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ABSTRACT OF DISSERTATION

SURFACE ENGINEERING AND MONOMER DESIGN FOR LIGHT-MEDIATED
RING OPENING METATHESIS POLYMERIZATION

Stimuli-responsive materials are changing the landscape of actuated materials,
optoelectronics, molecular machines, solar cells, temporary memory storage, and
biomedical materials. Specifically, photo-responsive polymers have gained acceleration in
research and application since the last two decades in the form of a surface coating and
micro-patterns. Light as a stimulus can be coherent, mono or polychromatic, tunable for
power (intensity) and energy (wavelength), and has precise spatiotemporal control.
Conventional surface coating techniques such as spin coating are unable to impart
properties to the coatings in terms of sturdiness, homogeneity, uniformity over the complex
surface, post deposition modification, and process efficiency. Also, in the field of
photoreponsive polymers, there is no simple technique for surface-patterning of photo-
responsive polymers, which is an important missing link between current research and
future potential applications.

This dissertation designs new strategies for light-mediated ring opening metathesis
polymerization (ROMP) to synthesize a diverse class of stable photo-responsive polymers
and coatings.

Firstly, we propose a new synthetic route to functionalize surface-initiated ring opening
metathesis polymerization (S| ROMP) coatings. The backbone of ROMP polymers has
internal carbon-carbon double bonds which are potential sites to introduce additional
functionalities like stimuli-responsive functional groups. We leverage these unsaturated
bonds to incorporate functionalized side chains using thiol-ene click chemistry. Thiol-ene
chemistry is a versatile approach to attach diverse functional groups at the site of a carbon-
carbon double bond. This approach was tested by grafting 3 types of thiols with different
functional tail groups and can be readily used for any polyolefin coatings.

Secondly, oxidative degradation of SI ROMP coatings in the organic solvent is a common
problem resulting in a decrease in the film thickness due to polymer chain cleavage. We
incorporated a custom designed crosslinker to the polynorbornene (pNB) coatings to
prepare in situ crosslinked pNB coatings. This approach provides a crosslinked coating of



pNB with significantly increased stability against organic solvents by decreasing the film
loss from 73 % to 28 %.

Lastly, a novel approach of making photo-responsive polymer by light mediated ROMP is
demonstrated. Light mediated control over rate of polymerization is the key feature
required for patterning surface with photoresponsive polymers. We achieved this goal by
designing and synthesizing a monomer that effectively controls the activity of the catalyst
by temporarily deactivating it on irradiation with UV 365 nm light and reactivating it back
by irradiation with blue 455 nm light to resume the ROMP.

Keywords: Azobenzene, polynorbornene, photoresponsive ROMP, SI ROMP, crosslinker,

coating.
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1 Introduction

Stimuli-responsive molecules are the building blocks for the functional materials whose
response is controlled by the external environmental stimulus. The response is
accompanied by variation in physical and chemical properties of the material. The stimulus
can be of any form such as temperature, light, electric current, pH[1]. In the last decade,
light-responsive polymer coatings have gained huge attention in scientific research.
Because light represents an ideal stimulus due to its precise spatiotemporal resolution
(coherence, pulsed signal), it can be mono/polychromatic, and the ability of selective
excitation of target chromophore in a non-invasive manner. The light intensity and
wavelength can be easily modulated to comply with the system competently. These
properties are of utmost importance to design exciting applications of light/photo-
responsive polymers. Photo-responsive polymers are typically alkane chains with
azobenzene as a pendant to main chain[2, 3] or in the main chain of the polymer[4].
Azobenzene is the most commonly used photo-responsive moiety to impart photo-
responsive nature to polymers or macromolecules. Photo-responsive coatings are the
surface coatings of these polymers which change their physical or chemical surface
properties when irradiated with a particular wavelength of radiation. They have numerous
applications due to a unique property of reversible photoisomerization of azobenzene, in
the form of planar and patterned surface coatings both. For instance, A. Riul Jr. and co-
workers have prepared artificial taste sensors using Langmuir-Blodgett (LB) film of
azobenzene containing polymers which can differentiate between four different types of
tastes (salty, sour, sweet, and bitter)[5]. Ho Sun Lim and co-workers have made a photo-
switchable superhydrophobic surface from azobenzene containing material with an
erasable and rewritable pattern that can switch between superhydrophobic and
superhydrophilic on exposure to UV/Visible radiations[6]. Moreover, similarly, Mamiko
Narita and co-workers have demonstrated photoinduced immobilization of antibody
(immunoglobulin G) on a surface spin-coated with the azopolymer[7]. These are some very
innovative applications that form the basis for further research in diverse fields. Similar

existing opportunities for photoresponsive polymer coatings also exist in optoelectronic



devices[8, 9], solar cells[10, 11], micro-fluidics[12], diffraction gratings[13, 14] and

nano/micro-devices[15, 16].

Typically, these surface coatings are made by spin coating, LB method, and layer by layer
deposition[17-19]. However, these deposition methods are not compatible with forming
precise coatings on the complex surface geometries used in the most exciting
applications[4, 19]. Spin coating or similar techniques produce physically adsorbed surface
coatings. Hence, they are very susceptible to wear off due to small mechanical shear forces.
In addition, if the viscosity, temperature, angular velocity and solvent utilized in the spin
coating are not right then it is very common to get defects such as chuck marks, striation
patterns, and bubbles[20, 21]. Spin coating cannot be used to pattern surface and generate
complex architectures. A layer by layer spin coating method is performed to make
multilayer architectures[22, 23] but this approach also has limitations to be extended to
more complex micro/nanostructures. Another less explored technique for preparing
photoresponsive coating is LB process[24, 25]. LB process is one of the efficient methods
to make monolayers of organic molecules on a planar surface by immersing substrate into
a solution of surface associating molecules[26]. However, it can be used only for preparing
monolayers and cannot make surface-bound polymers. Other drawbacks include

instability, inhomogeneous, and poorly structured monolayers[27].

Currently, the most common method of creating surface patterns of photoresponsive
polymers of azobenzene is irradiating the photoresponsive coating with the interference
pattern of polarized light. On exposure, the azobenzene tends to align itself perpendicular
to the plane of polarization and move in the darker region of the interference pattern. This
creates surface relief gratings or linear surface patterns of photoresponsive polymers. When
circularly polarized light is used, a circular pattern is observed on the coating[14].
However, this method is too complicated and needs a surface pre-coated with the

photoresponsive polymer.

In brief, we need a better method to prepare photoresponsive polymer coating with higher
mechanical stability, that can be employed over any complex surface geometries, and that
can be used for surface patterning of the photoresponsive polymers to create surface

geometries.



