed with hexanes, ethyl acetate, and DCM (3 x 300 mL).
The water fraction was added dropwise with stirring at room temperature to a so-
lution of potassium hexafluorophosphate (35.3 g, 192 mmol) and 600 mL of water
with the precipitation of a white solid of 3-[(bicyclo[2.2.1]hept-5-en-2-yl)methyl]|-1,2-
dimethylimidazol-3-ium hexafluorophosphate ([N;—dMIm||PFg|). The reaction mix-

ture was extracted with 1200 mL of DCM and the organic extracts were dried over
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MgSO,. The solvent was removed by rotary evaporation to yield a white solid, which
was recrystallized in methanol. (34 g, Yield 60%)

endo isomer (79%): 'H NMR (400 MHz, (CD,),CO)(ppm): &y 7.59 (1H, d, J =
2.1 Hz, H10), 7.57 (1H, d, J = 2.2, H11), 6.31 (1H, dd, J = 5.7,3.1 Hz, H1), 6.15
(1H, dd, J = 5.8,2.8 Hz, H2), 4.03 - 3.87 (1H, m, H8), 3.94 (3H, s, H13), 3.92 - 3.87
(1H, m, H8), 2.85 (1H, s, H3), 2.79 (1H, s, H6), 2.75 (3H, s, H12), 2.73 - 2.64 (1H,

m, H5), 1.99 - 1.93 (1H, m, H4,_), 1.43 (1H, dd, J = 8.3,2.2 Hz, H7), 1.31 (1H, d,

exo)s
J =83 Hz, H7), 0.71 (1H, dq, J = 11.8,4.4,2.6 Hz, H4,__4,)

BC{'H} NMR (125 MHz, (CD;),CO)(ppm): &, 145.5 (s, C9), 139.6 (s, C1), 132.4
(s, C2), 123.3 (s, C11), 121.9 (s, C10), 52.8 (s, C8), 50.1 (s, C7), 44.7 (s, C6), 43.1
(s, C3), 39.8 (s, C5), 35.4 (s, C13), 30.4 (s, C4), 9.8 (s, C12)

evo isomer (21%): 'H NMR (400 MHz, (CD,),CO, )(ppm): oy 7.65 (1H, d,
J = 2.1 Hz, H10), 7.58 (1H, s, H11), 6.11 (1H, dd, J = 5.7,2.9 Hz, H1), 6.05 (1H,
dd, J = 5.6,3.2 Hz, H2), 4.39 - 4.24 (2H, m, HS8), 3.94 (3H, s, H13), 2.89 (1H, s,
H3), 2.83 (1H, s, H6), 2.77 (3H, s, H12), 2.73 - 2.64 (1H, m, H5), 1.99 - 1.93 (1H, m,

H4, ),1.59 (1H, d, J = 8.8 Hz, H7), 1.37 (1H, s, H7), 1.36 - 1.34 (1H, m, H4,_, )

exo)
BC{'H} NMR (125 MHz, (CD;),CO)(ppm): §. 145.5 (s, C9), 138.0 (s, C1), 136.7
(s, C2), 123.3 (s, C11), 122.0 (s, C10), 53.6 (s, C8), 45.4 (s, C7), 44.5 (s, C6), 42.7
(s, C3), 40.0 (s, C5), 35.4 (s, C13), 31.1 (s, C4), 9.8 (s, C12)

HRMS (ESI) m/z: M* Caled for C,3H,4N, 203.1543; Found 203.1541

The 'H and *C NMR spectrum for [N,—dMIm|[PF4| are shown in Figures 3.3

and 3.4.

5-(bromopropyl)bicyclo|2.2.1]hept-2-ene (N;—Br)

5-(bromopropyl)bicyclo|2.2.1]hept-2-ene (N;—Br) was synthesized utilizing a
Diels-Alder reaction. A Parr Instruments high-pressure reaction vessel was charged

with dicyclopentadiene (12.2 g, 92 mmol), bromopentane (25 g, 168 mmol), and
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Scheme 3.2: Structures of the ionic liquid monomer precursor and ionic
liquid monomer utilized in preparing poly(ionic liquid) films via surface-
initiated ring-opening metathesis polymerization (SI-ROMP). 5) 5-(bromo-
propyl)bicyclo|2.2.1]hept-2-ene (N;—Br). 6) Ionic liquid monomer consisting
of the cation 3-[(bicyclo|2.2.1]hept-5-en-2-yl)propyl]-1,2-dimethylimidazol-3-ium
(N;—dMIm™") and the anion hexafluorophosphate (PFy")
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hydroquinone (346 mg). The mixture was held at 170 °C for 24 h. The reaction
mixture was purified by vacuum distillation to afford a clear, colorless oil as a mixture
of exo and endo isomers. (11.25 g, Yield 31%)

endo isomer (82%): 'H NMR (400 MHz, CDCL,)(ppm): dy 6.13 (1H, dd, J =
5.6,3.1 Hz, H1), 5.92 (1H, dd, J = 5.6,3.0 Hz, H2), 3.43 - 3.34 (2H, m, H10), 2.76

(2H, H6, H3), 2.04 - 1.95 (1H, m, H5), 1.94 - 1.81 (3H, m, H4___, H9), 1.40 (1H, dd,

J =8.0,2.1 Hz, H7), 1.28 - 1.08 (13H, m, H7, H8), 0.51 (1H, dq, J = 11.2,4.2,2.6
Hz, H4,,40)

BC{'H} NMR (125 MHz, CDCL,)(ppm): &, 137.2 (s, C1), 132.0 (s, C2), 49.5 (s,
C7), 45.3 (s, C6), 42.5 (s, C3), 38.0 (s, Cb), 34.0 (s, C10), 33.3 (s, C8), 32.3 (s, C9),
32.0 (s, C4)

evo isomer (18%): 'H NMR (400 MHz, CDCl;)(ppm): dy 6.08 (1H, dd, J =
5.6,3.0 Hz, H1), 6.02 (1H, dd, J = 5.7,2.9 Hz, H2), 3.43 - 3.34 (2H, m, H10), 2.80
(1H, s, H3), 2.51 (1H, s, H6), 2.04 - 1.95 (1H, m, H5), 1.94 - 1.81 (2H, m, H9), 1.57
- 1.45 (2H, m, H4), 1.33 (2H, s, H7), 1.28 - 1.08 (2H, m, HS)

BC{'H} NMR (125 MHz, CDCl,)(ppm): 4. 136.6 (s, C1), 136.2 (s, C2), 46.3 (s,
C6), 45.1 (s, CT7), 41.8 (s, C3), 38.0 (s, C5), 35.0 (s, C10), 34.0 (s, C), 32.9 (s, C9),
32.1 (s, C4)

The 'H and *C NMR spectra for N;—Br are shown in Figures 3.5 and 3.6.

3-[(bicyclo|2.2.1]hept-5-en-2-yl) propyl|-1,2-dimethylimidazol-3-ium Hexafluorophosphate

N,—Br (11.5 g, 53.5 mmol) and 1,2-dimethylimidazole (6.10 g, 63.5 mmol) were
added to a 250 mL Schlenk flask. The reaction mixture was placed under nitrogen
(N,) and stirred for 60 — 70 h at 60 °C to yield a solid of 3-[(bicyclo|2.2.1]hept-5-en-2-
yl)propyl]-1,2-dimethylimidazol-3-ium bromide ([N;—dMIm]|Br|). The solid reaction
mixture was dissolved in water (250 mL). Ammonium hexafluorophosphate (10.5 g,

64.4 mmol), 250 mL of water and the aqueous reaction mixture were added to a 1
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L beaker and stirred at room temperature producing a white precipitate of 3-[(bi-
cyclo|2.2.1]hept-5-en-2-yl)propyl]-1,2-dimethylimidazol-3-ium  hexafluorophosphate
(IN;—dMIm|[PFg|). The reaction mixture was extracted with 1500 mL of DCM and
the organic extracts were dried over MgSO,. The solvent was removed by rotary
evaporation to yield a white solid. (17.2 g, Yield 85%)

endo isomer (81%): 'H NMR (400 MHz, (CD;),CO)(ppm): 0y 7.60 (1H, d, J =
2.1 Hz, H12), 7.55 (1H, d, J = 2.2, H13), 6.11 (1H, ¢, J = 2.9 Hz, H1), 5.92 (1H,
q, J = 2.9 Hz, H2), 4.3 - 4.2 (2H, m, H10), 3.92 (3H, s, H15), 2.78 (1H, s, H6), 2.76

(3H, s, H14), 2.73 (1H, s, H3), 1.98 - 1.82 (3H, m, H4__, H9),1.36 - 1.32 (1H, m, H5),

1.29 - 1.11 (4H, m, H7, H8) 0.71 (1H, dq, J = 11.3,4.2,2.6 Hz, H4,_,.).

BC{'H} NMR (125 MHz, (CD,),CO)(ppm): 4. 144.6 (s, C11), 136.9 (s, C1),
131.9 (s, C2), 122.4 (s, C13), 120.9 (s, C12), 49.1 (s, C7), 48.2 (s, C10), 45.0 (s, C6),
42.3 (s, C3), 38.0 (s, C5), 34.5 (s, C15), 31.9 (s, C4), 30.9 (s, C8), 29.0 (s, C9), 8.7
(s, C14)

exo isomer (19%): 'H NMR. (400 MHz, (CD,),CO)(ppm): 8y 7.61 (1H,d, J = 2.1
Hz, H12), 7.56 (1H, s, H13), 6.06 (1H, q, J = 2.9 Hz, H1), 6.00 (1H, q, J = 2.9 Hz,
H2), 4.3 - 4.2 (2H, m, H10), 3.92 (3H, s, H15), 2.77 (3H, s, H14), 2.77 (1H, s, H3),
2.52 (1H, d, J = 1.4 Hz, H6), 1.98 - 1.82 (3H, m, H5, H9), 1.54 - 1.42 (2H, m, H4),
1.36 - 1.32 (2H, m, H7), 1.20 - 1.11 (2H, m, HS)

BC{'H} NMR (125 MHz, (CD,),CO)(ppm): 6. 144.6 (s, C11), 136.5 (s, C1),
136.0 (s, C2), 122.4 (s, C13), 120.9 (s, C12), 48.2 (s, C10), 46.1 (s, C6), 44.7 (s, C7),
A1.6 (s, C3), 38.2 (s, C5), 34.5 (s, C15), 32.5 (s, C4), 32.5 (s, C8), 29.3 (s, C9), 8.7
(s, C14)

HRMS (ESI) m/z: M* Calcd for C,;Hy3N, 231.1856; Found 231.1854

The 'H and *C NMR spectra of [N;—dMIm][PFg] are shown in Figures 3.7 and
3.8.
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Preparation of ROMP-Active Gold Substrates

Gold-coated silicon wafers were prepared by the sequential thermal evaporation of
chromium (100 A) and gold (1250 A) in a diffusion-pumped chamber (CVC-PSM66
evaporator) at a base pressure of < 4 x 107 Torr and a rate of 1—2 A s onto silicon
(100) wafers that were pre-rinsed with water and ethanol and dried in a stream of
nitrogen. The gold-coated wafers were typically cut into 1.2 cm x 4 cm samples and
subsequently placed in a 1 mM ethanolic solution of 4-mercapto-1-butanol for at least
1 h to yield a hydroxyl-terminated self-assembled monolayer (SAM). The films were
rinsed with ethanol, water, and ethanol and dried in a stream of nitrogen. The dried
substrates were exposed to a 5 mM solution of NBDAC in DCM for 30 min to yield
the acylation product of a surface-tethered norbornenyl group.® The substrates were
rinsed with DCM, ethanol, water, and ethanol and dried in a stream of nitrogen. The
norbornenyl-modified substrates were then exposed to a 5 mM solution of Grubbs

catalyst in DCM for 12 min, rendering them active for ROMP.

Preparation of ROMP-Active Silicon Substrates

Silicon wafers were typically cut into 1.2 cm x 4 cm samples and sequentially
rinsed with ethanol, water, and ethanol and dried in a stream of nitrogen. The
substrates were then sonicated in ethanol for 30 min to displace any remaining con-
taminants and rinsed with water and ethanol and dried in a stream of nitrogen. The
silicon substrates were then placed in piranha solution (14 mL H,SO, /6 mL H,0,) for
30 min to hydroxylate the silicon oxide surface. The substrates were rinsed thrice by
submersion in water, rinsed in a stream of water, and ethanol and dried in a stream
of nitrogen. The dried substrates were then exposed to a 5 mM solution of NBSiCl,
in toluene for 1 h to yield a surface-tethered norbornenyl-terminated SAM. The sub-
strates were rinsed with toluene, ethanol, water, and ethanol and dried in a stream of

nitrogen. The norbornenyl-modified substrates were then exposed to a 5 mM solution
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of Grubbs catalyst in DCM for 12 min, rendering them active for ROMP.

Preparation of ROMP-Active Glass Substrates

Microscope glass slides were typically cut into 1.25 cm x 3.8 cm samples and
sequentially rinsed with ethanol, water, and ethanol and dried in a stream of nitrogen.
The substrates were then sonicated in ethanol for 30 min to displace any remaining
contaminants and rinsed with water and ethanol and dried in a stream of nitrogen.
The glass substrates were then placed in piranha solution (14 mL H,SO,/6 mL 30
% Hy0,,,) for 30 min to hydroxylate the silicon oxide surface. The substrates were
rinsed thrice by submersion in water, followed by squeeze bottle rinses of water and
ethanol, and dried in a stream of nitrogen. The dried substrates were then exposed
to a 5 mM solution of NBSiCl,; in toluene for 1 h to yield a norbornenyl-terminated
SAM. The substrates were rinsed with toluene, ethanol, water, and ethanol and dried
in a stream of nitrogen. The norbornenyl-modified substrates were then exposed to
a b mM solution of Grubbs catalyst in DCM for 12 min, rendering them active for

ROMP.

Characterization Methods

Polarization Modulation-Infrared Reflection-Absorption Spectroscopy (PM-IRRAS)

Infrared (IR) spectroscopy is a vibrational spectroscopy technique and is able
to yield vibrational frequencies and oscillator strengths which can be interpreted in
terms of molecular structure and bonding.*% For a molecule to show infrared absorp-
tions, it must possess an electric dipole moment that changes with the vibration of
the molecule.* Fourier-transform infrared (FTIR) spectroscopy is based on the inter-
ference of radiation between two beams of light to yield an interferogram, a signal

produced as a function of the change in path length between the two beams, leading
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Scheme 3.3: Model of a thin film of thickness d on a metal coated substrate.
The radiation is incident at an angle ¢ and encounters indices of refraction for
the film and metal surface, n - ik, that are complex and wavelength dependent.

to a greater dynamic range as the two domains of distance and frequency are intercon-
vertible by the use of a Fourier transformation.*® The most common interferometer
used in FTIR spectroscopy is a Michelson interferometer.*® Reflectance-absorption
infrared spectroscopy (RAIRS) and attenuated total reflectance (ATR) are the two
main reflection techniques for the analysis of surfaces.”

ATR is an internal reflection technique that uses a crystal (such as ZnSe or Ge) to
achieve total internal reflection owing to the fact that the angle of incidence between
the sample and the crystal is greater than the critical angle, which is a function of the
refractive indices of the two surfaces.*™® RAIRS is an external reflection technique,
as shown in Scheme 3.3, where the incident radiation is focused on the sample and
the reflected radiation is measured.*%® In RAIRS, the reflection spectrum depends
strongly on the optical constants of the surface-tethered film/molecules and the sub-
strate.®1® When IR light is reflected from a flat metal surface, the electric vector
undergoes a phase shift that depends on the polarization of the light.®®

For virtually all incidence angles (#), IR radiation whose electric field is polarized

perpendicular to the plane of reflection (s polarized light) undergoes a phase shift of 7
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(180°) and the electric vectors at the surface sum to near zero yielding no electric field
at the surface.® ¥ For grazing (80 — 88°) incidence angles, IR radiation whose electric
field is polarized parallel to the plane of reflection (p polarized light) undergoes a
phase shift of approximately /2 (90°) and the resulting standing wave at the surface
is nonzero and oriented along the surface normal.®>® This difference in magnitude
for s polarized versus p polarized light at the surface leads to the surface selection
rule, which results in the ability to distinguish molecular vibrations which have a
transition dipole moment with a large component perpendicular to the substrate
from those having a large component parallel to the substrate which show near zero
intensity. 5

Typically, in RAIRS experiments, one obtains a p polarized reflectivity of the bare
metallic substrate as a background spectra that is used to normalize the p polarized

reflectivity of the film on the metallic substrates.®!! One can then compute the RAIRS

Rp(d)
Rp(0)

spectrum and therefore, the absorption spectrum of the form

A(d) = (M) __ B (3.1)

where I,(0) (proportional to R,(0)) and I,(d) (proportional to R,(d)) are the reflected
light intensities in the absence and in the presence of the absorbing film layer (Scheme
3.3).9811 The absorption intensity observed for a particular electric transition dipole
moment is largely dependent on the scalar product of the surface electric field ampli-
tude and the oscillator transition dipole moment, which on metallic substrates leads

to

A(d) o< cos® (0,,2) (3.2)

where 0,,,, is the average angle between the transition dipole moments (m) and the

surface normal (z).!?
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RAIRS, however, has several disadvantages, such as a low signal to noise ratio
compensated by long acquisition times resulting in aberrant surface spectra due to
minute instabilities in the spectrometer.®!! Additionally, changes to the surrounding
atmosphere of the sample especially during long acquisition times, lead to surface
spectra contaminated with a large amount of background peaks.!! These disadvan-
tages of RAIRS can be overcome by replacing the absolute reflectivity of the RAIRS
measurement with a modulation technique. Polarization modulation-infrared reflec-
tion-absorption spectroscopy (PM-IRRAS) is a double modulation technique where
FTIR radiation, which is modulated by the interferometer in the frequency range
100 — 20000 Hz, is passed through a fixed polarizer and then through a photoelastic
modulator (PEM), which modulates the radiation in the frequency range 50 — 100
kHz. %13

In Fourier transform RAIRS, the interferogram is digitally demodulated by the
Fourier transform to produce a single-beam spectrum whose amplitude is proportional
to (I, + I5).” In order to demodulate the signal with PEM modulation, a lock-in
amplifier set at the frequency of the PEM is utilized and produces and interferogram
whose amplitude is proportional to (I, — I,).%'3 This leads to an absorption spectrum

of the form?®®11:13

AR) L1 (33)

Ald) = ( R ) I+1,

Because a ratio is used for obtaining the absorption spectrum, PM-IRRAS does not
require a background correction or a reference material and the effect of water and/or
CO, vapor is significantly smaller than observed with RAIRS.5®1! A second advan-
tage of PM-IRRAS is that it is able to provide a much higher surface absorption
sensitivity since spectrometer and background fluctuations are taken into account
5,8,11

during each mirror scan.

In this thesis, PM-IRRAS is used to study the composition of poly(ionic liquids)
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(PILs) (Chapter 4 and 5), to determine the anion concentration in copolymer PILs
(Chapter 6), and to study the composition of polydicyclopentadiene (pDCPD) films
(Chapter 7). PM-IRRAS) was performed using a Bruker Tensor 27 Fourier transform
infrared spectrometer equipped with a PEM-90 photoelastic modulator (Hinds In-
struments) and a liquid-nitrogen cooled mercury-cadmium-telluride (MCT) detector
with a non-dichroic BaF; window. The source beam employed a half-wavelength (3)
retardation modulated at a frequency of 50 kHz and set at 85° incident to the sample

surface. Spectra were collected over 5 min (360 scans) at a resolution of 4 cm™!.

Profilometry

Surface topography and film thickness can be determined by a variety of techniques
that are broadly categorized into contact and non-contact techniques. Of the contact
techniques, the two most common are surface measurements with a stylus profiler
(SP) and AFM. While AFM is able to provide fine details of surfaces, the length
that the technique is able to survey is on the order of pum and typically takes a
large amount of time to capture the data.'* However, surface measurements with a
SP allow for the collection of data on the order of mm.A stylus profiler consists of
a tip on the end of a cantilever. In performing surface measurements with a SP,
the stylus is placed on the surface to be measured and moved across the surface at
a constant velocity to obtain surface height variation due to the deflections of the
cantilever.'* The amount of force applied on the tip, the radius of the tip, and the
scanning parameters all affect the sensitivity of the method.

In this thesis, a SP is used to determine the film thickness (Chapter 4, 5, and
7) and roughness (Chapter 7) of the surface-tethered polymer films. The thickness
was taken to be the mean height variation for the polymer film from the baseline
substrate, while the root mean square roughness (Rq) was taken as the roughness of

the polymer films. Profilometric thicknesses were determined using a Veeco Dektak
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150 stylus profilometer with a vertical sensitivity of 1 AMeasurements were performed
using a stylus with a 12.5 pym radius, applying 29.4 uN of force and the hills and valleys
detection mode. The scan duration was varied to keep the height data collection rate
at 0.028 pm/sample. Film thicknesses were estimated by performing three scans per
sample, 1000 gm long, across a hand-made scratch defect used to establish a baseline
for polymer growth. The scan results were then plane fitted using the instrument
software. Reported values represent the averages and standard deviations of at least

three independently prepared films.

