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CHAPTER 1

INTRODUCTION

Surface and interfacial properties of materials attract considerable attention from both
industry and academia due to their impact on many applications in areas of science and technology.
From industry operation to microchip fabrication,' from energy conversion to biomaterials
synthesis,*> from environmental remediation to aerospace vehicles,®’ the careful consideration of
material surface properties is an inevitable requirement in almost every engineering design. Ample
research has been performed in the past decades on the design and modification of surface
properties.®'? Functional polymer films are one system that provide the ability to tailor the

13,14

properties of surfaces and furthermore, can impart corrosion resistance,® wear resistance,’

lubrication,'®!! biocompatibility,>!2

and “smart” switchability of properties based on stimuli in
the environtment.!>!® Over the past decades, many polymer film preparation techniques have been
developed, such as spin coating,!” dip coating,'® layer-by-layer assembly,!” and Langmuir—
Blodgett deposition.?’ Most of these techniques require the synthesis of a bulk polymer in liquid
or solution phase and its deposition onto the surface via physical or chemical bonding.

Among the many techniques of polymer film preparation, surface-initiated polymerization
(SIP) is special approach that provides improved performance in constructing a stable,
controllable, and tunable polymer film.?!~2* Figure 1.1 shows the basic illustration of SIP. In SIP,
the initiators are chemically coupled to the surface, often via the spontaneous chemisorption of a

self-assembled monolayer (SAM), so that the polymerization happens directly from the surface.

The chemical interactions between the polymer film and the surface contributes to the enhanced



robustness of the film as a coating. Polymer coatings can be formed onto surfaces of any geometric
shape and nearly any size by using SIP,?2?*2% and various well-developed polymerization methods
can be utilized within SIP, which enables the controllability and tunability of film preparation on

the surface.

Initiator
Immobilization

Surface-initiated
Immobilization

Figure 1.1. Illustration of surface-initiated polymerization

Many researchers have investigated the preparation of functional polymer films by SIP
with different polymerization methods.?6* Among those methods, surface-initiated versions of
atom-transfer radical polymerization (SiATRP) and ring-opening metathesis polymerization

(SiROMP) are two that provide high control over the polymerization process, generally under mild



and non-stringent conditions. ATRP has already been well established and utilized in many
research studies due to the control over film thickness and the tremendous variety of commercially
available functional monomers that can undergo ATRP.3!3 In contrast, ROMP has attracted less
attention even though ROMP exhibits significantly fast initiation and polymerization, even at
ambient conditions, and enables the preparation of high molecular weight polymers with
preservation of olefin functionality.?3-3

There are several limitations in the SIROMP of monomers with functional groups. As a
ring-opening process, ROMP is thermodynamically driven by release of the energy of ring-strain,
which establishes key requirements for the selection of ROMP monomers.?”33*5 The most
commonly used ROMP monomers are norbornene derivatives due to the high ring strain of the
norbornene structure. However, not all norbornene-based monomers can be successfully
polymerized from surfaces. The ease of the polymerization depends on the type of functional
groups added to the norbornene structure due to either their reactivity with the catalyst or steric
limitations. For example, norbornene carboxylic acid has not been directly polymerized into
polymer films through SiROMP in the literature. Protection and deprotection processes are
required to obtain polymers with carboxylic acid groups via SIROMP. 3637 Therefore, for some
important, chemically versatile functional groups, the polymer coating cannot be directly achieved
via SIROMP. Furthermore, for some other groups of norbornene-based monomers, although they
are suitable for SIROMP, they are not commercially available. Time-consuming and costly
monomer syntheses are required before SIROMP can yield the polymer coating.?*® These
requirements for ROMP monomers has limited the development of functional polymers by this

polymerization method.



Finding accessible new methods that can impart multiple functionalities to polymer films
grown by SiROMP is critical. This dissertation describes the work that I have performed in
introducing multiple functionalities and properties into polymer thin films prepared by SIROMP.
In this thesis, I demonstrate the feasibility of preparing chemically versatile thin film platforms by
SiROMP as well as first steps toward the utilization of these platforms in applications.

In Chapter IV, I report the SIROMP of trans-5-norbornene-2,3-dicarbonyl chloride
(NBDAC) as a versatile platform to achieve many functional polymer films via simple exposure
of the pNBDAC film to reagents. This modification strategy owes to the fast and high-yield
reaction of acyl chlorides with alcohols, amines, water, and other molecules. The polymerization
of NBDAC is performed with monomer in the vapor phase and exhibits rapid kinetics, producing
~400 nm thick films within 5 min. Due to the high reactivity of the acyl chloride groups in the
film, the pPNBDAC films are easily modified to produce side chains of carboxylic acids, esters,
and amides via the reaction of the acyl group with water, alcohols, and amines, respectively.
Alcohols with different hydrocarbon chain length are used to modify the pNBDAC film, and the
properties of the resulting comb films with hydrocarbon carbon chains are investigated. As we
increase the carbon chain length (n), film thickness increases linearly and methylene crystallinity
is improved. Large changes in water contact angle from 40° to 117° and a four-order-of-magnitude
increase in the resistance to ion transfer are measured as the carbon chain length is increased from
0 (pendant carboxylate) to 16 (pendant hexadecyl ester).

In Chapter V, the functional polymer preparation method introduced in Chapter VI is
applied to produce polynorbornene films that contain pendant hydroxamic acid groups. The
hydroxamic acid-modified film is prepared by the reaction of acyl chloride groups in the pNBDAC

films with hydroxylamine. The main characteristic of the hydroxamic acid groups is their ability



to chelate transition metal ions, which can be used in metal ion caption from aqueous solutions.
The chelation ability of our hydroxamic acid-modified film was investigated to show that the
polymer film can chelate most divalent ions such as Fe**, Cu?*, Ni?*, Co?*, and Zn*>", with a 70%
chelation degree, even at solution concentrations as low as 30 uM. Lower extents of chelation are
achieved when the hydroxamic acid-modified polymer films are chelated with multivalent ions
like Fe** and Zr*', which is attributed to the steric hindrance caused by our polymer backbone
structure. The chelated metals within the polymer film act as cross-linkers, which remarkably
enhances the pH stability, thermal stability, and resistance against ion transfer of the original film.
The feasibility of chelating metal ions from surface corrosion processes is demonstrated, which
creates the opportunity for the utilization of these hydroxamic acid-modified films in corrosion
detection.

Chapter VI describes another application of our compositionally versatile pNBDAC
platform to produce pH-responsive, ester/carboxylic acid random copolymer films. This chapter
demonstrates the ability of these compositionally versatile films to have multiple functionalities
introduced. The studies in copolymer preparation show a significantly higher reactivity of ethanol
than that of water within the film. The composition of the copolymer is controllable by employing
a partial modification of the acyl chlorides with aqueous ethanol solutions of various
concentrations for 15 min, followed by exposure of the film to pure water to modify the remaining
acyl chlorides to carboxylic acids. This two-step modification yields a nearly linear relation
between ester film composition and ethanol solution composition. The pH-responsive behavior of
the films with different ester/acid compositions was investigated. The magnitude and range of the
pH-responsive performance are highly dependent on the carboxylic acid content in the copolymer

films, which demonstrates the effect of film hydrophilicity on the pH-responsive switching of ionic



barrier properties. The interactions of the copolymer films with water at different pH values were
also explored. The results show that a 3x greater film thickness is obtained in high pH solution
than in low pH solution due to ionically driven water swelling when the copolymer contains 34%
carboxylic acid. The reversibility and reproducibility of the pH-responsive performance of these
copolymer films is high based on the QCM-D measurements.

Chapter VII describes another compositionally versatile platform through the preparation
of polymer/IL composites. Instead of chemically modifying the polymer films, the film properties
can also be altered by the physical or electrostatic incorporation of other materials within the
polymer framework. In this Chapter, I report the preparation of polymer/ionic liquid (IL) gels by
incorporating ILs into surface-initiated poly(dicyclopentadiene) (pDCPD) films using a simple
immersion method. In the method, a surface-initiated pDCPD film was exposed to a solution of 1-
butyl-3-methylimidazolium hexafluorophosphate ([bmim][PF6]) in dichloromethane, which led to
incorporation of the IL within the film. The volume ratio of the incorporated [bmim][PF6] to the
original pDCPD film was adjusted as high as 0.5, and it is strongly dependent on the solvent, IL
solution concentration, and the film immersion time. The maximum IL loading is affected by the
swellability of pDCPD films in the solvent, the solubility of the IL in the solvent, and interactions
between the IL and the polymer. The method is also proven to be feasible in preparing pDCPD-IL
gels with different IL species. The incorporated ILs dramatically change the properties of the
pDCPD films. The pDCPD-IL gel film has a higher shear loss modulus than that of the pure
pDCPD film based on quartz crystal microbalance with dissipation. The resistance of the film
against ion transfer is at least 4 orders of magnitude lower at high levels of IL incorporation than

the resistance of pure pDCPD.



Chapter VIII concludes the major findings of the research work and proposes future work

regarding the applications of the compositionally versatile platforms.
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CHAPTER II

BACKGROUND

Surface-Initiated Polymerization (SIP)

SIP is an approach that offers many attractive advantages toward the fabrication of robust
polymer films.!* Surface-initiated polymerization (SIP) is unique in that the polymerization
occurs during the formation of the film. SIP, also called the “grafting from” method, enables the
growth of stable polymer films with tunable thicknesses ranging from tens of nanometers up to the
micron level. The surface is first modified with initiator-terminated adsorbates, such as a reactive
self-assembled monolayer (SAM), and then exposed to a monomer solution to grow polymer
chains that are initiated from the surface. By contrast to conventional methods such as spin
coating, dip coating, and drop casting, SIP offers key advantages in the preparation of polymer
films. By using SIP, polymer films can be formed onto surfaces independent of the geometric
shape and size of the substrate. Also, SIP provides stronger adhesion of the polymer film via either
a chemisorbed or covalent linkage to the substrate than is achieved with typical spin coating or
casting methods. SIP also enables improved control in grafting density and thickness of the
polymer film than that of “grafting to” methods. Important for the work in this thesis, unreacted
monomers are easily rinsed away after the polymerization is complete to simplify separations.?*
There are many types of SIP, categorized by their polymerization mechanism, including ring-
opening metathesis polymerization (SiROMP)*, atom-transfer radical polymerization

(SIATRP)’!%, anionic polymerization'!, cationic polymerization'?, etc. These SIPs are well
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studied and utilized in functionalizing fine particles'?, membranes’, biomaterials'3, and different

substrates such as silicon’, gold*#, and stainless steel.®

Surface-initiated Ring Opening Metathesis Polymerization (SiIROMP)

Olefin metathesis was discovered in the mid-1950’s by accident as an outgrowth of the
study of Ziegler polymerization with alternative metal systems.!#!> The name “olefin metathesis”
means the change of position and was initially termed by Calderon and co-workers to describe this
metal-catalyzed redistribution of carbon-carbon double bonds during reaction.!>!® In 1970,
Chauvin and He'risson proposed a generally accepted mechanism for olefin metathesis. The
mechanism indicated that olefin metathesis mainly involves the coordination of olefin to a metal
alkylidene via metallacyclobutane intermediates by alternating [2 + 2]-cycloadditions and
cycloreversions.!>"!7 After its discovery, olefin metathesis started to become a very powerful
method in chemical synthesis in both industry and academia. Several subtypes of olefin metathesis
have been developed including ring-opening metathesis polymerization (ROMP), ring-closing
polymerization (RCM), cross metathesis (CM), and acyclic diene metathesis polymerization
(ADMET).!417

Applying olefin metathesis to polymer synthesis, ring-opening metathesis polymerization
(ROMP) has become a powerful and broadly applicable method to synthesize
macromolecules.!>!%18 ROMP is a chain growth polymerization process where cyclic olefin
monomers are converted into polymer. The unsaturation associated with the monomer is conserved
in the resulting polymer in ROMP, which distinguishes it from conventional olefin addition
polymerizations. Similar to other olefin metathesis reactions, ROMP is generally reversible. All

the processes in the mechanism can also proceed in the opposite direction. However, the
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equilibrium can be controlled and predicted by analyzing the thermodynamics of the
polymerization. As a ring-opening process, the reaction from monomer to polymer is driven from
the release of strain associated with cyclic olefin (“ring strain”), balanced by an entropic penalty.
Generally, monomers with greater ring strains are more reactive in a ROMP %117

Norbornene (NB) is a cyclic seven-membered ring that exhibits high ring strain energy
(27.2 kcal/mol) and superior reactivity in ROMP. During ROMP, both intermolecular and
intramolecular chain transfer (“backbiting”) can occur.!” In those secondary metathesis reactions,
one polymer chain containing an active metal alkylidene on its terminus can react with either olefin
along the backbone of a different polymer chain or olefin on the same chain to release a cyclic
species. Secondary metathesis reactions will not affect the total number of chains but influence the
molecular weight distribution of the polymer. Therefore, the polydispersity of polymers obtained
through ROMP can vary based on the degree of secondary metathesis reactions. The catalysts used
in ROMP have been evolved for decades, and the discovery of Grubb’s catalyst provides

researchers the ability to reduce the chain transfer in ROMP and obtain nearly monodisperse

polymers (PDI < 1.1). &17.19
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Surface-initiated ring-opening metathesis polymerization (SiROMP) is the implementation
of ROMP directly on the surface (Figure 2.1). SIROMP has emerged as a novel and versatile SIP
technique over the past two decades. Compared to other types of SIP, SIROMP shows more rapid
initiation and polymerization due to the continuously developed and improved SIROMP catalysts
by Grubbs and others.%!#-17:20 During SIROMP, either alkene functional groups or cyclic olefin
functional derivatives are first immobilized on the surface, followed by the immobilization of the
initiators on the surface to initiate the polymerization process.>**! SIROMP can provide high

initiation rate and polymerization rate under mild condition compared to other SIPs.3#2!

Hydroxamic Acid and Metal Chelation

Metal-chelating polymers are polymer compounds with multidentate functional groups,
which can react with metal ions to form chelated materials. In the past few decades, research on
metal-chelating polymers has developed rapidly and attracted attention from both academia and

industry because of the important utilization of these polymers in various areas, such as

22-26 27-29 30,31

environmental protection, medical therapy, and analytical separations.

Among various chelating ligands, hydroxamic acid groups are widely utilized and known
to effectively chelate many different metal ions. Hydroxamic acids have been widely applied in
medical therapy because of their wide spectrum of biological activities.*’3* For example, Krasavin

et al.?

utilized cyclic hydroxamic acids in the design of chelating agents for iron overload disease
therapy. They also investigated the application of cyclic hydroxamic acids in antibiotic delivery

across the bacterial cell wall due to the structural analogy of cyclic hydroxamic acids to bacterial

siderophores (iron-binding compounds). Industrially, hydroxamic acids can also serve as anti-
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oxidants, corrosion inhibitors, and extractors of toxic elements.>® In addition, polymers with
hydroxamic acid ligands are prevalent among those metal chelating polymers and have been well
developed due to their straightforward preparation via post-modification from carboxylic acids,
esters, or acyl chlorides.?637#! The first successful preparation of hydroxamic acid polymers can
be traced back to the 1950s. Kern & Schultz achieved 80 % hydroxamic acid conversion through
a reaction of poly(methyl acrylate) with hydroxylamine.?” Since then, hydroxamic acid modified
polymers have been studied extensively and widely utilized in separation of metal ions and water
treatments.?%374! Abdullah et al. modified cellulose with hydroxamic acids and utilized them in
the removal of transition metals such as Fe**, Cu®*, Co**, Ni**, and Cr**from water.?> Kumar et
al. synthesized hydroxamic acid polymers from acyl amine and applied them in cartridges to
determine the concentration of rare earth metals in sea water.?® The salts in high concentration all
pass through the cartridge, while rare earth metal ions become captured by chelation via the
hydroxamic acid film. Then, these ions can be retrieved in acid solution, and their concentration
can be determined.

In this thesis, I investigate a new type of hydroxamic acid-modified polymer film prepared
by SiROMP, study the effect of the chelated metals on film properties, and explore the potential

feasibility of utilizing our hydroxamic acid-modified film in corrosion detection.

pH-responsive Polymers

“Smart” polymers are a class of polymers that can undergo significant changes in physical
or chemical properties responding to surrounding stimuli, such as temperature, pH, chemical

42-44

agents, magnetic fields, electrical fields, etc. pH-responsive polymers are a group of “smart”

polymers that become ionized at a certain pH to greatly alter their film properties.*? pH-
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responsive polymers usually undergo changes in surface properties, barrier properties, and
polymer structure when pH reversibly ionizes the film.*>-52 The special pH-responsive behavior of

those polymers has impacted chemical sensors,”® membrane separations,*’#83%! drug delivery,

49,52 51,54

and dynamic surfaces.
The pH-responsive properties are due to the ionizable moieties in the polymer.*6->3¢ The
ionizable groups become protonated/deprotonated depending on pH change, and this change
results in a hydrophobic/hydrophilic property switch of the polymer.#%-33->¢ The change in polymer-
water interaction can be easily applied in the tuning of surface properties such as wettability
switching. For example, Cho et al.’! designed a smart fabric with a copolymer film, poly[2-
(diisopropylamino)ethylmethacrylate-co-3-(trimethoxysilyl)propyl
methacrylate][poly(DPAEMA-co-TSPM)], which can switch between superhydrophobicity and
superhydrophilicity between pH 2 and pH 12. By tuning the surface properties, Luo et al developed
a pH-induced oil/water separation membrane with poly(methyl methacrylate)-block-poly(4-
vinylpyridine) (PMMA-b-P4VP).>* The copolymers demonstrate high hydrophilicity and high
(under water) oleophobicity when pH < 3 and vice versa, which offers a switchable
hydrophilicity/oleophilicity for oil/water separation.
The change in water affinity also leads to structural changes of the polymer in aqueous
solution. Polymers can undergo a swelling or collapsing process at different pH levels as the

46474952 The pH-responsive structural change

ionized film absorbs water and ions from solution.
can be utilized in pore size adjustments for membranes, microfluidic control, as well as drug

encapsulation and release. For example, Sun et al.’? developed pH-responsive drug delivery

microdevices by embedding the pH-responsive poly(N-isopropylacrylamide-co- methacrylic acid)
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nanoparticles into a composite membrane. The device they developed significantly increased the
amount of drug release in acidic environments.

In this thesis, I report a unique approach to prepare a pH-responsive, random copolymer
films via surface-initiated ROMP and post-polymerization modification, which provides fast film
preparation plus sensitive, reversible, and repeatable pH-responsive performance with great

controllability and a narrow range of pH stimulus.

Tonic Liquids (IL) and Polymer/IL Binary Systems

As molten organic salts at ambient temperature, ionic liquids possess a variety of unique properties
such as chemical, thermal, and photocatalytic stability, negligible vapor pressure,
nonflammability, and relatively high ionic conductivity, which has led to their investigation as
solvents, catalysts, lubricants, electrolytes, and polymer plasticizers.>’~° The beauty of ILs comes
from their tunability of properties based on the molecular design of the cation and anion.>’-°! The
IL structure and the resulting interactions between anions and large asymmetric cations determine
its dielectric constant, conductivity, surface tension, and viscosity.’’-¢! By interchanging the ionic
components, researchers are able to achieve a large range of properties for the many applications
of TLs.>7-!