Surface-initiated polymerization (SIP) represents a versatile approach to form functional
surface coatings[28]. This “grafting from” method grows the polymer brushes from
initiator groups that are chemically bound to the self-assembled monolayer (SAM) on the
substrate[29]. Hence, they are chemically coupled to surface providing higher strength
against desorption. A SAM is a highly ordered, single molecule thin layer formed by
spontaneous adsorption of molecular constituents from its anchor group on the suitable
substrate[29, 30]. As compared to spin coating and dip coating, SIP provides robust
coatings due to the covalent bond between coating and substrate, better control over coating
thickness even on the non-planar surface, and the density of polymer brushes on the surface
can be controlled by tuning the density of SAM [28, 31-33].

There are various types of SIP techniques like surface initiated ring opening metathesis
polymerization (SI ROMP), surface initiated atom transfer radical polymerization (SI
ATRP), and reversible addition-fragmentation chain transfer polymerization (SI RAFT).
SI ATRP is one of the conventional methods of preparing surface coupled polymer brushes
primarily due to the commercial availability of monomers and highly controllable
polymerization nature[34, 35]. However, SI ATRP is extremely slow; typically, coating
growth is limited to a few nanometers per hour. Additionally, ATRP is typically restricted
to inert atmospheres. Similarly, SI RAFT is also commonly used surface polymerization
method with the excellent ability to polymerize wide range of vinyl monomers, high
tolerance towards functional groups, and chain end functionalization[36-39]. Additionally,
SI RAFT can be executed on several substrates using many different kinds of
monomers[40, 41]. However, RAFT is highly sensitive to the polymerization temperature,

which typically limits the film growth rate to the slow rates seen in SI ATRP.

When compared to SI ATRP and SI RAFT, SI ROMP provides advantages including
polymerization in ambient temperature, tolerance to oxygen and other functional groups,
higher rate of polymerization, formation of high molecular weight polymer brushes, and
preservation of the olefin functionality in the resulting polymer brushes[42-45]. S| ROMP
can also be performed on several different substrates including gold, and silicon/silicon
dioxide[46, 47]. Several types of monomers are available for ROMP, including cyclic

alkenes, and cyclic dienes, and bicyclic alkenes [43, 48]. We modified the most commonly



used ROMP monomer, norbornene with azobenzene as a branch on its cyclic structure,

enabling the photo-switching of ROMP in solution.

Polymer surface coatings engineered with desired properties are necessary for numerous
research areas such as microelectronics[49], membranes[50, 51], solar cells[52, 53] and
biomedical applications[54]. Modification of substrates serves the purpose of making them
available for specific applications. For example, functionalizing surface to get an ultralow
surface energy alters its wettability and makes it resistant to corrosion[55]. Another
example is a modification of coating to get antibacterial surface has a vast number of
applications in the medical field, consumer market and research laboratories[56-58]. Hence
the flexibility of surface coating towards functionalization is of immense importance. The
spin-coated photo-responsive polymer films cannot be modified further to alter or add the

new chemical functionality to the polymer chains.

S| ROMP polymer coatings with desired surface functionality can be prepared by using
cyclic monomer modified with the same functional group. However, with this approach,
synthesis of the new monomer is the essential requirement, and the introduction of new
functional groups affects the rate of SI ROMP and hence the thickness of the coating[59].
Hence, to prepare SI ROMP coatings with target functionality, a new approach is required

which will expand the spectrum of applications for SI ROMP coatings.

The coatings prepared by SI ROMP contain alternate unsaturated functionality, i.e.,
carbon-carbon double bonds, a potential site for adding new molecules. We used a
photochemistry approach to graft thiol molecules with modified tail functional groups
across these carbon-carbon double bonds in polymer brushes. Thiol-ene reactions are a
hydrothiolation reaction where thiols are added to inactivated carbon-carbon double bonds
to yield an internal thioether [60]. Typically, they are incredibly versatile and rapid in
ambient atmospheric conditions of temperature, and pressure. Moreover, most importantly,
a wide variety of activated or non-activated thiols can be used on even multiply substituted

olefinic bonds.



The research work presented here addresses the issue about the current techniques of
making photo-responsive coatings (planar and patterned), and lack of a versatile method

for their modification thereby dividing complete work into three primary objectives.

Firstly, we propose a new way of adding functionalized thiol molecules to SI ROMP
coatings of norbornene. Here we leverage unsaturated functionalities of S| ROMP polymer

brushes and thiol-ene click chemistry to modify the surface functionality of coatings.

Secondly, we incorporate a crosslinker to the S| ROMP coatings to get in-situ crosslinked
surface coatings. This objective is derived from the observations of the first objective,
where although the polynorbornene coating was modified three different functional group
derivatized thiol molecules but significant polymer chain cleavage was recorded during

surface engineering.

Lastly, a novel class of ROMP monomer is introduced with the property of light-mediated
process of ROMP. We propose two different designs with a fundamental difference in their
structure and its changes on photoisomerization leading to light-mediated ROMP. and
exploit their synthesis independently. With this method, the polymerization can be
switched ON and OFF in a non-invasive manner, i.e., without adding any external reagent.
The typical approach to terminating metathesis reaction is the addition of excess ethyl
vinyl, which completely shuts down the reaction by deactivating the catalyst in the solution.
Our work creates a reversible approach towards photocontrol of polymerization, where
metathesis activity it can be temporarily switched on and switched off as desired.



2 Background

2.1 Surface initiated polymerization (SIP)

Most conventional and established film deposition methods are dip coating, and spin
coating to create polymer coatings that exhibit weak adhesive forces. They are a non-
covalent interaction (Van der Waals forces or hydrogen bonding) with the surface[28, 61]
that weakens the performance of coatings rendering them unstable against external factors
like solvents, high temperature, and mechanical forces[62]. To overcome these drawbacks,
it is crucial to establish the chemical bonds between polymer chains and the surface[63].
Surface initiated polymerization (SIP) is the versatile route of creating polymer coatings
chemically bound to a surface, i.e., it grows polymer brushes directly from initiator groups
that are chemically coupled to the self-assembled monolayer (SAM). SAM is a well-
ordered film of single molecule thick layer that is created by spontaneous adsorption of
small molecules from the solution to the appropriate substrate[64]. In contrast to traditional
methods, SIP offers the capability of tailoring the surface properties of solid substrate while
exhibiting various advantages, including chemical coupling between the surface and
polymer chains, conformal and uniform coating on surfaces exhibiting planar and
nonplanar architectures, and efficient control over composition, film thickness, and
grafting density[28]. These practical benefits have allowed SIP to functionalize fine
particles[44, 61], porous substrates[65, 66], and a wide variety of substrates including
organic polymers, silicon dioxide, alumina, and gold[66]. To be functional, SIP requires
the immobilization of initiating species onto the surface before polymerization which is
achieved by self-assembly techniques[61, 67]. Subsequent exposure to the activated
substrate to an appropriate monomer solution promotes polymerization directly from the
surface[31]. There are many types of SIP, differentiating from each other by reaction
mechanism for propagation[28], surface initiated ring opening metathesis polymerization
(SIROMP)[68], surface initiated atom transfer radical polymerization (SI ATRP)[67], and
surface initiated radical addition fragmentation chain transfer (S| RAFT)[36].