Ellipsometry

Ellipsometry is an optical measurement technique that characterizes light reflec-
tion (or transmission) from samples by measuring the change in polarized light upon
light reflection on a sample. > 17

In this thesis, ellipsometry is used to determine film thickness (Chapter 7). Ellip-
sometric thicknesses were determined with a J.A. Woollam M-2000VI variable angle
spectroscopic ellipsometer. Thicknesses and refractive indices were obtained from fits
to data taken at 60°, 65°, 70°, and 75° from the surface normal over wavelengths

from 371.3 to 1688.7 nm. Optical constants of the gold substrates were taken prior

to polymer film growth and used as a baseline for the thickness determinations.

Contact Angle

For a liquid droplet that is adhered to a solid surface as shown in Figure 3.9,
the deformation of the water droplet can be described by considering the interfacial
free energy between the solid and the air (ygv), the interfacial free energy between
the solid and the liquid (ygsp), and the interfacial free energy between the air and
the liquid (yrv). The contact angle arises from a force balance at the contact line

between the three phases.!® The force balance at the contact line is shown in eq 3.4.
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Surface

Figure 3.9: Liquid drop on a solid surface in the presence of air. gy is the
interfacial free energy between the solid and air, 7y g1, is the interfacial free energy
between the solid and the liquid, and vy is the interfacial free energy between
air and the liquid.

The contact angle is then given by eq 3.5 (Young’s equation).

Ysv =7sL + 7Ly cost (3.4)
cosh — SV st (3.5)
7 Lv

The Fowkes approximation (eq 3.6) relates g, in terms of vgy and vvy. The
approximation relies on the assumption that the vapor phase (air) provides no stabi-
lizing interactions such that the interfacial free energy for a phase in contact with
vapor equals the surface energy of the phase. The third term in the equation,
2 (vsv) ' (vv1) ", espresses a stabilization energy for the liquid drop on the sur-
face. Using the Fowkes approximation and the Young equation, the expression in eq

3.7 can be determined.

vsr=vsv +yve = 2(vsv)” (yvn) (3.6)
2 &
cos = —1+ LV)I/Q (3.7)
(v vi)
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For a low energy surface (i.e. vgv =~ 0), eq 3.7 reduces to cos ~ —1, meaning that
the contact angle is close to 180° and the surface is not wetted by the liquid droplet.
For a high energy surface (i.e. vsyv ~ vvL), eq 3.7 reduces to cosf) ~ 1, the contact
angle is close to 0°, and the surface is wetted by the liquid droplet. There is also the
case for which vgy > 7 vr, where eq 3.7 reduces to cosf > 1 and the surface is fully
wetted by the liquid. There are three different types of contact angles, the advancing
contact angle (), the receding contact angle (6 g) and the equilibrium contact angle
(0 gq). The measurements for for #, and g were experimentally collected. For a
particular surface, 05 > 0y > 0 r. Therefore, measuring 05 and 0 g determines the
range of contact angles possible for a particular liquid on a surface.

Hysteresis is defined as the difference between the 65 and 0 g, i.e. H = 0 — 0R.
Hysteresis is a function of the heterogeneity and the roughness of the surface. For a
liquid in contact with a rough surface, the interfacial area is no longer the same as
the projected area.!® For such a surface, the contact angle on the smooth surface can
be determined from the measured contact angle using eq 3.8, where ¢ is the fraction
by which the interfacial area is greater or less than the projected area and 6 is the

contact angle on a smooth surface.!®

(14 cost) = ¢(1 + cosby) (3.8)

For a liquid in contact with a surface that is chemically heterogeneous, the con-
tact angle will vary depending on the composition of the surface that it wets and the
wetting properties of the homogeneous surfaces that compose the heterogeneous sur-
face. For surfaces with microscopic heterogeneity, the Cassie equation (eq 3.9) relates
the measured contact angle and the contact angles of the constituent homogeneous

surfaces. 18
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cost = Z ficosb; (3.9)

In this thesis, water contact angles were obtained to determine surface wettability
(Chapter 4, 6 and 7). A Rame-Hart manual contact angle goniometer with a micro-
liter syringe was used to measure 0, and 0 g of static drops of water on the polymer
film surfaces. Contact angles were measured on both sides of the image of approxi-
mately 5 pli drops with the syringe in the probe droplet during measurements. The
reported values and ranges represent the average and standard deviation from three

measurements per sample of at least three independently prepared samples.

Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is an electrochemical technique
that applies an alternating signal of small magnitude to electrochemical cells and
observes the systems responses to the perturbation at steady state.!® Given that the
cell is perturbed close to equilibrium, the kinetics and diffusion of ions are greatly
simplified.’® Advantages of EIS include an ability to make high-precision measure-
ments determined by the steadiness of the response leading to long term averaging, an
ability to treat the response theoretically by linearized (or otherwise simplified) cur-
rent-potential characteristics and measurement over a wide time (or frequency) range
(10 to 1075 s or 107* to 10° Hz).' In EIS, a low amplitude sinusoidal potential
(E,.) perturbation is applied around the equilibrium potential of the cell or working
electrode and depend on the fact that current - overpotential relations are virtually
linear at low overpotentials. ! In a linear system, excitation at frequency w provides a
current also of frequency w (and only of frequency w) compared to non-linear current
- potential relations that give distorted response behavior. !

An electrochemical cell can be considered as an impedance to a small sinusoidal

excitation and its response can be represented by an equivalent circuit of resistors
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Interface

- R; — L

Au

Scheme 3.4: Equivalent circuit model used in the analysis of surface-anchored
p|N; —dMIm] films on gold-coated silicon substrates. The two-time-constant cir-
cuit model consists of a solution resistance (Rs) connected in series with a film
capacitance (Cy) and resistance (Ry) attached in series with an interfacial capac-
itance (C;) and resistance (R;).
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and capacitors that pass current with the same amplitude and phase angle that the
real cell does under a given excitation.!® The electrochemical cells considered in this
dissertation were analyzed with the equivalent circuits shown in Schemes 3.4 and
3.5. In both schemes, the current must pass through the solution resistance, an
ohmic resistance of the electrolyte solution to ion migration, resulting in the circuit
element Rs. Scheme 3.5 represents an equivalent circuit containing redox species
that can undergo faradiac processes. The parallel elements are introduced because
the total current through the working interface is the sum of distinct contributions
from the faradaic process and the double-layer charging.!® The faradaic processes are
represented as a pure resistance,R;, and a general impedance due to a resistance to
mass transfer and Z,,.'° The double-layer charging is a nearly pure capacitance and
is represented in the circuit by the element Cj.

For electrochemical cells that do not contain a redox species, faradaic process only
occur at large overpotentials, or at very long measurement times (low frequencies)
and as currents are generated by the movement of ions in the cell. Scheme 3.4
represents an equivalent circuit for cells with a film generating an impedance to the
migration of ions on the working interface. The film contributions are accounted for
by introducing a resistance, Ry, in series with the interfacial response, R; and Cj, as
well as a capacitance Cfy.

In Chapters 4 and 6, electrochemical impedance spectroscopy (EIS) was performed
with a Gamry Instruments Reference 600 potentiostat. The electrochemical cell con-
sisted of a 0.1 M aqueous solution of the polymer film anion salt with a Ag/AgCl/KCl
(3 M) reference electrode, a gold-coated silicon substrate as the counter electrode,
and a gold-coated silicon substrate coated with the film to be studied as the working
electrode. The film coated substrate was placed in a sample holder of a Flat-Cell
(Princeton Applied Research, Model K0235) to limit the testing area to 1 cm?. The

cell was perturbed with a 5 mV rms AC voltage applied around the open circuit po-
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Scheme 3.5: Equivalent circuit model used in the analysis of surface-anchored
pDCPD films on gold-coated silicon substrates. The reduced (R) species in the
test setup is K Fe(CN)y and the oxidized (O) species is K3Fe(CN)g. The one-
time-constant circuit model consists of a solution resistance (Rs) in series with
an interfacial capacitance (C;), and resistance (R;), with an additional Warburg
impedance (Z,) to account for a resistance to mass transfer.
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tential, which was varied in frequency from 10° to 102 Hz using 10 points per decade.
The impedance spectra were fit with the equivalent circuit model shown in Scheme
3.4 using the Gamry E-Chem Analyst software package.

In Chapter 7, the electrochemical cell consisted of an aqueous solution of 1 mM
K Fe(CN)g, 1 mM K, Fe(CN)4-3H,0, and 0.1 M Na,SO, with a Ag/AgCl/KCI (3
M) reference electrode, a gold-coated silicon substrate as the counter electrode, and
a gold-coated silicon substrate coated with the film to be studied as the working
electrode. The cell was perturbed with a 5 mV rms AC voltage applied around the
open circuit potential, which was varied in frequency from 10° to 1072 Hz using 10
points per decade. The impedance spectra were fit with the equivalent circuit model

shown in Scheme 3.4 using the Gamry E-Chem Analyst software package.

Quartz Crystal Microbalance with Dissipation (QCM-D)

Quartz crystal microbalance with dissipation (QCM-D) is a technique that allows
the precise, time-resolved measurements of the energy dissipation factor of a QCM
crystal in conjunction with the commonly measured frequency shift.?° In a QCM-D
measurement the crystal is excited to oscillation in the thickness shear mode at its
fundamental (and/or an overtone) resonant frequency, f, by applying an AC voltage
across the electrodes as shown in Scheme 3.6 a). f and D measurements are made by
periodically disconnecting the oscillating crystal from the AC voltage and performing
a fit to the decay of the crystal oscillation where both the frequency and dissipation
factor values are obtained simultaneously.?!

In this thesis, QCM-D was performed in Chapter 4 to determine the water uptake
of PIL films. QCM-D was performed with a Biolin Scientific Q-Sense E4 interfaced
to a personal computer and an ISMATEC IPC peristaltic pump. The QCM-D sensor
crystal consists of a round, AT-cut piezoelectric quartz crystal coated with gold elec-

trodes on their front and back face. f and D measurements were acquired at a rate
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Amplitude

b)

Amplitude

Time

Scheme 3.6: Schematic of QCM-D Operation. a) Amplitude vs. time curves for
an unloaded QCM-D sensor as well as a side view of the sensor. Application of an
AC voltage on the QCM-D sensor results in a cyclic shear deformation represented
by the black curve. Frequency (f) and dissipation factor (D) are determined by
intermittent removal of the AC voltage and performing a fit (shown in red) to
the decay (shown in blue) of the oscillatory amplitude over time.?? b) Amplitude
vs. time curves for a QCM-D sensor loaded with a viscoelastic film as well as a
side view of the sensor. The additional mass from the viscoelastic film induces a
decrease in frequency as well as an increase in dissipation due to the viscoelastic

nature of the film. o7



of 200 times per second in ultra pure (18.2 M) water at 20 °C for a period of 15— 20
min. Prior to data collection the sample chamber was flushed with ultra pure (18.2
MS?) water at a flow rate of 50 pL/min for 2 h in order to ensure temperature stabil-
ity. Due to the sensitivity of QCM-D to the properties of the bulk fluid, a reference
measurement of a pre-treated crystal was collected after a 5 min UVO treatment of

the front crystal electrode.

PeakForce Quantitative Nanomechanical Mapping (QNM)

The study of the mechanical properties of soft materials such as thin polymer
films is of increasing interest due to their widespread use in modern technologies. 2324
Indentation is a versatile method for studying local mechanical properties of materi-
als and covers dimensions ranging form the nanoscale to the macroscale.?32* Probe
indentation, by either nanoindenters or atomic force microscopy (AFM), are the two
major techniques available that allow for the collection of force-indentation curves.?*
AFM is more preferable when studying soft materials due to its ability to apply
smaller forces and therefore, produce smaller deformations compared to nanoinden-
ters.?* PeakForce QNM is a recently introduced AFM mode that allows the mapping
of the elastic modulus of a sample surface with high spatial resolution at the same
rate as regular tapping-mode AFM imaging by the real time calculation of Young’s
modulus at each surface contact via a fit of the Derjaguin-Muller-Toporov (DMT)
model to force-indentation curves.?*? Young et al.?> compared the £, obtained by
PeakForce QNM for polymer films to those obtained via nanoindentation techniques
and showed that the technique provided repeatable measurements of polymer elastic
moduli when careful calibration procedures were utilized.

In PeakForce quantitative nanomechanical mapping (QNM) the reduced Young’s

Modulus (E,) is calculated by fitting the Derjaguin-Muller-Toporov (DMT) model

(see eq 3.10) on the unloading (retract) portion of the force-separation curve.
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Fyp — F,
E, = 3 (Fip — Faan) (3.10)
4v/Rd

In eq 3.10, Fj;, is the force on the AFM tip, Fiqp is the adhesive force between the

tip and the sample, R is the tip radius and d is the deformation depth. The sample’s
Young’s modulus can be obtained from the measured reduced Young’s modulus using
eq 3.11 where v, and E; are the Poisson’s ratio and Young’s Modulus of the tip and
vs and Fy are the Poisson’s ratio and Young’s Modulus of the sample. Assuming that
E} is much greater in magnitude than E; leads to the approximation of E; as infinite

and leads to eq 3.12 which can be used to calculate the Fj.

1 — 2 1— 2\ —1
ET:( Et”t + EVS) (3.11)

Es=E, (1-12) (3.12)

S

In this thesis, PeakForce (QNM) is performed in Chapter 7 to determine the
Young’s modulus of surface-tethered pDCPD films. PeakForce QNM was performed
with a Bruker Dimension Icon® AFM and a RTESPA-300 probe supplied by Bruker.
The RTESPA-300 probe has a nominal radius of 8 nm and a nominal spring constant
k = 42 N/m. The spatial sensitivity of the AFM photodetector (deflection sensitivity)
of the RTESPA-300 probe was calibrated using a clean sapphire sample supplied by
Bruker. The PeakForce QNM data were collected at an oscillation frequency of 2 kHz
with a constant PeakForce amplitude of 150 nm. The sample’s Poisson ratio was set
to 0 in order to obtain the reduced Young’s Modulus. The modulus measurement on
each sample corresponds to 512 x 512 force-separation curves collected over an area
of 1ym x 1um at a scan rate of 1 Hz. The reported values and ranges represent the
average and standard deviation from three modulus measurements per sample of at

least three independently prepared films.
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Chapter 4

DYNAMIC ANION-ADAPTIVE POLY(IONIC LIQUID) FILMS VIA
SURFACE-INITIATED RING-OPENING METATHESIS POLYMERIZATION

Reproduced with permission from Journal of Physical Chemistry C, in press. Un-

published work copyright 2017 American Chemical Society

Introduction

The majority of surface-tethered PILs in the literature have been prepared by SI-
ATRP. These films have been prepared on both planar substrates'™ and nonplanar
substrates® making it difficult to compare the prepared PIL films solely by film thick-
ness. For the planar substrates, thin polymer films (< 50 nm) were formed by very
long polymerization times (> 24 h).%3 For example, He et al.? reported the prepa-
ration of poly(|1-(4-vinylbenzyl)-3-butyl imidazolium|[hexafluorophosphate|) brushes
by SI-ATRP on a flat silicon substrate. They demonstrated nanometer-level con-
trol over film thickness, tunable wettability of the PIL brushes by exchanging their
counter anions, and ~ 50 nm thick films for a 24 h polymerization.?

The ROMP reaction is driven by the release of ring strain balanced by entropic
penalties.® Norbornene (NB), a cyclic seven-membered ring, which exhibits a high
amount of strain energy (27.2 kcal/mol),” is typically chosen as the polymerizable
group in ROMP monomers.® Ye et al® reported the first preparation of PIL films
via SI-ROMP on non-planar substrates, where they form poly([3-[(bicyclo[2.2.1]hept-
5-en-2-yl)methyl|-1,2-methylimidazol-3-ium|[hexafluorophosphate]|) films on titanium
dioxide (TiO2) nanowires. They demonstrated the tunable wettability of the PIL

films by immersion of the nanowires in aqueous salt solutions with varying anions,

and achieved brushes that were ~ 80 nm thick over a 2 h polymerization time.® They
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investigated the use of the PIL films with anions, such as, [Cl|, [BF,|, and “NTf,. The
preparation of PIL films via SI-ROMP on planar substrates has not been reported in
the literature.

In this chapter, I report the preparation of surface-immobilized PIL films on
planar substrates of glass and gold via the SI-ROMP of the IL monomer 3-[(bi-
cyclo[2.2.1]hept-5-en-2-yl)methyl|-1,2-dimethylimidazol-3-ium  hexafluorophosphate
(IN;-dMIm][PF¢]). By employing SI-ROMP, I demonstrate the rapid growth of PIL
films that are > 500 nm, which is an order of magnitude greater than the thicknesses
achieved by other polymerization routes. Thicker films are expected to be more
robust as coatings and to have greater anion absorption capacity. I investigated
the anion exchange of the PIL films with a variety of anions. I report the first
incorporation of large anionic dyes into a PIL film, highlighting the ability of the
films to behave as anionic chameleons, which means that the films can adapt to their
anionic environment. The anion-dependent surface wettability of the PIL films was
characterized by contact angle goniometry. I report the first use of quartz crystal
microbalance with dissipation (QCM-D) to determine the bulk interaction of sur-
face-anchored PIL films with water as well as the material properties of the PIL such
as dynamic shear modulus and viscosity. The effect of anion on the ion conduction
of the surface-anchored PIL films was analyzed using electrochemical impedance
spectroscopy (EIS), revealing dramatic differences in the resistance to ion transport
between the PIL films with the PFy~ anion and the ClO,  anion. Understanding the
ionic conduction of surface-tethered PIL films is important for the use of the films in

electrochemical devices.
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Experimental Methods

Polymerization of [N;-dMIm|[PF4| on Gold and Glass Substrates

ROMP-active substrates of gold and glass were prepared as described in Chapter
3. Freshly prepared ROMP-active substrates were quickly rinsed with DCE and
immediately placed in a 0.1 M [N;-dMIm|[PFg| solution in DCE for up to 15 min.
The substrates were subsequently rinsed with DCM, ethanol, water, and ethanol and

dried in a stream of nitrogen.

Polymerization on QCM-D Quartz Sensor

To prevent non-specific growth of the polymer on the quartz surface and the gold
electrode on the back of the sensor, the QCM-D sensor was exposed to a 5 mM
solution of decyltrichlorosilane in toluene for 1 h to yield a methyl-terminated SAM
on the exposed quartz surface and sequentially rinsed with toluene, ethanol, water,
and ethanol and dried in a stream of nitrogen. The gold electrode on the back of
the sensor was then exposed to decanethiol to yield a methyl-terminated SAM. The
sensor was rinsed with ethanol, water, and ethanol and dried in a stream of nitrogen.
The active surface of the QCM-D sensor was rendered ROMP-active as described
in Chapter 3 for gold substrates. The ROMP-active sensor was quickly rinsed with
DCE and immediately placed in a 0.02 M [N;-dMIm|[PFg| solution in DCE for 15
min. The sensor was subsequently rinsed with DCM, ethanol, water, and ethanol and

dried in a stream of nitrogen.

Ionic Polymer Film Anion Exchange

The anion exchange of p|N;-dMIm| films with resident anion was accomplished
by simply immersing the film into an aqueous solution containing 0.2 M of the salt

of the desired anion for a minimum of 2 h.?'% The chemical structures of the anions
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considered in this chapter are shown in Figure 4.1.

Results and Discussion

Polymer Film Growth

Initial attempts at the SI-ROMP of a norbornene-tethered IL focused on the
monomers 3-[(bicyclo[2.2.1]hept-5-en-2-yl)methyl|-1-methylimidazol-3-ium bromide
and 3-|(bicyclo[2.2.1]hept-5-en-2-yl)methyl]-1-methylimidazol-3-ium hexafluorophos-
phate. SI-ROMP of both of these monomers was unsuccessful with catalyst 1. The
methyl imidazolium (MIm) functional group of these monomers is known to inhibit
ring-opening metathesis polymerization with Grubb’s catalyst via the abstraction of
the acidic proton on the C, carbon of the MIm functional group leading to complex-
ation with the 14 e~ species of the catalyst and competitive inhibition of the reaction
of the 14 e~ species with olefin.!1''? The inhibition of the catalyst can be avoided by
utilizing the dimethylimidazolium (dMIm) functional group.'?