The utilization of ILs in polymer science has gained much attention because the utilization
of pure ILs is limited by their liquid phase.>*%° For applications such as membranes, lubricating
coatings, and media for ion conduction, the unique properties of ILs are favorable, but the liquid
phase lacks the requisite structural integrity.® Two main areas of investigation have been
poly(ionic liquid)s (PILs)*%®! and polymer-IL gels.5>-%7 PILs are prepared from polymerization of

IL-based monomers so that the anion or cation of the IL is chemically bound to the polymer
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backbone,’® ¢! while polymer-IL gels are binary systems in which ILs physically interact with the
polymer matrix. The main advantage of polymer/IL gels is the higher mobility of these untethered
ions as compared to that in PILs, where ions are stably bound to the backbone structure. The
existence of the relatively free ILs in the polymer matrix also improves the liquid behavior of the
film, which is relevant in applications where phase transition is critical, such as smart materials.®?
Polymer-IL compatible binary systems were first studied by Winterton et al.,® who combined
imidazolium-based ILs with cross-linked polymer membranes for use in catalytic reactors.
Polymer-IL binary systems gained attention after this first success, since they not only stabilized
the ILs while maintaining their unique properties but also enhanced the thermal stability and ion

conductivity of the polymer matrix.63-63

{: S Monomer
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Figure 2.2. Preparation of ion gels by two common methods: polymerizing monomers in ILs and

mixing pre-synthesized polymers in ILs.

Currently, polymer-IL systems are mainly prepared by two methods (Figure 2.2).5>-6> One
method is direct in situ polymerization of monomers in the IL environment. Noda and Watanabe
reported the preparation of polymer gels containing room temperature ILs for applications as
polymer electrolytes. They observed that common vinyl monomers could be successfully
polymerized in the IL.%® Good compatibility of the resulting polymer film can be achieved in
various polymer concentrations and over a wide range of temperatures. Watanabe and co-workers
also showed that in certain cases, the glass transition temperature (Tg) of the polymer-IL gel will
decrease with an increase in the mole fraction of IL.°%%° Yu et al. also prepared a transparent
[bmim][BF4]/polystyrene membrane via microemulsion polymerization.”’ The second method of
polymer-IL preparation is the direct mixing of the pre-synthesized polymer with an IL.”"7? For
instance, Tejwant and co-workers dissolved the biopolymer agarose into several imidazolium-
based ionic liquids to create ion gel materials.”! Vidinha et al. prepared transparent ion gels with
gelatin dissolved in different ionic liquids and applied them in electrochemical devices.”? These
two methods have been widely used in polymer-IL gel preparations for many applications such as
polymer electrolytes, gas separation membranes, and smart materials.

In this thesis, I provide a new method to prepare polymer/IL composite films on surfaces
by swelling a surface-initiated polymer film in an appropriate organic solvent to enable ion liquid
incorporation, which has great control on the polymer/IL composite composition and enables the

incorporation of various ILs.
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CHAPTER III

EXPERIMENTAL PROCEDURES AND CHARACTERIZATION METHODS

Experimental Procedures
Materials

Gold shot (99.99%) was obtained from J&J Materials, and chromium-coated tungsten rods
were obtained from R.D. Mathis. Silicon wafers (100%) were obtained from WRS materials.
Deionized water (10 MQ) was purified by using a Millipore Elix filtration system.

The following chemicals were obtained and used as received from Sigma-Aldrich: 4-
mercapto-1-butanol (95%), Grubbs catalyst 2" generation [(H2IMes)(PCy3)(Cl):Ru=CHPh], 3-
bromopyridine, dicyclopentadiene (98%), ethylamine solution (2M) in THF, and 1-butyl-3-
methylimidazolium hexafluorophosphate ([bmim][PF]).

The following chemicals were obtained and used as received from Fisher Scientific:
dichloromethane (DCM), chloroform, toluene, N,N-dimethylformamide, ethanol (200 Proof),
methanol, 1-propanol, 1-butanol, 1-octanol, 1-dodecanol, 1-hexadecanol, dimethylethanolamine,
aniline, fluorescein, pentane, hexadecane, hydroxylamine hydrochloride, iron (II) sulfate
heptahydrate, copper (II) sulfate pentahydrate, cobalt (II) sulfate heptahydrate, nickel (II) sulfate
hexahydrate, zinc (II) chloride, iron (III) chloride anhydrous, zirconium (IV) chloride, potassium
hydroxide, copper foil (0.025 mm thick), 0.1 M hydrochloric acid, 0.1 M sodium hydroxide,
sodium bicarbonate, sodium carbonate, potassium hydrogen phthalate, sodium phosphate
monobasic, hydrochloric acid, lithium perchlorate (LiClOs), potassium hexafluorophosphate

(KPF¢), and premium plain microscope slides.
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The following chemicals were obtained and used as received from IoLiTec lonic Liquids
Technologies, Inc: 1-hexyl-3-methylimidazolium hexafluorophosphate ([hmim][PFs]), 1-butyl-3-
methylimidazolium tetrafluoroborate ([bmim][BF4]), 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide  ([bmim][NTf;]), and 1-butyl-3  methylimidazolium
trifluoromethanesulfonate ([bmim][OTf]).

Quartz crystal microbalance with dissipation (QCM-D) sensor crystals (quartz, 4.95 MHz,
14 mm diameter, polished, AT-cut with gold electrodes) were obtained from Biolin Scientific.

Ag/AgCl reference electrodes were obtained from CH Instruments, Inc.

Preparation of Gold Substrates

Silicon wafers were rinsed with deionized water and ethanol and then dried in a nitrogen
stream. Chromium (100 A) and gold (1250 A) were evaporated onto the cleaned silicon wafers at

arate < 2 A/s in a diffusion pumped chamber at a base pressure of 4x10° torr. The wafers then

were typically cut into 1.2 cm x 4 cm samples after evaporation.

Synthesis of [(H2IMes)(3-Brpy)2(C1)2Ru=CHPh] (Grubbs Catalyst 3" Generation)

[(H2IMes)(3-Brpy)2(Cl)Ru=CHPh] (Grubbs catalyst 3rd generation) was synthesized as described
by Love et al.! Grubbs second generation catalyst (0.5 g, 0.59 mmol) and 3-bromopyridine (0.94g,
5.9 mmol) were added to a 20 mL vial. The reaction was stirred for 5 min, with a color change
from scarlet red to bright green. Pentane (20 mL) was added into the vial to remove the extra 3-
bromopyridine, 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 Grubbs 3™ generation catalyst as a green powder.
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Preparation of Grubbs Catalyst-Modified Surface

The gold-coated wafers were placed into 1 mM ethanolic solution of 4-mercapto-1-butanol for at
least 1 h to yield a hydroxyl-terminated self-assembled monolayer (SAM) on the gold surface. The
films were subsequently rinsed with ethanol, water, and ethanol and dried in a stream of nitrogen,
followed by exposure to a 5 mM solution of NBDAC in DCM for at least 30 min to yield the
acylation product of a surface-tethered norbornenyl group.? The norbornenyl-modified substrates
were rinsed with DCM, ethanol, water, and ethanol and dried in a stream of nitrogen. Then the
substrates were exposed to a 5 mM solution of Grubbs 3rd generation catalyst ([(H2IMes)(3-

Brpy)2(Cl);Ru=CHPh]) in DCM for 12 min.

Characterization Methods

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

Infrared (IR) spectroscopy is a technique that measures the vibrational behavior of different
molecular groups at different wavelengths.’>> Reflectance adsorption infrared spectroscopy
(RAIRS) is one of the reflection IR techniques that involves a single external reflection of IR
radiation at a reflective surface that is coated by an organic layer/film. The reflected radiation is
measured, and the vibrational spectrum depends on the optical constants of the coated layer/film
and the substrate and the angle of incidence and the polarization of the incident IR radiation.
However, regular RAIRS has several drawbacks, such as signal interference caused by water vapor
and carbon dioxide in the surrounding environment, aberrant spectra due to low signal-to-noise

ratio, and long acquisition times. The use of PM-IRRAS can overcome the disadvantages of
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regular RAIRS. In PM-IRRAS, the differential absorption spectrum of a sample can be obtained

as AR/R#*%7
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where I, is the intensity of the parallel polarized radiation component with respect to the plane of

incidence (p-polarized), I is the intensity of the perpendicularly polarized radiation component (s-
polarized). In PM-IRRAS, only p-polarized light interacts with the surface of sample so that the
differential reflectance spectrum provides a direct measurement of the vibrational spectrum of the
molecular structures in the film without a background reference.*’ At the same time, the effect of
the water and carbon dioxide vapor to the spectrum is eliminated by using PM-IRRAS. In addition,
PM-IRRAS provides a higher surface absorption sensitivity than does RAIRS since the
spectrometer and background fluctuations are taken into account during each mirror scan.*%’

In this thesis, PM-IRRAS is used to investigate the composition and crystallinity of the
many obtained polymer films (Chapter IV, V, VI) and to study the incorporation of ionic liquids
(ILs) in polydicyclopentadiene (pDCPD) to prepare ionogel films. Polarization modulation-
infrared reflectance-absorption spectroscopy (PM-IRRAS) was performed using a Bruker Tensor
27 Fourier transform infrared spectrometer equipped with a PEM-90 photoelastic modulator
(Hinds Instruments) and a liquid-nitrogen cooled mercury-cadmium-telluride (MCT) detector with
a non-dichroic BaF> window. The source beam employed a half-wavelength (A/2) retardation

modulated at a frequency of 50 kHz and was set at an 85° angle of incidence to the sample surface.

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

Contact angle measurement is a method that describes the hydrophobic and hydrophilic
behavior of material surfaces. When a liquid drop is resting on a flat, horizontal solid surface, the
drop forms a contact angle, 6, which is defined as the angle formed by the intersection of the liquid-
solid interface and the liquid-vapor interface as Figure 3.1 shows.® A small contact angle is
achieved when the liquid drop spreads on the surface, while a large contact angle is achieved if the
liquid beads up on the surface. The shape of the liquid drop on the surface is determined by the
surface tensions of the solid-liquid system. Thomas Young first described the contact angle 6 in

terms of three interfacial tensions as shown in Equation 3.2:

Vsv — VsL (3.2)

cosbly =
Yiv

where Ygy, Vsi., Yy represents the solid-vapor, solid-liquid, liquid-vapor interfacial tensions, and

Oy is referred as Young’s contact angle.®’
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Figure 3.1 Illustration of contact angles formed by liquid drops on a smooth solid surface.

However, in practice, the static contact angle is not adequate to represent the wetting
behavior of the surface since there exist many metastable states of a liquid droplet on a solid. Thus,
dynamic contact angles are often measured for characterization. The contact angle formed by
expanding the three-phase contact line is referred as the advancing contact angle 8,, while that
formed by contracting the line is referred as the receding contact angle, 8,., and the difference

between the advancing and receding contact angles is called hysteresis (H), which is mainly
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affected by surface roughness and chemical heterogeneity. If the films surface is rough or

compositionally heterogeneous, the hysteresis will increase:®’

H=0,— 6, (3.3)

— —
—_— —_— —
Advancing Receding

Figure 3.2 Illustration of advancing and receding contact angle measurements

In Chapter 1V, water contact angles were obtained to quanlitatively assess the wetting
properties of the polymer film surfaces. A Rame-Hart manual contact angle goniometer with a
microliter syringe was used to measure the advancing and receding contact angles of static drops
of water on the film surfaces. The contact angle measurements were taken on both sides of
approximately 5 pL drops. The needle tip of the syringe remained inside the probe droplet during
measurements. The reported values and ranges represent the averages and standard deviations from
three independently prepared samples with three measurements per sample.

Electrochemical Impedance Spectroscopy (EIS)

EIS is a non-destructive method that can be used to determine the ionic barrier properties

of thin films. In EIS, a small frequency-alternating sinusoidal potential perturbation is applied, and
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the current corresponding to the perturbation is collected at each frequency.! The overall

impedance (Z) at each frequency can be determined by using the following equation:

_E@®)  Ejcos(wt) cos (wt) (3.4)
B I(t) ~ I,cos (wt — ) — “Ycos (wt — ¢)

where E (t) is the applied perturbation potential at time t, I (t) is the corresponding current at that
time, E, is the amplitude of the sinusoidal potential, I, is the amplitude of the corresponding
current, w is the radial frequency (equals to 2 f, where f is the frequency in Hz), ¢ is the phase
angle, and Z, is the magnitude of the impedance.

The magnitude of Z can be expressed as:

|Z|2 = (ZRE)2 + (ZIM)2 (3.5)

where Zgg is the real part of the impedance and is expressed as the resistance:

Zep = R (3.6)

and Z,, is the imaginary part of the impedance and can be expressed as:

(3.7)

iy = T
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where C is capacitance, and j is the imaginary unit.

EIS spectra can be presented in a Bode magnitude plot in which impedance (in logarithm
scale) and phase angle are plotted as a function of log frequency. The impedance behavior of the
film can be fully demonstrated by the Bode plot. If the Bode plot shows a straight line with a slope
of -1, and the phase angle is at -90°, then the layer/thin film demonstrates perfect capacitance
behavior to separate the ions in solution from the underlying electrode surface. If an impedance
plateau is achieved in the Bode plot and the phase angle is 0°, the layer/thin film behaves as a pure
resistor to the transfer of ions. The results of the EIS measurements can be fit with an equivalent
circuit of resistors and capacitors to obtain physical and quantitative meaning of the data. The two
main equivalent circuits used in this thesis are shown in Figure 3.3 and Figure 3.4. In Figure 3.3,
the impedance response at low frequency comes from the interface, the impedance response at
high frequency comes from the electrolyte solution, while that at middle frequency is from the
coated polymer film and corresponds to the combination of resistance and capacitance effects of
the film. The Bode plot can also demonstrate the time required for ionic transport through the

polymer film.
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Figure 3.3 Equivalent circuit model used to model a surface-tethered polymer thin film on an
electrode surface. The two-time-constant circuit model consists of a solution resistance (Rs), film

capacitance (Cy), film resistance (Ry), interfacial capacitance (C;i), and interfacial resistance (R;)

If the polymer films possess high impedance against ion transfer such that ions cannot
penetrate the film to reach the interface even at the lowest frequency, the effects of the interface
do not appear in the spectrum and therefore, these items can be removed from the equivalent

circuit. The simplified equivalent circuit is shown as Figure 3.4.
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Figure 3.4: Equivalent circuit model used to model a surface-tethered polymer thin film when the
film resistance is significantly higher than the interfacial impedance so that the latter is not present
in the spectrum. The model consists of a solution resistance (Rs), a film capacitance (Cs), and a

film resistance (Ry)

In Chapter 1V, V, VI, and VII, EIS was performed with a Gamry Instruments Reference
600 potentiostat interfaced to a computer. Measurements were conducted in an electrochemical
cell to limit the testing area to 1 cm? of each sample. The experiment set up is demonstrated in
Figure 3.5 In Chapter IV and V, the electrochemical cell consisted of an aqueous solution of 0.1
M KCI with a Ag/AgCI/KCI (3 M) reference electrode, a gold-coated silicon substrate that was
coated with the polymer film as the working electrode, and a gold-coated silicon substrate as the

counter electrode. In Chapter VI, pH buffer solutions (pH 4 — 11) (buffer preparation included in
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Chapter VI) were used as the electrolytes. A 5 mV AC voltage was applied to perturb the cell. The
frequency of the AC voltage was varied from 100 kHz to 0.1 Hz with 10 points per decade.

In Chapter VII, the electrochemical cell consisted of an ionic liquid, [bmim][PF6], as
electrolyte in a two-electrode cell. The gold substrate with the pDCPD-IL gel film served as the
working electrode, while a clean gold substrate on top served as the counter electrode. A 5 mV
AC voltage was applied to perturb the cell. The frequency of the AC voltage was varied from 100
kHz to 1 Hz with 10 points per decade. Equivalent circuits shown in Figure 3.3 and Figure 3.4

were employed to fit the spectra to determine the electrochemical parameters of the films.

Counter Electrode ‘ Reference Electrode

Electrolyte /

Contact area: 1 cm? Working Electrode

Figure 3.5: Demonstration of an electrochemical cell and the three-electrode system used in EIS

measurements
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Profilometry

Surface roughness and film thickness can be determined via various methods, such as
stylus profiler (SP), AFM, and non-contact optical profiler. Compared to a non-contact optical
profiler such as an ellipsometer, the contact methods like SP and AFM also provide the scanning
contour profile, which can demonstrate the surface roughness and basic topography. SP and AFM
are both contact techniques, while SP collects the data on the larger order of mm and requires
much less experimental time consumption as compared to AFM.!! A stylus profiler consists of a
tip on the end of a cartilever, and surface measurements are performed as the stylus moves across
the surface at a constant velocity, following its contour, to obtain the surface height variation. The
vertical displacement of the stylus is translated into a transducer voltage so that the surface contour
data can be collected after appropriate calibration.!?

In this thesis, a SP is used to measure polymer thin film thickness (Chapter IV and Chapter
VII) and roughness (Chapter VII and Appendix). The surface contour data of the surface-tethered
films were collected, with film thickness reported as the mean height variation for the film from
the baseline and film roughness as the root mean square roughness (Rq) of the contour.
Profilometric thickness and roughness were determined using a Veeco Dektak 150 profiler with a
stylus of 12.5 um radius and 3 mg of force with a 0.28 pm/sample data collection rate. Thickness
was estimated by scratching the film surface down to the metal, scanning 1 mm across the scratch,
and plane-fitting the scan results using the instrument software. Reported values represent the

averages and standard deviations of at least three independent samples.
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Quartz Crystal Microbalance with Dissipation (QCM-D)

QCM-D is a technique that measures the frequency shifts and energy dissipation of a quartz
crystal sensor in a precise way and allows the calculation of added mass, water interaction, and
viscoelastic properties of materials deposited onto the sensor by applying models related to the
change of frequency and dissipation.'* In a QCM-D measurement, an alternating current (AC)
voltage is applied to excite the crystal to oscillation at its fundamental resonant frequency. By
periodically connecting and disconnecting the crystal from the AC voltage, frequency (f) and
dissipation (D) can be determined by fitting the decay of the oscillation.!*!3

In this thesis, QCM-D was used to determine the water interaction and viscoelastic
properties of the surface-initiated films. Polymer films were grown on the gold electrodes of the
quartz crystal sensor via SIROMP. In Chapter V and VI, QCM-D was performed with a Biolin
Scientific Q-Sense E4 interfaced to a computer and an ISMATEC IPC pump. The QCM-D
measurements were performed at 25 °C. In Chpater V, all fand D measurements were collected at
a rate of 200 times per second in ultrapure water or 5 mM FeSO4 solution at a flow rate of 100
pL/min. In Chapter VI, different pH buffer solutions (pH 4-11) at a flow rate of 100 pL/min were
used. A clean, pretreated quartz crystal was first analyzed by QCM-D with ultrapure (18.2 MQ-cm)
water at a flow rate of 100 pL/min, and the collected measurements were used as the reference
baseline for the data analysis.

In Chapter VII, QCM-D was performed at 25 °C in air with a Biolin Scientific Q-Sense E4
interfaced to a computer . All f and D measurements are collected at a rate of 200 times per second.
A clean, pretreated quartz crystal was first analyzed by QCM-D in air, and the collected

measurements were used as the reference baseline for the data analysis.
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CHAPTER IV

SURFACE-INITIATED POLYMERIZATION OF TRANS-5-NORBORNENE-2,3-
DICARBONYL CHLORIDE: A VERSATILE PLATFORM FOR TAILORED

POLYMER FILM COMPOSITIONS

Introduction
Functional polymer films attract substantial attention from both industry and academia due
to their ability to tailor the properties of surfaces!-? such as corrosion resistance,® wear resistance,*
lubrication,>® biocompatibility.”® Many film preparation techniques have been developed onver

last decades, such as spin coating,’ dip coating,!? layer-by-layer assembly,!!

and Langmuir—
Blodgett deposition.!? Surface-initiated polymerization (SIP) is a bottom-up technique for the
preparation of robust polymer thin films that offers many attractive advantages, such as high
stability, dense grafting, thickness controllability, geometric adaptiveness, and simple
separations.!3~1> Among the several polymerization methods of SIP, surface-initiated ring opening
metathesis polymerization (SiIROMP) is unique because of the rapid initiation and polymerization
under mild conditions and good control over film thickness from tens to thousands of
nanometers.!>~!® However, preparation of functional polymer films using SIROMP is still limited
due to the low availability of functional polymerizable monomers. Finding a method that can
impart various functionalities to polymer films prepared by SIROMP is necessary to exploit its
many advantages toward applications.