2.2 Metathesis reactions
The transformation, comprising the cleavage and formation of double bonds is also referred

as alkene metathesis. Carbon-carbon bond forming reactions are amongst the most



powerful family of reactions in organic synthesis, and over the past decade, metathesis
reaction which is a metal-catalyzed exchange of alkylidene moieties between alkenes has
emerged as a powerful method of formation of carbon-carbon double bonds[69]. High
reactivity with olefinic substrates and tolerance to even more strong functional groups has
led the extensive use of ruthenium-based catalysts in organic synthesis and polymer
synthesis[70, 71].

The generally accepted mechanism of metathesis reaction, i.e., Chauvin mechanism is
primarily a sequence of formal [2+2] cycloadditions/cycloreversions involving alkenes,
metal carbenes, and metallacyclobutane intermediates[72]. However, the discovery of
alkylidene complexes followed by the insight that some species of this type constitute well
behaved single component catalysts for olefin metathesis gave an essential clue for settling
the long-lasting debate on the actual mechanism of metathesis[72, 73]. The tungsten and
molybdenum catalysts developed by Schrock and co-workers and ruthenium carbine
complex introduced by Grubbs and co-workers are undoubtedly the most versatile and
popular catalysts for metathesis[74, 75]. As metathesis necessarily converts one alkene to
a new one, this reaction is predisposed to subsequent transformations. Domino processes
incorporating different metathesis events, i.e., ring closing olefin metathesis (RCM)/ring
opening metathesis (ROM)/cross metathesis (CM) or RCM/ROM/RCM introduces a
tremendous amount of molecular complexity in a single catalytic and atom-economical
step. Since all the steps of catalytic cycles are reversible and an equilibrium mixture of
olefins is obtained.
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Figure 2.1: Schematic representation of olefin metathesis reaction mechanism[76]

Historically, olefin metathesis has been studied both from a mechanistic standpoint and in

the context of polymer synthesis (i.e., ring opening metathesis polymerization or



ROMP)[69, 77]. Recently, however, RCM of acyclic dienes has received considerable
attention as a highly efficient methodology for functionally diverse carbocycles and

heterocycles[78].

2.3 Surface initiated ring opening metathesis polymerization (S| ROMP)

ROMP was patented by DuPont[79], and polymerization of norbornene was reported by
Truett and co-workers[80] in 1960. Discovery of more robust (tolerance to oxygen,
moisture and a significant number of functional groups) catalysts by Grubbs[81] and
Schrock[82] fueled the research area for ROMP. ROMP exhibits properties in terms of
rapid Kinetics under mild conditions, producing the thickest surface initiated films[83, 84].
Norbornene, cyclobutenes, cis-cyclooctanes, and cyclopentenes are the variety of strained
ring monomers can be used for ROMP[42]. S| ROMP can be performed on some different
substrates such as SI-SiO?[85], polymeric supports[83], silicon wafers[86], Wang
resins[87], carbon nanotubes[88], and gold[59]. Surface initiated ROMP on gold occurs by
anchoring an olefinic initiator group to the surface via thiolate/Au linkage, i.e., self-assembled
monolayer. The olefin functionality in the covalently bound monolayer is exposed to a
metathesis catalyst (Grubbs Catalyst) to generate active sites bound to the surface. The non-
bound catalyst is rinsed away, and the surface is exposed to a ROMP active monomer. The
predominate ROMP monomer studied in surface-initiated cases has been norbornene and its
functional derivatives. ROMP has a unique feature that it allows synthesis of conjugated,
unsaturated macro-molecules with carbon-carbon double bonds being conserved in the final
polymer (Figure 2.2). Polymerization of unfunctionalized norbornene yields primarily
hydrophobic films with low dielectric constants, and they can further be modified to prepare
polymeric supports[89], bioactive surfaces[47, 90], and biopolymer[47]. Functional
derivatives of norbornene can polymerize to produce films with wide-ranging properties and
applications, including functionalization of chromatographic supports[91, 92] to improve
selectivity, and modification of carbon nanotubes to improve dispersibility in common
solvents[28]. Some techniques also boost the thickness to more than a micrometer[93]. The
reactivity of a ROMP monomer is typically related to the ring strain of the monomer. The high
ring strain of the norbornene family tends to result in highly reactive monomers. Typical
surface initiated ROMP experiments are run for short time periods (5 - 60 min). Since the most

preferred thermodynamic conditions for ROMP are at low temperatures[69], most experiments



are run at room temperature[83, 94]. Chain terminating reactions include the reaction of the
active site with olefin functionality in the pNB backbone (inter- or intra-molecular) and vinyl
terminated initiators, the ring closing reaction with neighboring uncatalyzed vinyl groups. This
is also called as backbiting.
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Figure 2.2: ROMP of norbornene to polynorbornene

2.4 Ring closing metathesis (RCM)

First employed by Villemin and by Tsuji nearly four decades ago, now RCM of dienes is
one of the most important methodologies to synthesize cyclic organic compounds[95, 96].
Owing in large part to the easily handled catalysts enabling better control over reaction,
this reaction has risen to impressive prominence in organic synthesis over the past two
decades, [81, 82]. The common rings of 5-7 members have historically been dominant.
Owing to the part to their greater ease of access, significant advances have been made in
the synthesis of medium[97, 98] and macrocyclic rings[98, 99]. The synthetic efficiency
of RCM is limited by the competition between intramolecular ring closing and
intermolecular oligomerization reactions. It has also been used in inter alia, construction of
synthetically valuable building blocks such as heterocyclic ring containing different
elements[100, 101], aromatic heterocycles[102], spyrocycles[103, 104], and so on. It is the
thermodynamic distribution of living metathesis products[69, 72]. Ring chain equilibrium
can be established involving cyclodepolymerization of oligomers or polymers, or
oligomerization of the intended RCM product. Thermodynamic control is particularly
relevant in the RCM synthesis of many medium-sized or macrocyclic products[105]. The
nature of the substrate, extruded olefin, the competence of the catalyst, and the
experimental conditions decide the extent of the reversibility of reactions. In many cases
these reactions are reversible. Also, the solvent used for RCM also plays very crucial role
in influencing the rate and cis/trans stereoselectivity of the product[106, 107]. For e.g.

Figure 2.3 shows RCM of diethyl diallylmalonate using Grubbs catalyst 2" generation.
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Figure 2.3: RCM of diethyl diallyl malonate (DEDAM)
2.5 Click chemistry

Introduced by K. Barry Sharpless in 2001, click chemistry is a set of reactions with
properties such as high yield for product and inoffensive by-product, regiospecificity,
versatile, easy to purify without chromatographic methods and can be conducted in easy to
remove benign solvents[108, 109]. The click chemistry has a diverse range of applications
in the fields of drug delivery, nanoparticle surface modification, bioconjugation,

pharmaceutical related polymer chemistry and material science[108].