Polymerization of the ionic liquid monomer 3-|(bicyclo|2.2.1]hept-5-en-2-yl)methyl]-
1,2-dimethylimidazol-3-ium hexafluorophosphate (|N,-dMIm|[PF]) at a concentra-
tion of 0.1 M in DCE for 15 min led to a surface-tethered polymer film that exhibited
a profilometric thickness of 652 4+ 29 nm. Figure 4.2 shows the IR spectrum of a
p|N;-dMIm|[PFg| polymer film grown on a gold substrate. The dominant absorption
band is the P—F stretch at 865 cm™!.1% Weaker absorption bands due to the polymer
carbon backbone are also observed, in particular, a C=C stretching absorption band
at 1589 cm™!, a symmetric CH, in-plane bending (scissoring) absorption band at
1462 and 1423 cm ™!, an asymmetric CH, absorption band at 1392 cm ™!, a symmetric
CH, absorption band at 1243 cm ™!, and a vibrational CH, in-plane bending (rocking)

absorption band at 742 cm~!.14
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p|N,;-dMIm]| Film Anion Exchange

Anion exchange of the PF;~ anion for p|N;-dMIm|[PF| films on gold substrates
was successfully accomplished with the anions C1O, ", FSI", and “NTY, as evidenced
by the IR spectra shown in Figure 4.2. The major absorption bands in the IR spectra
for the anions PF;, ClO, , FSI", and "NTf, are summarized in Table 4.1. The
dominant absorption band in the spectrum for the ClO, anion is the Cl—-O stretch
at 1110 cm™!. For the IR spectra with the FSI™ and ~NTf, anions, the dominant
absorption bands are the SO,  and C—F bands between 1100 and 1400 cm™'. The
polymer backbone structure for the p[N;-dMIm| films with the anions PF; , ClO, ",

FSI", and ~NTf, was characterized by observing the C ,—H and C  ;—H bands in

sp2

IR spectra (Figure 4.3.) The retention of the Cy,—H and Cy;—H bands for all the

sp3
anions studied suggests minimal variation in the polymer backbone structure due to
anion exchange.

The major absorbance bands in the IR spectra for the anions PF;~, C10,, FSI",
and ~NTf, are summarized in Table 4.2. There are minimal variations in the Cy ;s —H
stretch vibration band peak positions for the p|N;—dMIm| polymer film with anion
exchange as shown in Figure 4.3 and Table 4.2; however, the peak shapes are similar
for the various anions observed in Figure 4.3. There are minimal variations in the
peak position and shape for the C,.—H stretch vibration bands for p[N;—dMIm|
polymer film with the anions PF;", ClO, , and FSI . The p[N,—dMIm]||NTf,| film,
however, does show a change in peak shape and position for the Cg.—H stretch
vibration bands. The C,,.—H peak shape observed with the anions PFq~, ClO,,
and FSI™ is recoverable with anion exchange.

Profilometric thicknesses of the p|N;-dMIm|[PF] films formed on gold substrates
after anion exchange with ClO, , FSI", and NTI, are reported in Table 4.1. No
statistically significant change in thickness was observed for p[N; —dMIm||PFy| films

after exchange with the ClO, and ~NTf, anions. However, p|N; —dMIm|[PF| films
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after exchange with the FSI™ anion exhibit a lower film thickness. The profilometric
thickness of the p|N; —dMIm||PF] films can be recovered by anion exchange of the
p|N; —dMIm][FS]] film with the PF;  anion as listed in Table 4.1.

Larger anions in the form of anionic dyes were also incorporated into p|[N; —dMIm|
films on glass substrates. The anionic dyes, methyl orange, fluorescein, biebrich
scarlet, eosin Y, and bromocresol green were exchanged into p|N; —dMIm]|[PF] films
as shown in Figure 4.4 a. The polymer films are reversibly colored by the incorporation
of the anionic dyes. Absorption spectra for the p|N; —dMIm| polymer films with the
anionic dyes are shown in Figure 4.4 b. p[N;—dMIm]| polymer films exposed to the
anionic dyes show broad absorbance of light in the wavelengths 300 to 800 nm. The
p|N; —dMIm]|[PF] films were also exposed to a 0.2 M aqueous solution of methylene
blue as a positively charged control for non-specific staining. p|[N; —dMIm|[PF] films
exposed to methylene blue, however, did not acquire any color as shown in Figure
4.4 a and did not exhibit absorbance over the original p[N;—dMIm|[PF| films as
shown in Figure 4.4 b. The lack of observable color and absorbance for the polymer
films exposed to the cationic dye supports exchange of the anionic dyes into the films.
These results demonstrate that the films adapt to the anionic environment that they

encounter, thereby functioning as anionic chameleons.

p|N; —dMIm]| Film-Water Interaction

The anion strongly influences the surface wettability of surface-tethered ILs,2°
as well as the solubility of PILs with water.'%?! The interaction of the p|N;—dMIm]|
films with water both at the surface and within the PIL was investigated. The surface
wettability of the p|N; —dMIm]| films was assessed by contact angle goniometry with a
measured advancing (6, ) water contact angle of 61+2° for the p|N; —dMIm|[PF] film,
65 £ 3° for the p|N;—dMIm||[NTf,]| film, 63 £ 2° for the p|[N; —dMIm||FSI] film, and

35+3° for the p|N; —dMIm||ClO,| film. The low advancing contact angle observed for
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Figure 4.4: a) Images of p|N; —dMIm| with various anionic dyes on glass slides b)
Ultraviolet-Visible absorption spectra of p|N; —dMIm]| films with various anionic
dyes. Absorption spectra of the as-polymerized p|N,—dMIm]|[PF;] films were
collected and subtracted from the spectra for the p|N;—dMIm]| films with the
anionic dyes.
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the p|N; —dMIm]|[ClO,| film suggests that the surface wettability is anion-dependent
with the ClO,  being the most hydrophilic anion. For a surface-tethered methylim-

idazolium IL, Lee et al.?

observed the same order of increasing hydrophobicity by
contact angle for the "NTf,, PF, , and ClO, anions.

The interaction of water within the p[N;—dMIm]| films was investigated by per-
forming quartz crystal microbalance with dissipation (QCM-D) in an aqueous en-
vironment. In QCM-D, the addition of a mass to the crystal electrodes results in
a decrease in frequency.?>?? Laterally homogeneous films exhibit dissipation related
to the viscoelastic properties of the films.?* Frequency and dissipation data for the
pretreated quartz crystal were collected and used as the baseline data. The QCM-D
spectra for the p|N; —dMIm]| film showing the changes in frequency (Af) and dissi-
pation (AD) with respect to the film anion are shown in Figure 4.5. Growth of the
p|N; —dMIm]||[PF] film on the sensor crystal results in a large decrease in A f for both
the fundamental frequency and the 3rd overtone frequency, which is consistent with
the attachment of a polymer film to the surface. In order to comprehend the changes
in mass observed by varying the anions, I utilized the molecular weights, listed in
Table 4.3, of the monomeric cation [N;—dMIm| with the various anions that were
investigated. The relative changes in mass arising from anion exchange observed for
the films by QCM-D should conform to the relative variation in molecular weight for
the monomeric cation with the various anions.

Anion exchange of the p|N; —dMIm|[PFy| film to a p[N;—dMIm||ClO,] film leads
to a decrease in Af for both overtones collected as shown in Figure 4.5, which is
consistent with the larger mass of the PFy;~ monomer compared to that of the Cl10,"
monomer. The p|N; —dMIm][FSI] film and the p|[N; —dMIm|[NTf,| film both show an
increase in A f for both overtones collected as shown in Figure 4.5, which is consistent
with the larger mass for both the FSI" and “NTf, monomers compared to that of

the PF,~ monomer. The variations in AD can be better understood by performing a
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quantitative analysis of the QCM-D spectra. In general, an increase in AD indicates
an increase in the viscoelasticity of the surface-tethered PIL film. Attachment of the
p|N; —dMIm]|[PF] film leads to an increase in AD as shown in Figure 4.5 consistent
with the attachment of a soft polymeric film on the QCM crystal surface. Anion
exchange of the PF¢~ anion with other anions leads to increases or decreases in AD,
due to the effect of the anion on the viscoelastic properties of the film. Therefore, in
order to determine the viscoelastic properties of the surface-tethered PIL film with
the various anions, a quantitative analysis of the mass, shear modulus, and viscosity
of the p|N;—dMIm]| films was conducted by fitting the spectra in Figure 4.5 using a
Voigt-based viscoelastic model included in the Q-Sense software. The Kelvin-voigt
model relies on a continuum model where the sample properties are parametrized
by a set of one or more slabs with certain thicknesses, densities, and viscoelastic
properties.?® The results of the quantitative analysis are shown in Table 4.3.

The viscoelastic properties of the film in the Kelvin-voigt model are represented
by the complex shear modulus, G = G’ + iG"”, where i is the imaginary unit.?® The
storage modulus G is a measure of the energy stored elastically and is concerned
with the extent of deformation due to the applied force. The p|N;—dMIm]| film
with the "NT{, anion exhibits the least amount of deformation, due to the highest
value of storage modulus observed of 43.88 4+ 0.12 MPa, as listed in Table 4.3. In
comparison the p|N; —dMIm] film with the ClO, anion shows a greater than a one
and a half times increase in deformation with a storage modulus of 26.31 + 0.02
MPa. The p|N;—dMIm)] film with the PF;" and FSI" anions show similar amounts
of deformation that are intermediate to those of the other films. The loss modulus
G" = wn describes the viscous energy dissipation of the material, where the viscosity
1 can be thought of as a friction coefficient that relates the applied force to the rate
of deformation.?® The p|N,—dMIm| film with the “NTf, anion exhibits the highest

amount of viscous energy dissipation due to the highest value of n, 546.8 £+ 1.6 mPa-s,
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while the p|[N;—dMIm| film with the FSI" anion shows an almost 3 fold decrease
in viscous energy dissipation, 190.6 & 0.2 mPa-s, for the anions investigated. The
p|N;—dMIm] films with the PFy  and the ClO, anions show similar amounts of
viscous energy dissipation that are intermediate to those of the other films.

The calculated mass reported for the p[N;—dMIm]| films include absorbed water
in the surface-tethered polymer films. In order to determine the amount of water
uptake in the p|N; —dMIm]| films, the ratio of the observed mass to the expected mass

relative to the p|N;—dMIm|[PFg| film was calculated as

M(X™)MW (PF,)
M(PFy) MW (X")

v=1-—

(4.1)

where, v is the fractional uptake of water into the film relative to the p|[N; —dMIm]|[PF]
film, M (X") is the calculated mass for the film with the X~ anion and MW (X") is the
molecular weight of the IL monomer with the X~ anion. The calculated values for the
fractional uptake, v, are shown in Table 4.3. Positive values of v indicate an increase
in PIL film water swelling compared to that of the p[N;—dMIm]| film with the PFy~
anion, while negative values indicate a decrease in PIL film water swelling. As shown
in Table 4.3, the p|[N;—dMIm|[C1O,| film shows an 8% increase in v compared to the
film with the PF;~ anion. The increase in v is expected due to the hydrophobicity of
the PFy  anion compared to the ClO, as determined by surface wettability above.
However, the magnitude of increase in v is minimal compared to the differences in
@a observed for the PFy and ClO, anions. Additionally, the p[N;—dMIm]| films
with the FSI" and the “NT{, anions exhibit similar surface wetting behavior to the
p|N; —dMIm]||[PF] film, and they show a 4% and a 2% decrease in v, respectively,
suggesting a minimal effect of the film anion on water uptake for these films with
similar surface wetabilities. The surface wettability of the films with water and their
viscoelastic properties are highly dependent on the anion present in the film and are

tunable via a simple anion exchange mechanism.
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Ion Transport in p|N;—dMIm]| Films

Ion transport in bulk PILs has been shown to be a function of polymer properties
such as glass transition temperature and the interstitial space or free volume of the
polymeric chains which impacts ion mobility.?* Understanding ion transport in sur-
face-tethered PILs is crucial for the implementation of PIL films in electrochemical
devices requiring intimate contact between the PIL film and electrode surface. Ion
transport through the p[N;—dMIm]| films with the anions PFy , NTf,, FSI , and
ClO, was investigated by utilizing electrochemical impedance spectroscopy (EIS).
The studies were conducted in the presence of a 0.1 M aqueous solution of a salt with
the same anion as the polymer film to avoid anion exchange during the collection
of the spectra. Representative Bode plots of EIS spectra for p|N;—dMIm| films on
gold substrates with various anions as well as a control film consisting of a hydroxyl-
terminated SAM on gold substrates exposed to NBDAC conducted in the presence
of a 0.1 M KPF aqueous solution are shown in Figure 4.6. The impedance spectra
were fit with the equivalent circuit model shown in Scheme 3.4 to quantify the circuit
parameters as shown in Tables 4.4 and 4.5.

Phase angle plots of EIS spectra corresponding to the Bode plots of Figure 4.6 for
p|N,—dMIm] films on gold substrates with various anions, as well as a control film
consisting of a hydroxyl-terminated SAM on gold substrates exposed to NBDAC,
conducted in the presence of a 0.1 M KPF, aqueous solution are shown in Figure 4.7.

In collecting EIS spectra, an electrochemical cell with the modified gold substrates
as the working electrode and electrolyte solution is perturbed with a sinusoidal po-
tential of varying frequency (f). Sinusoidal perturbation of the working electrode
potential with high frequencies results in the observation of the ohmic resistance of
the electrolyte solution to ion migration termed, solution resistance (Rs). The R; for
the control film as well as the p|N; —dMIm] films with varying anions was observed

for high frequencies, f > 10* Hz, as shown in Figure 4.6 and quantified in Table 4.4.
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Variations in R, are due to the different ionic conductivities of electrolyte solutions
arising from the different salts utilized in the collection of the EIS spectra.

Low frequency sinusoidal perturbation of the working electrode potential results in
the observation of ion migration occurring at long timescales such as the formation of
an electrical double layer at the electrode surface, referred to as interfacial capacitance
(C;), and the resistance to ion transport at the electrode interface, or interfacial
resistance (R;). The C; for the control film as well as the p|N;—dMIm] films with
varying anions was observed for low frequencies, f < 1 Hz, as shown in Figure 4.6.
The values for the C; and R, obtained from a fit of the data are listed in Table 4.4.
The C; for the PF;, "NTf,, and FSI" anions are statistically similar and lower than
the C; observed for the ClO, anion. The higher C; for the p[N; —dMIm|[ClO,] film is
consistent with a wetter interfacial region and/or close approach of the ClO,  anion
to the metal surface. The interface for the control film is modified when preparing
the p|N;—dMIm]| films, which is reflected in the C; for the control film being greater
than that for the p|N;—dMIm| films with varying anions as shown in Figure 4.6.

Sinusoidal perturbation of the working electrode potential with intermediate
frequencies results in the observation of ion migration occurring at intermediate
timescales such as a film capacitance (Cy) due to a separation of charge between
the metal surface and the bulk solution as well as the resistance, (Ry), that the PIL
film provides against ion migration. As shown in Figure 4.6, the EIS spectra for the
p|N; —dMIm)] film with the anions PFy , NTf, , and FSI" are substantially different
from that of the p|N; —dMIm]|ClO,] film and the control film. In particular, I observe
a Ry and a Cy for the p|N;—dMIm]| film with the anions PF, , NTf,, and FSI for
intermediate frequencies, 1 < f < 10* Hz. The film resistance values (R;) can be

used to calculate a film conductivity (k¢) by using,

Rf = —FH (4.2)
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where [ is the film thickness, A is the cross-sectional area of the sample, and R is
the measured resistance. The capacitive behavior observed in Figure 4.6, however,
is indicative of a leaky capacitor and therefore a constant phase element (CPE) was
used in lieu of a capacitor to fit the EIS spectra. The impedance of the CPE is given
by,

1

ZopE = Yol )" (4.3)

where Yj is a constant with dimensions s*/€) - cm? and « is a dimensionless constant
with a value between 0 and 1. The CPE can be converted into an effective capacitance
by using,?

17

¢ =Yo(/,

m

) (4.4)

where f. is the frequency at which the imaginary part of the impedance (Z”) has a
maximum.? The numerical values for the film resistance, conductivity, and capaci-
tance obtained from a fit of the data with the equivalent circuit of Scheme 3.4 are
shown in Table 4.5.

The p[N;—dMIm| film anion determines the Ry with the order PF,~ > "NTI,
> FSI' > ClO, and consequently the sy with the inverse order of the R;. The
observed order for the Ry does not exhibit a correlation with any of the other measured
properties. Therefore, a combination of effects arising from the varying properties of
the films with anion exchange, for instance, the glass transition temperature, ion
dissociation, and water content, lead to the differences in ion transport observed for
the different films.

The lack of a film impedance to the migration of ions in the p|N;—dMIm][Cl1O,]
films could potentially be attributed to an effect of the cation as opposed to the anion.

The effect of the electrolyte cation on the ion transport properties of the p|[N;—dMIm]|
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films was investigated using EIS of p|N; —dMIm]|[ClO,| films shown in Figure 4.8 in
the form of Bode plots. The corresponding phase angle plots are included in Figure
4.9. The studies were conducted in the presence of 0.05 M aqueous solutions of
ClO, salts with varying cations. The spectra for the p|N;—dMIm]||ClO,] films do
not show an obvious film resistance to ion migration for the cations investigated. The
p|N; —dMIm][ClO,| films show almost identical impedance behavior in the low and
intermediate frequency regions, f < 100 Hz. However, for the high frequency region,
one can observe that the solution resistance, Ry, is a function of the cation present
in the electrolyte. In particular, the solution resistance decreases with increasing
equivalent ionic conductivity (A°) at infinite dilution of the various salts considered.
Therefore, the electrolyte cation impacts the EIS spectrum by changing the Ry due
to a change in the characteristic molar conductivity of the salt.

The R, of the electrolyte salt determines the lowest resistance that can be ob-
served in a particular EIS measurement. The film resistance to ion migration in the
p|N; —dMIm]|ClO,] films can possibly be measured by lowering the R, of the elec-
trolyte salt. Ca(ClO,), exhibits the highest A° of the salts investigated and the Rj
of spectra collected in Ca(ClO,), can be lowered by increasing the molarity of the
aqueous electrolyte used in the EIS measurement. EIS spectra of p|N;—dMIm][Cl1O,]
films collected in a 0.5 M aqueous solution of Ca(ClO,), exhibited Ry of 4.34 4 0.04
Q-cm?. However, these spectra did not show a film resistance to ion migration. Thus,
for the p|N; —dMIm|[ClO,] films, using the lowest R; measured, one can conclude that
Ry <4.3440.04 Q- cm? and subsequently £y > 13.6 £ 0.8 uS/cm.

As noted earlier, the water content in the films plays a role in the variation in
Ry observed for the different films. The effect of the aqueous environment on the
ion transport properties of the p[N;—dMIm]| films was investigated by conducting
EIS in an ionic liquid. The studies were conducted with p[N;—dMIm|[NTf,| films

in the presence of 1-butyl-2,3-dimethyl imidazolium bis(trifluoromethylsulfonyl)imide
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(|C4,—dMIm||NT*,]). Representative Bode plots for the p|[N;—dMIm|[NTf,]| films in
both the IL and aqueous solution as well as a control film consisting of a hydroxyl-
terminated SAM exposed to NBDAC conducted in the presence of [C,—dMIm|[NT1,]
are shown in Figure 4.10. The corresponding phase angle plots are included in Figure
4.11. The values for the circuit parameters obtained from a fit of the data with the
equivalent circuit shown in Scheme 3.4 are listed in Table 4.6. A higher solution
resistance, ~ 250 €2-cm?, is observed in the spectrum of both the control film and the
p|N; —dMIm]||NT1,]| film solvated by the ionic liquid. The higher solution resistance
is attributed to a decreased molar conductivity for the ionic liquid as compared to
that of the aqueous salt solution. The spectrum for the p[N;—dMIm|[NTf,| film
obtained in [C,—dMIm|[NTf,] does not show a film resistance but rather shows an
interfacial capacitance regime from high to low frequencies. The utilization of the IL,
|C,—dMIm||NTH,|, results in over an order of magnitude increase in ¢ as compared to
the aqueous electrolyte. The improved solvation of the PIL film with the IL results in
the minimization of the impedance to ion transport. The reduction in the impedance
to ion transport in the film arises due to a combined phase similar to the IL resulting
in improved migration of the “NTft, ion.

The values for the C; and R; obtained from the fit of the EIS Spectra in Fig-
ure 4.10 with the Equivalent Circuit shown in Scheme 3.4 are shown in Table 4.7.
Phase angle plots of EIS spectra corresponding to the Bode plots of Figure 4.10 for
p[N; —dMIm]||NTf,]| films on gold substrates, as well as a control film consisting of a
hydroxyl-terminated SAM on gold substrates exposed to NBDAC, conducted in the

presence of [C,—dMIm|[NTf,| are shown in Figure 4.11.