In this Chapter, I report a method to prepare thin polymer films with various functionalities

by Si-ROMP followed by simple modifications that are driven to completion. Acyl chloride groups
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are highly reactive toward water, alcohols, and amines at room temperature.!”® Therefore, if
polymers with acyl chloride groups can be prepared, the simple modification of polymer films to
introduce versatile compositions can be achieved. A few polymer scientists have synthesized acyl
chloride-containing polymers in solution and esterified the reactive pendant groups to prepare
functionalized polymers.?°~? In fact, Hanson et al. reported polymerizations of NBDAC from both
solution and surfaces,?*-** but they only utilized the obtained pNBDAC as scavengers, not in a
platform to introduce other functionalities. Also, they achieved the SIP on nanoparticles, which do
not require a significant film growth to alter surface properties. Employing a similar approach on
flat surfaces, as we have performed herein, does not produce sufficient polymer growth for
detection with IR spectroscopy (vide infra). Beyond the limits of these investigations, polymers
with acyl chloride groups have not gained much attention and are not well established in studies
of polymer thin films.

In this chapter, I report the preparation of poly(trans-5-norbornene-2,3-dicarbonyl
chloride) (pNBDAC)) by surface-initiated ring-opening metathesis polymerization (SiROMP) of
the monomer from the vapor phase. SIPs in vapor phase not only allow for a reduction of solvent
consumption and high purity of monomer, but also reduce occurrence of secondary metathesis
reactions with a reduced polymer chain mobility at the vapor/solid interface. We prepare the
pNBDAC films and use them as reactive intermediates to introduce various functionalities by
simple acylation reactions to produce ester and amide linkages in high yield. We show that this
modification method can routinely prepare many types of polymer films, all from a common base
film of pNBDAC, with distinct functionalities to generate a wide range of film and surface

properties.
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Experimental Methods

Polymerization and Post-polymerization Modification

H,O
/
o
SiROMP CHj3(CHy),.4OH
| C —_— -
o © cl ol /
Vapor
—_
/ CH3(CHy)n.1NH, / X
—_— ’,”
i o=( ‘o /
NH HN
H2n+1cn/ CnHZn+1

Figure 4.1. Polymerization of NBDAC and its modification with water, n-alcohols, or n-amines.

Polymerization of pNBDAC was accomplished in the vapor phase. The ROMP-active
substrates removed from the Grubbs 3™ generation catalyst solution were quickly rinsed with
DCM, dried in a stream of nitrogen, and immediately placed into a pre-heated reaction vial (65
°C) containing pure liquid NBDAC monomer (Figure 4.1a). NBDAC monomers from the vapor
phase were then polymerized from the catalyst-modified surface to form a smooth thin film. After
the surface-initiated polymerization in the vial, the substrates were quickly rinsed with DCM to
remove any additional monomer on the film surface and then the pPNBDAC-coated gold substrates

were immediately rinsed with DCM, dried, and then exposed to water, ethanol, or a 0.2 M
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ethylamine solution in THF for 30 min. The substrates were then dried in a stream of nitrogen.

Figure 4.1 shows the polymerization and basic modification of pNBDAC.

Results and Discussion

Preparation of pNBDAC Films on Gold Surfaces

Exposure of gold substrates modified with Grubbs third-generation catalyst [(H2IMes)(3-
Brpy)2(Cl)2Ru=CHPh] to solutions of NBDAC in DCM or to neat NBDAC liquid monomer result
in little growth of polymer from the surface. However, exposure of the same substrates to the vapor
of NBDAC rapidly yielded robust polymer films on the surface. PM-IRRAS was used to confirm
the successful preparation of the pPNBDAC films on the surface and identify the functional groups
in the film after modification. Figure 4.2 shows the PM-IRRAS of the pPNBDAC film prepared by
polymerization from the vapor phase. Considering that the chloride groups in the film may react
with the water molecules in the ambient air, the obtained pNBDAC films were stored in DCM
solution before the IR measurements. The spectrum of the pNBDAC films shows absorption bands
due to C=0 stretching of the acyl chloride (1794 cm™), Cyp3-H in-plane bending (1430-1500 cm
1, Csp3-H out-of-plane bending (1300-1400 cm™), and Csp2-H out of plane bending (900-1100 cm-

1. The spectrum indicates the successful SIROMP of NBDAC from the vapor phase.
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Figure 4.2. FTIR spectra of pNBDAC and polymer films obtained by modifying pNBDAC with
water, ethanol, and ethyl amine to create pendant -COOH, -COOEt, and -CONHE functionality
within the film. FTIR spectra of pNBDAC films after exposure to aniline, fluorescein, and
dimethylethanolamine demonstrate that larger and more diverse molecular groups can be

introduced as pendant side chains by this approach.
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Kinetics of Film Growth

To investigate the SIROMP of NBDAC in the vapor phase and examine the control over
film growth, the kinetics of pPNBDAC film growth was examined. Polymer films were grown for
different polymerization times ranging from 1 to 10 min. Since pNBDAC is not stable long-term
in the ambient air, we modified all the samples with water to produce stable, pendant -CO,H
groups before measuring the thicknesses. To model the data, the film thickness as a function of

time can be given as

KMm,
d = (
kep

)@= ekt (@.1)

where K is a rate constant that expresses both the initiation and propagation of the polymerization
process, M is the concentration of the monomer, mg is the mass of the monomer unit, k; is the
termination rate constant, and p is the density of the polymer film.!”-!8 The approximate monomer
concentration in the vapor phase can be calculated as 4.3 mM using the Clausius Clapeyron
equation.!” The density of the polymer film was assumed to be approximately the density of the
monomer (1.35 g/cm?). The rate constants were calculated by fitting the experimental data with
Eq 4.1. The fitted propagation rate constant K is 3.8 x 10° + 0.3 x 10 m/s and the fitted
termination rate constant k¢ is 6.7 x 10 + 1.2 x 102 s’'. The kinetics investigation shows that the
rapid polymerization of NBDAC occurs from the vapor phase and that film thickness can be
controlled up to 370 nm based on polymerization time under these conditions. As a comparison,
our group has studied the SIROMP of polydicyclopentadiene from the vapor phase in previous

work,!” which has an even faster propagation with K of 1.5 x 10* + 0.5 x 10* m/s and k of 0.04

+0.01 s,
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Figure 4.3. Kinetics plot of pPNBDAC film growth via Si-ROMP of NBDAC from the vapor phase
at 65 °C. Thicknesses were determined by profilometry. The approximate vapor-phase
concentration of NBDAC was 4.3 mM. The data were fit with Equation 4.1 to determine

propagation and termination rate constants.

Post-polymerization Modification of pNBDAC Films

Although pNBDAC is too unstable to be utilized as a polymer film long term, it is a very
effective intermediate to produce stable polymer films with other functional groups via post-
polymerization modification due to the fast and versatile reactions between pendant acyl chlorides

and other reagents. Therefore, we investigated the feasibility of modifying pNBDAC films to
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obtain polymer films with pendant carboxylic acids (-COOH), ethyl esters (-COOEt,) and ethyl
amides (-CONHE:?) by reacting the polymer film with water, ethanol, and ethylamine, respectively.
The IR spectra of polymer films containing pendant -CO;H, -COzEt, and -CONHEt side groups
are shown in Figure 4.2, together with the IR spectrum of pNBDAC. The spectrum of the CO,H-
modified film shows absorption bands due to the stretching of C=0 (1726 cm!) and C-O (1200-
1350 cm™!) in carboxylic acids. The spectrum of the EtO,C-modified film shows absorption bands
due to the stretching of C=0 (1738 cm!) and C-O (1130-1300 cm!) of esters. The spectrum of
the -CONHEt modified film shows absorption bands due to C=0 stretching (1657 cm™') and N-H
bending (1557 cm™!) in amides. Importantly, these spectra also show the complete diminution of
the C=O stretching at 1794 cm™! due to the acyl chloride functionality to signal complete
modification of the original pNBDAC film with these three different pendant functional groups.
These results confirm the feasibility of utilizing pNBDAC films as the intermediate to prepare
other functional groups. By extending the modification agent to any type of alcohol, phenol, amine,
or any other molecule with functional groups that react with acyl chlorides, we can prepare an
unlimited array of surface-attached polymer films using this pNBDAC modification method.

We also examined the modification of pPNBDAC with larger molecular reagents and those
beyond simple alcohols and amines to confirm the versatility of the modification method. The
grown pNBDAC films were exposed overnight to (1) aniline, (2) 0.01 M fluorescein in acetone,
and (3) dimethylethanolamine, and PM-IRRAS measurements were taken after the modification
process. The modification of the pPNBDAC film with aniline demonstrates that the aromatic groups
can also be introduced quantitatively into the film. The IR spectrum of the formed anilide shows
absorption bands due to C=0 stretching (1668 cm™), aromatic C=C ring stretching (1500-1610

cm!), and C-N stretching (1250 cm™ and 1310 cm™). The IR spectra of fluorescein modified film
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shows a shift of C=0 stretching absorption band from 1794 cm™! to 1769 cm™!, which signals the
successful incorporation of large functional group fluorescein into the film. The C=0 stretching
absorption band is much broader due to the introduced carboxylic acid and phenyl ester groups in
fluorescein. A small absorption band is still observed around 1794 cm!, which means that a small
portion of the acyl chloride groups in the film are not modified. The two acyl chloride groups at
the repeating unit are proximal, which may result in a steric limitation for the complete
modification with larger functionality. Quantitative modification of pNBDAC with
dimethylethanolamine, as further supported by new absorption bands due to C=O stretching of the
ester (1736 cm™) and C-N stretching (1270 ¢cm™), indicates that the method is tolerant of more

diverse functional groups than those imparted by unsubstituted n-alcohols or n-amines.

Modification of Film Properties

The feasibility of adding various functional groups to the pNBDAC films provides an
extremely powerful way to easily develop polymer films for targeted properties. Here, we modified
pNBDAC with various reagents and briefly characterized the introduced properties after the
modification.

As shown in Figure 4.2, pNBDAC films can react with water and dimethylaminoethanol
to obtain carboxylic acid-modified and tertiary amine-modified films. Carboxylic acids and
tertiary amines are commonly utilized in pH-responsive materials due to their ionization with
changes in solution pH, which result in a significant changes in the hydrophilicity and related
properties of the materials. We obtained both carboxylic acid-modified and tertiary amine-

modified films and measured their water contact angles at both pH 4 and pH 8 (Table 4.1). Films

55



were placed in pH 4/8 solutions for 2 min and dried. A 2uL droplet of corresponding pH solution

was dropped on the surface and contact angles were measured.

Table 4.1 Sessile drop contact angles of carboxylic acid-modified and tertiary amine-modified

films measured at pH 4 and pH 8 environments.

Films 0 at pH 4 0 at pH 8
Carboxylic Acid-Modified 67+2 14+1
Tertiary Amine-Modified 46 £2 67+3

Results in Table 4.1 show pH-driven changes in the contact angles of the modified polymer
films. Carboxylic acid-modified films demonstrate a remarkable increase in wettability (decrease
in 0) at higher pH because the acids are deprotonated to charged carboxylates to enhance their
interactions with water, while the tertiary amine-modified films show an opposite pH-responsive
behavior in that low pH results in a decrease in contact angle due to the ionization of tertiary
amines in the acidic environment. Both carboxylic acid-modified and tertiary amine-modified
groups demonstrate pH-responsive surface properties, which shows that simple modification of
pNBDAC is a versatile route to responsive film property design.

We also modified pNBDAC with n-alcohols with different alkyl chain lengths to
incrementally increase film hydrophobicity and examine its effect on film properties. Water,
methanol, ethanol, propanol, 1-butanol, and 1-octanol were used to modify the pNBDAC films via

overnight exposure. To achieve longer side chains, 0.1 M solutions of 1-dodecanol and 1-
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hexadecanol in DCM were used to modify the pPNBDAC films after a one-week exposure. Longer
exposure times were needed to approach complete modification for larger molecular groups.
Film Thicknesses. With increasing carbon chain lengths introduced by the reaction of
pNBDAC with n-alcohols, the film thicknesses were expected to increase as the film expands to
accommodate the larger side chains. Profilometric thickness changes of the films modified with
I-butanol (n = 4), 1-octanol (n = 8), 1-dodecanol (n = 12), and 1-hexadecanol (n = 16) were
investigated. Film thicknesses both before and after each ester modification were measured by
profilometry, and the ratios of the film thicknesses after modification to those before modification
were determined to assess the expansion of the film. As a basis for comparison, the thickness ratios
were also calculated based on the change of the molecular weight of the repeating unit. Figure 4.4
shows that the thickness ratios increase with the hydrocarbon chain length, and the trend of
thickness increase follows the calculated predictions based on molecular weight. The measured
thickness ratios are slightly greater than the predicted ones. Considering that the prediction is based
solely on molecular weight and not molecular volume, the difference of the measured and
predicted values are noted as minimal. Since four carbons were added to the side chain for each
modification, the increase in thickness ratio across each interval should be nearly constant. From
4 to 12, a linear increase in the thickness ratio is observed. However, when n changes from 12 to
16, the increase in thickness ratio corresponds to the prediction but deviates from the trend. The
result suggests that the modification of pNBDAC with 1-hexadecanol is not complete, as is
supported by the IR spectrum in Figure 4.4, which shows that 22% of the acyl chlorides remain in
the film after week-long exposure to 1-hexadecanol. Diffusion of the long-chain alcohol into the
film becomes constrained at high conversions, and the diminishing concentration of acyl chlorides

greatly slows the rate of modification.
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Figure 4.4. Measured and predicted thickness ratios of ester-modified films with different carbon

chain length. The predicted values are based on changes in molecular weight of the repeat unit.

To examine the structure and conversion of the resulting ester films, IR spectra were
collected for the films with different hydrocarbon chain lengths (n = 2, 4, 8, 12, and 16) (Figure
4.5). The absorption bands due to C=O stretching in the ester (1739 c¢cm') are narrow and
symmetric for n = 2 to 12, and combined with the complete disappearance of the C=O stretching
due to the acyl chlorides, these results are consistent with full modification of the film with pendant
ester side chains throughout. When n is increased to 16, a fraction (22%) of the original absorption
band due to C=0 stretching in the acyl chloride remains at 1810 cm™!, which demonstrates an
incomplete modification. The results are consistant with the thickness ratio investigation discussed
above, suggesting that a chain with 16 carbons is too large to overcome the steric hindrance to

fully modify the pPNBDAC film. An obvious change as we increase the chain length from 2 to 16
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is the significant increase in methylene stretching from 2920 cm! to 29507 as the polymethylene
groups comprise a greater volume fraction of the repeat unit. The methylene stretching peak
position also shifts from 2947 cm™ whenn =2, t0 2935 ¢cm ! when n =4, to 2928 cm™ when n=
8, 12, and to 2925 cm™ when n = 16. These peak positions are not indicative of highly crystalline,
trans-extended hydrocarbon chains and suggest that the side chains predominately exist in strained,
high gauche conformations. Another noticable change in the IR spectra from C; to Cis is at 1460-
1470 cm!, where the absoption band due to -CH bending is shown?>2%, A sharp peak appears at
this position when a longer hydrocarbon chain (n = 12, 16) is introduced, which suggests that these

films do exhibit a higher methylene crystallinity than those with shorter hydrocarbon side chains.
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Figure 4.5. IR spectra of ester-modified films with different hydrocarbon chain lengths.
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Surface Properties. The effect of hydrocarbon chain length on the measured water contact

angles of n-alcohol-modified pNBDAC is shown below in Table 4.2.

Table 4.2. Advancing and Receding Contact Angle Measurements of Water on Polymer Films

Modified with Water and n-Alcohols.

Functional Group 0. (°) 0: (°)
-CO2H 39+2 20+ 1
-CO2CH3 67+1 44 +2
-CO2C2Hs 80+ 1 56+3
-CO2C3Hy 89+1 64+3
-CO2C4Ho 9+1 53+£3
-CO2CsH17 116 £ 1 49+2
-CO2C12Hzs 1171 47+ 4
-CO2Ci6H3s 112+ 1 101 £ 1

The carboxylic acid modified films have the lowest contact angle due to the hydrophilicity
of the carboxylic acid group. The pH of the deionized water used here is 6.6, which may partially
deprotonate carboxylic acids to carboxylates and result in the lower advancing contact angle in
Table 4.2 as compared to the higher sessile contact angle at pH 4 in Table 4.1. As compared to the
pendant carboxylic acid groups, the use of n-alcohols to generate various alkyl esters causes the

film surface to become more hydrophobic. The films with methyl ester groups still result in a
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comparatively low contact angle because the more polar ester groups are expected to occupy a
portion of the surface. The table shows that the advancing contact angles generally increase as the
hydrocarbon chain length (n) increases from 1 to 8. As n increases, more hydrocarbon content is
introduced into the film, and the film surface is progressively dominated by the CH3(CHz), moiety.
Accordingly, the volume fraction of the ester group is reduced, decreasing its likelihood to be
present on the surface and resulting in lower surface energy and increased hydrophobicity of the
polymer film. The advancing contact angles for n = 16 are generally consistent with values
reported for dense methyl surfaces, implying that the alkyl chains are oriented more vertically at
the interface to expose the low energy methyl groups. The hysteresis is the difference between
advancing contact angle and the receding contact angle. For n = 16, the hysteresis dramatically
decreases, which demonstrates the chemical homogeneity and smoothness of the surface. When n
=8 or 12, instead, the contact angles are slightly higher than the values expected for a dense methyl
surface and high hystereses are obtained, suggesting the existence of surface heterogeneity and
roughness. To gain greater insight on these more hydrophobic films, contact angles with
hexadecane were measured for the films modified with 1-octanol, 1-dedecanol, and 1-
hexadecanol. Hexadecane has a greater sensitivity in distinguishing hydrocarbon structure, as a
surface dominated by -CHj3 groups will exhibit a hexadecane contact angle value of >40° whereas
—CH,- surfaces are nearly wet by hexadecane.?’” The measured contact angles for the long carbon
chain ester-modified films are 20 = 1° (n = §), 31 £ 1° (n = 12), and 44 £ 1° (n = 16). The
hexadecane contact angles show the chemical heterogeneity of the films when n = 8 and 12 and

support the view of a dense methyl surface of the film when n = 16.
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Figure 4.6. The EIS spectra in Bode magnitude (top) and phase angle (bottom) format of ester-

modified films with different carbon chain lengths, with those of the norbornene-terminated SAM

(NBDAC-SAM) and carboxylate-modified film as the controls.
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Ion Transport in Polymer Films. The barrier properties of the modified polymer films to
ion transport in an aqueous medium were characterized by utilizing electrochemical impedance
spectroscopy (EIS) in the presence of a 0.1M KCI solution. To examine the effect of hydrophobic
chain length on the barrier properties, EIS measurements for the films modified with -CO.H, -
CO2C4, -CO2Cs, -CO2C12, and -CO,C16 groups were obtained, along with a control film consisting
of a hydroxyl-terminated SAM exposed to NBDAC. The EIS spectra show frequency response
data of the system from 100 kHz to 0.1 Hz, and the results are plotted in a format of Bode
magnitude and phase angle plots in Figure 4.6. The magnitude and phase spectra of the CO,H-
modified film shows similar barrier behavior as that of the NBDAC-terminated SAM, which
demonstrates that almost no barrier to ion transport is observed for the -CO2H-modified film. The
results are due to relatively high hydrophilicity of -CO;H groups, many of which are deprotonated
to charged carboxylates in the aqueous solution, which contributes to the swelling of the film with
electrolyte. The EIS spectra of the films with hydrocarbon ester side chains show highly capacitive
behavior, as evidenced by straight lines with slopes of nearly -1 in the Bode magnitude plots and
phase angles > 70° over most of the frequency range, and much higher impedances, demonstrating
the importance of replacing of CO>H groups with hydrophobically capped ester functionality to
create a more hydrophobic volume fraction and dramatically enhance the barrier to ion transport.
Different chain lengths (from n = 1 to 16) result in increases in the EIS spectra, which are due to
an increase in the effective thickness of the film with increasing hydrocarbon chain length. Thus,
as n is varied from 1 to 16, greater film hydrophobicity and increased film thicknesses result in

higher impedances against water and ion transfer.
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Figure 4.7. (a) The common equivalent circuit model used to fit the EIS spectra for surface initiated
polymer films on substrates. The circuit model consists of a solution resistance (Rs), film
capacitance (Cy), film resistance (Ry), interfacial capacitance (C;), and interfacial resistance (R;).
(b) The simplified equivalent circuit model used to fit the EIS spectra of the ester-modified films,

as their Ry values are significantly higher than the interfacial impedances. Constant phase elements

Solution

Interface

Rs % Solution

Ry % G ——  Fim

(b)

(CPEs) were used in lieu of capacitors to obtain the best fit of the EIS spectra.