Click reaction is mainly classified into four types (Figure 2.4): cycloaddition reactions like
diels-alder and 1,3-dipolar cycloaddition reaction; nucleophilic ring opening reactions like
aziridines, epoxides, aziridinium ions, episulphonium ions, etc.; non-aldol type carbonyl
chemistry like formation of urea, thio-ureas, amides, heterocyclic aromatics, etc.; and the
last addition to carbon-carbon multiple bonds as in epoxidation, michael addition, sulfenyl
halide addition, etc[110, 111]. Among all, cycloaddition, particularly Cu'-catalyzed
Huisgen 1,3-cycloaddition, i.e., cycloaddition of alkynes and azides to yield 1,2,3-triazoles
is most widely researched, used due to its general ease of execution, facile reaction
conditions, nature of orthogonality and almost 100% of published literature on click

chemistry is based on this type of reaction[112].
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Figure 2.4: Types of click reaction[113]

2.6  Thiol-ene chemistry

Thiols are very prone to react with a multitude of substrates under varied conditions due to
its high reactivity in the form of thiyl radical or catalyzed process under very mild reaction
conditions[113, 114]. Although one major advantage of reaction orthogonality gets
compromised when thiols are part of reactants in click chemistry, the thiol click chemistry
is still widely used for the synthesis of small molecules and polymers. Figure 2.5 depicts
the various thiol-based reactions with many aspects of click chemistry, which allows us to
create or modify the range of molecules and materials using a family of thiols into new
materials with altered physical, chemical and mechanical properties to meet the target

requirements[114].
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Figure 2.5: Types of reactions by thiol[114]

During mid-19" century, the Goodyear vulcanization process was the birth of classical
commercial application of thiol-ene chemistry[115]. Thiol-ene click chemistry also
referred as hydrothiolation process by many researchers, is the reaction that can proceed
under different conditions including thiyl radical formation by catalytic processes mediated
by nucleophiles, acids, bases in the absence of catalyst in highly polar solvents[116] or via
catalytic pathway using b-cyclodextrin[117]. Reactivity can vary considerably depending
on the type of thiols, i.e., S-H bond strength and cleavage mechanism, and type of C=C
bond, i.e., activated, non-activated or multiply substituted olefinic bond. However,
typically, they are rapid in ambient temperature, pressure, air/oxygen, moisture, and does

not need to be carried out in the inert gas atmosphere[118].

Practically, the thiol-ene reaction is mostly studied in the form of photochemically or
thermally triggered to generate radicals and mediate the process[119, 120]. The process
typically is initiated by photo-induced formation of thiyl radicals by hydrogen extraction
from thiol functional group and its addition to C=C bond resulting in the formation of an
intermediate radical of carbon followed by chain transfer to next thiol. At the completion
of each addition, an activated thiyl radical is generated which propagates the reaction by

anti-Markonikov orientation. The process is terminated by radical-radical coupling
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reaction[114, 120]. Figure 2.6 shows the schematic representation of initiation and

propagation of thiol-ene click reaction.
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Figure 2.6: Thiol-ene click reaction mechanism

2.7 Photoisomerization

Azobenzene undergoes clean and reversible conformal changes upon photon absorption
called as photoisomerization (Figure 2.7). It leads to the significant changes in the physical
and chemical properties of the molecules. Basically, for an azobenzene molecule with no
substituent, the distance between the para positions decrease by 44%[121] and the dipole

moment increases from 0 D to 3.0 D upon trans to cis isomerization[122].

Upon illumination, a steady state is reached between the photoinduced and thermally
driven reactions by an azobenzene containing a sample, and along with the nature of
chromophore, the stability of this state depends on many factors. The energy of the
absorbed photon can drive the reaction towards either trans to cis or cis to trans
isomerization. Since the trans isomer is more stable [123], the cis to trans reaction can also
occur thermally. There is an order of magnitude difference in the timescale of photoinduced
and thermally driven isomerization. The former takes place in picoseconds[124] and the
later on the order of hours to seconds. Energy (wavelength) of an absorbed photon is the
primary factor governing the photoisomerization. The energy barrier or the excitation

energy required to raise the molecules to the photoexcited state is about 200 kJ/mol. &t to
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n* and n to «* are the two kinds of transitions mainly resulting from the excitation of
delocalized = electron of the N-N double bond and the excitation of an electron localized
on one of the nitrogen atoms respectively. Typically, two distinct peaks are visible for these
excitations in the ultraviolet-visible spectrum. For the trans isomer, the n to «* transition
is forbidden due to symmetry reasons, so in the ambient conditions, the trans « to n*

transition band dominates the UV visible absorption spectrum of azobenzene molecules.

The wavelength of the UV-Visible absorption maximum (Amax) can be tuned by
substituting the azobenzene using functional units with different electron donating or

accepting properties. As a result, azobenzene absorbing anywhere from UV to green can

be prepared.
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Figure 2.7: Photochemical and thermal isomerization of azobenzene

For azobenzene, two energetically allowed isomerization mechanisms exist: out of the
plane rotation and in-plane inversion around the N-N double bond. Although the exact
mechanism depends on the material and environment, the inversion requires much less
sweeping volume and hence it is preferred[125]. The thermal isomerization determines the
stability of the cis isomer and the applicability of the derivatives. The spectrum of the
molecule and thermal cis lifetime provide useful insight into the molecules applicability,
stability in trans or cis required in many photoswitching applications is best achieved by
azobenzene type molecules with clearly separated trans and cis absorption bands and long
cis lifetime. Solution and the bulk state both have a significant difference in the time scale

of photo and thermal isomerization reactions[126].
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3 Experimental procedures and characterization methods

3.1 Polymerization

3.1.1 Solution phase polymerization

We performed ring opening metathesis polymerization (ROMP) by adding an aliquot of
catalyst solution to the appropriate monomer solution. Monomer solutions were prepared
in dichloromethane (DCM) in most of the cases keeping volume between 1 ml to 2 ml.
Immediately prior to use, a ruthenium (Ru) catalyst solution was prepared using Grubbs
catalyst 2" generation or 3™ generation. A fresh catalyst solution was used in all the cases
due to its relatively low stability in the solubilized state as compared to solid state. The
catalyst solution was added to monomer solution immediately and allowed to polymerize
at room temperature and pressure. To deactivate the catalyst and terminate ROMP, 2-3
drops of ethyl vinyl ether was added to each sample, creating an inactive Ru-Fisher type
carbene complex (PCys3).Cl,Ru=C(H)OEt [127].

3.1.2  Thin film deposition and surface polymerization

3.1.2.1 Physical vapor deposition

Goal coated substrates were prepared by sputter coating gold on a silicon wafer. Chromium
was used as intermediate layer (100 A) between gold (1000 A) and silicon wafer to provide
adhesion between two layers. Hummer 8.1 DC sputtering machine was used to deposit
chromium and gold in the silicon wafer. After sputter coating, the wafer was annealed at
220° C for 3 hours to obtain a very uniform layer of gold. The gold samples were cut out
of wafer to the size of 1 x 3 cm, rinsed with ethanol and dried under UHP nitrogen jet
before use.