Conclusions

The synthesis and subsequent SI-ROMP of an IL monomer to form dynamic,

anion-adaptive PIL films with thicknesses greater than 500 nm was achieved.
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p|N; —dMIm]||PF| films undergo anion exchange with traditional anions, such as
ClO, , FSI', and NTf,|, as well as larger anions in the form of dyes to alter
properties, including ion conduction, mechanical properties, surface wettability, and
color. The p[N;—dMIm]| films behave as anionic chameleons and as such, adapt to
their anionic environment where dynamic environmental response is critical. The
surface wettability and viscoelastic properties, i.e. storage and loss modulus, of
the p|[N;—dMIm] films are highly dependent on the film anion and are tunable via
a simple anion exchange mechanism. The electrolyte cation does not impact ion
conduction in p|N;—dMIm]| films when performed in aqueous electrolytes, while the
film anion determines the resistance of the p|N;—dMIm] film to ion conduction with
the order, PF,~ > "NTf, > FSI" > ClO, . In particular, the film resistance to ion
conduction for the p|N;—dMIm| with the ClO, anion is estimated to be orders of
magnitude lower despite the film being only slightly more solvated, suggesting that
the ClO, anion behaves differently than the other ions investigated. The film resis-
tance in aqueous electrolytes can be eliminated by employing an ionic liquid as the
electrolyte, improving the solvation of the p|N; —dMIm| films. The adaptability and

tunability of these surface-tethered films enable their use for multiple applications.
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Chapter 5

STABILITY OF SURFACE-TETHERED POLY(IONIC LIQUID) FILMS TO ION
EXCHANGE

Introduction

Ionic liquid (IL) properties are highly dependent on the coulombic interactions
between their constituent ions.? The modification of the IL chemical structure such
as that introduced by tethering ILs to polymerizable monomers or subsequent poly-
merization of the IL monomers into polymers (PILs) leads to a significant alteration
of their physical properties due to the introduction of large intra- and inter-molecu-
lar Coulombic interactions.! A molecular-level understanding between the chemical
structure and ion dynamics is required in order to fully understand the intermolecular
forces at play in the ILs and PILs.

In Chapter 4, I reported the preparation of surface-immobilized PIL films
on planar substrates of glass and gold via the SI-ROMP of the IL monomer
[N, —dMIm|[PFg|. In this chapter, I explore the fundamental intermolecular forces at
play in surface-tethered PILs. The motivation for this study is the observation that
certain anions lead to the desorption of the surface-tethered p|N; —dMIm|[PF] films
on gold substrates. The desorption occurs on the same timescale as the anion ex-
change process. For the anions that cause desorption, the phenomenon was observed
for both aqueous solutions prepared with the salts of the offending anions, as well as
with ionic liquids whose resident anion was one of the offending anions.

Choi et al.! explored the correlation between glass transition temperature (7,)
and repeat unit molecular volume (V) for imidazolium ionic liquids, IL monomers

and PILs. They observed that the 7} for the IL monomers and PILs are correlated
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with their V},.! In particular, the IL monomers and PILs containing counter-ions such
as Br~ or BF, exhibited higher 7}, due to a stronger interaction with the imidazolium
cation than those with the PFy or “NTf, counter-ions that act as plasticizers.* Choi
et al.! also demonstrated that the imidazolium cation side chain length affected T}, in-
dependent of the counter-anion, with a decrease in T, with increasing V,,, approaching
a steady value in the limit of large V/,.

Ring-opening metathesis polymerization (ROMP) is an equilibrium-controlled re-
action that is driven from monomer to polymer by the release of cyclic olefin strain
("ring strain") balanced by entropic penalties.? These entropic effects are enhanced
when performing ROMP from planar substrates due to a reduction in the degree of
freedom for the segmental motion of the polymer chains. SI-ROMP on gold sub-
strates is achieved by anchoring the catalyst onto a chemisorbed SAM, whereas for
SI-ROMP on silicon and glass substrates, the catalyst is anchored onto a covalently
bound SAM. One can then hypothesize that an increase in T}, for a surface-tethered
polymer chain via anion exchange with a small counter-ion would lead to an increase
in the entropic effects of tethering the chain onto the surface and, in the case of
weaker sufrace attachment, could lead to detachment of the polymer chain from the
interface. I report the preparation of p|N;—dMIm]|[PF| films on gold and silicon
substrates and the incorporation of anions that lead to a desorption of the polymer
film on gold substrates.

In order to increase the V;, of the IL monomer [N;—dMIm|[PFy|, I synthesized
a similar IL monomer |[N;—dMIm|[PFg], which incorporates a propyl group between
the polymerizable norbornene and the dimethylimidazolium cation. Here, I report
the preparation of surface-immobilized PIL films on planar gold substrates via the
SI-ROMP of the IL monomer [N;—dMIm]|[PF4|. The increase in V;, led to a decrease
in the T} of the surface-tethered film and allowed the successful incorporation of anions

that would have led to desorption of the p[N;—dMIm|[PFg]| film on gold substrates.
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Figure 5.1: Structures of anions successfully exchanged into p[N;—dMIm]| films
on gold substrates.

Experimental

Polymerization of [N, —dMIm|[PF;] on Gold and Glass Substrates

ROMP-active substrates of gold and glass were prepared as described in Chapter 3.
The ROMP-active substrates were quickly rinsed with DCE and immediately placed
in a 0.1 M [N;—dMIm|[PF| solution in DCE for up to 15 min. The substrates were
subsequently rinsed with DCM, ethanol, water, and ethanol and dried in a stream of

nitrogen.

Ionic Polymer Film Anion Exchange

The anion exchange of p|N;—dMIm| and p|N;—dMIm]| films with resident anion
was accomplished by simply immersing the film into an aqueous solution contain-
ing 0.2 M of the salt of the desired anion for a minimum of 2 h.** The chemical
structure of the anions considered in this chapter that successfully exchanged into
p|N; —dMIm]||PF] films on gold substrates are shown in Figure 5.1. Larger anions
in the form of anionic dyes were also successfully exchanged into p|N;—dMIm|[PF]
films on glass substrates (Figure 4.4).

The chemical structures of the anions considered in this chapter that resulted in

p|N; —dMIm]|[PF] film desorption from gold substrates are shown in Figure 5.2.
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Results and Discussion

Polymerization of the ionic liquid monomer [N;—dMIm|[PF| at a concentration
of 0.1 M in DCE for 15 min on gold substrates led to a surface-tethered polymer
film that exhibited a profilometric thickness of 650 + 30 nm. The IR spectrum of
p|N; —dMIm]||PF;] was consistent with that reported in Figure 4.2. Anion exchange
of the p|N; —dMIm]||[PF] films was successfully accomplished with the anions Cl1O, ",
FSI", and NTY, and was consistent with the spectra reported in Figure 4.2. Anion
exchange of the p|N; —dMIm]||PF] films with large anionic dyes was also successfully
accomplished (Figure 4.4). Anion exchange of the p|N;—dMIm]|[PF] films with the
anions shown in Figure 5.2, resulted in p[N;—dMIm|[PF;| film desorption from gold
substrates.

The desorption of the p[N;—dMIm| film with the anions shown in Figure 5.2 was
hypothesized to be caused by an increase in the entropy for the chains to remain
immobilized at the surface induced by an increase in the polymer Tj. This increase
in entropic energy leads to a cleaveage of the gold-thiol interaction and subsequent
desorption of the polymer chains into the aqueous phase during anion exchange. In
order to determine the mechanism of desorption, we prepared p|N;—dMIm]| films on
silicon which utilizes a more robust attachment scheme of the polymer chains to the
interface. A more robust attachment should be able to accommodate the increase in
entropic energy arising from an increase in 7,. Additionally, the polymerization of
a monomer |[N;—dMIm|[PF] with a greater V;, on gold substrates would lead to a
decrease in T}, for the polymer film and subsequently decrease the entropic energy for

the polymer film with the anions shown in Figure 5.2.

p|N; —dMIm]| Films Prepared on Silicon Substrates

Polymerization of [N;—dMIm]|[PFy| at a concentration of 0.1 M in DCE for 15

min on silicon substrates led to a surface-tethered polymer film that exhibited a pro-
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filometric thickness of 519 + 52 nm. Figure 5.3 shows the IR spectrum, centered at
1200 cm ™!, of a p|N; —dMIm|[PF¢] polymer film grown on a gold substrate. The dom-
inant absorption band is the P—F stretch at 895 cm™'.> Weaker absorption bands
due to the polymer carbon backbone are also observed, in particular, a C=C stretch-
ing absorption band at 1589 cm™!, a symmetric CH, in-plane bending (scissoring)
absorption band at 1462 and 1423 cm™!, an asymmetric CH; absorption band at
1392 ecm™!, a symmetric CH; absorption band at 1243 ecm™!, and a vibrational CH,
in-plane bending (rocking) absorption band at 742 cm™!.6

Anion exchange of the resident anion for p|N;—dMIm|[PF| films on silicon sub-
strates was successfully accomplished with the anions ClO, and ~OTf as evidenced
by the IR spectra shown in Figure 5.3. The major absorption bands in the IR spectra
for the anions PF~, ClO, , and ~OTf are summarized in Table 5.1. The dominant
absorption band in the spectrum for the ClO, anion is the Cl—O stretch at 1110
cm~!. For the IR spectra with the “OTf anion, the dominant absorption bands are
the SO, and C—F bands between 1000 and 1300 cm ™.

Profilometric thicknesses of the p|N;—dMIm]|[PF| films grown on silicon sub-
strates after anion exchange with ClO, , and ~OTf are reported in Table 5.1. There
was no statistically significant change in thickness observed for p|N;—dMIm|[PFg]
films after exchange with the ClO,  and ~OTf anions. The ability to incorporate
the ~OTY anion via anion exchange in p|N; —dMIm|[PF| films on silicon substrates
and not in p|N;—dMIm|[PFy| films on gold substrates suggests that the surface at-
tachment route utilized for SIFROMP on gold substrates is unable to withstand the
increased entropic effects arising from an increase in the 7, with the smaller ~OTf
anion.

Figure 5.4 shows IR spectra for the C—H stretching region of p|N; —dMIm| poly-
mer films on silicon substrates with various anions. The major absorbance bands in

the IR spectra for the anions PFy , ClO, , and ~OTf are summarized in Table 5.2.
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There are minimal variations in the Cg ;s —H stretch vibration band peak positions for
the p|N; —dMIm]| polymer film with anion exchange as shown in Figure 5.4 and Table
5.2; however, the peak shapes are similar for the various anions observed in Figure
5.4. There are minimal variations in the peak position and shape for the Cy.—H
stretch vibration bands for p|N;—dMIm]| polymer film with the anions PF;~, ClO, ",

and ~OTf. The retention of the C,,—H and Cg,;—H bands for all the anions studied

sp3

suggests minimal variation in the polymer backbone structure due to anion exchange.

Polymerization of [N;—dMIm]|[PF;| on Gold Substrates

Polymerization of the ionic liquid monomer [N;—dMIm|[PF] at a concentration
of 0.1 M in DCE for 15 min on gold substrates led to a surface-tethered polymer
film that exhibited a profilometric thickness of 301 & 198 nm. Figure 5.5 shows the
IR spectrum, centered at 1200 cm™!, of a p[N;—dMIm]|[PF| polymer film grown on
a gold substrate. The dominant absorption band is the P—F stretch at 862 cm™!.°
Weaker absorption bands due to the polymer carbon backbone are also observed, in

1 a symmetric CH, in-

particular, a C=C stretching absorption band at 1591 cm™
plane bending (scissoring) absorption band at 1462 and 1423 cm ™! and a symmetric
CH, absorption band at 1246 cm™'.°

Anion exchange of the PFy~ anion for p|N;—dMIm|[PF| films on gold substrates
was successfully accomplished with the anions ClO, , “OTf, and CF;CO,  as evi-
denced by the IR spectra shown in Figure 5.5. The major absorption bands in the
IR spectra for the anions PF , Cl10, , “OT{, and CF;CO, are summarized in Ta-
ble 5.3. The dominant absorption band in the spectrum for the ClO, anion is the
C1—O stretch at 1113 em™!. For the IR spectra with the ~OTf anion, the dominant
absorption bands are the SO; and C—F bands between 1000 and 1300 cm ™. For the
IR spectra with the CF;CO, anion, the dominant absorption bands are the C=0

and C—F bands between 1100 and 1700 cm ™.
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Figure 5.6 shows IR spectra for the C—H stretching region of p|N;—dMIm| poly-
mer films on gold substrates with various anions. The major absorbance bands in the
IR spectra for the anions PFy , C1O, , OTY, and CF;CO, are summarized in Table
5.4. There are minimal variations in the Cy;3—H stretch vibration band peak posi-
tions for the p|N;—dMIm| polymer film with anion exchange as shown in Figure 5.6
and Table 5.4; however, the peak shapes are similar for the various anions observed
in Figure 5.6. There are minimal variations in the peak position and shape for the
C,p2—H stretch vibration bands for p[N;—dMIm| polymer films with the anions PFy",
ClO, , and ~OTf. The p|N;—dMIm|[CF;CO,] film, however, does show a change in
peak shape and position for the C . —H stretch vibration bands. The C,.—H peak
shape observed with the anions PFy, ClO, , and ~OTf is recoverable with anion

exchange. The retention of the Cy,—H and C, ;—H bands for all the anions studied

sp3
suggests minimal variation in the polymer backbone structure due to anion exchange.

The p|N;—dMIm][PF] films on gold substrates were able to undergo anion ex-
change with the ~OTf and CF;CO, anion while remaining tethered to the gold
substrate. In preparing surface-tethered p|N;—dMIm|[PF| films we were able to
increase the V,, of the surface-tethered PIL films while maintaining the chemical
structure of the polymer. As expected an increase in the V,, led to a lowering in T},

thereby allowing the incorporation of anions in the p[N;—dMIm|[PF;] films without

surface detachment as was observed for p|N; —dMIm|[PFy| films.

Conclusions

p|N; —dMIm]|[PF] films polymerized on gold substrates undergo anion exchange
with traditional anions, such as ClO, , FSI", and NTf,, as well as large anionic
dyes, but are unable to incorporate anions such as Br~, C1", “OTf, and CF;CO,"
without detachment from the gold surface. This behavior is attributed to an in-

crease in the glass transition temperature 7}, where the incorporation of certain
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anions leads to a stronger coupling of the film. This increase in T, results in an
increase in the entropic penalties for the film to remain tethered to the surface via
a chemisorbed gold-thiol bond and results in the detachment of the polymer film
with anion exchange. The incorporation of the disruptive anions was accomplished
by the preparation of p|N;—dMIm]|[PF| films on silicon substrates to exploit a co-
valent attachment to ensure a more robust tethering of the polymer films against
film desorption. p|N;—dMIm|[PFg| films prepared on silicon substrates were able to
incorporate disruptive anions in the form of triflate (- OTf), which could not be in-
corporated for the p[N;—dMIm|[PF;| films on gold substrates. The film thickness of
these films remained constant throughout the anion exchange process with minimal
variation in the polymer carbon backbone as observed by the retention of the C,,,—H

and C, ,—H infrared absorption bands.

sp3

The synthesis and subsequent SI-ROMP of an IL monomer (|N;—dMIm|[PF]) ex-
hibiting a larger repeat unit molecular volume (V},,) to form dynamic, anion-adaptive
PIL films on gold substrates was achieved. An increase in V/,, leads to a decrease in T},
and subsequently in the entropic penalties for a surface-tethered PIL film to remain
tethered to the surface while incorporating small anions. The p[N;—dMIm|[PF| films

on gold substrates were shown to undergo anion exchange with anions, such as C1O, ",

as well as disruptive anions in the form of ~OTf and trifluoroacetate CF;CO, .
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Chapter 6

SURFACE-TETHERED POLY (IONIC LIQUID) COPOLYMER FILMS VIA
ANION EXCHANGE

Introduction

Copolymerization of two different monomers is a general strategy to obtain macro-
molecules with tuned properties.! Random and block copolymers of PILs have been
prepared by the copolymerization of ionic monomers with other ionic or nonionic
monomers. ' ® Copolymerization of an ionic monomer with a nonionic monomer can
lead to random or block copolymers with a dilute charge character due by the reduc-
tion of ionic moieties in the polymer backbone.! 3 Crosslinked PILs can also be formed
by the copolymerization of ionic monomers with bifunctional crosslinking agents or
via the polymerization of bifunctional ionic monomers.? Copolymerization can also
be carried out to achieve random or block copolymers with opposite charges on the
backbone by the copolymerization of an anionic monomer with a cationic monomer.*
Copolymerization of similar ionic (cationic or anionic) monomers possessing the same
polymerizable moieties but different counter ions can lead to random or block copoly-
mers exhibiting a uniform polymer backbone but different counter ions.!# In all the
above approaches, the preparation of two different monomer units was necessary in
order to achieve the copolymers, which presents a synthetic burden in the preparation
of the monomers as well as a challenge to find the optimal polymerization conditions
for the formation of the copolymers.

In this chapter, I report a novel and simple approach to achieve surface-teth-
ered coPIL films via anion exchange. Initially, surface-immoblized PIL films on pla-

nar substrates of gold were prepared by the SI-ROMP of the ionic liquid monomer
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[N, —dMIm|[PF4| whose PFy  anion can easily be interchanged to tune film proper-
ties in a discrete manner. In my approach, anion exchange of the surface-immobilized
p|N; —dMIm]|[PF] films with aqueous solutions consisting of a binary mixture of an-
ions provides a novel and rapid route to achieve random surface-tethered coPIL films.
This route is advantageous compared to traditional PIL copolymerization strategies
in that it only requires the synthetic preparation of one monomeric unit to achieve
random coPIL films. The composition of the random coPIL films can easily be con-
trolled in a continuous manner by varying the binary mole fraction of each anion in
solution prior to anion exchange. The preparation of random coPIL films via anion
exchange is a reversible process providing the capability to reacquire the material
properties of the PIL homopolymer . In this way the advantages of the PILs are
retained and enhanced by the ability to easily prepare coPIL films from the PIL ho-
mopolymers. Further, use of surface-tethered films allows for the ease of separation
of the coPIL films from the anion exchange solution.

By utilizing a thermodynamic model for the anion exchange equilibrium, I was
able to determine the thermodynamically driven anion selectivity for exchange of
each anion in the binary mixture from the liquid phase into the coPIL films. I
observed that the thermodynamic driving force for anion exchange from the lig-
uid phase to the solid phase follows the order ClO, > PFy, > FSI'. The sur-
face wettability of p[N;—dMIm| copolymer films with the PF,~ and ClO, anions
(p|N; —dMIm]|PF(][ClO,]) was quantified by contact angle goniometry with the ob-
servation that the surface showed an enrichment in the Cl1O,  anion compared to the
average binary anion mole fraction of C10," in the film (ycio,). The rate of ion trans-
port through the p[N; —dMIm||[PF4|[ClO,] copolymer films was shown to be linearly
dependent on the binary anion mole fraction of ClO, " in solution (xci0,) allowing for
an extension of the discrete tunability of PIL films to a continuous tunability with

the coPIL films to obtain specific properties for any desired application.
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Figure 6.1: Structures of anions exchanged into p|N;—dMIm] films.

Experimental Methods

Polymerization of |[N; —dMIm|[PF4| on Gold and Glass Substrates

ROMP-active substrates of gold and glass were prepared as described in Chapter 3.
The ROMP-active substrates were quickly rinsed with DCE and immediately placed
in a 0.1 M [N;—dMIm|[PFy] solution in DCE for up to 15 min. The substrates were
subsequently rinsed with DCM, ethanol, water, and ethanol and dried in a stream of

nitrogen.

Ionic Polymer Film Anion Exchange

The anion exchange of p|N; —dMIm)| films with resident anion was accomplished
in a reversible manner by simply immersing the film in an aqueous solution containing
0.2 M of the salt of the desired anion for a minimum of 2 h.1® The substrates were
subsequently rinsed with water and ethanol and dried in a stream of nitrogen. The
chemical structure of the anions considered in this chapter are shown in Figure 6.1.

The anion exchange of p|N;—dMIm]| films containing a resident anion with a
mixture of anions was accomplished in a reversible manner by immersing the film in
an aqueous solution containing 0.2 M of the salts of the desired anions for a minimum
of 2 h. Initially, 0.2 M aqueous solutions containing the pure salt of the desired anions
were prepared and then combined volumetrically to achieve the desired mole fraction

in the exchange solution. The substrates were subsequently rinsed with water and
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ethanol and dried in a stream of nitrogen.

Results and Discussion

Polymerization of the ionic liquid monomer [N, —dMIm|[PF] at a concentration
of 0.1 M in DCE for 15 min led to a surface-tethered polymer film that exhibited a
profilometric thickness of 650 + 30 nm. The IR spectrum of p|[N; —dMIm]|[PF;] was

consistent with that reported in Figure 4.2.

Copolymer

Anion exchange of the p[N; —dMIm|[PF| films was successfully accomplished with
the anions ClO, , FSI", and “NTf, and was consistent with the spectra reported in
Figure 4.2. Anion exchange of the PF;  anion with a solution consisting of salts of
both a PFy  anion as well as ClO, anion was successfully accomplished as evidenced
by the IR spectra shown in Figure 6.2. The IR spectrum for the [PFg]/[C1O,4| copoly-
mer sample exhibits both the P—F stretch peak at 855 cm™! and the Cl—O stretch
peak at 1106 cm™! and retains the absorption bands due to the polymer carbon
backbone.