Table 4.3. Film resistance and film capacitance values of the ester-modified films obtained from a

fit of EIS spectra of Figure 4.7 with the equivalent circuit shown in Figure 4.7(b).

Impedance at 0.1 Hz (MQecm?) Yo (nS*/Qecm?) o
COCy 56 59.96 £ 0.41 0.98
CO2Cs 116 11.84 £0.08 0.97
CO2Cr2 162 8.41 £0.05 0.96
CO2Cis 301 5.15+0.03 0.93
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A quantitative analysis was performed by fitting the EIS spectra with an equivalent circuit
model. Figure 4.7(a) shows a common equivalent circuit used in EIS spectral fitting for surface-
initiated polymer films, where both film and interfacial resistances and capacitances play important
roles. Since the film resistances of our ester-modified films are orders of magnitude greater than
the interfacial impedance, we have simplified the equivalent circuit for those films to the one
shown in Figure 4.7(b). The fitted electrochemical parameters are listed in Table 4.3.

Since none of the ester-modified films behave as perfect capacitors, we used constant phase
elements (CPEs) in lieu of capacitors to fit the experimental data. The impedance of the CPE is

given by Eq. S1,

1 (S1)
“ers = VoG

where Y is a constant with units of S*/Qescm? and « is a dimensionless constant between 0 and 1
to represent the deviation from the perfect capacitor.?®

Comparing the fitted results, the increase of the hydrocarbon content in the film generally
results in an increase in the film resistance and a decrease in the Yo constant. The higher resistance
is due to the greater hydrophobic volume fraction within the film that eliminates contiguous
pathways for electrolyte transfer. The decrease in Yo with n is attributed to both a thicker film due
to the addition of the longer chain hydrocarbons, as well as a reduced dielectric permittivity
because of the greater volume fraction of the nonpolar hydrocarbon and reduced volume fraction
of the polar ester. These combined effects result in greater impedances against electrolyte

penetration into the film as hydrocarbon volume fraction is increased. In total, these impedance

65



results show the ability to transform a base pNBDAC film across a wide range of barrier properties

through a simple one-step modification.

Conclusions

PNBDAC films were successfully prepared via SIROMP of NBDAC from the vapor phase.
This method ensures rapid kinetics of film growth with film thicknesses reaching near 400 nm.
Via the exposure of the pNBDAC to compounds such as water, alcohols, and amines, the post-
polymerization modification can be easily achieved to produce various pendant functionalities.
The introduction of aromatic rings, pH-responsive tertiary amines, fluorescein, and long
hydrocarbon chains to the polymer film has been examined. Small molecules can easily react with
the acyl chloride groups to modify the film composition, while complete modification with large
molecules like fluorescein and 1-hexadecanol is challenging to achieve due to the combined slow
rates of diffusion and steric hindrances. Post-polymerization modification of pNBDAC was also
used to fine tune film properties. pH-responsive wettability can be introduced by modifying the
film with carboxylic acid or tertiary amine side groups. The tunability of film properties is also
achieved by employing a series of n-alcohols with different hydrocarbon chain lengths (n). Longer
side chains result in a greater volumetric expansion of the film to increase thicknesses linearly in
a manner slightly greater than that predicted based on molecular weight. An increase of side chain
from 0 to 8 results in advancing water contact angles that increase from 40° to 117°, with little
effect of longer chains beyond 8 carbons. For n = 16, the surface of the film is dominated by low-
energy methyl groups, suggesting that these long chains orient nearly vertically at the outer
surface. A dramatic increase in the impedance of ion transfer occurs when carboxylic acid groups

in the film are replaced with esters—even simple methyl esters. As the carbon chain length
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appended to the ester is increased, a gradual increase in impedance accompanies the increasingly
hydrophobic film. The modification of the pNBDAC film can be easily achieved with different
reagents by a simple exposure. We expect that this versatile modification strategy can be extended

to the preparation of many other functional polymer and copolymer films.
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CHAPTER V

SYNTHESIS AND PROPERTIES OF METAL-CHELATED POLYMER FILMS BY

SURFACE-INITIATED POLYMERIZATION

Introduction

Metal chelating polymers attract great attention because of their important utilization in

5 8

various areas, such as environmental protection,! medical therapy,®?® and analytical
separations.”!® Among various chelating ligands, hydroxamic acid is one of the most widely
utilized ligands as it is known to effectively chelate many different metal ions.>!'"!> Polymers
with hydroxamic acid functionality have been widely investigated in the past decades. However,
most of the research on hydroxamic acid-modified polymers focuses on bulk polymers>!3-1°> For
example, Menon et al. prepared poly(styrene-p-hydroxamic acids) and utilized them in the
removal of transition metals from water.!> Kumar et al. synthesized hydroxamic acid polymers
from acyl amines and applied them in cartridges to determine the concentration of rare earth metals

43.14 Rahman et al.

in sea water.> Fewer studies have been performed on polymer thin films.
modified a PMA-grafted kenaf cellulose with hydroxamic acid groups and utilized them water
treatment.** Polymer thin films are one of the most important areas of polymer science and provide
a means to transfer advances in solution polymerization to the design of interfaces with controlled

thicknesses and compositions to tailor surface properties.!6-2°

If the metal chelating ability of
hydroxamic acid groups can be applied to polymer thin films, the application of hydroxamic acid-

modified polymers can be further extended to applications where a thin film on an underlying

surface is critical, such as high surface area chelating materials and corrosion detection.
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Furthermore, the previous research on chelating polymers has focused more on the chelation
activity and the selectivity or capacity of the chelating ligands but rarely on the effect of metal
chelation on polymer film properties. Also, most chelation studies have investigated the chelation
with metal ions that already exist in the environment whereas only a very few pay attention to the
chelation of ions released into the environment, such as in the case of a corroded metal. Therefore,
although metal chelating polymers and hydroxamic acids have been extensively studied, a unified
research study on chelating polymer thin films coupled with the associated changes in polymer
properties, including the examination of metal sources of chelation, is needed to expand the
applications of these materials.

Here, I report a new route to the preparation of hydroxamic acid-modified (PHA) thin films,
and I investigate their chelating behaviors, the effect of metal loading on film properties, and their
potential application in corrosion detection. I utilize SIROMP of NBDAC and the straightforward
modification of acyl chloride groups to hydroxamic acids. SIROMP offers rapid film growth under
mild conditions, high controllability over film thickness, dense grafting, stable adhesion, and

independence of geometry.!6-21-23

Experimental Section

Polymerization of NBDAC and Modification to PHA

Polymerization of pNBDAC was accomplished from the vapor phase as reported in
Chapter 4 After the surface-initiated polymerization in the vial, the substrates were quickly rinsed
with DCM to remove extra monomers from the film and then directly exposed to 0.1 M

hydroxylamine aqueous solution to obtain hydroxamic acid modified films (Figure 5.1).
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SiROMP
NBDAC / c —

Cl

Figure 5.1. SIROMP of pNBDAC, its modification to PHA, and an example of an Fe-chelation

structure.

Results and Discussion

Preparation of Poly(hydroxamic acid) (PHA) Films on Gold Substrates

PNBDAC films were first prepared by SIROMP of NBDAC from the vapor phase on
initiator-modified gold substrates to achieve smooth films with thickness of ~300 nm and
roughnesses of less than 10 nm. The pNBDAC films were then soaked overnight in a 0.1 M
hydroxylamine aqueous solution to modify the acyl chloride groups to hydroxamic acids. The
substrates were then rinsed with water to remove the extra hydroxylamine and dried with N to

obtain the film. PM-IRRAS was used to determine the successful preparation of PHA films. IR
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spectra of the films were collected both before and after hydroxylamine modification and are
shown in Figure 5.2. The spectrum of the pNBDAC film shows a strong absorption band due to
C=0 stretching in acyl chloride (1794 cm™), along with weaker bands due to Cgp3-H in-plane
bending (1430-1500 cm!), Csp3-H out-of-plane bending (1300-1400 cm™), and Csp2-H out-of-plane
bending (900-1100 cm™). Compared to the spectrum of pNBDAC, the IR spectrum of the film
after hydroxylamine shows strong absorption bands due to C=0 stretching (1666 cm™') and N-O
stretching (1500 — 1550 cm™) in the hydroxamic acid, which demonstrate the successful film
modification to PHA. In addition, an absorption band due to C=0 stretching for ester (1739 cm™)
is also observed. The small percentage of ester found in the film can be explained by the use of the
modification reagent hydroxylamine. Hydroxylamine contains both an amine group and a
hydroxyl group. During the modification process, the amine group shows much higher reactivity,
but a very small portion of the acyl chlorides are reacted with the hydroxyl group of hydroxylamine

to form the ester.
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Figure 5.2. IR spectra of the original pNBDAC film, hydroxamic acid-modified film (PHA), and

the PHA film after exposure to an Fe?" salt to yield the Fe-chelated film.

Chelation of Transition Metal Ions with the PHA Films

Chelation of Fe?" with the PHA Films. The chelation ability of the prepared PHA films
was tested with the divalent ion Fe**. The obtained PHA film was exposed to 0.03 M FeSO4
aqueous solution for 30 min, and the IR spectrum of the resulting film is shown in Figure 5.2. Two
significant changes in the IR spectrum of the Fe?* chelated film as compared to that of the PHA
film are the dramatically reduced intensity of the absorption band due to C=O stretching in
hydroxamic acid (1666 cm™') and the appearance of an absorption band at 1597 cm™! due to C=0

stretching in the chelated structure, which signals the existence of the Fe?*-PHA chelation in the
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resulting film.'* However, the IR spectrum also shows that not all the hydroxamic acid groups in
the film are chelated with the Fe**. The incomplete conversion is consistent with previous literature
on chelation. Considering that two center-symmetric hydroxamic acid groups are required to
chelate Fe?" as Figure 5.1 shows, not all the hydroxamic acid groups would be positioned or
oriented to form such a center-symmetric structure, and thus, a portion of unchelated hydroxamic
acid groups remain after the exposure to iron(ii) salt solution. By peak deconvolution (shown in
Figure 5.3), the area of the unchelated PHA in the film can be obtained, and the molar percentage

of the chelation can be calculated as

area of unchelated PHA
area of original PHA

chelation percentage = (1 ) x 100 5.1

Other noticeable changes are the disappearance of the absorption band due to C=O stretching
(1739 cm™!) and newly formed absorption band at 1710 cm™! due to C=O stretching in carboxylic
acid. The C=0 stretching shifting from 1739 to 1710 cm™ is due to the hydrolysis of the ester.
Some divalent metal ions can be used as the catalyst for the hydrolysis of esters with amino

groups.2+23
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Figure 5.3. Illustration of the peak deconvolution used to calculate peak areas of the original PHA
film and the chelated PHA film. The yellow, purple and green deconvoluted peaks demonstrate

C=0 stretching absorption bands in different molecular structures.

Chelation of Transition Metal Ions with the PHA Films. The chelation ability of the
prepared PHA films with several other transition metal ions beyond Fe** was also tested and

compared. The PHA films were exposed overnight separately to 0.03 M solutions of Cu?**, Co?",
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Zn*" and Ni?*, The IR spectra of the PHA films before and after exposure to metal ion solutions
are shown in Figure 5.4. All IR spectra show significant decrease of the carbonyl intensity for the
hydroxamic acid group after exposure to the metal ion solutions, indicating successful chelation
of divalent metal ions. In contrast, a low percentage of chelation (< 30%) was observed for Fe**
and Zr*'. The lack of chelation is likely due to the special structure of the repeating unit in our
PHA films. Two hydroxamic groups are located on adjacent carbons in a trans conformation,
which results in conformational limitations for these hydroxamic acid groups to chelate within the
same repeat unit. With divalent metal ions, only two chelating ligands are required so chelation
can occur between either of these HA groups and nearby HA groups from another repeat unit along
the same chain or another polymer chain. In contrast, for Fe** and Zr*', three and four chelating
ligands are required to achieve the chelation, which would require the unlikely presence of

additional chelating ligands in the same localized area.
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Figure 5.4. The IR spectra of PHA films before and after chelation of various divalent metal ions.

Stability of Fe Chelation at Different pH Levels. Chelated bonds are generally stable and
metal-chelated polymers usually exhibit high stability to environmental changes.?® However, in
many chelation applications, such as heavy metal removal, the polymer matrices are expected to
be reusable for many cycles, even after repeated liberation of ions from the bound metals. In
addition, the stability of metal-chelated polymers is important if the chelated film is actually the
final product. Acid treatment is a feasible method to break the ligand-metal bond and remove the
chelated metal ion from the polymer. Therefore, we soaked the PHA films in pH 4 standard buffer

solution, 0.1 M HCI (pH 1), and pH O for 1 h and recorded IR spectra both before and after the
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acid treatment (Figure 5.5). The IR spectra after treatment at pH 4 and pH 1 are almost the same
as in the chelated polymer film, which shows that the ligand-metal chelation exhibits a high
stability even in pH 1 acidic solutions. When we further increase the acidity of the solution to pH
0 (1 M HCI), the IR spectrum shows dramatic change, as the absorption band due to C=0 (1666
cm!) stretching in the chelated structure disappears and the absorption band due to C=0 stretching
in the hydroxamic acid is reobtained. Upon comparing the spectrum of the pH 0 treated film to
that of the original unchelated PHA film, the intensity of the hydroxamic acid peak slightly
decreases and a peak due to carboxylic acid C=0 stretching (1710 cm™!) appears. The appearance
of carboxylic acid groups are possibly due to the hydrolysis of a small portion of hydroxamic acid.
When we apply strong acid to regenerate the PHA from the chelated polymer, the strong acid also
may not only break the chelation bond but may also catalyze the hydrolysis of hydroxamic acids

in the aqueous solution.
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Figure 5.5. IR spectra of a PHA film, an Fe-chelated film, and resulting films after different pH

treatments

To examine the film stability in basic solutions, the metal-chelated film was placed in pH
10 and pH 13 solutions. The IR spectra of the original PHA film, the film after chelation, and
chelated films after pH 10 and pH 13 treatments are shown in Figure 5.6. The IR spectra of the
films after basic solution treatments show the same peak positions but different peak shapes as
compared with the spectrum after chelation. The overall intensities of the spectra remain the same,

which indicates that there is no film loss after the basic solution treatment. The slight change in
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peak shapes is due to the deprotonation of the carboxylic acid groups in the chelated film. In high
pH solution, those carboxylic acid groups become deprotonated to carboxylate, which will result
in a new absorption band due to C=0 stretching in carboxylate (1600 to 1650 cm™). The existence
of the new absorption band results in the changes in peak shape in the region from 1500 to 1700
cm!. The same peak positions and spectral intensity demonstrate that the metal-chelated film is

stable to these basic conditions.
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Figure 5.6. IR spectra of the original PHA film and Fe-chelated films before and after exposure to

basic environments.
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Effect of Fe Chelation on Film Properties

The chelation of metals plays an important role in altering the film properties. Two center-
symmetric hydroxamic acids are required to chelate a ferrous ion, which means that the metal
chelation does not occur within the monomer unit of these films but occurs between different units
or even different polymer chains. In this case, chelated metal ions also function as cross-linkers,
changing the structure and properties of the film.

Polymer Film Stability Change. Film stability is important for surface-initiated polymer
thin films as they are utilized in applications. The prepared PHA films show stability in air and in
water at room temperature. However, the film can be easily detached from the gold surface when
placed in water at 80 °C (Figure 5.7). The decrease in stability is mainly due to the stronger
interaction of the polymer chain with the aqueous environment. At high temperature, the polymer
chains have sufficient energy of motion to overcome the thiol-Au bond that affixes the film to the
substrate. In this case, the chelated metal ions can behave as crosslinkers, which would make the
structure less swellable in solution and increase the film stability. Film stability investigations

were performed for both the PHA film and Fe?* chelated film.
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Figure 5.7. IR spectra of a PHA film and an Fe-chelated film, both before and after exposure to
80°C water for 4 and 10 h.

To investigate the film stability in solution at high temperature, the PHA film and Fe**
chelated film were placed in 80 °C deionized water for 4 h. The PHA film was eventually removed
from the surface while the chelated film was stable on the surface. The chelated film was then
placed back in the 80 °C deionized water for an additional 6 h to examine the long-term stability.
The result shows that the film is still stable after soaking in high temperature water for 10 h. The
IR spectra of the thermal stability investigation are shown in Figure 5.7. We also tested the stability

of the films with different chelation percentages. Table 5.1 demonstrates that even a low
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percentage of partial chelation (e.g. 27 %) is enough to stabilize the films in a cross-linked structure
that reduces chain motion and is less swellable in solution to enhance the thermal stability of the

film.

Table 5.1. Thermal Stability of the Film with Different Chelation Percentages

Chelation Percentage (%) Stability in 80°C water
0 Unstable
27 Stable
60 Stable
69 Stable

Effect of Fe Chelation on Water Interaction and Mechanical Properties. The effect of Fe chelation
on the interaction of the film with water can be characterized by employing QCM-D. QCM-D is a
technique that provides precise measurements of resonant frequency shifts and energy dissipation
factor of a QCM crystal upon loading by a film or coating. The addition of film mass on the quartz
crystal will result in a decrease in the frequency of oscillations, while varying the viscoelastic
properties of the film can be related to the energy dissipation of the coated crystal. The interaction
of the polymer film with water can be directly demonstrated by the change in energy dissipation,
with the mechanical properties indicating the phase state of the film in the solution. We collected
the frequency and dissipation values for a clean quartz crystal sensor with flowing water and used
those as the baseline. The changes in frequency (Af) and energy dissipation (AD) as we deposited

the PHA film and chelated Fe?" into the film on the crystal are shown in Figure 5.8. Both the
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addition of the PHA film on the crystal and the chelation of Fe?* into the PHA film result in a
decrease in frequency, which shows that masses have been deposited onto the crystal. A mass ratio
of the chelated Fe?* film to the original PHA film (0.15) is obtained by applying the Kelvin-Voigt
model. Then, based on the molecular weights of Fe?" and the repeat unit, we estimated that 56%
percent of the hydroxamic acid groups are chelated with Fe?". The chelation degree is lower than
the chelation degree of 69% estimated based on the IR spectra. One reason for the difference is
that some PHA film grew on the backside of the crystal, where the ferrous ions have no
accessibility during the QCM-D experiment. The area of gold surface on the backside of the crystal
is 4 of that on the frontside. Assuming that same thickness is achieved on both sides of the crystal
during the polymerization, the actual mass increase from Fe chelation for the front side of the
crystal is an additional 20%, and the adjusted chelation degree derived from the mass ratio is 74%,
which is close to the chelation degree of 69% based on the IR measurements.

QCM can also be used to evaluate the viscoelastic properties of the coated crystal in the
aqueous solution by analyzing the change in dissipation (AD). In the Kelvin-Voigt model, a

complex shear modulus is used to present the viscoelastic properties of the film,

G=G+jG" (5.2)

where G’ is the shear storage modulus that describes the solid behavior of the material, and G’ is

the shear loss modulus that describes the liquid behavior of the material. In our experiments, after

the chelation of Fe?*, the shear storage modulus increased by 65% and the shear loss modulus

decreased by 47%, which shows that the existence of chelated Fe?* results in a more solid-like and
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less liquid-like behavior of the material in the aqueous solution. Therefore, the changes in complex

shear moduli are consistent with Fe-chelated cross-linking in the polymer film.
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Figure 5.8. QCM analysis of the bare crystal and the PHA film (grown ex situ on the QCM crystal)

before and after exposure to 0.05 M Fe?*(aq) to achieve the Fe-chelated film.