3.1.2.2 Surface initiated ring opening metathesis polymerization (S| ROMP)

Gold coated substrates were placed in 1 mM solution of 11-mercapto-1-undecanol in
ethanol for at least 60 minutes to form a crude, hydroxyl-terminated, self-assembled
monolayer. Samples were rinsed with ethanol and dried under a stream of ultra-high purity
(UHP) nitrogen. Monolayer coated substrates were exposed to a 5 mM solution of trans-
3,6-endomethylene-1,2,3,6-tetrahydropthaloyl chloride (NBCI2) in DCM for 30 minutes,

yielding a norbornene functionalized surface [128]. Samples were rinsed with ethanol and
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dried under a stream of nitrogen. Grubbs catalyst was immobilized on these substrates by
immersing them in 5 mM solution of Grubbs 1% generation catalyst in DCM for 15 minutes.
After 15 minutes, they were washed with DCM to remove unbound catalyst from the
surface. Catalyst coated substrates were immediately put in a norbornene-based monomer
solution for SI ROMP. Control surfaces of SI ROMP polynorbornene were prepared with
a 0.5 M solution of norbornene (NB) in DCM. Crosslinked SI ROMP surfaces were
prepared through the incorporation of up to 0.25 mol% of the DiNB crosslinker. Reaction
time was adjusted to control coating thickness. Reaction times ranged from a few seconds

to 2 hours.

3.2 Surface Characterization techniques

3.2.1 Contact angle goniometer

A Rame-Hart contact angle goniometer (Model 100) was used to measure the advancing
and receding contact angle on polymer coated surfaces at room temperature and ambient
relative humidity using deionized water as the solvent. The data was collected on the one

side of the droplet and is reported as the mean + standard deviation of at least eight samples.

Contact angle goniometer is one of the quickest, simplest and most convenient method for
analyzing surface properties of thin films with respect to wettability and surface free
energy[129, 130]. We used sessile drop method to measure the surface properties where a
drop of about 5 puLL was placed on the surface and measurements were performed by
increasing or decreasing drop volume to record advancing or receding contact angle
(Figure 3.1). The interfacial tension between solid-vapor (ysv), solid-liquid (ysL) and
liquid-vapor (yLv) determine the shape of the droplet. Contact angle (8) is defined as the
angle between liquid-solid interface and tangent to the liquid-vapor interface. A force
balance between the interfacial tensions can be used to define contact angle
mathematically. This is called as Young’s equation, and hence the angle is also known as

Young contact angle (©v)
Ysv=7vsL+ yLv Cos(Ov)

Typically, water or hexadecane are used to determine the surface properties such as

surface’s  relative  hydrophobicity/hydrophilicity and oleophobicity/oleophilicity
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respectively. Contact angles can be divided into static and dynamic contact angle out of
which static contact angle measurement is the most common method for characterization.
Dynamic contact angle measurements are common among self-cleaning[131], responsive
surfaces[132] and where surface properties change with time[133]. The contact angle
recorded during expanding and contracting of a solvent droplet on the surface is called
advancing (0.) and receding (©r) contact angle respectively. Surface composition is a
major factor in altering the interaction of solvent and surface producing different contact
angles for different surfaces. The contact angle hysteresis (0a - ©r) is the measure of surface

roughness and surface chemical heterogeneity[134].
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Figure 3.1: Schematic illustration of contact angle measurement in two different ways

3.2.2 Reflection absorption infrared spectroscopy

We used reflection absorption infrared spectroscopy (RAIRS) method to characterize and
determine the surface compositional information of thin organic coating on reflective
surfaces. Infra-red spectra are often specific to sample’s composition, with absorption
peaks which correspond to the frequencies of vibrations (bending, stretching, scissoring.)
between the bonds of the atoms present in the organic coating. We used Agilent 680 Fourier
transform infrared spectroscopy with an MCT external detector for compositional analysis
of polymer coatings (Figure 3.2). The instrument was equipped with a Universal Sampling
Accessory for grazing angle analysis of thin polymer coatings on metal surfaces. The p-
polarized IR beam was reflected off the surface at an angle 80 degrees from the surface
normal. 100 scans of background and each sample were performed at a resolution of 4 cm’
! from 800 cm™ to 4000 cm™.
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Sample analysis by RAIRS starts with the infra-red beam passing through the
interferometer which has beam splitter and moving mirrors using which the beam energy
on the organic coatings is controlled. This IR beam then enters the sample compartment
and gets reflected off the sample, i.e., metal substrate with an organic coating on it. Here
the light of a specific frequency characteristic to the coating composition are absorbed,
and beam travels to the external detector to detect and record energy versus time data. This
information is interpreted by a computer and is converted to energy versus frequency data
using a fourier transformation, and final spectrum with absorption/transmission peaks

associated with the molecular bonds and functional groups is presented.

Detector

Stage for sample

Polarizer

(AL

Figure 3.2: Photograph of FTIR spectroscopy instrument used with RAIRS setup in inset

The peak intensity for a given mode from RAIRS is proportional to the square of a

component of its dynamic dipole moment normal to the surface represented by the

following equation[135].

| o COSzemz

Where | represents the spectral intensity, ©Om; represents the average angle made by
transition dipole moment for the particular band and a surface normal (z). This directional
dependence is due to the polarization of incoming beam parallel to the substrate, generating

an electric field normal to the substrate[136]. Hence, functional groups present in the
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coating with dipole moment normal to the substrate (Cos’©m;—1) will have a higher

spectral intensity than group dipoles parallel to the substrate.

3.2.3 Raman spectroscopy

Raman spectroscopy is one of the useful analysis tools for specific identification of
molecules. The protocol requires merely shinning a laser source on an unknown chemical
sample where some of this light is absorbed by the target substance, and most of it is
scattered elastically in the direction of the laser source or different directions. A tiny
percentage of light is inelastically scattered in series of different wavelengths that indicate
the vibrational transitions in the molecule, which is analogous to the molecular fingerprint.
This inelastic scattering of photons by molecules excited to higher vibrational or rotational
levels is known as Raman scattering or the Raman effect[137]. The Raman effect was first
reported by C. V. Raman and K.S. Krishnan[138], and independently by Grigory
Landsberg and Leonid Mandelstam[139], on 21 February 1928. C. V. Raman received a
noble prize for this discovery in 1930[140].