The intensity of the absorbance peaks in Figure 6.2 depends on the anion con-
centration and the chemical structure of the anion in the film. In particular the
p|N; —dMIm)] film with the PFy~ anion exhibits a more intense peak compared to the
ClO, anion. In order to determine the relative concentrations of each anion in the
film, I considered two regions of the spectra to represent contributions from the PF;~
anion and the Cl1O, anion. The absorbance bands in the spectra that are due to the
PFy  anion occur in the region 800 — 950 cm ™! (Region A) and the absorbance bands
in the spectra that are due to the C1O, anions occur in the region 1000 — 1500 cm™*
(Region B). For p|N;—dMIm]| film spectra, I summed the absorbance in regions A

and B and normalized the total absorbance in each region to the total absorbance
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for the region 800 — 1500 cm ™!, thereby estimating the fractional contribution to the
spectral intensity arising from each anion in the copolymer film. In order to deter-
mine the mole fraction of each anion in the copolymer film, I solved the following set
of equations for ypr , the binary anion mole fraction of PFg~ in the film and ycio,,

the binary anion mole fraction of ClO, in the film.

CO(A) = prGPF(;i (A) + y@o‘lClO((A) (61)

OO(B) = pr6PF67<B) + y01o4ClO4*(B) (62)

In eq 6.1 and 6.2, PF;(A) corresponds to the normalized absorbance for region A
for a p|N; —dMIm]||[PF] film, PF,™(B) corresponds to the normalized absorbance for
region B for a p[N; —dMIm|[PF| film. Similarly, C10,” (A) and C1O,” (B) correspond
to the normalized absorbance for regions A and B for a p|N; —dMIm|[ClO,] film, and
Co(A) and Co(B) correspond to the normalized absorbance for regions A and B for
a p[N;—dMIm]| film with both the PFy  and ClO, anions (p[N;—dMIm|[PF|[ClO,].

Figure 6.3 shows ycio, as a function of the binary anion mole fraction of ClO,"
in solution(zcio,) used in the exchange of p[N;—dMIm]| films prepared. The anion
exchange was performed starting with p|N;—dMIm|[PFy] and p|N,—dMIm|[CIO,]
films using 0.2 M aqueous solutions with varying zcio, and consequently TpF, . The
p|N; —dMIm] films exhibit a high selectivity for PFy  in the film, as evidenced by
the fact that all the data lie below the x = y line. For example, anion exchange
of p[N; —dMIm|[PF] films with a 0.2 M aqueous solution with z¢io, = 0.5 leads to
a p[N;—dMIm][PF¢][ClO,] copolymer film with ycio, = 0.09 £ 0.02. The data for
the anion exchange from p|N;—dMIm|[PF] films is not statistically different from
that for the anion exchange from p[N; —dMIm|[ClO,]| films, indicating that the anion

exchange conditions were sufficient to achieve equilibrium.
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In order to determine the partitioning of the PF,;~ and ClO, anions from the
liquid into the solid phase, I determined an equilibrium constant using the chemical
potential of each anion in the liquid and solid phase. Assuming ideal behavior, one

can obtain

4l = g+ RTIn(z,) (6.3

s = 2+ RTIn(y,) (6.4)

K, =22 — (6.5)
La

where z, is the mole fraction of anion a in the solution phase, y, is the mole fraction of
anion a in the solid phase, and K, is the equilibrium constant for anion a. Considering

that

T+ 1Ky =9y, +1yp =1 (66)

which leads to

T,
Yo = ——F -~
ey
for which one can define a = %, the selectivity of the anion b for the solid phase
compared to that for anion a. One can rewrite eq 6.7 in terms of the anion a as

follows

Zq
To+ (1 —24)

Yo = (6.8)

Eq 6.8 was used to fit the data shown in Figure 6.3, with a = 9 £ 1 for the film
composition data acquired from a p[N; —dMIm||[PFg| film and o = 8 + 1 for the film

composition data acquired from a p|N;—dMIm|[ClO,] film, as shown in Figure 6.4.
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The binary anion mole fraction of FSI™ in the film (ygg;) as a function of the binary
anion mole fraction of FSI" in solution (xpgr) for p|N; —dMIm|[PF][FSI] copolymer
films is shown in Figure 6.5. The relative concentrations of each anion in the film
were determined by considering two regions of the spectra representing contributions
from the PFy~ anion and the FSI™ anion. I summed the absorbance in the spectra
arising from the PF~ anion in the region 800 — 950 cm~! (Region A), as well as the

absorbance in the spectra arising from the FSI™ anion in the region 1000 — 1500 cm™*

(Region B), and normalized it to the total absorbance for the region 800 — 1500 cm ™,
thereby estimating the fractional contribution to the spectral intensity arising from
each anion in the copolymer film. The mole fraction of each anion in the copolymer
film was determined as described above for the exchange involving the PFy  and
ClO, anions (eqgs 6.1 and 6.2). The p|N;—dMIm] films exhibit a high selectivity for
FSI" as compared to PF;~ in the film, as evidenced by the fact that the data lie
above the x = y line. For example, anion exchange of p[N; —dMIm|[PFy| films with a
0.2 M aqueous solution with zrg; = 0.5 leads to a p|N;—dMIm||PFg||FSI] copolymer
film with ypgr = 0.79 & 0.05.

The selectivity of copolymer films with the PF; and FSI" anions exhibits a stark
difference as compared to that of the PF;~ and ClO, anions. In particular, the
copolymer with the FSI™ anion exhibits the opposite selectivity of the copolymer
with the ClO,  anion. The anion exchange between the liquid phase and the solid
phase is an equilibrium process with constant exchange of anions between the two
phases and the difference in selectivity can be related to the thermodynamic driving
force present in the formation of the copolymer films. For the anion exchange, the
partitioning in the liquid and solid phases is determined both by the mole fraction and
the thermodynamic driving force of the anions in either phase. For a particular ionic
composition, an anion that has a smaller thermodynamic driving force for exchange

from the liquid phase to solid phase will exhibit a selectivity for the liquid phase, while
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one that exhibits a larger thermodynamic driving force for exchange from the liquid
phase to the solid phase will exhibit a selectivity for the solid phase. Subsequently,
for a given binary system and thermodynamic driving forces, a large mole fraction in
the liquid phase of the anion with a smaller thermodynamic driving force is required
to obtain a large mole fraction in the solid phase. In that way, we can rank the
thermodynamic driving forces for exchange from the liquid phase to the solid phase
for the anions considered as ClO, < PF;~ < FSI". Conversely, the thermodynamic
driving forces for exchange from the solid to the liquid phase for the anions considered

would follow the inverse order.

Contact Angle

Considering that the anion strongly influences the surface wettability of surface-
tethered ILs® as well as the solubility of PILs with water,>” the surface wettability
of the p|N;—dMIm]||PFg|[ClO,] copolymer films was assessed by contact angle go-
niometry as shown in Figure 6.6. I have previously shown, in Chapter 4, that the
advancing water contact angle (64) of a p[N;—dMIm|[PFg] film (61 & 2°) is greater
than that of a p|N;—dMIm|[PF] film (35 + 3°),® which I attribute to the stronger
interaction of ClO,  with water, as compared to PFy , to stabilize the water /poly-
mer interface. For surfaces with microscopic heterogeneity, the Cassie equation (eq
6.9) gives the relationship between the measured contact angle and the contact angle

of the homogenous surfaces?

cost = Z ficosb; (6.9)

where, f; is the fraction of the surface covered by component i. In Figure 6.6, the solid
line represents the Cassie relationship for a p|[N; —dMIm|[PF][ClO,] copolymer film.
The advancing water contact angles for the p|N;, —dMIm]||[PF][ClO,] film, however,

lie below the Cassie line, indicating an enrichment of the surface in ClO,  anion,

130



suotue "O1D

oy pue 9 oY) Suruiquiod wiy e 10§ uoryenbo orsse)) oYy jo uoryejussordol e st our[ prjos oy, *( OOA) wyy oyy ur 'O
JO uOIjORI} S[OW UOTUR AIRUI( 9Y) JO UOIDUN] ® se Iojem [pm Ajfiqe)jom aoejms ["OD][°ad][winp—"N|d :9°9 @anSig

0¢

oSY

.09

oA

0 SO

uipaddy ¢

JuueApy  §

131



compared to the average binary anion mole fraction of ClO, in the film (ycio,).
For example, ycio, = 0.5 leads to a 64 that is statistically the same as that for a
pure ClO, film. This enrichment in the surface concentration of ClO, compared
to PF;  can be related to the thermodynamic driving forces as discussed above. We
note that anion exchange is a thermodynamically driven process and as such there is
constant exchange of anions between the solid and the liquid phase. However, when
we remove the sample from solution we interrupt that exchange and essentially entrap
the anions in the film. The receding water contact angles for the p|N;—dMIm|[PFy],
p|N; —dMIm][ClO,|, and p[N;—dMIm|[PF|[ClO,] films did not show any significant
differences and were actually quite hydrophillic, as shown in Figure 6.6. During
removal of the sample from the exchange solution, the minimization of interfacial
energy between the polymer film and the aqueous phase results in a surface enrichment

of the ClO,  anion compared to the bulk ycio, -

Ion Transport in p|N; —dMIm|[PF][ClO,] Copolymer films

I have previously shown, in Chapter 4, that the film anion determines the re-
sistance of the p[N;—dMIm]| film to ion conduction with the order, PF, > ~[NTf,
> FSI” > ClO, , while the electrolyte cation does not impact ion conduction in
p|N;—dMIm]| films when performed in aqueous electrolytes.® Ton transport through
the p|N;—dMIm|[PF]|ClO,| films was investigated by utilizing electrochemical
impedance spectroscopy (EIS). The studies were conducted in the presence of a
0.1 M aqueous solution of salts with the same binary anion mole fraction of ClO,"
in solution (zcio,) used in the anion exchange of the polymer film in order to
avoid anion exchange during collection of the spectra. Representative Bode plots
of EIS spectra for p|N,—dMIm|[PF]|ClO,] films prepared by anion exchange from
a p|N;—dMIm|[PFg] film with 0.2 M aqueous solutions of varying zcio,, as well
as a pure p|N;—dMIm|[PF¢] film (ycio, = 0), and a pure p[N,—dMIm][CIO,] film
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(ycio, = 1), are shown in Figure 6.7. The corresponding phase angle plots are
included in Figure 6.8. The impedance spectra were fit using the equivalent circuit
model in Scheme 3.4 to quantify the circuit parameters as shown in Tables 6.1 and
6.2.

The R, for the pure p[N,—dMIm|[PFy| film (ycio, = 0), as well as the pure
p[N; —dMIm][C1O,| film (ycio, = 1), and the p[N;—dMIm|[PF4][C1O,| films with
varying ycio, was observed for high frequencies, f > 10* Hz, as shown in Figure 6.7
and quantified in Table 6.1. Variations in R are due to the different ionic conductiv-
ities of electrolyte solutions arising from the different salts utilized in the collection
of the EIS spectra.® The C; for the pure p[N, —dMIm|[PF] film (ycio, = 0), as well
as the pure p[N;—dMIm|[CIO,] film (ycio, = 1), and the p[N;—dMIm|[PF][CIO,]
films with varying ycio, was observed for low frequencies, f < 1 Hz, as shown in
Figure 6.7. The values for the C; and R; obtained from fits to the equivalent circuit
in Scheme 3.4 are listed in Table 6.1. The C; for the p|N;—dMIm|[PF|[ClO,] films
varies between the values observed for the pure p|N; —dMIm||PF]| film and the pure
p|N; —dMIm][ClO,]| film.

The film capacitance (C) due to a separation of charge between the metal surface
and the bulk solution as well as the resistance (Ry) that the PIL film provides against
ion migration are parameters derived for phenomena that happen at intermediate
time scales, which are typically observed in the intermediate frequency sinusoidal
perturbation of the working electrode potential. As shown in Figure 6.7, the EIS
spectra for the pure p[N; —dMIm|[PF¢] film (yci0, = 0) is dramatically different from
that of the pure p|N;—dMIm]|[CIO,] film (ycio, = 1). In particular, one can observe
a Ry and a Cf for the pure p|[N; —dMIm|[PFg] film for the intermediate frequency
range, 1 < f < 10* Hz. The conversion of the film resistance values (Ry) to a film
conductivity (k) is accomplished by using eq 4.2. The capacitive behavior observed

in Figure 6.7, however, is indicative of a leaky capacitor and therefore a constant
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phase element (CPE) was used in lieu of a capacitor to fit the EIS spectra. The CPE
can be converted into an effective capacitance by using eq 4.4.'° The numerical values
for the film resistance, conductivity, and capacitance obtained from a fit of the data
with the equivalent circuit of Scheme 3.4 are shown in Table 6.2.

The Ry of the copolymer films decreases with an increase in the binary anion
mole fraction of ClO, in solution (a:01o4). The increase in zcio, also results in a
thermodynamically determined change in film composition as observed before, and
therefore, the Ry of the copolymer film shows a trend with an increase in ycio,-
However, this is a secondary effect arising from the fact that rcio, and ycio, are
related via eq 6.8. Consequently, the x; of the copolymer films increase with an
increase in xcio,. In order to determine the effect of xcip, on the Ry, I normalized
the R; to the value obtained for the pure p|N;—dMIm|[PF] film. Figure 6.9 is a
plot of the normalized film resistance obtained from a fit of the EIS spectra with the
equivalent circuit of Scheme 3.4 as a function of xcio,. The Ry was shown to vary
linearly with zcio, from the value obtained for the p[N;—dMIm|[PF¢| film to that
obtained for the p|N; —dMIm]|[ClO,]| film.

This linear dependence of R; on Tclo, 1s expected if one considers the thermo-
dynamic driving forces of anion exchange. As mentioned before, the anion exchange
process is an equilibrium process with the constant exchange of anions between the
solid and the liquid phase. Our electrochemical cell is composed of a solution of the
same composition as that used in the anion exchange of the copolymer films and as
such there is a constant exchange of anions between the solid phase (film) and the
liquid phase. In EIS, a low amplitude sinusoidal potential (F,.) perturbation is ap-
plied around the equilibrium potential of the working electrode and depends on the
fact that current-overpotential relations are virtually linear at low overpotentials.!!
Given that there are no redox species present in the electrochemical cell, the F,.

drives the motion of ions (ionic conductivity) through the film as mediated by the
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exchange of ions between the liquid and solid phases. Therefore, the Ry is an indirect
measure of both the thermodynamic driving force for anion exchange as well as the
ionic mobility of the anion. The ionic mobility of PF, ™ is 5.6 x 10* m?-S mol ™", while
that of C10, is 6.7 x 10* m? - S mol™'.'? However, the similarity in mobility does
not explain the fact that the R; for thep|N;—dMIm||ClO,| film is at least 3 orders
of magnitude lower than that of the p[N;—dMIm|[PF] film as shown in Table 6.2,
therefore the difference in Ry is largely due to the differences in the thermodynamic
driving force rather than ion mobility

For the p[N; —dMIm|[PF][ClO,]| copolymer films, the ycio, depends on the zcio,
and as such the Ry of the p|N; —dMIm]||PF|[ClO,| copolymer films is linearly depen-
dent on the xcio, due to the sensitivity of EIS to the motions of the PF~ compared to
the ClO,  anion. For example, for a film prepared from a solution with zcio, = 0.5,
the solution solution contains equal mole fractions of Cl1O, and PF;  anions. How-
ever, since the ClO, anions contribute very little to the R, but yet still participate in
anion exchange with the film, the Ry is determined by the continuous anion exchange
of the PFy~ anions with the film, resulting in half the value of the R; observed for a

PF~ solution (zcio, = 0).

Conclusions

Poly(ionic liquid) (PIL) random co-polymer films were prepared by the sim-
ple anion exchange of p|N;—dMIm]| films with 0.2 M aqueous solutions consisting
of the PFy  anion with either the ClO, or the FSI" anions. The composition
of the random co-polymer PIL films was determined using infrared spectroscopy
(PM-IRRAS) and a linear system of equations. The p|N;—dMIm| films exhibit a
thermodynamically driven selectivity, with the PF;~ anion selective for the film
for p[N;,—dMIm|[PF¢][ClO,] co-polymer films and the FSI" anion selective for

the film for p|N;—dMIm|[PF|[FSI] co-polymer films. The surface wettability for
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p|N; —dMIm]|[PF][ClO,] films is dependent on the film composition, continuously
tunable with film composition, and shows that the concentration of the C1O,  anion
on the surface is higher than that determined for the p|N;—dMIm|[PF|[ClO,| film.
The resistance of the p|N;—dMIm]|[PF][ClO,] film to ion conduction is linearly
dependent on the binary anion mole fraction of ClO,  in solution(zcio,), which is
thermodynamically related to the binary anion mole fraction of ClO, in the film
(ycio,)- In this way a key characteristic of the film, film resistance, can be contin-
uously tuned between the extremes of the two homopolymers. The ability to easily
form random co-polymer films that exhibit a continuum of properties between the
properties of the homopolymers greatly increases the utility of PIL films. PIL films
already exhibit tremendous discrete tunability in their properties via anion exchange,
which can now be extended to a continuous tunability to obtain specific properties

for any desired application.
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Chapter 7

SURFACE-INITIATED RING-OPENING METATHESIS POLYMERIZATION OF
DICYCLOPENTADIENE FROM THE VAPOR PHASE

Introduction

In this chapter, I report the preparation of surface-immobilized pDCPD films on
gold and silicon substrates by the surface-initiated ring-opening metathesis polymer-
ization (SI-ROMP) of dicyclopentadiene (DCPD) from the vapor phase and compare
it to that in the liquid phase by the characterization of polymerization kinetics, pD-
CPD film composition, barrier properties, and mechanical properties. SIPs that uti-
lize monomer in the vapor phase allow for a reduction in the consumption of solvent,
energy, and monomer and ensure a more environmentally sustainable polymerization
process.! During ROMP, secondary metathesis reactions such as intermolecular chain-
transfer may occur, where one polymer chain containing an active metal alkylidene
on its terminus can react with any olefin along the backbone of a different polymer
chain, maintaining the total number of polymer chains but increasing or decreasing
the molecular weights of the individual polymers accordingly.?? Introduction of the
monomer in the vapor phase allows not only for the elimination of the need to find
an optimal solvent to solubilize both the monomer and the growing polymer chains,
but also reduces polymer chain mobility at the vapor/solid interface, minimizing the
occurrence of unwanted secondary metathesis reactions. '+

Here, I report the tunable growth of surface-bound pDCPD from the vapor phase.
The polymerization of DCPD in the vapor phase is governed by the vapor pressure
of DCPD in the polymerization setup. I describe a unique method to control the

concentration of DCPD in the vapor phase thereby tuning the resulting polymer film
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thickness. By utilizing an inert additive during polymerization, I have shown fine
control of the pDPCD film thickness from 0 to 400 nm. The ability to tune the
pDCPD film thickness in this manner allows the preparation of thin pDCPD films
that are difficult to prepare due to the rapid polymerization kinetics of DCPD.

The first successful instance of SIP employing the introduction of monomer in the
vapor phase was reported by Fu et al.! The authors performed SI-ROMP, surface-ini-
tiated cationic living polymerization, and surface-initiated oxidative polymerization
to achieve micro-contact printed polymeric thin films. In the case of SI-ROMP, the
authors utilized a physisorption process to anchor the ROMP catalyst on the surface.
However, deposition methods based on physisoprtion give rise to weak interactions
that undermine the adhesion between the film and the solid surface.?% Fu et al.! were
able to achieve polynorbornene (pNB) films that exhibited a maximum growth rate
of 4 pm/h by SI-ROMP of norbornene (NB) using catalyst 1 (Scheme 2.3). pNB
films polymerized utilizing monomer in the vapor phase have also been achieved us-
ing micro-contact printing and physisorption of catalyst 1 at room temperature and
pressure by Gu et al.” The authors were able to observe a maximum thickness of 18
pm for pNB films polymerized for 4 h, with a loss of thickness for films grown for
longer than 4 h.”

The majority of studies on surface functionalization using ROMP have been lim-
ited to norbornene (NB) and its derivatives due to NB’s superior reactivity and ease
of derivatization.® The ROMP reaction is driven from monomer to polymer by the
release of cyclic olefin strain ("ring strain") balanced by entropic penalties.? T have
calculated the strain energy of DCPD to be 26.7 kcal /mol, which is similar to that of
NB (27.2 kcal/mol).? Volatile cyclic monomers such as cylooctateraene (COT) have
been considered for SIP of monomer in the vapor phase. Gu et al.'® reported the first
polymerization of COT in the vapor phase by micro-contact printing and physisorp-

tion of catalyst 2 (Scheme 2.3) to prepare highly oriented polyacetylene films. Feng
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et al.* and Lerum and Chen® utilized covalently bound catalyst 2 and explored the
SI-ROMP of volatile cyclic monomers in the vapor phase. Surface-tethered films of
pDCPD prepared by the SI-ROMP of DCPD from the vapor phase and employing
micro-contact printing and physisorption of catalyst 2 were reported by Fu et al.! The
authors, however, did not report any pDCPD film growth kinetics nor characterize the
pDCPD film properties. To advance pDCPD films toward applications, a thorough
understanding of their growth kinetics, composition, and properties is needed.