Effect of Fe Chelation on Ion Transport in the Chelated Film. Ion transport through the
PHA and Fe-chelated films was investigated with EIS by using a gold substrate with the film
attached as the working electrode. The frequency response of the system was recorded by applying
a frequency-varied AC potential of 5 mV and plotted in the format of a Bode magnitude plot

(Figure 5.9). In the Bode plots, the EIS spectra of the PHA film provides a slightly higher
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capacitive impedance from 0.01 — 200 Hz than does the norbornene tethered SAM, which we
attribute to the much greater thickness of the PHA film. The modest increase observed here
suggests that PHA films are swollen in the aqueous solution, and the absence of a resistive plateau
at higher frequencies indicates that they provide no measurable film resistance against ion transfer.
For the EIS spectrum of the Fe?" chelated film, there is substantial change in the frequency range
of 100-20,000 Hz. The near plateau shown in the spectrum represents the resistance that the
chelated film provides against ion migration, which results from the cross-linked structure upon

Fe?* chelation. This resistance of 1.42 £ 0.05 kQ-cm? is at least 15 times greater than any resistance

provided by the PHA film.
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Figure 5.9. Impedance spectra in the form of Bode magnitude plots of PHA and Fe?* chelated films,

with the spectrum of the NBDAC-modified SAM as a control.

Metal Ion Capture with Surface Corrosion

The chelation by PHA films has been widely utilized in many applications, especially in
the removal of heavy metal ions.** The chelation of metal ions in aqueous solution by PHA has
been studied extensively, while the capture of metal ions released from a metal surface due to, for
example, a corrosion process has gained much less attention. A few research groups utilized the
hydroxamic acids as the corrosion inhibitor by forming a SAM via the reaction of hydroxamic
acids and metal oxides.?”?® However, none of them utilize the chelation property of hydroxamic
acids in detection. If the metal ions liberated from surface corrosion can be easily captured by PHA
films, such chelation can lead to changes in various film properties and thus, lead to detection of
the corrosion process at a very early stage. Therefore, we investigated the feasibility of PHA film

chelation with ions generated from a nearby corroding surface.

Film on Au ‘

Copper foil 0.1 MKCI

Figure 5.10. Experimental set up to investigate the chelation of local metal ions resulting from

corrosion.
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The experimental set up is shown in Figure 5.10. A copper foil was positioned in direct
contact with the PHA film grown on a gold substrate, and this copper foil-wrapped gold substrate
served as the working electrode. Constant potentials (100 mV and 300 mV) were applied for 5 min
to corrode the copper at a constant rate. IR spectra of the film before and after the corrosion
experiments were obtained and are shown in Figure 5.11. Changes in the carbonyl IR peaks
indicate that some chelation (54%) occurs with a 5 min corrosion at 100 mV potential and
additional chelation (74%) occurs with a 5 min corrosion at 300 mV. The Cu®* concentration in
the solution after corrosion was calculated to be 23 uM and 221uM based on the electrons
transferred in the corrosion process. The 5 min chelation of PHA films in 20 uM and 200 uM
copper ion solutions were also investigated as controls. No remarkable difference has been found
in the IR spectra of the films before and after the 5 min copper solution soaking, which means that
little to no chelation is achieved in 20 uM and 200 uM with 5 min soaking time. This solution
control demonstrates that in the corrosion experiments, the ions are much more concentrated near
the surface so that PHA films can capture the metal ions from the surface process easily. These
results demonstrate that the PHA films in this work are sensitive to copper corrosion at the earliest

stage.
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Figure 5.11. FTIR spectra of PHA films before (blue) and after (red) a 5 min exposure to a

corroding copper surface at either 100 mV (top) or 300 mV (bottom) overpotentials.

Conclusions

In the Chapter, I report the successful preparation of polynorbornene films that contain
pendant hydroxamic acid groups by post-polymerization modification of pNBDAC. The
hydroxamic acid-modified film is prepared by the reaction of acyl chloride groups in the pNBDAC
films with hydroxylamine. The chelation ability of our hydroxamic acid-modified film was
investigated to show that the polymer film can chelate most divalent ions such as Fe?*, Cu®*, Ni**,
Co?*, and Zn**, with a 70% chelation degree. Lower extents of chelation (< 30 %) are achieved
when the hydroxamic acid-modified polymer films are chelated with multivalent ions like Fe**
and Zr*", which is attributed to the steric hindrance caused by our polymer backbone structure.

The chelated structure demonstrates high stability at various pH environment from pH 1 to pH 13.
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1 M HCI solution (pH 0) is able to retrieve the metal ions from the chelated film. The chelated
metals within the polymer film act as cross-linkers, which remarkably enhances the pH stability,
thermal stability, and resistance against ion transfer of the original film. The feasibility of chelating
metal ions from surface corrosion processes is demonstrated, which creates the opportunity for the

utilization of these hydroxamic acid-modified films in corrosion detection.
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CHAPTER VI

PH-RESPONSIVE CARBOXYLIC ACID/ESTER COPOLYMER FILMS PREPARED

BY SIMPLE MODIFICATION OF POLY(NORBORNENE DIACYL CHLORIDE)

Introduction

Polymer films that undergo significant physical or chemical property changes in response
to surrounding stimuli, such as temperature, pH, chemical agents, magnetic fields, or electrical
fields, have gained abundant attention from the scientific world.!”> Among them, pH-responsive
polymer films have been largely studied due to their wide applications in biomedicine,*>
membranes,’ dynamic surfaces,!? and chemical sensors.!! pH-responsive behavior is generally
achieved by the ionization/deionization of certain groups at various pH levels through protonation
or deprotonation.!!%13

The majority of preparations of pH-responsive films is by direct deposition of premade
hydrogel polymers, which are typically prepared by either mixing appropriate polymers or

synthesizing block copolymers.!*!7

Several groups also have made achievements in the
preparation of pH-responsive films with surface-initiated polymerization, such as surface-initiated
atom transfer radical polymerization (SiATRP),'*2° surface-initiated reversible addition-
fragmentation chain transfer polymerization (SiRAFT),?! and surface-initiated nitroxide mediated
polymerization (SiNMP).22 ATRP is applied by many groups due to the wide variety of
commercially available monomers to tailor film compositions. However, another highly

controllable polymerization method with rapid polymerization rate, ring-opening metathesis

polymerization (ROMP),?2% has not been utilized for the preparation of pH-responsive materials,
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which may be due to the fewer commercially available functional ROMP monomers and
limitations of reactivity with some that are available. For example, the carboxylic acid is one of
the major moieties utilized in pH-responsive materials. However, the catalysts often used in ROMP
are not tolerant of carboxylic acid groups,?®?” which limits the investigation of pH-responsive
carboxylic acid-related materials prepared by ROMP.

In Chapter IV, I presented an easy and efficient method to introduce various functionalities,
including carboxylic acids, in films prepared by ROMP. Here, I report a unique approach to
prepare pH-responsive, random copolymer films via surface-initiated ROMP and post-
polymerization modification, which offers several advantages. First of all, the polymerization
method, utilizing SIROMP provides rapid polymerization and great control over film thickness,
which allows for the application of pH-responsive films in different levels of thickness. In addition,
the unique post-polymerization method introduced in Chapter IV offers great control over
copolymer composition, which is favorable for the design of thin films with large pH-responsive
changes in properties. Furthermore, the surface-initiated method enables film attachment on
surfaces of almost any geometry, which is favorable in biomedical applications and membrane

processes.

Experimental Section

Polymerization of NBDAC and Modification to Copolymer Films.

Polymerization of pNBDAC was accomplished in the vapor phase. The ROMP-active
substrates removed from the DCM solution of Grubbs 3rd generation catalyst were quickly rinsed

with DCM, dried in a stream of nitrogen, and immediately placed into a pre-heated reaction vial
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(65 °C) containing NBDAC monomers. The reaction vial is shown in Figure 4.1. NBDAC
monomers were then polymerized from the vapor phase to form a smooth thin film. After the
surface-initiated polymerization in the vial, the substrates were quickly rinsed with DCM to
remove extra monomer on the film surface and then directly exposed to water-ethanol mixtures
for 15 min to achieve a partial modification of the film, followed by a second modification with a
50/50 acetone/pH 4 aqueous solution mixture for overnight to obtain the carboxylic acid/ester

copolymer film.

Preparation of Buffer Solutions.

pH buffer solutions were prepared according to the procedure in previous literature!?2®

except that NaH,PO4 was used instead of KH>PO4 and pH 9 buffer solution was prepared by

mixing appropriate volumes of 0.1 M Na,CO; with 0.1 M NaHCO:s.

Characterization Methods.

Polarization modulation-infrared reflectance-absorption spectroscopy (PM-IRRAS) was
performed to estimate the composition of the copolymer films based on the C=0O absorbance at
different wavenumbers.

The C=0 absorbance due to carboxylic acid is at 1732 ¢cm™!, which is not distinguishable
comparing to the C=0 absorbance due to ester (at 1739 cm™). Thus, to obtain the copolymer
composition, the prepared copolymer films were exposed to a 50/50 acetone/pH 9 buffer solution
mixture to convert the carboxylic acid contents to carboxylate. The C=0O absorbance due to
carboxylate is at 1560 cm™!, which is distinguishable when comparing to the C=0 absorbance due

to ester (1739 cm™!).
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Reference peak ratios were obtained for normalization. Since the infrared intensity of the
same number of C=0O bonds in different molecular structural environments may vary, the
relationship between the areas of C=0 absorption bands due to different molecular groups should
be obtained to determine the composition. The ratios of the C=0 absorption bands before and after
the modification were collected for pure ester-modified and carboxylate-modified films as Figure
6.1 shows. The adsorption bands in Figure 6.1 were integrated, and the reference ratios were

calculated by Eq.6.1 and Eq. 6.2.

_ Aacyl chloride (61)
Tester = A
ester
Aacyl chloride (62)

rcarboxylate - A b Lt
carboxylate

With Toster and Tegrpoxyiace calculated, all the areas used in the calculation of copolymer

composition can be normalized to the area for the acyl chloride of the original film.
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Figure 6.1.(a) IR spectra of the original pPNBDAC film (blue; before modification) and a pure ester-
modified film (red; after modification) prepared by exposing the pNBDAC film ethanol. (b) IR
spectra of the original pNBDAC film (blue; before modification) and the carboxylate-modified
film (red; after modification) prepared by exposing the pNBDAC film to water and then pH 9

buffer solution.

IR spectra of the prepared copolymer films after exposed to a 50/50 acetone/pH 9 buffer

solution mixture are shown in Figure 6.2. To obtain the ester composition of the film, the peak
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areas of the C=0O absorbance due to carboxylate and ester were normalized with the C=0
absorbance due to the acyl chloride as the reference (see Figure 6.1), and the following equations

were used:

ACOester Tester (63)

COester Tester + Aco_carboxylate rcarboxylate

ester % =

where A, is the area of the ester carbonyl absorption band, and A¢, carpoxyiate 18 the area of

carboxylate carbonyl absorption band in the spectrum of copolymer. Since all acid chlorides in
the film are converted during the reaction, the percentage of carboxylates within the film is simply

the difference between the ester % of Eq. 6.3 and 100%.
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Figure 6.2. The sample spectrum of the ester/carboxylic acid copolymer exposed to pH 9 buffer

solution. The areas of the absorption bands were determined, and the composition of the copolymer

can be calculated as Eq.6.3.
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Results and Discussion

Copolymer Preparation

After the pPNBDAC films were prepared via SIROMP, they were immediately exposed to
ethanol-water mixtures and characterized after the film modification by PM-IRRAS. Since the
absorption band due to C=0 stretching in the ester is close to the one due to C=0 stretching in the
carboxylic acid, the films were exposed to a 50/50 mixture of acetone/pH 9 buffer solution to
deprotonate the carboxylic acid groups to carboxylates. Figure 6.3 shows the IR spectrum of the
original pPNBDAC film and the representative IR spectra of the copolymer films after exposure to
pH 4 and pH 9. The spectrum of the pNBDAC film shows absorption bands due to C=O stretching
in the acyl chloride (1794 ¢cm™), the Csp*-H in-plane bending (1430-1500 cm™'), the Csp3-H out-
of-plane bending (1300-1400 cm'), and the Csp?>-H out-of-plane bending (900-1100 cm™).
Compared to the spectrum of pNBDAC, the IR spectrum of the film after exposure to the
ethanol/water mixture shows a shift of the absorption band due to C=0 stretching (1736 cm™!). The
broad C=0 absorption band at 1736 cm™ results from the overlapping of C=0 absorption from the
ester (1739 ¢cm™) and C=0 absorption from the carboxylic acid (1732 ¢cm™ or 1710 cm™).
Comparatively, an absorption band due to C=O stretching in the carboxylate (1560 cm™) appears
in the IR spectrum of the copolymer exposed to pH 9, which demonstrates the successful
preparation of ester/carboxylic acid copolymer films by modifying pNBDAC films with two

different reagents. The ester composition of the copolymer films can be obtained by using Eq.6.3.
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Figure 6.3. IR spectra of the original pNBDAC film and the ester/carboxylic acid copolymer film

after exposure to buffer solutions at pH 4 and pH 9.

Investigation of Copolymer Composition

One approach to tailor the film composition is to control the ratio of ethanol to water in the
modification step. To determine the feasibility of this method of control, we modified pNBDAC
films with ethanol-water mixtures containing various mole fractions of ethanol in the mixture, and

we measured the mole fractions of ester groups in the films with PM-IRRAS. The ester mole
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percentages in the film are plotted versus the mole fraction of ethanol in the modifying mixtures

in Figure 6.4.
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Figure 6.4. Plot of ester molar composition in the resulting film versus the ethanol molar
composition in the modifying solution for both one-step and two-step methods. For the two-step
method, the x-axis represents the ethanol solution composition in the 15-min first-step exposure.

The film was subsequently exposed to an acetone/pH 4 aqueous solution to convert the remaining

acyl chlorides to carboxylic acids.
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Figure 6.4 shows that even with a percentage as low as 5% of ethanol used in the reagent
mixture for modification, we still obtain a high percentage of ester (68 %) in the resulting film,
which shows that ethanol dominates the reaction with the pendant acyl chlorides over that of water.
To quantify the reactivity difference of ethanol and water with the pNBDAC films, the
composition data were fit with a model. The reaction rate of acyl chloride groups with ethanol and

water can be written as Eq 6.4 and Eq 6.5.

ac (6.4)
e = g;ter = kg[Ethanol]|Cynreactea
QCr (6.5)
Tw = ata = kW[WateT] Cunreacted

where 1 represents the reaction rate of acyl chloride with ethanol, 1y, is the reaction rate with
water, k; and ky, are the corresponding rate constants, [Ethanol] and [Water] are the
concentrations of ethanol and water in the mixture. Cggters Cacia> aNd Cynreactea represent the

concentrations of esters, carboxylic acids, and unreacted acyl chlorides in the film. Dividing Eq

6.5 by Eq.6.4 yields

HEster _ r_E _ kE[EthanOI] (66)
O4cia - Tw - ky[Water]

where 6., 1S the fraction of esters in the film and 6,.;,4 is the fraction of carboxylic acid groups

in the film. Therefore, O, can be expressed as Eq 6.7 and further derived to Eq 6.8 with

[Ethanol]/[Water] expressed in terms of an ethanol percentage (E%),
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p _ kg[Ethanol] 6.7
Ester ™ kg[Ethanol] + ky [Water] ©.7)

W
Ester — _
(l%) + 1 EOZ%

(6.8)

By fitting the experimental data with the model, the reaction rate ratio (ke/kw) was calculated to
be 60 £ 10, quantifying that the reaction of acyl chloride with ethanol is much faster rate than that
with water. The much faster reaction rate with ethanol is due to the hydrophobic structure of the
polynorbornene-based polymer backbone. The hydrophobic backbone structure results in much
lower affinity of water than ethanol within the polymer film, so that the concentration of ethanol
within the film is greater than that of water. Therefore, as ethanol dominates the reaction, the curve
in Figure 6.4 shows that a small change in ethanol concentration under dilute ethanol conditions
can result in a huge difference in the resulting film composition. This sensitivity to ethanol
composition shows that we have limited control over film composition if we seek to prepare a
copolymer film with a comparatively high percentage of carboxylic acid groups.

I then utilized a two-step modification process to prepare the ester/carboxylic acid
copolymer films to obtain a greater control over a broader range of film compositions. Instead of
reacting the pNBDAC films in the ethanol-water solution overnight to ensure full completion, we
chose to shorten the reaction time to 15 min to achieve a partial modification of the pNBDAC
films. In this situation, the percentage of the ester groups in the partially modified films should
depend approximately linearly on the concentration of ethanol in the mixture, and thus, we can

achieve a greater control over the composition in the films. The partially modified films contained
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an intermediate molar percentage of ester groups, a small percentage of carboxylic acids, and the
balance of unreacted acyl chloride groups. After the partial modification, the films were exposed
to an acetone/pH 4 aqueous solution mixture to convert the remaining acyl chloride groups to
carboxylic acids. The resulting films were characterized with IR, and the ester film composition
versus ethanol solution composition is also shown in Figure 6.4. The ester composition in the
copolymer films is approximately linearly dependent on the concentration of the ethanol in the
modifying solution of the first step when the ethanol composition is in the range of 0 —40% molar.
This partial modification method can be used to prepare copolymers with small to large
percentages of ester in the final copolymer films with good controllability. These copolymer
methods can be extended to prepare other types of copolymer films as long as the functionalities

can be achieved via post-polymerization modification of pNBDAC.

pH-Responsive Properties in lon Transport

The effect of copolymer film composition on the ion transport is shown with impedance
spectra in Bode format in Figure 6.5. A pNBDAC film modified with pure ethanol to achieve a
homopolymer with ethyl ester side chains exhibits a capacitive spectrum, indicating that the film
effectively blocks electrolyte transport. In contrast, a pNBDAC film modified with pure water to
achieve a homopolymer with carboxylic acid side chains exhibits a low impedance that is barely
higher than a SAM control that is 300x thinner, even at pH 4 at which the carboxylic acids are in
the more hydrophobic, protonated form. These results suggest that copolymer films with higher

ester mole fractions will exhibit greater barriers to water and ion transport.
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Figure 6.5. EIS spectra of pure ester-modified film, pure carboxylic acid-modified film, and the

norbornene-terminated SAM film. The electrolyte consisted of 0.1 M KCI.

The hydrophilicity of these ester/carboxylic acid copolymer films is affected by pH,
depending on the degree of deprotonation of the acids. The barrier properties of the films toward
ion transport in aqueous solution, therefore, are expected to show a pH-responsive behavior. EIS
was used to characterize the effect of pH and film composition on the ion transport properties of
the ester/carboxylic acid copolymer films with pH buffer solutions as the electrolytes. EIS
measurements for the copolymer films with various compositions were obtained at a wide range

of pH from 4 to 11. Figure 6.6 shows Bode magnitude plots of the EIS spectra for films with 25%
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and 39% carboxylic acids. The corresponding phase angle plots of the EIS measurements are
shown in Appendix B.