Scattered wavelengths are categorized into three types (Figure 3.3): Rayleigh scattering
(no energy exchange), Stokes Raman scattering (scattered photons of less energy than
incident photons), and anti-Stokes Raman scattering (scattered photons have more energy
than incident photons). Surface enhanced Raman spectroscopy is a surface specific
technique that enhances the Raman scattering by surface molecules on the reflective metal
substrate, and the scattering is amplified by over 10 to 10! times. These substrates must

have high uniformity and high field enhancement[141].
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Figure 3.3: Schematic illustration of different form of scattering of incoming photo/wave
through molecule
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We used Raman spectroscopy to confirm the presence of low concentration of crosslinker
in the thin coating. A Thermo Scientific DXR Raman microscope and Smart Raman

spectrometer (532 nm laser) were used to analyze specific locations on the coated sample.

3.2.4 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a very powerful technigue to measure
barrier properties and understand the chemical structure of polymer coatings. EIS is very
useful for sensor development, coating characterization, and corrosion analysis. We used
a three-electrode electrochemical cell configuration consisting of a working electrode, a
counter electrode, and a reference electrode. The polymer coated metal substrate is working
electrode in contact with a liquid electrolyte solution containing other electrodes to close
the circuit and define relative cell potential, all connected to alternating current source.
Measurements are performed to determine the effect of the solution resistance to the ion
transport through the thin coating, the charge of the double layer, and related current

diffusion at altering the frequency of the AC source[142].

20



Equivalent circuits with resistors and capacitors for coating, interface, and solution, are
used to model charge transfer through the coating. * Total impedance Z for the system can

be represented using real (Zrea) and imaginary (Zimag) components as follows.

Z = \/Zrealz + Zimag2

Zrea = R

1
Zimag = —
imag jwC

Where Z is the magnitude of total impedance Z, and R is the real resistance and C is
capacitance. From the equation, we can confirm that higher film resistance and lower
capacitance will result in higher total impedance, i.e., higher inhibition to ion transport
[143].

A) B)

é RS é RS
————— s Polymer coating -———-

Gold Substrate Gold Substrate

Figure 3.4: Equivalent circuit used to model impedance spectra for polymer coatings on
gold;(A) Randles circuit model; (B) Randles circuit model with Warberg impedance

For our EIS we used flat cell (Princeton Applied Research, model K0235) and a Gamry
Reference 600 potentiostat (Figure 3.5). The substrates were mounted on the flat cell with
a fixed working electrode area of 1 cm?. The polymer coated sample was used as a working
electrode in combination with an Ag/AgCl/saturated KCI (aq.) reference electrode and a
bare gold coated silicon substrate counter electrode in an electrolyte solution of 1 mM
Ks[Fe(CN)s], 1 mM Ka[Fe(CN)s] and 0.1 M NazSO4. Spectra were collected between 107
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and 10* Hz. A Randles equivalent circuit modified with Warburg Impedance was fit to the
collected data to determine the film resistance and capacitance (Figure 3.4). All
experiments were performed at room temperature. All reported data are the mean +

standard deviation of the measurement from at least eight samples.

B
2 7/

: Refe

rence electrode 1§

rrw

Counter electrode

L

Electrolyte solution .

e &~ -

/ Working electrode ':":' ~

Figure 3.5: Potentiostat (left) and setup (right) used for electrochemical impedance
spectroscopy

3.2.5 Ultraviolet-visible spectroscopy

Ultraviolet-visible spectroscopy is a type of absorption spectroscopy which provides the
light absorption information by molecules due to their electronic excitation in ultraviolet
and visible spectral region. The compound absorbances are mainly due to the excitation of
either = electrons or non-bonding n electrons (Figure 3.6). These electrons absorb energy
which corresponds to the lowest energy gap between highest occupied molecular orbital

and lowest unoccupied molecular orbital[144].
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Figure 3.6: Schematic illustration of electronic excitation in molecular orbitals

We used UV-Vis spectroscopy in two different modes (single scan and kinetics) to collect
the absorption properties of light responsive molecules. A single scan was gathered to
identify the maximum absorption wavelength of light responsive compounds in trans
conformation. Then these compounds were irradiated with LED UV (365 nm), green (530)
and royal blue (455 nm) lamp, and UV-Vis spectrum was collected immediately to obtain
absorption spectrum when the majority of molecules are in the cis conformation. Another
software was used to collect the kinetics of relaxation of molecules from trans to cis while
having external irradiation ON, and back from cis to thermodynamically stable trans
conformation in dark or again under external irradiation, with respect to time. All the
experiments of collecting thermal relaxation were conducted in the dark to avoid

interference by stray light.

Orthogonal irradiation was used in experiments where external irradiation was required
during spectral data collection (Figure 3.7). The external radiations were incident on the

solution in a manner so as not to interfere with the radiations by the internal light source.

23



LED lamp

Detector N
e SN
Light source \\./' UV-Vis spectrum
Sample
cuvette

Figure 3.7: Schematic representation of UV-Vis setup used to determine absorption
properties

We used Varian Cary 50 Bio UV-Visible spectrophotometer equipment to collect

absorption spectra of all the light responsive monomers.

3.2.6 Nuclear Magnetic Resonance spectroscopy

Since the discovery of Nuclear Magnetic Resonance spectroscopy by Felix Bloch and
Edward Mills Purcell in 1952, it has grown to a standard technique in the determination of
the structure and dynamics of molecules at atomic resolution. NMR provides qualitative
and quantitative information about the chemical species present in the sample. The
fundamental principle behind NMR spectroscopy is absorption and re-emission of
electromagnetic radiation by nuclei when placed in the external magnetic field. When
placed in the external magnetic field, NMR active nuclei like *H and '3C absorb
electromagnetic radiation at a frequency characteristic to each isotope [145]. Nuclei have
their unique spin, but only those who have a spin of %2 are NMR active and can be observed
by NMR. Different NMR techniques depending on the isotope of the element (3P, 1°F,
'H, 3C) to be monitored used in the analysis. We used proton NMR to obtain all the
qualitative and quantitative information like type of hydrogen (a or 3 to functional group
present) and a number of hydrogen present. This technique utilizes deuterated solvents to
minimize the interference of absorption of electromagnetic radiations by protons in the

solvent.

NMR spectroscopy was used for the chemical characterization of the crosslinker, photo-

responsive monomers, intermediate compounds and to confirm conversion of solution
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phase polymerization. Varian 400 MHz NMR spectroscopy equipment was used for proton
NMR spectroscopy with the minimum number of 32 scans for quantitative determination

of peak position and integration.

3.2.7 Spectroscopic Ellipsometry

Ellipsometry is a non-invasive, non-contact, and non-destructive optical technique used to
measure the thickness and refractive index of monolayers, polymer coatings, or multilayer
films[146]. Depending on the homogeneity of the coating, thickness as low as 0.1 nm and
as high as 100 um can be measured with this tool[147]. A beam of linearly polarized light
of specific wavelength is shone on the coating on a reflective metal substrate (Figure 3.8).
The optical interaction of the light with the coated surface causes the reflected light to be
elliptically polarized, and the detector collects the phase (A) and amplitude (¥) of the light
polarization. This information is utilized to fit into theoretical model layers representing
the coating on the surface. The generic two-term Cauchy layer model is common to analyze
polymer coatings [148].