[ investigate the utility of three catalysts (Scheme 2.3) for the SIFROMP of DCPD,
all known for a high tolerance toward air, moisture, and functional groups.'™!3 Cat-
alyst 1 was the first commercially available ruthenium-based catalyst, which enabled
its widespread use for a variety of applications ranging from the synthesis of phar-
maceutical intermediates to the production of a variety of polymer composites. 2
Catalyst 2 exhibits high rates of ROMP for low-strain substrates and can even ac-
complish the ROMP of sterically hindered substrates.®!%121415 The activity of 2 is
improved at elevated temperatures (> 50°C) due to an increased rate of initiation.®1?
Catalyst 3 initiates ROMP at least six orders of magnitude faster than 2.1%17 The
rapid initiation of catalyst 3 has enabled the production of polymers with very narrow
polydispersity and block copolymers.!® Catalyst 3 has been utilized in the prepara-
tion of highly cross-linked thermoset nanocomposites by the SFROMP of DCPD from
the surface of clay-based composites using monomer in the liquid phase.'®

I have characterized the material properties of the surface-anchored pDCPD films,
including composition, surface wettability, barrier properties to aqueous ion transport,
and stiffness. I report the first characterization of pDCPD films as barrier coatings by
the use of electrochemical impedance spectroscopy (EIS). The barrier properties of
surface-tethered hydrocarbon films have been extensively studied and the films show

excellent resistance to water and ion transport.'®?® The highly cross-linked nature

of the pDCPD films should enable these films to exhibit comparable performance as
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barrier coatings. The mechanical properties of the pDCPD films were investigated by
the use of PeakForce Quantitative Nanomechanical Mapping (QNM) to obtain the
reduced Young’s modulus (E,) of the films. The study of the mechanical properties
of soft materials such as thin polymer films is of increasing interest due to their
widespread use in modern technologies.?»?® Indentation is a versatile method for
studying local mechanical properties of materials and covers dimensions ranging form
the nanoscale to the macroscale.?*?® Probe indentation, by either nanoindenters or
atomic force microscopy (AFM), are the two major techniques available that allow
for the collection of force-indentation curves.?> However, AFM is more preferable
when studying soft materials due to its ability to apply smaller forces and therefore,
produce smaller deformations compared to nanoindenters.?® PeakForce QNM is a
recently introduced AFM mode that allows for the mapping of the elastic modulus
of a sample surface with high spatial resolution at the same rate as regular tapping-
mode AFM imaging by the real time calculation of Young’s modulus at each surface
contact via a fit of the Derjaguin-Muller-Toporov (DMT) model to force-indentation
curves.?>?6 Young et al.?6 compared the E, obtained by PeakForce QNM for polymer
films to those obtained via nanoindentation techniques and showed that the technique
provided repeatable measurements of polymer elastic moduli when careful calibration
procedures were utilized. Here I report the first characterization of pDCPD film elastic

modulus by PeakForce QNM.

Experimental Methods

Polymerization

Polymerization was accomplished either in the solution or the vapor phase. For
solution-phase polymerization, the ROMP-active substrates were quickly rinsed with
DCE and immediately placed in a monomer solution of dicyclopentadiene in DCE for

up to 15 min. The substrates were subsequently rinsed with DCM, ethanol, water,
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and ethanol and dried in a stream of nitrogen.

For vapor-phase polymerization, the ROMP-active substrates were quickly rinsed
with DCM, dried in a stream of nitrogen, and immediately placed in a pre-heated (55
°C) reaction vial containing a shallow pool of DCPD and a sample stage extending
into the vapor space as shown in Scheme 7.1 for up to 15 min. The substrates were
subsequently rinsed with DCM, ethanol, water, and ethanol and dried in a stream of

nitrogen.

Determination of Polydicyclopentadiene Vapor Pressure: US Coast Guard Data

The US Coast Guard reports data on the saturated vapor density of dicyclopen-
tadiene in their Chemical Hazard Response Information (CHRIS).?"

Saturated Vapor Pressure - The value is the pressure (in pounds per square
inch absolute) of the vapor in equilibrium with the liquid form at the specified tem-
perature. Vapor pressure values can be used to estimate the relative volatility of
chemicals at a given temperature, and to calculate the pressure over a liquid that is
shipped in a closed container. The vapor pressure increases as temperature increases;
a table is given to show this effect. Note that the vapor pressure scale is logarithmic.

Saturated Vapor Density - The value is the weight (in pounds) of one cubic
foot of vapor that is in equilibrium with the liquid form. If it is assumed that the
vapor behaves as an ideal gas, the relation %—¥ holds, where p is the vapor pressure, M
is the molecular weight, R is the gas constant, and T is the temperature (in absolute
units). Since the vapor pressure varies with temperature, the saturated vapor density
also varies with temperature, as shown on the table.

The saturated vapor density reported for dicyclopentadiene at 130°F (54.44°C) is
0.00728 Ibs/ ft>. This value can be converted to an effective molar concentration Coap

in the vapor phase by

149



B (0.00728 b x 4535924 &
vap —

- =8.82x107*M = 0.882 mM (7.1)
28.31685 15 x 132.31 £

Determination of Polydicyclopentadiene Vapor Pressure: Vapor Pressure Determination

Burchfield?® reports the following constants for the Clausius Clapeyron equation
(eq 7.2) for estimating the vapor pressure of dicyclopentadiene between 40.1 and

90.8°C: A =7.925; B = —2218. At 55°C, the vapor pressure is given by

\ AH, B
log,, p*(mm Hg) = — =T +A= (T) + A (7.2)
p* = 10058 K )79 — 14 55 mm Hg (7.3)

Assuming ideal gas behavior, the effective molar concentration in the vapor phase

can be calculated by

Cvap =

n o p ( 14.55 mm Hg

V © RT ~ \ 62.36 Lomls 308 K

) =711 x107*M=0.711mM (7.4)

Results and Discussion

Initial attempts at the SI-ROMP of DCPD using catalyst 2 on gold substrates
were conducted in neat DCPD with the observation that pDCPD films grew to 20x
greater thickness for the part of the ROMP-active substrate exposed to the vapor
phase than that exposed to neat liquid DCPD. The ROMP-active gold substrates
exposed to neat liquid DCPD exhibited film thickness that were < 30 nm. Figure 7.1
shows the PM-IRRAS of a pDCPD polymer film polymerized with monomer from the

vapor phase. The IR spectrum confirms the presence of a pDCPD polymer film with
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the same characteristic bands as that for pDCPD prepared by ROMP in solution?
as well as polymer films prepared by SI-ROMP with monomer in the solution phase
(Figure 7.2).

Figure 7.2 shows the polarization modulation-infrared reflection-absorption spec-
tra (PM-IRRAS) of the vapor and solution pDCPD polymer films. The infrared (IR)
spectra show a strong absorption band for the C,2—H stretch vibration at 3049 cm™,

1 a strong absorp-

a weaker Cgp2—H stretch vibration absorption band at 3006 cm™
tion band for the methylene Cy,;s —H asymmetric stretch vibration (v,s CHs) at 2933
cm™!, a weaker absorption band for Cy,s —H stretch vibration (CH) at 2896 cm ™! and
a strong absorption band for the methylene Cyps —H symmetric stretch vibration (v
CHa,) at 2851 cm™!.293% The C,e—H absorption bands are smaller than the Cs—H
peaks as expected from the cross-linked composition of the pDCPD polymer film. 2"

The IR spectra also show a C=C stretching absorption band at 1620 cm™!, a
Cgps—H in-plane bending (scissoring) absorption band (&5 CHa) at 1453 cm™, a

L mul-

Cgp2—H in-plane bending (scissoring) absorption band (6 =CH,) at 1408 cm™
tiple Cqps—H out-of-plane bending (wagging and twisting) absorption bands (w,T
CHa) in the region 1350 — 1150 cm™*, multiple Cy,2—H out-of-plane bending absorp-
tion bands in the region 1000 — 650 cm™! and a Cg,s—H in-plane bending (rocking)
absorption band (6, CHz) at 730 cm™!.30

Rule and Moore?®! have previously shown the ezo isomer of DCPD to be more
than an order of magnitude more reactive than the endo isomer for pDCPD prepared
by ROMP in solution. The endo isomer is the majority (98%) isomer in commercially
available DCPD. Monomer containing a majority (81%) of the exo isomer of DCPD
was obtained from the endo isomer by following the procedure described by Nelson
and Kuo.?? There were no significant differences in pDCPD film thickness for films

prepared by SI-ROMP of either exo-DCPD or endo-DCPD from the vapor phase

using catalyst 2 on gold substrates.
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Figure 7.3 shows the PM-IRRAS of the pDCPD polymer films polymerized with
monomer in the vapor phase with either the exo or endo DCPD isomer. Figure 7.4
shows the PM-IRRAS of the pDCPD polymer films polymerized with monomer in
the vapor phase with either the exo or endo DCPD Isomer. The IR spectra (Figures
7.3 and 7.4) of pDCPD polymer films polymerized from the monomer with majority
exo isomer showed the same characteristic bands as that of pDCPD polymer films
polymerized from the monomer with the majority endo isomer. Further investigations

were conducted with the commercially obtained DCPD unless otherwise noted.

DCPD Surface-Initiated Polymerization

Film Growth Kinetics

SI-ROMP of DCPD from the vapor phase (see Scheme 7.1) using catalyst 2 on
gold substrates led to pDCPD films exhibiting thicknesses > 400 nm for polymer-
ization times as short as 1 min with no significant change in pDCPD film thickness
observed for films with greater polymerization times as shown in Figure 7.5. A ki-
netic model developed for the study of SI-ROMP kinetics by Harada et al.3® and
previously modified by us®?° was used to quantify the rate constants for propagation
and termination in the growth of the pDCPD films. In the model, the change in film

thickness as a function of time is given as

d= (K meo) (1— et (7.5)

where K is a rate constant that expresses both the initiation and propagation of
film growth, M is the concentration of monomer in solution, k; is the termination
rate constant, my is the mass of a monomer unit, and p is the density of the polymer.
The maximum monomer concentration in the vapor phase of the polymerization vial

was calculated to be 0.8 = 0.1 mM (see Supporting Information).?”?® The density of
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Table 7.1: Propagation (K) and Termination (k;) Rate Constants for the SI-
ROMP of DCPD Utilizing Monomer in the Vapor Phase versus a 0.75 M Solution
of Alumina-Filtered DCPD in DCE.

Monomer Phase K (m-s™1) ke (s71)
Vapor 1.5x 1074 £0.5 x 1074 0.04 +0.01
Liquid 4x1077T£2x%x 1077 0.10 £0.05

the polymer film was approximated to be that of the monomer (0.98 ¢-cm=3).27 The
values of the rate constants obtained by a fit of the experimental data with Equation
7.5 are shown in Table 7.1.

The polymerization of neat DCPD in the liquid phase using catalyst 2 on gold
substrates results in pDCPD film thicknesses of 22+3 nm as measured by ellipsometry.
DCPD is known to react with air over time to form peroxides that accelerate the
decomposition of metathesis catalysts and decrease the efficiency of the reaction.*
The peroxide impurities may be removed by running the monomer solution through
a column of activated, basic, Brockmann I aluminum oxide. Figure 7.6 (a) shows the
concentration dependence of pDCPD thickness for films grown with both filtered and
unfiltered DCPD solutions in DCE using catalyst 2 on gold substrates. Employing
filtered monomer yields a dramatic increase in polymer thickness as compared to
unfiltered monomer. Figure 7.6 (b) shows the growth kinetics of pDCPD grown
from 0.75 M solutions of alumina-filtered DCPD in DCE at room temperature using
catalyst 2 on gold substrates. The monomer exhibits rapid kinetics with no significant
change in pDCPD film thickness observed for films with polymerization times greater
than 30 s.

DCPD concentrations of 0.75 M in DCE were required to achieve polymer film

thicknesses comparable to those obtained in the vapor phase. This level of concentra-
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tion represents a 3 order of magnitude increase over that utilized in the vapor phase as
detailed above. The values of the rate constants obtained by a fit of the experimental
data with Equation 7.5 are shown in Table 7.1. Polymerization of DCPD from the
vapor phase exhibits K values, reflecting both the rates of initiation and propagation,
that are 2.5 orders of magnitude greater than those from the liquid phase that employ
filtered monomer. The former process also exhibits a rate of termination that is 2.5
times lower than that observed in the latter process. The enhanced polymerization
kinetics for DCPD monomer from the vapor phase can be attributed to both an in-
crease in the rate of propagation as well as a decreased rate of termination due to the
reduction of intermolecular chain-transfer inherent in polymerizations conducted at
a vapor/solid interface. To better compare the conditions for pDCPD growth in the
vapor phase versus the solution phase we performed the liquid-phase polymerization
at 55 °C (Figure 7.6 (a)). However, no additional benefit to the polymerization kinet-
ics or film thickness was observed compared to polymerizations at room temperature,
suggesting that the increased temperature in the vapor-phase polymerization does
not lead to the enhanced rate of propagation observed.

The vapor-phase polymerization process for DCPD is robust enough to allow
the utilization of monomer that contains impurities. In the vapor-phase process, the
monomer is distilled and polymerized immediately, thereby avoiding the monomer pu-
rification step required in the solution-phase polymerization process. The vapor-phase
process also allows for a reduction in monomer cost, since the unreacted monomer
is reused in subsequent polymerizations without the worry of contamination from
solution grown polymer due to secondary metathesis reactions. The vapor-phase
process eliminates the need for solvent during the polymerization to enable a more

environmentally conscious preparation of pDCPD films.
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Film Thickness Tunability

The rapid kinetics of polymerization observed by the polymerization of DCPD
from the vapor phase makes difficult the consistent preparation of surface-tethered
pDCPD films that are less than 400 nm. The vapor concentration of DCPD is con-
trollable by including an inert additive into the liquid monomer. Decane was chosen
as the inert additive due to its chemical compatibility, chemical inertness, and a vapor
pressure similar to the DCPD monomer. Decane was added to DCPD to control the
DCPD molar concentration in the polymerization vial (see Scheme 7.1). Figure 7.7
shows the profilometric thickness of pDCPD films grown from the vapor phase for 15
min using catalyst 2 on gold substrates. The profilometric film thickness of pDCPD
films grown from the vapor phase for DCPD monomer with decane shows a linear
dependence on the molar fraction of DCPD in the liquid phase. The control of pD-
CPD film thickness afforded by the use of decane as an inert additive facilitates the
employment of this process in applications that require films from tens of nanometers
thick to hundreds of nanometers. This fine control in thickness adds to the versa-

tility of the vapor-phase polymerization as a useful technique in the preparation of

surface-tethered pDCPD films.

Pre-Polymerization Rinsate Solvent Film

While the polymerization of DCPD from the vapor phase allows for a reduction
of intermolecular chain-transfer, we hypothesized that the presence of a thin film
of solvent would enhance polymer growth by improved solvation of the propagating
catalyst moiety and the growing polymer chains during SI-ROMP. I studied the ef-
fect of a rinsate solvent film at the initial stages of polymerization by rinsing the
ROMP-active gold substrates with solvent prior to insertion into the polymerization
vial (Table 7.2). The presence of solvent, in particular dichloromethane (DCM) and

chloroform (CHCI;), leads to an increase in film thickness when compared to a dry
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control. Bowden et al.3® have investigated the ability of organic solvents to swell bulk
pDCPD prepared by ROMP in solution. The authors employed a variety of solvents
and reported the weight ratio of the swollen pDCPD slabs to their original weight
after 24 h exposure to solvent. I utilized the density of the solvents to obtain the
volume uptake of solvent into the pDCPD slabs from their reported ratios (Table
7.2).

CHCI, is able to swell pDCPD to a larger volume to weight ratio as compared to
DCM. The improved growth observed with the CHCl; solvent film can be attributed
to improved solvation of the growing polymer chains by CHCl;. In addition, at
the initial stages of the SIFROMP of DCPD from the vapor phase, the solvent film
evaporates from the surface while the monomer diffuses into the polymerizing film.
Therefore, the presence of a less volatile solvent during polymerization should result
in a smoother film. Of the solvents investigated toluene has the lowest volatility
and exhibits the smoothest films albeit with no enhancement in film thickness over
the dry control (Table 7.2). Sanford et al.,¢ have shown a 30% decrease in the
initiation rate of catalyst 2 in toluene as compared to DCM, which explains the lack
of an enhancement in pDCPD film thickness for a pre-polymerization film of toluene
compared to the dry control, despite the ability of toluene to swell pDCPD to a
larger extent as compared to either DCM or CHCl;. Polymerization of DCPD from
the vapor phase in the presence of a CHCI; film led to the thickest, smoothest films.
However, the presence of solvent leads to an increased variability in film thickness
and therefore, rinsing the ROMP-active gold substrates with DCM and drying in a
stream of nitrogen was chosen as the preferred polymerization method due to the
relatively smooth and consistent films.

The effect of performing the DCPD polymerization from the vapor phase in a
nitrogen environment, with diminished moisture and oxygen concentrations was in-

vestigated (Table 7.2) due to the ability of oxygen and moisture to deactivate Catalyst
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2.16 The catalyst attachment step utilized anhydrous DCM and the sample was dried
by exposure to the nitrogen environment as opposed to drying in a stream of N,.
However, polymerization of DCPD from the vapor phase in a nitrogen environment
did not confer an added advantage when compared to that performed in ambient

conditions.

ROMP Catalyst

The effect of different ROMP catalysts on the polymerization of DCPD from the
vapor phase was also investigated. Initiation of the ROMP catalyst occurs via the
loss of a tricyclohexylphosphine ligand in the case of catalyst 1 and 2 and the loss of
the bromo-pyridine ligands in the case of catalyst 3.1737 Catalyst 2 has been shown
to be more active than 1 for ROMP.!® However, catalyst 2 does not initiate ROMP
faster than 1 but has an improved selectivity for binding olefinic substrates in the
presence of free phosphine and as such, exhibits higher ROMP activity than catalyst

1.111437 Catalyst 3 has been shown to initiate ROMP at least six orders of magnitude

faster than catalyst 2 by taking advantage of the lability of pyridine ligands.!%17
Catalysts 2 and 3 both result in the same propagating species after initiation, thereby
allowing catalyst 3 to retain the improved selectivity for binding olefinic substrates
observed in catalyst 2. Table 7.3 shows the effect of the polymerization catalyst on the
pDCPD polymer film thickness and roughness for polymerizations performed using
monomer from the vapor phase. Catalyst 3 produces films with greater thickness
than 2, consistent with the reported enhancement in initiation of 3 as compared to
2. Catalyst 1 exhibits diminished pDCPD growth as compared to 2, consistent with
the superior ROMP activity of 2 compared to 1.

The pDCPD films grown on the silicon substrate with catalyst 2 exhibit a five-fold

decrease in film thickness as compared to those grown on the gold substrate. Polymer-

ization of 5-(perfluoro-n-octyl)norbornene® on the silicon substrate utilizing catalyst
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Table 7.3: Effect of ROMP Catalyst on the Profilometric Film Thickness and
Roughness of pDCPD Films Polymerized Using Monomer in the Vapor Phase.

Substrate Catalyst Thickness (nm) Roughness (nm)
Gold 1 40 £ 12 6+4
Gold 2 416 £ 8 13+1
Gold 3 276 £ 14 134
Silicon 2 80+ 6 10+1
Silicon 3 513+ 14 23£3

2 similarly results in a five-fold decrease in film thickness compared to films grown
on gold substrates. The reduction in film thickness is attributed to the differences in
the catalyst tethering approach for the different substrates. For the gold substrates,
the initiator/catalyst is immobilized by a surface-tethered norbornenyl group that is
the acylation product of NBDAC with a hydroxyl-terminated SAM, ' leading to a
lower surface coverage of norbornene functional groups due to a less efficient two-step
attachment process. In the case of the silicon substrate, a high surface coverage is
achieved by the formation of a SAM from NBSiCl;. Due to the high local concentra-
tion of polymer chains resulting from a high surface coverage of initiator, the effect of
secondary metathesis reactions is enhanced compared to bulk polymerization.3® Cat-
alyst 3 is not significantly impacted by a high coverage of surface-tethered monolayers
of allylic groups as evidenced by the lack of a significant change in film thickness when
polymerizing on silicon versus gold substrates. I conclude that the rapid initiation
kinetics of catalyst 3 allows it to exhibit similar SI-ROMP growth with both the high

and low surface coverages of surface-tethered monolayers of allylic groups.
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Polymer Film Properties

The polymerization of DCPD monomer from the vapor phase confers several ad-
vantages over the solvent phase polymerization in terms of a reduction in volatile
organic components, reduction in reagent cost due the reusability of the unreacted
monomer, tunability of the pDCPD film thickness, and the easy preparation of
smoother films. In order to fully understand the advantages of the vapor-phase pro-
cess, we compared the properties of pDCPD films grown from the vapor-phase with

those grown from the solution phase.