For a film with 25% carboxylic acid (Figure 6.6b), the film impedance mildly decreases
with pH from 4 to 8 due to the gradual deprotonation of the carboxylic acids to elevate water
content within the film and thereby increase film capacitance (reduce capacitive impedance).
These effects are also consistent with the decreased slope of the spectrum at pH 8, which indicates
the film is acting as a leaky capacitor. As pH is increased from 8 to 9, a dramatic drop of the film
impedance is observed, and in fact, the resistance that the film provides against ion transfer
decreases from nearly 10° at pH 8 to ~10% at pH 9. Over this critical range, the concentration of
deprotonated carboxylates within the film has reached a threshold where water and ions can now
rapidly diffuse throughout the film structure to reach the SAM-coated electrode interface. The EIS
spectra from pH 9 to 11 show no film impedance imparted by the copolymer film. Similarly, EIS
spectra of the copolymer film with 39% carboxylic acids (Figure 6.6a) also show pH-responsive
character, except that the dramatic decrease of the film impedance happens from pH 6 to pH 7 in
this case. The increased percentage of carboxylic acid groups provides a more hydrophilic
copolymer film that can reach the critical deprotonation threshold at lower pH. Therefore,
copolymer composition can be utilized to adjust the critical pH of these pH-responsive copolymer

films, where a dramatic decrease of impedance occurs.
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Figure 6.6. pH-dependent EIS spectra of a copolymer film that contains (a) 39% carboxylic acids
and (b) 25% carboxylic acids. Solid lines indicate fits of the spectra based on the equivalent circuit
model of Figures 3.3 and 3.4.

EIS spectra of ester/acid copolymer films with other compositions (14 % and 49 % -CO>H)
were also collected as Bode plots in Figure 6.7. Different from the copolymer films shown in

Figure 6.6, the two films in Figure 6.8 show milder pH-responsive behavior. Considering that the
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backbones of these copolymer films are repeating cyclopentyl units, which contribute toward the
hydrophobicity of the film, the copolymer film with 14% acid contains a low volume fraction (<
5%) of pH-sensitive -COH groups. Thus, the effect in Figure 6.7b is a slight reduction in
capacitive impedance with increasing pH from 4 to 11, with no critical pH observed over this
range. This film with low acid content is ideal for applications where a fine tuning of barrier
properties with pH is desired. Figure 6.7a shows the opposite case, in which the copolymer film
contains a high concentration of carboxylic acid groups so that even at low pH values, the
hydrophilicity of the film is already sufficient to swell the film, and as such, ions can transfer
directly to the interface with low impedance. This film shows small film resistances at pH 4 and
5 in which the carboxylic acid groups are protonated but no measurable resistances at pH 6 or

higher where deprotonation occurs.

114



10° B 49% -COOH a

e pH4
® pH5

® pHG6

e pH7

pH 8

1Z| (Q'comz)

pH 10
o pH 11

Frequency (Hz)

Figure 6.7. pH-dependent EIS spectra of a copolymer film that contains (a) 49% carboxylic acids
and (b) 14% carboxylic acids. Dashed lines indicate fits of the spectra based on the equivalent

circuit model of Figure 3.3 and 3.4.
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The EIS spectra are all fitted with proper equivalent circuits to calculate the film resistances
of these copolymer films at each pH. Figure 6.8 shows the calculated polymer film resistances
against ion transfer versus pH values. At the same pH, copolymer films with higher carboxylic
acid content have lower film resistances, which is consistent with our previous explanation that
higher carboxylic acid content reduces the hydrophilicity of the film, resulting in improved
interaction of the film with water and lower barrier properties against ion transfer. Also, the critical
pH of the pH-responsive barrier properties can be altered via the change of the film composition.
Generally, the critical pH for ion transport is reduced by increasing carboxylic acid fraction in the
copolymer film. From Figure 6.8, this simple approach of copolymer film preparation where film
composition is based on that of a water-ethanol solution, provides a versatile method to design and

control the pH-responsive behavior across a wide range of pH values.
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Figure 6.8. Film resistance of copolymer films with different carboxylic acid compositions (mole

%) at different pH levels.
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Prior research on pH-responsive films by Bai et al.!? focused on polymethylene-based
copolymer films that contained dilute (<5%) molar fractions of carboxylic acids with a small
percentage of unreacted ester groups. These films were grown by a surface-catalyzed
polymerization specific to gold surfaces in the presence of mixtures of diazomethane and ethyl
diazoacetate in ether. The large ~10* pH-induced change in film resistance observed here is similar
to that reported by Bai et al. The similarity of these dramatic changes is not coincidental as
deprotonation of a carboxylic acid to a carboxylate increases the water-octanol partition coefficient
of that molecule by a factor of 10*.3° Thus, an increase in pH above the critical threshold enhances
the interaction of these copolymer groups with water dramatically, on a scale that is comparable
to the observed change in film resistance. The advances of the present approach over that of Bai
et al. are that the present films are not limited to gold surfaces, film thicknesses can be widely
controlled via SIROMP, independent of the final copolymer composition, and copolymer film
composition is easily adjusted based on the ethanol-water solution ratio. In addition, the work by
Bai et al. did not examine the polymer-water interaction to determine film swelling, as done here

(below).

pH-responsive Water Interactions in the Copolymer Film

QCM-D was employed to characterize the interaction of water with the ester/acid
copolymer film from pH 11 to 4. QCM-D allows precise measurements of frequency shifts and
energy dissipation of a QCM crystal upon loading by a film. Mass loading on the quartz crystal
will result in a decrease in the frequency of oscillation, while the change in energy dissipation is
directly related to the interaction of the aqueous medium with the polymer film. The frequency

and dissipation values for a clean quartz crystal sensor were first collected in a flowing stream of
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ultrapure water, and these values for the clean quartz crystal were used as baselines. We then
modified the gold part of the crystal sensor to grow an ester/acid copolymer film (34% acid) via
SiROMP and subsequent modification as described above.

Figure 6.9 shows the changes in frequency (Af) and energy dissipation (AD) over time for
the copolymer-coated crystal as the pH of the buffer solution was incrementally altered from 11 to
4. A large decrease in frequency and a corresponding increase in dissipation occur after the
attachment of the copolymer film and exposure to pH 11 buffer. These changes are consistent with
the successful addition of a swollen copolymer mass to the quartz crystal. As pH of the aqueous
flow is decreased, the frequency increases and dissipation decreases. From pH 11 to 8, the changes
in frequency and dissipation are modest, but as pH is further decreased from 8 to 6, more
significant jumps in frequency and drops in dissipation are observed, followed again by more
gradual changes when pH is reduced to lower values. The Af as compared to the baseline value
correlates with the mass added to the quartz crystal, which has contributions from both film
deposition and aqueous solution-film interaction. The stronger the interaction of the film with the
aqueous solution, the more “mass” is added to the crystal. Thus, while the copolymer mass is
constant with pH, the decrease in Af (increase in absolute frequency) as pH is reduced represents
a weaker interaction of water in the copolymer film. The dramatic decrease in Af from pH 8 — 6
shows that the film deswells significantly over this range, to dispel the solution as carboxylates are
protonated to achieve a more hydrophobic film. Similarly, this evacuation of aqueous solution
from the film leads to less energy dissipation during the oscillation, which explains the decreasing
trend of dissipation as pH is reduced in Figure 6.9. These results are consistent with the EIS results
in Figures 6.6 and 6.8 for a film with similar carboxylic acid content of 39% that show major

changes in barrier properties over a similar range of pH.
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We fit the results from QCM-D with the Kelvin-Voigt model and obtained the calculated
thickness in different pH flows. Figure 6.10 shows that at lower pH, the copolymer film is in a
contracted state and the film thickness is less than 100 nm, while at higher pH, the copolymer film
is swollen by almost 4x so that the overall thickness significantly increases to more than 200 nm.
Figure 6.10 demonstrates the pH-triggered change of film structure and explains the pH-responsive
properties of the copolymer film. The major change happens between pH 6 and pH 8 for the

copolymer film with 34% carboxylic acid.
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Figure 6.9. QCM-D measurements of a copolymer film with 34% (molar) carboxylic acid groups
exposed to flowing buffer solutions in which pH changes gradually from pH 11 to pH 4, as

indicated in the intermediate x-axis.
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Figure 6.10. pH-dependent thicknesses as measured by QCM-D for copolymer films with 34%

(molar) carboxylic acid groups.

The reversibility of the pH-responsive behavior was also investigated with QCM-D. QCM-
D measurements of the copolymer films were collected with periodic pH changes between pH 6
and pH 8. Four and half pH change cycles were conducted to examine the reproducibility, and
Figure 6.11 shows the changes in frequency (Af) and energy dissipation (AD) along the pH-
switching process. The results of Figure 6.11 suggest that the film can be reversibly expanded and
contracted over an important range of pH, one unit above and below neutrality. The changes in

properties are achieved within 1.5 min, and the corresponding changes in Af and AD in each pH
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cycle are almost exactly the same. The film thicknesses in the aqueous flow are also obtained by
fitting the experimental data, and the calculated thicknesses at each cycle are shown in Figure 6.12.
The changes in the copolymer film structure in the water flow are reversible and highly
reproducible, which demonstrates that these ester/carboxylic acid films exhibit a robust and
durable pH-responsive performance for applications where film properties are required to be

altered reversibly and repeatedly.
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Figure 6.11. QCM-D measurements of a copolymer film with 34% (molar) carboxylic acid groups

exposed to flowing buffer solutions in which the pH switches repeatedly between 6 and 8.
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Figure 6.12. Film thickness of a copolymer film with 34% (molar) carboxylic acid groups exposed

to flowing buffer solutions in which the pH switches repeatedly between 6 and 8.

Conclusions
The ester/carboxylic acid copolymer films have been successfully prepared by post-
polymerization modification of the acyl chlorides of pPNBDAC in a mixture of water and ethanol.
In the modification process, ethanol has a 60x faster reaction rate than water does. A two-step
modification method can be used to tune the copolymer film composition with good control. The

copolymer films demonstrate pH-responsive behavior in which the film composition plays an
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important role in the pH-induced change of film properties. A dramatic decrease in ionic barrier
properties is observed at a critical pH, where most carboxylic acids are deprotonated to carboxylate
to enable a contiguous network of aqueous solution through the film. This critical pH of the
copolymer is dependent on the film composition. QCM-D measurements were conducted to
investigate the interaction of aqueous solution with the film at different pH. At high pH, the
existence of the carboxylates in the copolymer films strengthens the interactions of the film with
the agqeueous solution and leads to a more swollen film structure. The pH-responsive performance
of the copolymer film exhibits high reversibility and reproducibility according to the QCM-D

measurements.
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CHAPTER VII

SURFACE-INITIATED POLYMER/IONIC LIQUID GEL FILMS

Introduction

Ionic liquids have gained much attention from the scientific world due to their unique
properties such as chemical, thermal, and photocatalytic stability, negligible vapor pressure, non-
flammability, relatively high ionic conductivity, and tunability of liquid properties by varying the
anion or cation.!™* The utilization of ionic liquids in polymer science has also been actively
investigated during the past decades. >!° The mobility of free ions enhance the electrochemical
properties of the polymer and also improve the liquid behavior of the film, which can be applied
in applications where phase transition is critical, such as in smart materials.> !¢

Currently, polymer-IL systems are mainly prepared by two methods.®® One method is the
direct in situ polymerization of monomers in the IL environment, and the other is the direct mixing
of the pre-synthesized polymer with an IL.!"1?2 These two methods have been widely used in
polymer-IL gel preparations for many applications such as polymer electrolytes, gas separation
membranes, and smart materials; however, both methods have some key limitations. Both direct
in situ polymerization in ILs and polymer dissolution in IL require specific IL “design,” which
limits the choice of polymer and IL to assemble the binary system and contributes toward other
issues such as high cost. Also, currently, most preparations are performed in bulk solution, which
requires complicated separation processes. In addition, to form a coating, further deposition of the

gel onto a surface is required, and the robustness of the attachment to the surface by current

deposition techniques is limited. Furthermore, the thinness of the gel film prepared by deposition
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techniques is limited to the micrometer scale, as nanoscale films can rarely be achieved. Thus, a
new and simpler method that is feasible with multiple ILs and is easily extended to robust surface
films would facilitate the further investigation of polymer-IL systems.

In this Chapter I report the preparation of surface-initiated-ion gels containing
polydicyclopentadiene (pDCPD) as the matrix polymer, prepared by surface-initiated ring-opening
metathesis polymerization (SiROMP) from the vapor phase. Surface-initiated polymerization
(SIP), also called the “grafting from” method, which enables the growth of stable polymer films
with tunable thicknesses ranging from tens of nanometers up to the micron level.!*!* Compared
to other types of SIP, SIROMP shows more rapid initiation and polymerization due in part to the
continuously developed and improved SiROMP catalysts developed by Grubbs and others.!>1?
As such, film thicknesses greater than a few hundred nm can be achieved by SIROMP in under 15
min of polymerization time.!®202! We have recently shown that smooth films of pDCPD with
thicknesses of a few hundred nm can be grown by SIROMP upon exposure to the vapor of DCPD
for 15 min.?? Immersion of the pDCPD film into an appropriate solvent containing an IL results in
the IL occupying the internal cross-linked structure of the pDCPD. The process enables a precise
control over the amount of loaded IL in the pDCPD-IL gel and the thickness of the resulting
composite surface film. Here, we investigate the kinetics and mechanism of IL incorporation

through this simple immersion method, as well as several crucial properties of the novel pDCPD-

IL gel films.
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Experimental Section

Preparation of pDCPD-IL Gel Films

The polymerization of pDCPD films from the vapor phase on gold and silicon substrates
has been described recently by our group.?? Figure 7.1 schematically depicts the growth of pDCPD
films by SIROMP and the preparation of pDCPD-IL gel films on the gold surface by the simple
immersion method. Gold substrates were exposed to 1 mM 4-mercapto-1-butanol solution in
ethanol overnight followed by ethanol and water rinses and drying in a stream of nitrogen to
develop a hydroxyl-terminated surface. The resulting sample was then soaked in 5 mM NBDAC
solution in DCM for at least 30 min followed by rinsing in DCM, ethanol, and water and drying
in a stream of nitrogen to yield the acylation product of a surface-tethered norbornenyl group. The
sample was subsequently exposed to a 5 mM solution of Grubbs catalyst (2nd generation) in DCM
for 12 min and placed into the polymerization reaction vial immediately after a quick DCM rinse.
The reaction vial is shown in Figure 7.1. DCPD monomers were then polymerized from the vapor
phase to form a smooth thin film. The pDCPD thin films on gold substrates were then immersed
into a [bmim][PF¢] solution in DCM for periods of time ranging from 4 to 72 h. The concentration
of the IL in DCM was varied between 0.5 mM to 25 mM. By removing the substrate from the
[bmim][PF¢] solution, a pDCPD-IL gel film was obtained after the quick evaporation of any
remaining DCM into air. Other ILs were investigated, including [bmim][BF4], [bmim][NTF;],

[bmim][OTf], and [hmim][PFs], all at 25 mM concentration in the DCM solvent.
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IL Solution Immersion

Figure 7.1. (a) Molecular structure of DCPD monomer and schematic of the structure for cross-
linked pDCPD. (b) DCPD monomer was placed at the bottom of the vial, with a copper stage used
to prevent direct contact between the surface and the liquid monomer. The reaction vial was
preheated to 55 °C for 20 min to obtain the equilibrium vapor concentration of monomers in the
vial. DCPD monomer was then polymerized from the vapor phase to form a cross-linked surface-
initiated polymer film. The pDCPD film was soaked in a solution containing the IL to obtain the

pDCPD-IL gel film.
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Results and Discussion

Preparation of pDCPD-IL Gel Films on Gold Electrodes

PDCPD films were prepared by SiROMP of DCPD on gold, with monomer in the vapor
phase, to achieve film thicknesses of more than 300 nm and roughnesses of less than 20 nm. The
pDCPD films were then soaked in a 25 mM [bmim][PF¢] solution in DCM for up to 48 h. Upon
removal from the solution, DCM evaporated quickly and the pDCPD-IL gel films on gold surfaces
were obtained. To determine whether the IL was successfully incorporated into the polymer films,
profilometric thicknesses were measured before and after soaking in the IL solution. Considering
that ILs may be deposited as a separate layer atop the film surface, which may affect the film
thickness measurements, the profilometry measurements were initially performed with only IL on
top of the gold and no thickness was detected, which demonstrates that any IL remaining on the
film surface would not affect the profilometric thickness measurements. Figure 7.2 shows a
comparison of thickness profiles for the pDCPD film before and after soaking in the IL. The film
thickness increases markedly after soaking in the IL, but the roughness of the polymer film does
not change with the incorporation of IL. The ratio of increased film thickness over the original
pDCPD film thickness was calculated as the IL uptake (U), which is synonymous with the volume
expansion of the polymer film due to the presence of the IL, given that the lateral dimensions of
the film are many orders of magnitude greater than the thickness. The average IL uptake was
calculated for each pDCPD-IL gel film to further investigate the effect of IL loading on film

properties.
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Figure 7.2. (a) Profilometry scan of the original pDCPD film. (b) Profilometry of the film after
[bmim][PF¢] incorporation. The valley displays the scratch made down to the gold surface and the
two peaks are uplifted polymer that results from scratching. The difference between the valley
(gold surface) and the film was calculated as the film thickness. The average thickness and root-
mean-square roughness for the pDCPD film shown in (a) are 425 nm and 8 nm. The average
thickness and root-mean-square roughness for the pDCPD-IL gel film shown in (b) are 661 nm
and 4 nm. Therefore, the incorporated IL results in a 55% thickness increase but minimal change

in roughness.

PM-IRRAS was used to verify incorporation of the IL into the pDCPD film. Figure 7.3
shows IR spectra of pure [bmim][PFs], the original pDCPD film, and the same film after soaking

in the IL. The spectrum of [bmim][PFs] shows absorption bands due to P-F stretching (881 cm'!),
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Csp3-H out of plane bending (1100-1200 cm™), and C=C stretching (1570 cm™). In the spectrum
of pDCPD, the Csp-H out of plane bending (900-1000 cm!), the Csp3-H out-of-plane bending
(1100-1200 cm-'), and the C=C stretching (1620 cm™") were observed. The spectrum of the pDCPD
film after IL soaking (Figure 7.2(b)) shows all the major peaks for [bmim][PFs] and pDCPD but
with an altered shape of the P-F stretching band, a shift of the P-F stretching band from 867 cm™!
to 854 cm!, and a slight shift of the Csp2-H out of plane bending vibration absorption band from
974 cm! to 978 cm!. The changes in the P-F stretching and the Csp-H out of plane bending
absorption bands are attributed to the interaction of incorporated IL molecules with the C=C

double bonds in the pDCPD matrix.

bmim PF6

pDCPD

Absorbance

pDCPD + bmim PF6

— T T T 1
800 1000 1200 1400 1600
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Figure 7.3. FITR spectra of [bmin][PFs], a pDCPD film, and the pDCPD-IL composite film. Major
peaks of pDCPD and [bmin][PFs] are observed in the spectrum of the composite film after IL

immersion
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Solvent Effects

The results above suggest a mechanism in which the solvent swells the pDCPD film so that
ILs can migrate into the film and achieve stabilizing interactions with the polymer matrix.
Therefore, we examined different solvents to assess their effect on the preparation of the polymer-
IL gel. Other than DCM with dielectric constant (€) of 8.93, we examined chloroform (CHCls)
(e=4.81), ethanol (¢=24.5), dimethylformamide (DMF) (¢=36.7), and water (¢=80.1) as solvents.
Bowden et al. have reported that DCM and chloroform swell pDCPD very well while more polar
solvents do not.?* Gold substrates containing pDCPD films were placed into a 25 mM IL solution
in different solvents for 48 h. The thicknesses of the films were measured before and after the IL
soaking, and the IL uptake for each solvent is listed in Table 7.1. Among the selected solvents,
DCM results in the highest IL uptake of 0.49. Significant decreases in IL uptake are observed when
the solvent is changed from DCM to the others. Water, ethanol and DMF yield similar IL uptakes,
all around 0.13. These polar solvents do not swell pDCPD well, and thus, do not open up the
polymer sufficiently to enable high uptake of IL. No uptake is observed for the film exposed to the
IL in CHCI3, which swells pDCPD well and was expected to enhance the IL incorporation into
pDCPD films. However, [bmim][PF¢] is not soluble in CHCls;, owing to its lower dielectric
constant as compared to that for DCM, which reduces effective screening of the electrostatic
interactions of the IL. Even though CHCI; can swell the pDCPD film, the suspended IL aggregates
are still too large to penetrate the cross-linked pDCPD films. Also, in the absence of solvent (pure
IL), U =0, revealing that swellability of the polymer film by solvent is a critical component of the
mechanism for IL uptake. Hence, of the solvents examined, DCM behaves optimally in the
preparation of polymer-IL gels and thus, was used as the solvent for all the experiments described

in the remainder of the manuscript.
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We also examined different IL species (Table 7.2) to investigate the feasibility of preparing
a host of pDCPD-IL gels by this straightforward immersion method. The ILs [bmim][PF],
[bmim][BF4], and [hmim][PFs] were successfully incorporated into the polymer film with IL
uptakes ranging from 0.35-0.52. These results indicate that pDCPD is compatible with multiple
IL species through this straightforward immersion method. Other ILs, including [bmim][NTF;]
and [bmim][OTf{], could not be loaded into pDCPD, which may be due to the mismatch of
interactions between the fluorocarbon anions and the hydrocarbon polymer, as fluorocarbons tend

to be insoluble in hydrocarbons.*

Table 7.1. Uptake of [bmim][PFs] within the pDCPD-IL gel film prepared with different solvents

for the IL.
Solvent IL uptake
Dichloromethane 0.49 + 0.04
Chloroform 0
Water 0.14 + 0.04
Ethanol 0.13 £0.05

Dimethylformamide  0.12 +0.05

Table 7.2. IL uptake of the pDCPD-IL gel film prepared with different IL species, using

dichloromethane as solvent for IL loading.