B

n=An+/12

Where n is the refractive index of the coating, An and By are the model fit parameters, and
A is the wavelength of incident linearly polarized light. As both parameters, coating
refractive index and coating thickness are to be determined, the Cauchy layer model allows
them to be calculated by fitting model to experimental data and minimizing the mean
square error between them[149]. Data were collected from three different angles of 55°,
65°, and 75° and over an extensive wavelength range from 400 nm — 700 nm. In this work,
all the data was best fit for A= 1.45 and B = 0.01[150].

All measurements were collected with a J.A. Woollam Ellipsometer M-2000 (Figure 3.9).
Optical modeling and data analysis were performed using the WVASE 32 software
package. Theoretical structures were created in the form of the optical model in the
software, and the physical and optical properties of each layer were extracted accordingly.
We created a four-layer model to account for the silicon dioxide, chromium, gold, polymer

layers in our system.

25



P-plane polarized Elliptically polarized
incident light reflected light

Multilayered coating
Substrate

Figure 3.8: Schematic representation of path of radiation through polymer coating in
ellipsometry

Figure 3.9: Photograph of J.A.Woollam Ellipsometer M-2000

3.2.8 Profilometer

A contact stylus type profilometer was used to determine film thickness of the polymer
coatings. The polymer coating was scratched with a wooden pick to remove the polymer
coating along a narrow region while the underlying gold coated silicon substrate was
unaffected. As the tip follows the contour of the surface, the vertical displacement of the
stylus attached to the cantilever is proportionally translated into voltage change as output
which is then converted to the thickness using appropriate calibration[151]. The difference
in height between the coated and uncoated region is interpreted as the polymer coating

thickness.

A Dektakém programmable surface profiler measuring system was used to measure the

scratch depth at an applied force of 3 mg and a 1.000 mm scan length, and employing the
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hills and valleys detection mode (Figure 3.10). The scan results were presented in the form
of wvertical displacement (change in height) from mean height versus horizontal
displacement from starting position using the same software of the instrument. The data
represented here is average value and error of at least 8 independently prepared samples.

Stylus

Step

\ Polymer coating _

Optical flat

Substrate

Figure 3.10: Photograph of profilometer instrument and schematic representation of
stylus and coating

3.2.9 Gel permeation chromatography

Gel permeation technology (GPC) is a standard analytical technique to determine
molecular weight distribution of soluble macromolecular species. GPC is a type of size
exclusion chromatography where analytes are separated based on hydrodynamic size and
pore size of packing material used in the column. Packing material can be either beads of

rigid porous gel, highly crosslinked porous polystyrene, or porous glass packing.

A sample of the dilute polymer solution is injected into the mobile phase, and as the
polymer chains flow through the column, they get separated based on their size. Smaller
molecules diffuse into pores while macromolecules cannot enter the pores. As a result,
small molecules have more accessible volume in the column and are retained in the column
longer than larger molecules. The elution time of each species is compared to the elution
time of polymer standards of known molecular weight to determine estimate molecular

weight distribution and polydispersity index (PDI). Molecular weight according to the
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different definition of number average molecular weight (Mn), and weight average

molecular weight (Mw) can be obtained.

In our experiments, we used pure tetrahydrofuran (THF) as mobile phase (1 mL/minute)
with polystyrene standards. The column was purchased from Shimadzu, and refractive
index detector.

3.2.10 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy also known as electron spectroscopy for chemical
analysis, is a sensitive technique for determination of qualitative and quantitative elemental
composition in top 10 nm of material. XPS spectra are obtained by irradiating the material
with a high intensity focused beam of x-ray which triggers the emission of electrons from
top 0-10 nm of materials. The kinetic energy of these emitted electrons is measured to
analyze the surface chemistry. XPS is routinely used to find contamination in bulk or
surface of the sample, empirical formula of material, chemical state of elements present, or
binding energy. It is used in all diverse fields of photovoltaics[152], corrosion[153],
nanomaterials[154], and thin coatings[155]. Typically, XPS spectrum of the material is
obtained before and after treatment to compare the change in elemental composition. XPS
system mainly consists of sample introduction chamber, a sample stage, ultra-high vacuum
stainless-steel chamber with a vacuum pump, an electron collection lens, and electron
detector system. X-ray can be made incident at different angles to vary the surface

penetration.

Emitted electrons

Sample to be analyzed

Figure 3.11: Schematic representation of XPS setup
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XPS spectra were collected using X-rays generated by a Mg-K-a source (1253.6 eV, PHI
04-548 dual anode X-ray source), an 11” diameter hemispherical electron energy analyzer
with the multichannel detector, with pass energies of 23.5 eV and 0.025 eV step size (PHI
5600). All the samples were measured with 45° take-off angle.

3.2.11 Atomic force microscopy

Atomic force microscopy (AFM) or scanning force microscopy is a form of scanning probe
microscopy, designed to measure surface topography, friction, magnetism, etc. AFM is
used in wide range of disciplines, and has found particular utility in semiconductor
technology, natural sciences, polymer chemistry, and cell biology [156-158]. This
information is collected by either continuously contacting the surface with a probe or
tapping the surface continuously using a fine tip [159, 160]. AFM has a cantilever with a
sharp tip of diameter on the order of nanometers which undergoes deflection in the
proximity of the surface due to the forces between them (van der Waals forces, dipole-
dipole moment, electrostatic forces, etc.) according to the Hooke’s law. These deviations
are recorded using change in the position of the laser on position sensitive detector and

converted to the required readable format, i.e., image or text format.

In our studies, we exploit tapping mode (dynamic) AFM techniques. Tapping mode has an
advantage over contact mode AFM preventing the tip from sticking the surface due to
short-range forces. In tapping mode, the cantilever is oscillating up and down near its
resonance frequency using small piezo element, and the oscillation frequency, phase, and

amplitude are altered over surface irregularities.
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Figure 3.12: Schematics of AFM setup

We used Agilent Technologies 5500 scanning probe molecular imaging AFM instrument.
Images of 10 um x 10 um are collected in tapping mode with silicon tip of average
frequency 300 kHz.
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4 Modification of SI ROMP polynorbornene brushes by thiol-ene click
chemistry

4.1 Introduction

The surface coating is an integral part of any instrument used in the industrial environment,
research, medical applications, and household applications to protect it from overtime
damage due to the environment. However, along with the ability to protect, additional
surface properties enable profound impacts on the target application. Hence, polymer
coatings are usually modified with different functional groups to tune the surface with
properties such as hydrophobicity or hydrophilicity[24], adhesiveness[161], and surface
charge[162] as desired in the final application. Polymer coatings prepared by ‘grafting
from’ technique like surface initiated polymerization techniques (SIP) are replacing
conventional coating methods in many applications, due to their superior control over
thickness, greater coating uniformity for thin coatings, and greater resistance to
delamination from shear forces [163]. Moreover, the most important advantage is its ability
to grow a film on any complex surface. There are various types of SIP methods like surface
initiated atom transfer radical polymerization (SI ATRP)[31], surface initiated reversible
addition-fragmentation chain transfer polymerization (SI RAFT)[36], surface initiated ring

opening metathesis polymerization (S| ROMP)[68] and many others.