Electrochemical Impedance Spectroscopy (EIS)

The barrier properties of the pDCPD films to ion transport was investigated by
utilizing electrochemical impedance spectroscopy (EIS) in the presence of a 1 mM
K,Fe(CN)g4, 1 mM K, Fe(CN)4-3H,0, and 0.1 M Na,SO, aqueous solution. Rep-
resentative Bode magnitude plots for ~400 nm pDCPD films grown from both the
vapor and liquid phase on gold substrates using catalyst 2, as well as a control film
consisting of a hydroxyl-terminated SAM exposed to NBDAC, are shown in Figure
4.6. The presence of the polymer provides impedances that are 3 - 4 orders of mag-
nitude greater than those of the control, revealing that the pDCPD films provide
effective barriers to water and ion transport. The impedance spectra were fit with
the equivalent circuit model shown in Scheme 3.4. The spectrum for both the vapor
and solution pDCPD films shows a capacitive region at intermediate to high frequen-
cies and a resistance against the penetration of redox species at low frequencies. The
impedance at low frequency, which is due to the interfacial charge transfer resistance,
improves by 3 orders of magnitude with the growth of the pDCPD films as compared
to the control film. The vapor and solution pDCPD films exhibit similar capacitances
of 7.9 x 107 F/cm? and 8.8 x 107 F /cm?, and similar charge transfer resistances of

4.3 x10% Q- cm? and 8.2 x 10° Q- cm?, respectively. Phase angle plots of EIS spectra
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Table 7.4: Advancing and Receding Water Contact Angles for pDCPD Films
polymerized with Catalyst 2 for 15 min Utilizing Monomer in the Specified Phase
on Gold Substrates.

H,0O
Monomer Phase O (°) Or (°)
Vapor 86 £ 2 66 £ 3
Solution 83 +4 o7+ 3

corresponding to the Bode plots shown in Figure 7.8 for pDCPD films grown from

either the solution or the vapor phase are shown in Figure 7.9.

Contact Angle

The surface wettability of the pDCPD films was assessed by contact angle goniom-
etry as shown in Table 7.4. The measured advancing () water contact angle for
the vapor (86° £ 2°) and solution (83° +4°) pDCPD films are similar to the reported
value of bulk pDCPD (78° + 2°).3% The profilometric roughness for the pDCPD films
polymerized from the vapor phase using catalyst 2 is 13 £ 1 nm (Table 7.2) and that
for films polymerized from alumina-filtered solutions of DCPD in DCE using catalyst
2 is 33 £ 3 nm. The lower #, and g exhibited by the solution-phase polymerized

pDCPD films are attributed to the increased profilometric roughness.

PeakForce Quantitative Nanomechanical Mapping (QNM)

The mechanical properties of the pDCPD films were elucidated by utilizing Peak-
Force QNM to obtain the reduced Young’s modulus (E,) of the surface-tethered films
as shown in Table 7.5. The accuracy of the measured material properties is highly cor-

related to the mechanical properties and geometry of the AFM probe cantilever and
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Table 7.5: Reduced Young’s Modulus (E,) of Surface-Tethered pDCPD Films
Grown with Catalyst 2 for 15 min on Gold Substrates.

Sample Nominal F (GPa) E, (GPa)
Polystyrene 2.7 23+4
pNB 0.8° 61
Vapor pDCPD 1.8¢ 15+3
Solution pDCPD 1.8°¢ 944

*PeakForce QNM kit sample provided by Bruker with a reported nominal Young’s
modulus (E) of 2.7 GPa. ® Bulk pNB (Avatrel™).4% ¢Bulk pDCPD. %

tip, in particular, the cantilever spring constant and tip radius. The AFM tip radius
can be determined by QNM from a polystyrene (PS) reference sample (PeakForce
QNM Kit sample) using Equation 3.10 and the nominal Young’s modulus (F) of the
sample.?® Application of this method to our PS reference sample, however, results
in a large value of the tip radius (over 100 times the nominal radius), and therefore,
the nominal tip radius was utilized for the data collection, resulting in values for E,
approximately 8 times greater than the £ (Table 7.5). These measured values of E,
provide a direct comparison of the stiffness of the films.

The cross-linked nature of the pDCPD leads to a tougher stiffer polymer compared
to a similar non cross-linked polymer such as pNB. The measured F, for surface-
tethered pDCPD films (15 GPa) in this study was approximately twice as high as
that for surface-tethered pNB films (6 GPa), confirming the increased stiffness in the
pDCPD films arising from the cross-linked nature of the material. Dokukin et al.?®
have shown that nanoindentation and PeakForce QNM can lead to an overestimation
of polymer elastic moduli compared to bulk measurements, due to the application

of stresses larger than the linearity limit for the polymers tested. I did not observe
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significant differences in the E, of vapor pDCPD (15 4+ 3 GPa) and solution pDCPD
(9 £ 4 GPa), which is consistent with the similar compositions observed in the IR

spectra of the pDCPD films.

Conclusions

A rapid approach to the preparation of surface-anchored pDCPD films on gold and
silicon substrates utilizing monomer in the vapor phase was achieved. The polymer-
ization of DCPD monomer from the vapor phase confers several advantages over the
solvent phase polymerization in regards to a reduction of volatile organic components,
a reduction in reagent cost due the reusability of the unreacted monomer, and the
preparation of smoother films. The solution-phase process required the purification
of the DCPD monomer by filtration. Both processes exhibited rapid polymerization
kinetics achieving pDCPD films exhibiting thicknesses of ~400 nm for polymeriza-
tion times as short as 1 min. The solution-phase process, however, required DCPD
concentrations that were 3 orders of magnitude greater compared to those required in
the vapor-phase process. The vapor-phase process also exhibited a combined rate of
initiation and propagation that was 2 orders of magnitude greater and a termination
rate that was ~3 times lower than that observed in the solution-phase process. The
vapor-phase process allows the easy preparation of pDCPD films with tunable thick-
ness through the control of the vapor-phase concentration of DCPD by the presence
of an inert additive, decane.

The thickness of pDCPD films prepared utilizing monomer in the vapor-phase pro-
cess was enhanced by the presence of a film of a non-volatile stabilizing rinsate solvent
on the ROMP-active gold substrates. Catalyst 3 led to films with greater thickness as
compared to 2 for both the vapor-phase and solution-phase processes. The method
for the surface attachment of the ROMP-catalyst influenced the SI-ROMP polymer-

ization kinetics, with a lower surface coverage of the norbornene functional group
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offering the best polymerization kinetics for the ROMP-catalysts considered in the
study. The pDCPD films exhibited effective barrier properties and remarkable stiff-
ness. pDCPD films prepared utilizing monomer in the vapor phase did not yield
significant differences in composition, barrier properties, surface wettability and stiff-
ness when compared to films prepared utilizing monomer in the solution phase but

did yield pDCPD films that were remarkably smoother.
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Chapter 8

CONCLUSIONS AND FUTURE WORK

Conclusions

In this dissertation, I have prepared and characterized surface-tethered poly(ionic
liquid) (PIL) films via surface-initiated ring-opening metathesis polymerization (SI-
ROMP). The PIL films were prepared from monomers that coupled the polymeriz-
able norbornene functional group with a dimethyimadazolium cation coupled to a
hexafluorophosphate anion. The physical and chemical properties of the PIL films
were shown to be tunable via anion exchange to easily incorporate various anions.
This tunability enables surface-tethered PILs to easily and efficiently take on various
properties. An increase in one of these properties, glass transition temperature (Ty),
can lead to the detachment of the PIL films from gold substrates. A novel route to
surface-tethered random copolymer films was achieved via the anion exchange of the
PIL films with a binary mixture of anions. While surface-tethered PIL films allow you
to discretely adjust film properties via anion selection, the ability to create random
copolymer films offers a continuous tuning of film properties between the extremes
of the two homopolymers for the PIL. Part of the dissertation presented a novel and
rapid route to achieve surface-tethered poly(dicyclopentadiene) (pDCPD) films via
SI-ROMP in the vapor phase and characterized the subsequent pDCPD films.

In Chapter 4, the synthesis and subsequent SI-ROMP of an IL monomer to
form dynamic, anion-adaptive PIL films with thicknesses greater than 500 nm was
achieved. p|N;—dMIm|[PF,| films undergo anion exchange with traditional anions,
such as ClO, , FSI, and "NTf,, as well as larger anions in the form of dyes to al-

ter properties, including ion conduction, mechanical properties, surface wettability,
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and color. The p|N;—dMIm| films behave as anionic chameleons and as such, adapt
to their anionic environment where dynamic environmental response is critical. The
surface wettability and viscoelastic properties, i.e. storage and loss modulus, of the
p|N,—dMIm)] films are highly dependent on the film anion and are tunable via a
simple anion exchange mechanism. The electrolyte cation does not impact ion con-
duction in p[N;—dMIm]| films when performed in aqueous electrolytes, while the film
anion determines the resistance of the p|N;—dMIm)] film to ion conduction with the
order, PF,~ > "NTf, > FSI" > ClO, . In particular, the film resistance to ion
conduction for the p|N;—dMIm]| with the ClO, anion is estimated to be orders of
magnitude lower despite the film being only slightly more solvated, suggesting that
the ClO,  anion behaves differently than the other ions investigated. The film resis-
tance in aqueous electrolytes can be eliminated by employing an ionic liquid as the
electrolyte, improving the solvation of the p|N; —dMIm| films. The adaptability and
tunability of these surface-tethered films enable their use for multiple applications.
In Chapter 5, p|N;—dMIm|[PF| films polymerized on gold substrates undergo
anion exchange with traditional anions, such as ClO, , FSI", and NTf,, but are
unable to incorporate smaller anions without detachment from the gold surface. This
behavior is attributed to an increase in the glass transition temperature 7T,, where
the incorporation of disruptive anions leads to a stronger electrostatic coupling to
the film backbone. This increase in 7}, results in an increase in the entropic penalties
for the film to remain tethered to the surface via a chemisorbed gold-thiol bond and
results in the detachment of the polymer film with anion exchange. The incorporation
of disruptive anions was accomplished by the preparation of p|N;—dMIm]|[PF;] films
on silicon substrates and taking advantage of the covalent attachment scheme for the
silicon substrates. p|N;—dMIm|[PFg| film prepared on silicon substrates were able
to incorporate disruptive anions in the form of triflate (- OTT), which could not be

incorporated for the p|[N; —dMIm]|[PF] films on gold substrates. The film thickness
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of these films remained constant throughout the anion exchange process with minimal
variation in the polymer carbon backbone as observed by the retention of the Cy,,—H

and C H infrared absorption bands.

sp3

The synthesis and subsequent SI-ROMP of an IL monomer [N;—dMIm|[PFg] ex-
hibiting a larger repeat unit molecular volume (V},,) to form dynamic, anion-adaptive
PIL films on gold substrates was achieved. An increase in V;, leads to a decrease in T},
and subsequently in the entropic penalties for a surface-tethered PIL film to remain
tethered to the surface while incorporating small anions. The p[N;—dMIm|[PFg]| films
on gold substrates were shown to undergo anion exchange with anions, such as Cl10, ",
as well as disruptive anions in the form of “OTF and trifluoroacetate CF;CO, .

In Chapter 6, poly(ionic liquid) (PIL) random co-polymer (coPIL) films were
prepared by the simple anion exchange of p|N;—dMIm]| films with 0.2 M aque-
ous solutions consisting of the PFy; anion with either the ClO, or the FSI"
anions. The composition of the coPIL films was determined using infrared spec-
troscopy (PM-IRRAS) and a linear system of equations. The p|N;—dMIm]| films
exhibit a thermodynamically driven selectivity, with the PF,  anion selective for
the film for p|N,—dMIm|[PF][ClO,| coPIL films and the FSI™ anion selective
for the film for p|N;—dMIm|[PF|[FSI|] coPIL films. The surface wettability for
p|N; —dMIm]|[PF][ClO,] films is dependent on the film composition, continuously
tunable with film composition, and shows that the concentration of the C1O,  anion
on the surface is higher than that determined for the p|N;—dMIm|[PF|[ClO,| film.
The resistance of the p|N;—dMIm]|[PF][ClO,] film to ion conduction is linearly
dependent on the binary anion mole fraction of ClO,  in solution(zcio,), which is
thermodynamically related to the binary anion mole fraction of ClO, in the film
(ycio,)- In this way a key characteristic of the film, film resistance, can be contin-
uously tuned between the extremes of the two homopolymers. The ability to easily

form coPIL films that exhibit a continuum of properties between the properties of
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the homopolymers greatly increases the utility of PIL films. PIL films already exhibit
tremendous discrete tunability in their properties via anion exchange, which can now
be extended to a continuous tunability to obtain specific properties for any desired
application.

In Chapter 7, a rapid approach to the preparation of surface-anchored pDCPD
films on gold and silicon substrates utilizing monomer in the vapor phase was achieved.
The polymerization of DCPD monomer from the vapor phase confers several advan-
tages over the solvent-phase polymerization in regards to a reduction of volatile or-
ganic components, a reduction in reagent cost due the reusability of the unreacted
monomer, and the preparation of smoother films. The solution-phase process required
the purification of the DCPD monomer by filtration. Both processes exhibited rapid
polymerization kinetics achieving pDCPD films exhibiting thicknesses of ~400 nm
for polymerization times as short as 1 min. The solution-phase process, however,
required DCPD concentrations that were 3 orders of magnitude greater compared to
those required in the vapor-phase process. The vapor-phase process also exhibited a
combined rate of initiation and propagation that was 2 orders of magnitude greater
and a termination rate that was ~3 times lower than that observed in the solution-
phase process. The vapor-phase process allows the easy preparation of pDCPD films
with tunable thickness through the control of the vapor-phase concentration of DCPD
by the presence of an inert additive, decane.

The thickness of pDCPD films prepared utilizing monomer in the vapor-phase pro-
cess was enhanced by the presence of a film of a non-volatile stabilizing rinsate solvent
on the ROMP-active gold substrates. Catalyst 3 led to films with greater thick-
ness as compared to 2 for both the vapor-phase and solution-phase processes. The
method for the surface attachment of the ROMP-catalyst influenced the SI-ROMP
polymerization kinetics, with a lower surface coverage of the norbornene functional

group offering the best polymerization kinetics for the ROMP-catalysts considered in
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the study. The pDCPD films exhibited effective barrier properties and remarkable
stiffness. pDCPD films prepared utilizing monomer in the vapor phase did not yield
significant differences in composition, barrier properties, surface wettability, and stiff-
ness when compared to films prepared utilizing monomer in the solution phase but

did yield pDCPD films that were remarkably smoother.

Future Work

This dissertation details the preparation and characterization of surface-tethered
poly(ionic liquid) (PIL) films, of surface-tethered PIL random copolymer films, and
of surface-tethered polydicyclopentadiene (pDCPD) films. In particular, the discrete
tunability of PIL film properties via anion exchange, the novel and rapid preparation
of copolymer films via binary anion exchange for the continuous tunability of PIL
films, and the novel and rapid preparation of pDCPD films by SI-ROMP of monomer
from the vapor phase were demonstrated. In order to aid in the utility and under-
standing of the surface-immobilized films considered, I suggest the following topics
that could be addressed in the future.

Anion exchange of the resident counter ion in surface-tethered PILs is a crucial
methodology in obtaining the desired material and surface properties. Results in
Chapter 4 sample a small range of material properties that can be achieved by anion
exchange of PIL films. However, I do not study the kinetics of anion exchange,
which would be useful in the utilization of the PIL films. Understanding how anions
exchange into the film and how quickly can allow one to design transient process
that could take advantage of the simplicity of tuning material properties in ILs. For
example, a surface-tethered PIL can be used in a bioremediation process, where the
film is initially loaded with beneficial ions that are exchanged into an aqueous waste
stream while the film captures unwanted anions. Understanding the kinetics of anion

exchange could enable you to determine key parameters for the success of such a
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system.

In Chapter 4, I studied the ionic conduction of PIL films. A natural extension
of this study is to incorporate electroactive anions (Appendix A) and study the ion
conduction in conjunction with redox kinetics of the PIL films. An improved ion
and electron conduction can be achieved with surface-immobilized PILs, where one
can take advantage of the proximity of the film to the electrode surface to achieve
rapid electron transfer kinetics, while enjoying the improved ion conduction a PIL
film could provide.

In Chapter 5, I detailed the preparation of PIL films with a larger repeat unit
molecular volume (V,,,) than those considered in Chapter 4. The larger V;, extended
the utility of this PIL film on gold substrates and enabled new surface properties of
the PIL film. Preparation of PIL films with even larger V,, would enable a myriad
of new surface properties. Escobar et al.! have shown that monomers containing
longer side chains enhance the polymerization kinetics of the monomer with SI-ROMP.
Additionally, an increase in Vj, results in a higher dielectric constant? as well as a
greater ionic conduction.® The preparation of surface-tethered PIL films exhibiting
higher dielectric constants as well as ion conduction could lead to the utility of the

PIL films in numerous applications such as energy storage.

Friction Reduction with Surface-Tethered Poly(Ionic Liquids)

Tribology is the study of friction, wear and lubrication of interrelating surfaces
in relative contact.* The conservation of energy, material and financial resources, the
environment, as well as safety considerations, emphasize the importance of controlling
friction and wear.? Liquid lubrication is the most common lubrication method, but is
often undesirable due to environmental concerns, ensuring confinement in the contact
zone, circulation, contamination, and other effects.® Surface engineering, where the

surface properties of moving contacts are modified in a favorable manner, by depo-
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sition of solid/dry lubricants or by surface treatment are often preferred in applica-
tions where traditional lubricants (liquid) fail to provide adequate performance, such
as extreme environmental conditions, high contact pressures, or low ambient pres-
sures.”® Solid /dry lubricants generally have lower vapor pressures, better boundary
lubrication properties, relative insensitivity to radiation effects, and less sensitivity
to temperature changes.’

Nature has provided us with a template for systems that exhibit relatively low
coefficients of friction (COFs). Synovial joints are able to achieve COFs on the range
of 0.001 to 0.005 at mean pressures on the order of 100 atm and at shear rates from
0 to 107 s71.2 The low coefficients of friction exhibited by synovial joints are largely
due to the two-phase structure of the joint, a solid phase made up of collagen and
proteoglycans with entrapped brush-like charged macromolecules, such as hyaluronic
acid and lubricin in synovial fluid.® ! Due to the expense and incompatibility of the
use of biological proteins and charged macromolecules in non-biological applications,
materials systems that mimic the function and composition of synovial joints could
exhibit performance that approaches or surpasses natural systems.'?

Ishikawa et al.'® have performed the only investigation to date of a pIL brush
in tribological applications, where they showed that low sliding frictional coefficients
(COF ~ 0.01) could be achieved when the substrate and probe both contained a plL
brush and a compatible IL. was used as a mobile component. Ishikawa et al. were
also able to demonstrate the wear characteristics of the pIL brush; while they were
only able to achieve ~ 50 nm thick pIL brushes over a 72 h SI-ATRP process, the
pIL brushes were able to withstand up to 800 friction cycles before an increase in the
COF in a dry nitrogen atmosphere.

pIL coatings and ionic liquids could replace the charged macromolecules and bi-
ological polymers inherent in synovial lubrication. Raviv et al. have shown effective

friction coefficients lower than ~ 0.0006 — 0.001 by utilizing polyelectrolyte brushes
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in water. They attribute the exceptional resistance to interpenetration displayed
by the brushes in tandem with the fluidity of the hydration layers surrounding the
charged, rubbing polymer segments.'* pILs could achieve similar performance due
to the structural similarities with polyelectrolyte brushes in addition to extending
the utility of polyelectrolyte brushes by enabling use in environments unsuitable to

aqueous systems.

Polydicyclopentadiene with Reporter Functionality

The ability of a material to detect and report localized damage prior to catas-
trophic failure is a pivotal feature at the intersection of structural health monitoring
(SHM) and non-destructive evaluation (NDE).'> 17 The early detection of impend-
ing failure is particularly important in applications in which the material is used as
a load-bearing material or in applications where catastrophic failure of the mate-
rial would lead to further damage to other systems.!'®!® Polymer composites imbued
with multi-functional properties are the material of choice due to the ability to de-
sign and cheaply manufacture light-weight, sustainable, thermally, mechanically, and
chemically robust polymer composites. !5 Stimuli-responsive materials able to detect
thermal, mechanical, optical, and chemical solicitation have been used to effectively
develop sensors, probes, and information displays by taking advantage of organic or
inorganic chromophores such as dyes with available delocalized electrons, or metal
derivatives (i.e. metal nanoparticles and nanocrystalline semiconductors) since they
confer a variation in the opto-electronic properties as a response to the stimulus. %19

Chromogenic polymer systems able to detect through a prompt optical response
(absorption and emission) to an external stimuli triggered by mechanical (shearing,
grinding and pressing) stress are favored due to their quick and simple functionality
and visual signaling.'®'® Mechanochromic polymer composites, which are materials

based on dye-doped polymers that are optically sensitive to mechanical stimuli, may
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be obtained via two distinct routes, either the covalent bonding of highly responsive
molecular species to the polymer chains, or the dispersion of responsive species within
the polymer bulk. '8! In the latter case, the control of interphase interactions between
the chemical functional species (dye) and the multiphase system (polymer composite)
allows for the effective modulation of the response to stimuli.!®1?