Ionic Liquid IL uptake
[bmim][PF¢] 0.49 +0.04
[hmim][PF¢] 0.35+0.13
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[bmim][BF4] 0.52 +0.08
[bmim][NTF;] 0

[bmim][OT{] 0
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Figure 7.4. The uptake of [bmim][PFs] within pDCPD-IL gel films immersed in different

concentrations of the IL in DCM for 48 h.

IL Concentration Effects and Kinetics.

The IL loading is expected to be controllable by varying the IL solution concentration and
the immersion time. Figure 7.4 displays the concentration dependence of IL uptake of the polymer-
IL gel films that were soaked in a [bmim][PFs] solution in DCM for 48 h. A linear dependence of
the gel-IL uptake on the IL concentration is obtained at low concentration range (less than 10 mM),

suggesting the ability to tune the IL uptake from 0 to 0.5 by varying the IL concentration. The IL
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loading cannot be further increased with IL solution concentrations higher than 10 mM. The ceiling
of IL uptake is attributed to the limited swelling of pDCPD due to its crosslinked structure.

The IL uptake of the pDCPD-IL films prepared with different IL immersion times in a 25 mM
[bmim][PF¢] solution in DCM is displayed in Figure 7.5. The IL incorporation process is relatively
slow in the first 4 h and then accelerates from 4 to 36 h, followed by an inhibition as the IL uptake
approaches its maximum uptake. This kinetics plot is not consistent with a mechanism based on a
diffusion limitation of the IL into the solvent-swollen matrix, followed by entrapment of the IL
after removal of the film from the solvent. Diffusion is driven by a concentration gradient, which
should result in a faster initial uptake.?> Similarly, reaction-based kinetic models also predict
higher rates at the beginning due to the concentration dependence, and hence, do not fit the
experimental data well.2%?7 Instead, the IL incorporation process can be explained as a phase
transformation.

The final pDCPD-IL gel is not simply a mixture of IL and polymer matrix but a new phase
with special interactions between ions and polymer matrix. The polarizable C=C double bonds that
are prevalent within the pDCPD can be induced in the presence of IL to form either electron-
deficient or electron-rich m systems, which will then create anion-m or cation-m interactions
between the polymer matrix and ions. The existence of the ion-m interactions results in the IR
active vibrational frequency shift of the out-of-plane Csp2-H bending absorption band. A blue shift
(frequency increase) should be observed if cation-m interactions exist, while a red shift (frequency
decrease) should be observed when anion-z interactions exist.?®* For our system, a slight shift of
the absorption band for Csp>-H out-of-plane bending from 974 cm! to 978 cm'! is observed after
we incorporate IL into the pDCPD film, which suggests that we do have ion-m interactions formed

between the ILs and the polymer matrix. The shift is small because both types of ion-r interactions
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exist here, which results in both a blue shift and an opposing red shift. The ion-n interactions
stabilize ions around the double bonds in pDCPD, and those ions interacting with the polymer
matrix can electrostatically attract other ions. More ions aggregate around the polymer matrix, and
eventually, a new phase forms. The slow IL incorporation process at the outset may be attributed
to the slow formation of the polymer-ion interactions.

The Avrami model, which was developed to describe the time-dependent change of phase
in materials, was applied to our results for IL uptake to investigate the mechanism of the IL loading
process of pDCPD films.3%-32 In the model, the volume fraction of the transformed phase (Y) as a
function of time (t) is given as

Y =1—eKt" (7.1)
where K and n are two constants in the Avrami model. For IL incorporation, the transformed phase
volume can be expressed as the IL uptake while the total available volume for phase change can
be expressed as the ceiling IL uptake, limited by the swellability of pDCPD in DCM. Hence, the

model equation for our specific case can be written as

L —y=1-—ek" (7.2)

Umax

where U stands for IL uptake and U 1s the maximum IL uptake.
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Figure 7.5. The uptake of [bmim][PF¢] in pDCPD-IL gel films immersed in a 25 mM IL solution
in DCM for different immersion times. The fitting curve was made based on the calculated K and

n value by applying the Avrami model (Eq.7.2). The fitting equation is U= 0.51(1 —

e—0.0044t1'66)

By fitting the experimental data with the Avrami model, the parameter K is calculated to
be 0.0044 + 0.0005 min™ and 7 is 1.66 + 0.3. Generally, the K value demonstrates the rate of the
phase transformation and is dependent on the IL solution concentration and the type of cation and
anion in our case. The parameter n generally indicates the dimension of the nucleation and growth
of the phase. In our IL incorporation process, the nucleation refers to the process of formation of
ion-m interactions while the growth of the phase refers to the ion-attracting and aggregating

process. The calculated n value is 1.66, suggesting that one dimension growth of the phase
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occurred during the IL incorporation process. The phenomenon is attributed to the complexity of
the cross-linked structure of the pDCPD matrix. The available space for phase transformation is
actually different from site to site. Hence, the nucleation and growth of the new phase also vary

due to the special structure of pDCPD films.
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Figure 7.6. PM-IRRAS spectra of [bmim][PFs] and pDCPD films, as well as a pDCPD-IL gel film
with different IL uptakes. Each spectrum is normalized to the maximum peak within this spectral

window.

Polarization modulation-infrared reflection-absorption spectra (PM- IRRAS) of
[bmim][PF6], the pDCPD film (U = 0), and the pDCPD-IL gel films with different IL uptake (U)
are shown in Figure 7.6. From the figure, the gradual shifts of absorption bands due to P-F

stretching (from 869 cm™! to 852 cm™!) and out-of-plane Csp2-H bending (from 974 cm! to 979 cm-
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1 are observed. The absorption band shifts are labeled in Figure 7.6. These shifts are consistent

with the interaction of the ions with the polymer matrix in the pDCPD-IL gel film.

Shear Modulus

The incorporation of IL into the pDCPD matrix is expected to alter the properties of the
polymer film. Shear modulus, one of the important mechanical properties for coatings, was
investigated by employing the quartz crystal microbalance with dissipation (QCM-D) in an air
environment. QCM-D is a technique that allows precise measurements of frequency shifts and
energy dissipation factor of a QCM crystal upon loading by a film or coating. The addition of film
mass on the quartz crystal will result in a decrease in the frequency of oscillation, while varying
viscoelastic properties of the film can be related to the energy dissipation of the coated crystal.??
We collected the frequency and dissipation values for a clean quartz crystal sensor and used those
as the baseline. The changes in frequency (Af) and energy dissipation (AD) as we deposited a self-
assembled monolayer (SAM), grew a pDCPD film, and loaded IL to create a pDCPD-IL gel film
on the crystal are shown in Figure 7.7. The addition of the SAM on the crystal did not result in a
significant decrease in frequency since the mass of the SAM is small and it is robustly coupled to
the electrode. In the subsequent steps, both the attachment of the pDCPD film on the crystal and
the incorporation of IL into the polymer film result in a dramatic decrease in frequency, which
demonstrates that significant masses have been deposited onto the crystal. By applying the Kelvin-
Voigt model, a mass ratio of added IL to deposited polymer (0.81) is obtained. The density ratio
is 1.34,> hence, a volume ratio based on QCM-D data is calculated to be 0.6, which is slightly

higher than the IL uptake we measured by the profilometer (0.5). This difference is ostensibly due

to the IL deposited on the quartz part of the sensor after IL solution immersion. The change in
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dissipation (AD) indicates the varying viscoelastic properties of the coated crystal. In the Kelvin-
Voigt model, the viscoelastic properties of the film are presented by the complex shear modulus,
G = G' + jG", where j is the imaginary unit.*> G’ is the shear storage modulus, which is a measure
of stored energy and describes the elastic behavior of the materials. By fitting our experimental
data with the Kelvin-Voigt model, the shear storage modulus G’ for the pure pDCPD film is 172
MPa, and G’ for the pDCPD-IL gel film is 204 MPa. This small change in shear storage modulus
indicates that the elastic behavior depends more on the structure of the polymer matrix and does
not change much with the IL incorporation. G’ is the shear loss modulus, which is the measure of
energy dissipation and describes the viscous behavior of the materials. G'' = wn , where w is the
oscillation frequency and 1 can be regarded as a coefficient that relates the applied force to the
rate of deformation.’> The pDCPD-IL gel has a 10-time higher n (13.3 mPas) than the pure
pDCPD film does (1.3 mPa-s). The increased n demonstrates the higher shear loss modulus, which
shows that the existence of incorporated IL in the polymer matrix results in a more liquid-like
behavior of the material. This result demonstrates the feasibility of the simple immersion method
to incorporate IL into polymer matrix and adjust the mechanical properties of polymeric films and

coatings.
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Figure 7.7. QCM-D spectra of the pure quartz crystal, a hydroxyl-terminated SAM, the pDCPD
film, and the pDCPD-IL gel film. The experimental data were measured on the fundamental
frequency and other odd harmonics. Overtones 7 and 9 were chosen for analysis due to the
insufficient energy trapping on low harmonics and interference from anharmonic side bands on

high harmonics.*®

Ion Transport in PDCPD-IL Gel Films

The most widely developed application of polymer-IL composites is as solid-state
electrolytes in electrochemical devices. The existence of ions within a polymer matrix or coating
generally causes a dramatic enhancement in ion conductance of the materials. Understanding ion
transport in these pDCPD-IL gel films is crucial for their potential implementation in
electrochemical devices or membranes. lon transport through pDCPD-IL gel films was

investigated with electrochemical impedance spectroscopy (EIS), using an electrochemical cell as
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shown in Figure 7.8(a). Two gold substrates were used as the electrodes to sandwich the gel film
and pure IL, which served as electrolyte. The pDCPD-IL gel film was prepared on the bottom
electrode. A piece of Gamry electrochemical sample mask with a 0.28 cm? circular hole was used
as the mask to prevent direct contact of the two gold electrodes. A drop of [bmim][PF¢] was then
added to fill the unmasked area, followed by placement of the other gold electrode on top and an
added clamp that served as stabilization. By applying an AC potential with varying frequencies,
the frequency response of the system was recorded and plotted in the format of a Bode magnitude
plot. Representative Bode plots of EIS spectra for the NBDAC-terminated SAM without pDCPD,
the pDCPD film, and the pDCPD-IL gel film with different levels of IL uptake are shown in Figure

7.8(b).
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Figure 7.8. (a) Scheme of the electrochemical cell used in the EIS measurements. (b) Bode
magnitude plots of EIS spectra using pure IL as the electrolyte for working electrodes containing
an NBDAC-modified SAM (control), the pDCPD polymer film, and a pDCPD-IL gel film with
different IL uptakes (0.20, 0.31, 0.43, 0.45). The solid curves represent a fit of the data with the

equivalent circuit shown in Figure 7.9.

The EIS spectrum of pDCPD exhibits the behavior of a pure capacitor and demonstrates

an extremely high film impedance, which is attributed to its low dielectric constant and its cross-
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linked structure. The perfect capacitive response indicates that ions of the contacting IL do not
penetrate into the pure pDCPD film. These results suggest that the IL, by itself, is incapable of
swelling the polymer film. With IL loaded into the polymer matrix, the ion transport ability is
significantly changed. In the Bode plots, the magnitudes of the plateaus of the spectra in the low
frequency region reflect the resistances of the films against ion migration, which is termed film
resistance. A quantitative analysis was done by fitting the obtained EIS spectra with an equivalent
circuit model. The equivalent circuit model we used to fit the data for pDCPD-IL gel films is
shown in Figure 7.9 Considering the leakage of the capacitors, constant phase elements (CPEs)
were used in lieu of capacitors to fit the experimental data. The impedance of the CPE is given by

Eq. 7.3,

1 (13)
“ers = VoG

where Y is a constant with units of S”/Qecm? and [11is a dimensionless constant between 0 and

1. The effective capacitance can be converted from CPE by Eq. 7.4.
C =Yy(w))* ! (7.4)

where the wy, is the frequency at which the imaginary part of the impedance is a maximum.
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Figure 7.9. The equivalent circuit model used to fit the EIS spectra for pDCPD-IL gel films. The
circuit model consists of a solution resistance (R;), connected in series with a film capacitance (Cr)
and a film resistance (Ry), that is in series with an interfacial capacitance (C;) and an interfacial

resistance (R;). Constant phase elements (CPEs) were used in lieu of capacitors to obtain the best

fit of the EIS spectra.

The fitted electrochemical parameters are listed in Table 7.3. The film resistance changes
from more than 100 MQ-cm? for pure pDCPD to as low as ~0.01 MQ-cm? as the IL becomes
incorporated into the polymer film—a four-order-of-magnitude decrease. The dramatic decrease
with IL uptake demonstrates the existence of conducting, IL-filled pathways within the polymer
matrix and reflects the potential of polymer-IL gels as solid-state electrolytes. The film capacitance

also increases from 4.3 nF to 33 nF as the incorporation of the IL boosts the overall dielectric
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constant of the composite film. Considering that the IL is ion-conductive and causes capacitor
leakage, the effect of incorporated IL on the overall dielectric constant of the gel film cannot be
simply described using a traditional linear model. Also, as we incorporate additional IL into the
pDCPD film, the dramatic decrease in film resistance can lead to greater capacitor leakage and a
less purely capacitive behavior.

Another control experiment was performed with only the NBDAC-modified SAM on the
gold substrate. The difference between the spectra of the polymer-IL gel films and the spectra of
the control experiment indicate the effect of the pDCPD-IL gel film. At low frequency, the
spectrum of the film with an IL uptake of 0.45 merges with the control spectrum, which
demonstrates that at low frequency, the impedance of the pDCPD-IL gel film is negligible, as ions
have sufficient time to transport through the film in a similar manner as transferring in bulk IL. In
this case, the effect of the pDCPD-IL gel film disappears and the impedance response only depends

on the interface.

Table 7.3. Film resistance and film capacitance values of the pDCPD-IL gel obtained from a fit of

EIS spectra of Figure 7.8(b) with the equivalent circuit shown in Figure 7.9

IL IL Volume Film Film
Uptake Percentage Resistance Capacitance
(V) (%) (kQ-cm?)  (nF/cm?)
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0 0 >30000*  4.3+0.1

0.20 17 >2000* 20.8+0.9
0.31 24 244+19  25.1+1.1
0.43 30 94+25 299+3.6
0.45 31 86+03 333+3.0

* Film resistances of pure pDCPD and the pDCPD-IL gel film with an IL uptake of 0.2 cannot be
determined accurately via modeling fitting because no obvious plateaus exist in the frequency

range from 1 Hz to 100 kHz.
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Figure 7.10. (a) The SEM image of pure pDCPD film (b) The SEM image of pDCPD-IL gel film

(U = 0.49).

Scanning electron microscopy (SEM) was used to investigate the morphology of the pure
pDCPD film and the pDCPD-IL gel film (U = 0.49). Figure 7.10 demonstrates similarity between
the grown pDCPD film and the pDCPD-IL gel film after the IL incorporation. The result is
consistent with the comparison of roughness shown in Figure 7.2. The IL incorporation does not
result in a change in surface morphology. Also, the SEM images show that the films are smooth
and uniform, which demonstrates an advantage of surface-initiated polymerization in the

preparation of polymer/IL gel films and coatings.
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Conclusions

PDCPD-IL gel films were successfully prepared by incorporating ILs into surface-initiated
pDCPD films using a simple immersion method. The ILs incorporate into surface-initiated pDCPD
and form stabilizing interactions with the C=C double bonds of the polymer as the solvent swells
the polymer matrix. The method is proven to be feasible in preparing pDCPD-IL gels with different
IL species that are soluble in the IL and within the pDCPD matrix. The successful incorporation
of the IL is proven by the increased thickness of the final resulting gel, as well as changes in the
IR spectra. The IL uptake of the resulting gel is dependent on the solvent, IL solution
concentration, and the sample immersion time. DCM as solvent enables the highest IL uptake due
to the high swellability of pDCPD and high solubility of the IL in DCM. The process of the IL
incorporation can be regarded as a phase transformation process that can be described by the
Avrami model. The film properties of pDCPD were also changed as the IL becomes incorporated
into the polymer matrix. QCM-D measurements show that pDCPD-IL gel film has a higher shear
loss modulus than that of the pure pDCPD films, and EIS spectra display dramatic decreases in
film resistance with the IL loaded into the polymer film. We expect that this process can be
extended to other polymer compositions and ILs to generate robustly bound, ion-conductive gel

films with controlled thicknesses on a variety of substrates.
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CHAPTER VIII

CONCLUSIONS AND FUTURE WORK

Conclusions

The results presented in this thesis demonstrate the preparation of compositionally versatile
polymer thin films via vapor phase surface-initiated ring-opening metathesis polymerization (SiROMP).
This work capitalizes on the advantages and characteristics of surface-initiated polymer thin films and on
the compositional versatility of the poly(trans-5-norbornene-2,3-dicarbonyl chloride) (pNBDAC)-based
thin films and poly(dicyclopentadiene) (pDCPD)/ionic liquid (IL) composite films to explore their
applications in untapped polymer coating systems and more efficient polymer coating processes.

Results in Chapter IV demonstrate the application of poly(acyl chloride)s in polymer modification
and functional polymer preparation. The successful preparation of pPNBDAC via vapor phase SiROMP
provides an efficient method to achieve various functionalities in polymer films. Vapor phase SIROMP
enables us to obtain pNBDAC films as thick as 400 nm with good controllability, while the easy reaction
of acyl chlorides with water, alcohols and amines provide high-yield routes to introduce an unlimited range
of chemical functionalities. The introduction of aromatic rings, pH-responsive tertiary amines, large
molecules like fluorescein, and long hydrocarbon chains to the polymer film has been examined. The
modification of pNBDAC is an easy and rapid process, while steric hindrances may result in incomplete
conversions when modifying the acyl chloride groups with large molecules like fluorescein or 1-
hexadecanol. The post-polymerization modification of pNBDAC provides the platform to design the
properties of the film. Polymer films modified with a series of n-alcohols with different hydrocarbon chain
length (n) were investigated. The surface wettability of the films can be adjusted from 40° to 117° as n
increases from 0 to 8. Further increases from n =8 to n = 16 result in a more dense array of oriented methyl

groups on the surface, as evidenced by increases of hexadecane contact angles. The film impedance against
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ion transport changes dramatically when the carboxylic acid/carboxylate groups in the films are replaced
with hydrocarbon-capped esters. The increase in carbon chain length results in an increase in the ionic
barrier, which is due to the increase in film thickness to accommodate these longer side chains and the
associated increase in methylene crystallinity.