The bruising of skin is a natural template in reporting local damage. Bruise
formation optically communicates the release of red blood cells, due to damage, into
the extravascular space and the color evolution of the bruise provides information on
the material state of skin.?? Polymeric systems that could report localized damage
would offer an extended performance by enabling preventative maintenance and/or
replacements of systems prior to catastrophic failure. The preparation of stimuli-
responsive pDCPD by the incorporation of stimuli responsive reporter molecules can
enable the aforementioned responsive polymeric systems. In the design of smart
materials, the combination of molecular structure and supramolecular organization
of the components is considered to be the most effective route in obtaining products
with versatile features.?! Polymers are attractive and fundamental components of
these complex systems due to their response to changes in their environment and their
varied structural and functional properties.?1?? Chromogenic materials composed of
a functional dye physically dispersed in the pDCPD macromolecular matrix that
switches its optical properties, for example absorption, emission, or refractive index,
as a function of external mechanical stimuli can be developed. Organic or inorganic
chromophores such as molecules with available delocalized electrons (pDA) or metal
derivatives, such as metal nanoparticles (CdSe) or nanocrystalline semiconductors can
constitute the basis of a sensor mechanism by conferring to the pDCPD an ability to
vary the optical features in response to a mechanical stimulus.

Conjugated polymers (CPs) are compounds with alternating saturated and unsat-

urated bonds and this overlap results in conductivity and fluorescence when light is
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absorbed.!® Changes in the chemical nature, effective conjugation length, intramolec-
ular conformation, and intramolecular packing can change the absorption and flu-
orescence properties of CPs and therefore provide mechanisms that can be imple-
mented in sensing applications.! Polydiacetylene (pDA), a conjugated polymer, is
an attractive molecule in the use of stimuli-responsive materials.'® Diacetylene (DA)
monomers are typically amphiphilic, enabling the molecules to self assemble into var-
ious nano/micro-shapes in the correct self-assembly environment.!®?3 The polymer
is polymerized by the UV or v—irradiation of the supra-molecularly-assembled crys-
talline or semicrystalline states of the DA monomer without the need for chemical
initiators or catalysts.?3

pDAs undergo a blue (Apax 640nm) to red (Apax 550nm) color change accom-
panied by the generation of fluorescence when subjected to external stimuli, such
as mechanical stress (mechanochromic), heat (thermochromic), and organic solvents
(solvatochromic).1%?324 This transition is attributed to the rotation about the C—C
bond of the polymer backbone changing the planarity and the m — orbital overlap of
the backbone causing a significant blue-shift in the absorption spectrum. The CP
pDA has been used to develop solution and solid state biosensors that take advantage
of the blue to red color change induced by a conformational change of the conjugated
ene-yne backbone of pDA by external stimuli such as temperature change, pH change,
or mechanical stress.'%?* Incorporating pDA into pDCPD while ensuring sufficient
coupling of the pDA to the bulk material would impart the mechanochromic prop-
erties of the pDA to the composite material. Mechanical stresses imparted upon the
material would be transferred into the pDA activating the mechanochromic response
of the pDA and optically reporting a change in the material state to an observe

Ultra-small pyrolytically synthesized CdSe nanocrystals exhibit white light emis-
sion characterized by two features (peaks) attributed to emission from energetically

different midgap states.?>26 The position of the emission features has been shown to
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be sensitive to the nanocrystal size and the nanocrystal surface ligands, with the first
emission feature shifting to higher wavelengths with increasing nanocrystal size and
decreasing ligand length.?® The CdSe nanocrystals have been encapsulated in poly-
mer and have demonstrated good photostability over time.?%2?"2® The incorporation
of CdSe reporter molecules in a pDCPD coating would allow the use of the emission

shift of the CdSe in the sensing of localized damage within the coating.
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Appendix A

SURFACE-TETHERED POLY (IONIC LIQUID) FILMS WITH
ELECTROACTIVE ANIONS

Introduction

In Chapter 4, I studied the ionic conduction of PIL films. Here, I incorporate
electroactive anions and study the ion conduction in conjunction with redox kinetics
of the PIL films. An improved ion and electron conduction can be achieved with
surface-immobilized PILs, where one can take advantage of the proximity of the film
to the electrode surface to achieve rapid electron transfer kinetics, while enjoying the

improved ion conduction a PIL film could provide.

p[N;—dMIm]| Film Anion Exchange

Figure A.1 shows the IR spectra for a p|N; —dMIm]||[PFg] polymer film grown on
a gold substrate. The dominant absorption band is the P—F stretch at 865 cm~!.1
Weaker absorption bands due to the polymer carbon backbone are also observed, in

1

particular, a C=C stretching absorption band at 1589 cm™", a symmetric CH, in-

plane bending (scissoring) absorption band at 1462 and 1423 cm™!, an asymmetric
CH, absorption band at 1392 cm ™', a symmetric CH; absorption band at 1243 cm ™,
and a CH, in-plane bending (rocking) absorption band at 742 ¢cm~'.? Figure A.1
also shows the IR spectra for a p[N;—dMIm]|[Fe*" (CN)4] polymer film. The spectra
shows a lack of the PF;~ anion and retention of the absorbance bands for the polymer
carbon backbone.

Figure A.2 shows the IR spectra for a p[N;—dMIm]|[Fe*"(CN)4] polymer film

grown on a gold substrate. The dominant absorption band is the C—N stretch at
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Table A.1: Film Anion Polarization Modulation-Infrared Reflectance-Absorp-
tion Bands of p[N;—dMIm]| Films.??®

Anion C,p»—H Bands (cm™") C,p2—H Bands (cm™")
PR, 2865 (1,), 2042 (v,.) 3157, 3189
Fe, " (CN)> 2860 (1), 2040 (v,.) 3148, 3186

2100 cm~!.3 Figure A.2 also shows the IR spectra for a p|N; —dMIm][PFg] polymer
film, which shows a lack of the Fe(CN),*" anion.

Figure A.3 shows the IR spectra for a p|N;—dMIm| polymer film with the PF~
and Fe(CN)*>~ anions. The major absorbance bands in the IR spectra for the PF~
and Fe(CN),*" anions are summarized in Table 4.2. There are minimal variations in
the C,s—H and C_.—H stretch vibration band peak positions for the p[N; —dMIm]
polymer film with the PF,~ and Fe(CN)s* anions as shown in Figure A.3 and Table

A.1; however, the peak shapes are similar as shown in Figure A.3.

Electrochemical Impedance Spectroscopy (EIS)

Ton transport through the p[N,—dMIm][Fe*" (CN)| films was investigated by uti-
lizing electrochemical impedance spectroscopy (EIS). The studies were conducted in
the presence of a 0.1 M aqueous solution of [K;Fe®(CN)s]. A Representative Bode
plot of EIS spectra for p|N;—dMIm|[Fe*" (CN)4] films prepared by anion exchange
from a p[N; —dMIm][PF] film with 0.2 M aqueous solutions K;Fe*" (CN),]| as well as
a control film consisting of a hydroxyl-terminated SAM on gold substrates exposed
to NBDAC conducted in the presence of a 0.1 M [K;Fe®" (CN),| aqueous solution
are shown in Figure A.4. The impedance spectra were fit with the equivalent circuit

model shown in Scheme 3.4 to quantify the circuit parameters as shown in Tables A.2

and A.3.
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Table A.2: p|N;,—dMIm| Solution Resistance (R;), Interfacial Resistance (R;),
and Interfacial Capacitance (C;) Values Obtained from a Fit of the EIS Spectra
in Figure A.4 with the Equivalent Circuit in Scheme 3.4.

Electrolyte R, (- cm?) R; (MQ - cm?) C; (uF /cm?)
K Fe*" (CN), 17+£0.1 0.22 =+ 0.002 11.9+0.1
Control* 18 +0.1 0.11 +£0.002 8§+0.1

1'The control film is a gold substrate modified with a hydroxyl-terminated SAM
exposed to NBDAC with spectra acquired in a 0.1 M K;FeCN)4| aqueous Solution.

Table A.3: p|N;—dMIm]| Film Resistance (Ry), Conductivity (xs), and Capaci-
tance (C'y) Values Obtained from a Fit of the EIS Spectra in Figure A.4 with the
Equivalent Circuit in Scheme 3.4.

Electrolyte Ry (Q-cm?) ke (US/cm) Ct (puF /cm?)
K,Fe* " (CN)4° <17+£0.1 > 3.640.2 -
Control” - - -

@ The film resistance for the film is theoretically lower than the R, observed. ® The
control film is a gold substrate modified with a hydroxyl-terminated SAM exposed
to NBDAC with spectra acquired in a 0.1 M K Fe(CN)g] aqueous solution.
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Phase angle plots of EIS spectra corresponding to the Bode plots of Figure A.4 for
p[N; —dMIm|[Fe*" (CN)4| films on gold substrates, as well as a control film consisting
of a hydroxyl-terminated SAM on gold substrates exposed to NBDAC, conducted in

the presence of a 0.1 M K Fe(CN)4 aqueous solution are shown in Figure A.5.

Cyclic Voltametry (CV)

Ton and electron conduction in the p|N,—dMIm|[Fe*" (CN)4| films was investi-
gated by utilizing cyclic voltammetry (CV). The studies were conducted with vari-
ous electrolytes and at a 20 mV /s scan rate. The current-voltage observed for the
p|N, —dMIm][Fe*" (CN),] films is shown in Figure A.6. The scans with the 20 mM
K;Fe(CN)g, K, Fe(CN)g electrolyte and the 10 mM K3Fe(CN)g K Fe(CN)g electrolyte
produced similar curves and the largest current of the electrolytes studied. This be-
havior arises due to a high concentration of redox species in solution resulting in
electron conduction mainly in solution. The other electrolytes studied in Figure A.6
had over an order of magnitude less in redox species concentration. However, they
also included a supporting electrolyte that would exchange into the film during the
collection of the CV’s.

Figure A.7 shows the current-voltage observed for the p[N;—dMIm|[Fe®" (CN)]
films run with a 1mM concentration of redox species or without any redox species.
The curves shown in Figure A.7 demonstrate both the ion and electron conduction
capability of these films with peaks arising due to electron donation to redox species
in the film as well as in solution. Further studies need to be conducted in order to

fully elucidate the mechanisms at work in this system.

202



¢ oWRYOG UT JIMOIIO @Q@ﬁ@/ﬁi@@ o3 03} s1g @Q@.w@.HQ@,H SOAIND PI[OS "[OI3UOD B S UMOYS ST UOIIN[OS snoonbe

*(ND)2I®ST N T°0 & Ul parmboe YN 03 posodxe VS poreurtiio)-[AxorpAt e jo Sunsisuod wiy & jo S “*(ND)2I"3 Jo
uornos snosnbe [y 170 & ut poxmboe wiy [(ND) | O] [WINP—"N]d © 10§ wniioads I ue jo jo[d o[Sue oseyd Gy oInSIg

(,.S) Aouonbarg

Ol 01 0001 001 0l [ [0 10°0
| | | ________ | ________ _....WM.,».“ ________ | ________ | ________ |
|O%|
- 09— =g
i =
o
i W
a
L op- B
e
H o
|ON|
[°ND, o4l I
[onuo)y e Y

203



"9)RI RIS S/ AUL ()7 B 8 PIIONPUOD
swy [P(ND) , o] [wrNp—"N]d 103 yuomirodxe A1jourtrejjos d1[2Ad JO SO[DAD )0z Y} 10J USRS 0FeI[OA-JULINY) 9y SINSL]

(ID3V/3V 'sA A) [enusjod

¢ 0— 0 0 70
] ] _ ] ] ] _ ] ] ] _ ] ] ] _ ] ooml
S
- -0 2
I\\ | m
: w
s B
- 008 @,
i <
! =
(NI INW 0T “(ND)RAS NW O] i N
O(ND)RAM W 07 “(ND)IE INW 0T — 0001 m
(NI W T “AdM W 001 i T
Y(ND)RIS W [ “Ad> INW 001 I
(NI INW T “(ND)OIS INW T “AdS INW 001 I
0061

204



"9)RI RIS S/ AUL ()7 B 8 PIIONPUOD
swy [P(ND) , o] [wrNp—"N]d 103 yuomiirodxo A1jourtrejjos d1[2Ad JO SO[DAD )0z Y} 10J USSS 0FI[OA-UILINY) LY SINSI]

(ID3V/3V 'sA A) [enuajod

¢ 0— 0 0 70
] ] _ ] ] ] _ ] ] ] _ ] ] ] _ ] ] m.hl

-5 A
-
w C(— m
) %
. =
i Z3
m ¢l <
i =
e 2
B @)

AT NW 00T —— [ . /m.w_\c

AND)OIT NW [ A NW 0] —— [ S L
IND)RA W T “(ND)OAT INWE [ AL INW 00T —— [

-
—

205



1]

13l

4]

(6]

8]

References

Heyns, A., and van Schalkwyk, G. (1973) A Study of the Infrared and Raman
Spectra of Ammonium Hexafluorophosphate NH4PF6 over a Wide Range of Tem-

peratures. Spectrochimica Acta Part A: Molecular Spectroscopy 29, 1163-1175.

Silverstein, R. M., Webster, F. X., and Kiemle, D. J. Spectrometric Identification

of Organic Compounds, seventh ed.; Wiley: New York, 2005.

Miller, F. A., and Wilkins, C. H. (1952) Infrared Spectra and Characteristic Fre-

quencies of Inorganic Tons. Analytical Chemistry 24, 1253-1294.

Sehgal, S. C. J., Warrier, A. V. R., and K, H. (1973) Electronic and vibrational
spectra of ferricyanide ions doped in NaCl and KCI crystals. Journal of Physics
C: Solid State Physics 6, 193.

Hardwick, L. J., Saint, J. A., Lucas, I. T., Doeff, M. M., and Kostecki, R. (2009)
FTIR and Raman Study of the Li, Ti,Mn;_,O5(y = 0, 0.11 ) Cathodes in Methyl-
propyl Pyrrolidinium Bis(fluoro-sulfonyl)imide, LiTFSI Electrolyte. Journal of
The Electrochemical Society 156, A120-A127.

Yoon, H., Best, A. S., Forsyth, M., MacFarlane, D. R., and Howlett, P. C. (2015)
Physical Properties of High Li-ion Content N-propyl-N-methylpyrrolidinium
Bis(fluorosulfonyl)imide Based Ionic Liquid Electrolytes. Physical Chemistry
Chemical Physics 17, 4656-4663.

Kiefer, J., Fries, J., and Leipertz, A. (2007) Experimental Vibrational
Study of Imidazolium-Based Ionic Liquids: Raman and Infrared Spectra
of 1-ethyl-3-methylimidazolium Bis(trifluoromethylsulfonyl)imide and 1-ethyl-3-

methylimidazolium Ethylsulfate. Applied Spectroscopy 61, 1306-1311.

Shkrob, I. A., Marin, T. W., Zhu, Y., and Abraham, D. P. (2014) Why

206



Bis(fluorosulfonyl)imide Is a "Magic Anion" for Electrochemistry. The Journal

of Physical Chemustry C' 118, 19661-19671.

207



Appendix B

EMBEDDING REPORTER MOLECULES IN SURFACE-TETHERED
POLYMER FILMS

Introduction

The ability of a material to detect and report localized damage prior to catas-
trophic failure is a pivotal feature at the intersection of structural health monitoring
(SHM) and non-destructive evaluation (NDE).'3 The early detection of impend-
ing failure is particularly important in applications in which the material is used as
a load-bearing material or in applications where catastrophic failure of the mate-
rial would lead to further damage to other systems.? Polymer composites imbued
with multi-functional properties are the material of choice due to the ability to de-
sign and cheaply manufacture light-weight, sustainable, thermally, mechanically and
chemically robust polymer composites.* Stimuli-responsive materials able to detect
thermal, mechanical, optical and chemical solicitation have been used to effectively
develop sensors, probes and information displays by taking advantage of organic or
inorganic chromophores such as dyes with available delocalized electrons, or metal
derivatives (i.e. metal nanoparticles and nanocrystalline semiconductors) since they
confer to their embedding material a variation in the opto-electronic properties as a
response to the stimulus.*?

Chromogenic polymer systems able to detect through a prompt optical response
(absorption and emission) to an eternal stimuli triggered by mechanical (shearing,
grinding and pressing) stress are favored due to their quick and simple functionality
and visual signaling.*® Mechanochromic polymer composites, which are materials

based on dye-doped polymers that are optically sensitive to mechanical stimuli, may
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Figure B.1: Absorption and emission spectra of CdSe nanocrystals.%
be obtained via two distinct routes, either the covalent bonding of highly responsive
molecular species to the polymer chains, or the dispersion of responsive species within
the polymer bulk.*5 In the latter case, the control of interphase interactions between
the chemical functional species (dye) and the multiphase system (polymer composite)
allows for the effective modulation of the response to stimuli.*?

Ultra-small pyrolytic CdSe nanocrystals exhibit white light emission character-
ized by two features (see Figure B.1), the first of which is sensitive to the size
and the surface ligands of the nanocrystal, shifting to higher wavelengths with in-
creasing nanocrystal size and decreasing ligand length. %7 Incorporation of the CdSe
nanocrystals into a polymer matrix could enable the sensing of changes to the material
due to external mechanical stresses.®® External mechanical stresses that elicit local

damage to the polymer matrix, such as micro cracks or delamination, are hypoth-

esized to cause the detachment of CdSe surface ligands and the aggregation of the
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CdSe nanocrystals leading to a change in the emission properties of the nanocrystals.
The CdSe nanocrystals have been encapsulated in polymer and have demonstrated
good photostability over time.%%! Here, I report the incorporation of CdSe reporter
molecules into a surface-tethered polymer coating for the use of the emission shift of

the CdSe in the sensing of localized damage within the coating.

Experimental Methods

Pyrolytically grown 15 A CdSe nanocrystals with defect-ridden surfaces and citric
acid surface ligands with lengths on the order of the diameter of the CdSe nanocrystals

were obtained from the Rosenthal group (Chemistry).

Polymerization of pNBFS8 on Glass Substrates

ROMP-active substrates of glass were prepared as described in Chapter 3. The
ROMP-active substrates were quickly rinsed with DCE and immediately placed in a
0.05 M 5-(perfluoro-n-octyl)norbornene (pNBF8) ! solution in DCM for up to 15 min.
The substrates were subsequently rinsed with DCM, ethanol, water, and ethanol and

dried in a stream of nitrogen.

Incorporation of CdSe Nanocrystals

The nanocrystals were suspended in chloroform (CHCI;) and introduced into
the surface-anchored pNBFS8 polymer matrix by placing several drops of the CdSe
nanocrystal solution on top of the pNBF8 substrates. The substrates were left
overnight and rinsed with copious amounts of dichloromethane (DCM) to ensure

the complete removal of any CdSe nanocrystals on the surface.
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Emission Spectra

Emission spectra were acquired using a Labsphere SLMS-LED-1050 integrating
light sphere system, coupled with a fiber optic cable to a 410 nm UV filter and CDS
600 CCD-based spectrometer and accompanying software. The light sphere is used to
spatially integrate the radiant flux of the optical radiation generated by the sample.

A 405 nm laser operating at 10 mW was used as the excitation source.

Results and Discussion

Figure B.2 shows the emission spectra of CdSe nanocrystals embedded in 5-(per-
fluoro-n-octyl)norbornene (pNBF8) grown on glass with Catalyst 3. The spectra were
recorded as a percent of the maximum saturation of the detector. Despite the use of a
410 nm cutoff UV filter, there is a large peak at 405 nm corresponding to the excita-
tion source. The peak was confirmed to be due to the excitation source by collecting
spectra with no samples in the integrating sphere (Empty Chamber), for which the
peak was observed. The spectra of the CdSe nanocrystals in CHCl; exhibits the two
features observed in Figure B.1 for CdSe emission spectra reported in the literature.
The first peak for the CdSe emission is not present for CdSe nanocrystals embedded
in pNBFS, but the second feature is present. We hypothesize that this change in the
shape of the emission spectra for CdSe embedded in pNBFS is due to the interaction
of the nanocrystals with the polymer matrix. These features are more clearly seen in
Figure B.3.

Figure B.4 shows the total CdSe emission for the region between 425 and 850
nm over time for CdSe nanocrystals in CHCl; as well as in pNBF8. The data shows
that the CdSe nanocrystal emission remains constant when embedded in pNBFS for
over a month compared to that of the CdSe nanocrystals in CHCl;. The instability
of the CdSe nanocrystals in solution can been attributed to the oxidation of the

nanocrystal surface as well as a loss of solvent to evaporation. Further experiments
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are required to elucidate the mechanism of interaction for the CdSe nanocrystals with
the polymer matrix in addition to quantifying their ability to sense material changes

due to external stimuli.
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