Chapter V introduces an application of the pNBDAC modification method for functional polymer
film preparation described in Chapter IV. The acyl chloride groups in pNBDAC were reacted with
hydroxylamine to form hydroxamic acid groups, which are able to chelate various transition metal ions to
form stable complexes. Our hydroxamic acid-modified films show a high degree of chelation (~ 70%) at
solution concentrations as low as 30 uM with most divalent metal ions Fe?*, Cu®*, Ni**, Co**, Zn**, while
multivalent ions like Fe** and Zr*" are not chelated to high loadings within the film. The low chelation of
our polymer films with multivalent ions may be due to the special structure of the polymer repeat unit,
where the two hydroxamic acid groups located adjacently are oriented away from each other in a trans
conformation. Chelation with metal ions requires hydroxamic acid groups placed almost center symmetric,
which would require contributions from hydroxamic acids on other repeat units or chains. Because of the
special structure repeat unit, the chelation of divalent metal ions by hydroxamic acids occurs between
different units or different chains, which creates ion-mediated cross-links to enhance the thermal and pH
stabilities, mechanical properties, and ionic barrier properties of the polymer films. We show that these
polymer films can chelate metal ions originating from corrosion, which demonstrates the application of
metal corrosion detection when interfaced with an appropriate detection strategy.

Chapter VI reports an ester/carboxylic acid random copolymer film prepared by modification of
pNBDAC with solutions containing different ratios of water to ethanol. Due to the much higher reactivity
of ethanol than water within the film, the composition of the copolymer films is best controlled to complete
modification of the pendant acyl chlorides by exposure to an ethanol-water solution for a short time (15
min) followed by exposure to pure water for longer times. This two-step modification method provides an
almost linear control of the film composition with solution composition, which is favorable in tuning the

pH-responsive properties of the films. The copolymer films with molar carboxylic acid compositions
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between 25 and 39% show huge (up to 10* times) pH-responsive switches in ionic barrier properties. At the
critical pH for property change, a sufficient fraction of carboxylic acids are deprotonated to carboxylates to
surpass a threshold in the hydrophilicity of the film and thereby cause a dramatic drop in the barrier
properties against ion transfer. The critical pH of the pH-responsive films is elevated for films with lower
carboxylic acid fractions, demonstrating a dependence on film hydrophobicity. QCM-D measurements of
the ester/carboxylic acid films also show the pH-responsive behavior and provide key complementary
information on film-water interactions. According to QCM-D measurements, copolymer films with 34%
carboxylic acid exhibit a 3x greater thickness in high pH solution than in low pH solution due to the
absorption of water and ions into the film upon deprotonation/ionization of the carboxylic acid groups. The
QCM-D measurements also demonstrate high reversibility and reproducibility of the pH-responsive
performance of these copolymer films.

Chapter VII introduces another compositionally versatile system with a different base polymer
film: pDCPD/IL composite thin films. In this work, I introduce a new strategy to prepare ionogel thin films
by a combination of SIROMP to prepare the pDCPD base film, followed by a simple immersion in a solvent
that contains the IL to be incorporated to create the gel. The ILs form stabilizing interactions with C=C
double bonds of the polymer as solvent swells the polymer matrix. The IL uptake of the composite can be
altered by varying solvent, the IL solution concentration, and the film immersion time. The incorporation
process of the IL into the polymer matrix is explained as a phase transformation process described by
Avrami model. The presence of the ILs changes both mechanical properties and ion transfer properties
based on the results from QCM-D and EIS, respectively. The pDCPD matrix can accommodate various
ionic liquids depending on the anion species, and we expect the method can be extended to many other

polymer films, which enables the design of many unique polymer/IL binary systems.

Future Work

The results in this thesis present a unified theme to demonstrate functional (co)polymer thin films

and composites by exploiting simple reactions and processes from base films prepared by vapor-phase
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SiROMP. To aid in the utility and understanding of these compositionally versatile films, I suggest the
following topics of research that could be addressed in the near term.

A new route to metal-chelating hydroxamic acid-modified films is presented in this thesis. Results
in Chapter V show that the chelation of the polymer films with metal ions can be achieved at low centration
and with a comparatively fast kinetics according to QCM-D measurements. However, a more detailed
analysis of the kinetics of the chelation process at different concentrations is worthy of more exploration.
Also, as related to the kinetics, the chelation stabilities of different transition metal ions are not clarified in
this thesis." Therefore, a thorough kinetics study with the investigation of chelation stabilities of different
metal ions at low, intermediate, and high loadings should provide greater fundamental understanding of the
chelation process in these thin films. Chapter V also demonstrates the feasibility of the hydroxamic acid-
modified films to chelate metal ions that originate from corrosion and therefore, its potential utilization in
the detection of corrosion. However, Chapter V presents only a brief demonstration of metal chelation when
the film is extremely close to the surface. Experiments like growing polymer films directly on the metal
surface and then detecting the metal ion capture at the early stage of corrosion are necessary to further
investigation this application. In addition, analytical methods to detect the metal loading of the film through
the walls of a metal pipe will enable this metal-sensitive film to be incorporated as part of a robust sensing
system for the non-destructive structural health monitoring of piping networks.

Chapter VI demonstrates the successful preparation of ester/carboxylic acid copolymer films with
pH-responsive barrier and structural properties. The copolymer film shows low ion transfer resistance and
highly swollen structure when exposed to high pH solutions, and the pH-responsive behavior can be utilized
in many applications such as sensors, separation membranes, or biomedical studies. In many of these
applications, the opposite pH-responsive performance is required, where films should swell and have
elevated water interaction at low pH. Tertiary amine groups can be introduced into the polymer films to
achieve the pH-responsive behavior at low pH. The protonation of the tertiary amine groups in acidic
environments can provide ionic moieties in the polymer and increase the overall hydrophilicity to further

change the film properties, such as structural properties and barrier properties.* A further investigation of
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pH-responsive films made of tertiary amine/ester/carboxylic acids may be worthy of exploration.
Theoretically, tertiary amines are comparatively hydrophobic at high pH while carboxylic acids deprotonate
to become hydrophilic at high pH. The polymer film containing small percentages of both tertiary amines
and carboxylic acids is expected to switch to more hydrophilic status at either low pH or high pH, with
hydrophobic status observed only in the middle range of pH where both amines and acids are not
sufficiently ionized. Such pH-responsive performance that introduces a third “state” of the film can be
utilized in sensors where deviation from a middle range pH is required.

Chapter IV demonstrates the compositional versatility of the pNBDAC film as a platform for the
introduction of functionality. In Chapter IV, I show that the modification of pPNBDAC films with large
molecules is not perfectly complete, which can be attributed to steric hindrance. Inspired by the
phenomenon, a novel method to prepare double-layer polymer films with different functionalities via two-
step SIROMP may become feasible. To obtain the double-layer system, high molecular weight polymers
with abundant hydroxyl groups such as PVA, PHEMA, cellulose, or agarose may be used. If such polymers
are used in pPNBDAC modification for a short time, the polymers are too large to penetrate into the polymer
film and would likely modify only the surface region of the pNBDAC films, which results in a film structure
where the surface is covered by a hydroxyl-abundant polymer layer while the interior of the film remains
as unreacted acyl chlorides. Then, the film can be modified with other reagents to functionalize the inner
film and the hydroxyl groups on the surface can be initiated to grow another layer of pNBDAC film that
can be modified differently from the inner layer. The double-layer preparation method can be utilized in
polymer coating preparations when multiple functionalities are required. For instance, the bottom layer
could be hydrophobic to provide protective performance, with the top layer showing “smart” stimulus-
responsive surface behavior. An interesting example would be a film that offers both corrosion protection

and metal-chelating capabilities for inhibition and detection of corrosion.
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APPENDIX A

THE KINETICS OF THE ANION EXCHANGE PROCESS FOR PIL THIN FILMS

PREPARED BY SIROMP

Introduction

Poly(ionic liquid)s (pIL) are a special class of polyelectrolyte produced from the
polymerization of monomers containing IL constituents. Compared to other polymers, especially
other polyelectrolytes, pILs carry IL species in each of the repeating units, which is expected to
induce higher ion mobility within the polymer, simpler property modifications by ion exchange,
and broader ranges in glass transition temperature (T).! Compared to ILs, pILs are solid in most
cases and exhibit much improved mechanical properties, enhanced processability, improved
durability, and spatial controllability.! PILs have been researched for years and have successfully
been prepared through multiple polymerization techniques such as free radical polymerization,*?
atom transfer radical polymerization (ATRP),%” and ring-opening metathesis polymerization
(ROMP) %1% This research, for the first time, investigates the kinetics of anion exchange in thin
pIL thin films. The study of the kinetics will help better understand the characteristics of pIL films
and determine the effects of anion content on film properties that are necessary to utilize pILs in

applications.

Ionic Liquid Monomer Synthesis.
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The syntheses of norbornene-tethered IL monomers norbornenyl propylene dimethyl
imidazolium hexafluorophosphate ( [N; — dIm][PFs] ) (N represents the norbornene group,
where the subscript 1 in N is the carbon number between the norbornene group and imidazolium
group) and norbornenyl methylene dimethyl imidazolium hexafluorophosphate ( [N; —
dIm][PFg] ) have been achieved via the Diels-Alder reaction of dicyclopentadiene with 5-bromo-
1-pentene or 3-bromo-1-propene followed by the addition of the 1,2-dimethylimidazole across the
C—Br bond to form the dimethylimidazolium terminus. Anion exchange of Br- with PF¢ produced
the final monomer. The IL monomers were polymerized directly from the surface via SIROMP to

obtain PIL films in which the film thickness is tunable by varying the monomer concentration.

PIL Film Smoothing.

The growth of current pIL films shows that the roughness of the polymer film is very high
with respect to film thickness. The roughness is more than 150 nm for a 300-nm thick pIL film
(Figure A.1). The significant roughness is contributed to inevitable chain transfer during the
polymerization process. As chain polymerization proceeds, polymer chains containing an active
metal alkylidene species on its terminus can react with nearby olefin functional groups on the same
chain to release a cyclic species into the solution.!! The activated metal alkylidene may then initiate
polymerization in the monomer-rich solution and the polymer chains formed in solution may be
bound to the grown polymer films in a physical way during the polymerization process. The
attachment of those chains that formed in solution to the pIL film is assumed to be weaker than
surface-initiated chains, and we hypothesize that those chains will be removed with external force

such as sonication. Hence, sonication was attempted to smooth the film, and after some
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experimentation, a smoothing process was successfully achieved by sonicating the obtained

polymer films in dichloroethane (DCE). The roughness of the polymer film is nearly unchanged

after 5 min and then decreases dramatically as sonication proceeds for 1 h (Figure A.1). The

roughness and roughness/thickness ratio over various sonication times have been plotted to

quantify the effectiveness of the smoothing process.
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Figure A.1. (a) Profile of pIL films sonicated for 0 min, 5 min, 30 min and 180 min. (b) Roughness

(nm) and roughness/thickness ratio of pIL films sonicated for various times.

According to our proposed mechanism, significant roughness is caused by the physical

attachment of polymer chains in the bulk solution, which is expected to be almost independent to

the film thickness. Films with different thicknesses were prepared and no obvious increase in

roughness was observed for a much thicker film. After performing the sonication process for over

90 min, smoother thin PIL films with roughness <30 nm were obtained for further investigation.
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Anion Exchange of PIL Films

One of the unique characteristics of PILs is that their properties may be altered via an anion
exchange process. Many researchers have investigated the anion exchange of PILs in bulk solution,
which is a slow process and requires a difficult separation process.'>~'¢ Also, even though anion
exchange has been applied to alter polymer properties or during copolymer synthesis, the kinetics
of their ion exchange process was not well resolved due to the complexity of the experimental
process. As SIP has begun to be applied for the growth of pIL thin films, the ion exchange process
can be achieved much more easily from these films without any additional separation processes
beyond simple rinsing, as compared to that for bulk polymers. The kinetics of the ion exchange
process for pIL thin films will be studied here to provide fundamental insight as to the ion exchange
rates for pIL thin films.

We have investigated the kinetics of anion exchange for our more hydrophobic PFs-laden
PIL films with the hydrophilic ion ClO, to investigate effects of anion hydrophobicity,
temperature, and thickness on the rate of exchange. The smoothed poly( [N; — dIm][PFg] ) film
(300 nm thick) was exposed to a 0.2 M LiClOs solution for 2 h. FTIR spectra were taken for both
the original pIL (PF, film) and the film after anion exchange (Figure A.2a). The strong P-F
stretching absorption band at 865 cm™ completely disappears after ion exchange, and a new peak
appears at 1118 cm!, due to the CI-O absorption band. A complete anion exchange is achieved
based on the FTIR spectra. Also, C-H absorption bands are almost unchanged, which suggests that
the structure of the polymer backbone remains the same after the anion exchange process. A series
of tests with different ion exchange times (0, 1, 3, 10, 30, 90, 180 min) at constant salt

concentration (5 mM) has been performed, and the FTIR spectra are shown in Figure A.2b. The
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obvious diminution of the PFg peak and increase of the ClO; peak shows that the anion exchange
process occurs gradually over 180 min. The kinetics of anion exchange is important to know for

further applications such as property tuning and copolymer film synthesis.
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Figure A.2. (a) FTIR spectra of complete anion exchange from PFg to ClO, with a 0.2 M
LiClO4(aq) for 2 h (b) FTIR spectra of anion exchange processes from PF¢ to C10, with 5 mM

LiClO4(aq) for various times.

Kinetics Plots

Utilizing the obtained IR spectra in Figure A.2b, the composition of PF¢ and ClO} in the
ion-exchanged film was estimated, and the conversion of PF, to ClO; conversion was determined.
The conversion is plotted versus anion exchange time at different salt concentrations in Figure
A.3. The anion exchange reaction proceeded much faster than that expected based on previous
results for exchange in bulk solution. For example, 48 h were required for Elabd’s group to

completely convert poly(1-[(2-methacryl- oyloxy)ethyl]-3-butylimidazolium bromide)
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(poly(MEBIm-Br) to poly(1-[(2-methacryl- oyloxy)ethyl]-3-butylimidazolium hydroxide) (poly
(MEBIm-OH) by anion exchange.!> For our PIL thin film anion exchange, the complete
conversion of PFg to ClO4™ can be accomplished after only 30 min with a solution concentration
of only 50 mM in LiClOs. The basic trend is consistent with those of other reaction or adsorption
processes that proceed rapidly at the beginning due to the abundance of sites, then slow down as
sites dwindle until the equilibrium is reached. By lowering the salt solution concentration to 5 mM

and 1 mM, slower exchange processes are observed. (Figure A.3a)
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Figure A.3. (a) Conversion plot at various times for anion exchange from PF¢ to Cl0, with a

LiCIO4 aqueous solution. (b) Conversion plot at various times for anion exchange from ClO} to

PF¢ using a KPF¢ aqueous solution.

Since PFg and ClO; have different water affinities, the ion exchange behavior in the
aqueous solution should be different. Hence, after anion-exchanging the original pIL (PFg) film
to (ClO%) film, the reverse anion exchange from (C10} ) back to (PFg) was also performed (Figure

A.3b). The reverse anion exchange exhibits dramatically faster rates, and the complete conversion
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can be achieved within 30 min with a salt solution concentration as low as 1 mM. As such, we
investigated lower concentrations for the reverse anion exchange. The phenomenon can be
explained by the different hydrophilicity of PFg and ClOj ions. As a more hydrophilic ion, the
ClO; that originally occupied the polymer film should have a greater tendency to escape toward
the aqueous solution. Likewise, PFg ions are more driven to transport into the hydrophobic

polymer film to escape the aqueous phase.
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Figure A.4. PFO (RMSE = 11.84), PSO (RMSE = 6.79) and IDM (RMSE = 6.27) model fitting

for anion exchange from PF¢ to C10, with a 5SmM salt solution

Kinetics Model

Different kinetics models were employed to fit the experimental data to determine rate
constants. Due to the similarity of the ion exchange process and solid-liquid phase adsorption
processes, three commonly employed kinetics models for adsorption: pseudo-first-order model
(PFO),!” pseudo-second-order model (PSO)!®, and intraparticle diffusion model (IDM)'°, have
been applied to fit the experimental results for the ion exchange process from PFg to Cl0, with a

5 mM LiClOy salt solution (Figure A.4). Root mean squared errors (RMSE) were calculated for
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each model. We found that the pseudo-first-order (PFO) exhibits the poorest fitting
(RMSE=11.84), while the PSO (RMSE=6.79) and IMD (RMSE=6.27) fittings are similarly, yet
mildly accurate for these data. Additional model fittings were done with all the forward and reverse
ion exchange runs. The fitting results are shown in (Figure A.5 a-d). Based on the results, PSO
gives improved fitting for anion exchange at high salt concentration while IMD has better
predictions for the process at low salt concentration. Due to the lack of error bars on the
experimental data at this stage, it is not wise to make a conclusion as to which model best describes
the anion exchange process. More experimental data are required for both forward and reverse

experiments and more model-fittings should be investigated.
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Figure A.5. (a) PSO model-fitting for the anion exchange process from PFg to ClO;. (b) PSO
model-fitting for the anion exchange process from PFg to ClO;. (c) IDM model-fitting for the
anion exchange process from Cl0;, to PF; . (d) IDM model-fitting for the anion exchange process

from Cl0; to PFg.

Temperature Effects

A study on the effect of temperature was performed for the anion exchange process. Increasing
temperature is expected to affect both the rate of anion exchange in the film and the equilibrium
composition. A set of anion exchange experiments was performed at 60 °C with a 5 mM LiClO4
aqueous solution, and the time-dependent conversion was compared to that at room temperature
(Figure A.6). A significantly faster rate is observed for anion exchange at 60 °C, which is
consistent with our prediction. More sets of anion exchange at lower temperatures are required for

a full study on temperature effects.
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Figure A.6. The anion exchange kinetics plot for a [N; — dIm][PF¢] film exposed to 5 mM LiClO4

aqueous solution at room temperature and at 60 °C.
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APPENDIX B

SUPPLEMENTARY INFORMATION FOR CHAPTER VI

Phase Angle Plots

Figure B.1 shows the phase angle plots for ester/carboxylic acid copolymers with 25 % and
39 % carboxylic acids. In Figure B.1a, as the frequency change from high to low, the phase angles
start to decrease almost immediately at 100 kHz, which demonstrate the capacitor behavior of the
film at these pH levels. A dramatic change in the phase angle spectra shows from pH 6 to 7. When
pH is 7 or higher, the phase angle spectra keep near 0 (resistant behavior from solution) and start
to decrease at frequency 100 — 300 Hz, which comes from the capacitor behavior of the SAM
interface). The phase angle spectra shows that the copolymer has high film resistance at low pH
and almost no film resistance effect at high pH. Figure B.1b shows similar trend, but the property
switch happens at pH 9.

Figure B.2 shows the phase angle plots for ester/carboxylic acid copolymers with 14 % and
49 % carboxylic acids. In Figure B.2, phase angles spectra show not much change over different
pH values, which is consistent with the conclusion in the Chapter VI that if copolymer films
contain too many carboxylic acids (Figure B.2a), the film will be hydrophilic enough even at high
pH. In contrast, if copolymer films contain too less carboxylic acids, the overall film will still show

relatively high hydrophobicity even with deprotonated carboxylates.
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Figure B.1. pH-dependent EIS phase angle measurements of a copolymer film that contains (a)
39% carboxylic acids and (b) 25% carboxylic acids. Solid lines indicate fits of the spectra based

on the equivalent circuit model of Figures 3.3 and 3.4.
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Figure B.2. pH-dependent EIS phase angle measurements of a copolymer film that contains (a)
49% carboxylic acids and (b) 14% carboxylic acids. Solid lines indicate fits of the spectra based

on the equivalent circuit model of Figures 3.3 and 3.4.
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