Here, we focus on functionalized polynorbornene (pNB) coatings grown using S| ROMP.
Ring opening metathesis polymerization (ROMP) is well studied and established method
for controlled polymerization of strained cyclic olefin monomers such as norbornene,
cyclopentane, and cyclobutene [164]. ROMP has several advantages over other methods
of polymerization in terms of control over the rate of polymerization, molecular weight
distribution, tolerance towards functional groups, high molecular weight polymer under
mild conditions, living type of polymerization, and short reaction times[46, 85, 163, 165,
166]. Norbornene and its derivatives are the most commonly used monomers for ROMP
studies[167]. See Figure 4.1. While SI ROMP is a relatively new coating chemistry, it has
been used in diverse applications, including upgrading surfaces with better adhesive
properties[90], the functionalization of carbon nanotubes and graphene oxide [168-170],

31



the formation of photo-responsive surface[171], and tailoring fuel cell electrode
interfaces[172]. Norbornene is an attractive ROMP monomer owing to high internal ring
strain, chemical inertness, and excellent solubility in different solvents [46, 84, 85, 165,
166, 173-175]. It has ring strain of 21.6 kcal/mol which is significantly higher than the
minimum ring strain (13.3 kcal/mol) required for propagation of ring opening
polymerization[48, 176]. However, as we add a functional group or alkane chain to the
cyclic ring of norbornene, the ring strain energy slightly expected to change[176]. The rate
of ROMP is directly proportional to the ring strain energy of cyclic ring monomer [94, 177,
178]. Hence if we want to generate polynorbornene chains with a functional group as a
branch on the backbone, then we have to compromise the rate of chain growth due to lower
ring strain of monomer and also achieve lower final thickness as compared to film
thickness obtained by pNB[128]. Also, the synthesis of derivatives of norbornene by diels
alder reaction yields endo isomer product predominantly[175]. Whereas exo isomer of
norbornene derivative is more active towards ROMP[179]. Hence synthesis of customized

monomer for functionalized SI ROMP coatings is more tedious approach.

—_—
n

Norbornene (NB) Polynorbornene (pNB)

Figure 4.1: Ring opening metathesis polymerization of norbornene

As an alternative, here we have explored the new approach of functionalizing the pNB
coatings. Here we adopted the technique of ‘grafting-onto’ and click chemistry to modify
pPNB polymer brushes. There are carbon-carbon double bonds in the backbone of pNB
(Figure 4.2). We used these unsaturated functionalities to add desired functionality as a
branch without compromising the high rate of polymerization and coating thickness of
pNB. We use simple molecules with the head group as desired functionality in modified
coating and tail group as a functional group like thiols or primary amines that can be added
across carbon-carbon double bond easily. As we use simple NB monomer with very high

ring strain energy, it enables us to reach thickness from nanometers to micrometers. We
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used thiol-ene click reaction to add functionalized thiol molecules using free radical

addition across carbon-carbon double bonds of pNB polymer brushes.
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Figure 4.2: Schematic representation of polymer brushes before after grafting; A) pNB
polymer brushes before grafting, B) pNB polymer brushes after grafting with thiol
molecules

Click chemistry is a set of reactions with properties like high yield for product and
inoffensive Dby-product, regiospecificity, versatile, rapid, easy to purify without
chromatographic methods and can be conducted in easy to remove benign solvents[108,
109]. Thiols are very prone to react with a multitude of substrates under varied conditions
due to its high reactivity in the form of thiyl radical or catalyzed process under very mild
reaction conditions[113, 114, 180]. Although one major advantage of reaction
orthogonality gets compromised when thiols are part of reactants in click chemistry.
However, the thiol click chemistry is still widely used for the synthesis of small molecules

and polymers.

Thiol-ene click chemistry is the reaction that can proceed under different conditions
including thiyl radical formation by catalytic processes. Reactivity can vary considerably
depending on the type of thiols, i.e., S-H bond strength, cleavage mechanism, and type of
C=C bond, i.e., activated, non-activated or multiply substituted olefinic bond. However,
they are typically rapid at ambient temperature, pressure, air/oxygen, moisture, and does

not need to be carried out in the inert gas atmosphere[60, 114, 118].

Practically, the thiol-ene reaction is mostly studied in the form of photochemically or
thermally triggered to generate radicals and mediate the process[119, 120, 181]. The
process typically is initiated by photo-induced formation of thiyl radicals by hydrogen
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extraction from thiol functional group and its addition to C=C bond resulting in the
formation of an intermediate radical of carbon followed by chain transfer to next thiol. At
the completion of each addition, an activated thiyl radical is generated which propagates
the reaction by anti-Markonikov orientation. The process is generally terminated by

radical-radical coupling reaction[114, 120].

4.2 Materials

11-Mercapto-1-undecanol (97%), trans-3,6-endomethylene-1,2,3,6-
tetrahydonedropthaloyl chloride (97%), Grubbs catalyst - first generation (benzylidene-
bis(tricyclohexylphosphine) dichlororuthenium) (97%), Bicyclo [2.2.1]hept-2-ene (99%),
Irgacure-184 (1-184), 1-dodecanethiol (98%), 1H,1H,2H,2H-Perfluorodecanethiol (97%),
1,6-Hexanedithiol (96%). Dichloromethane (DCM) (99.9%), Ethyl alcohol (EtOH)
(99.8%).

4.3 Result and discussion

Polynorbornene coatings were made prior to functionalization by surface initiated ring
opening metathesis polymerization. The detailed procedure for making S| ROMP coatings
of norbornene is in section 3.1.2.2. The polymer coatings were then characterized using
surface characterization methods to determine its surface properties in terms of
composition and thickness. Contact angle goniometer was used immediately (within 3-4
minutes) after making SI ROMP coatings to determine surface hydrophilicity or
hydrophobicity, reflection absorption infrared spectroscopy (RAIRS) was used to find
molecular composition of SI ROMP coatings giving detail information about types of
covalent bonds present in the polymer chain, and ellipsometer was used to determine
thickness of the surface polymer coatings. S| ROMP coatings were characterized using all
three methods before and after their modification with pendant functional groups. We used
thiol-ene click chemistry to graft functionalized alkane chains in the backbone of surface
PNB brushes. Irgacure-184 photoinitiator was used to generate free radicals for initiation
of photochemical reaction/grafting. The polymer chains in the SI ROMP coatings were
immersed in DCM solutions of 1-184 photoinitiator and thiol. After 1 minute, the sample
was irradiated with UV 365 led lamp by Thorlabs (700MA and 190mW minimum) at

maximum intensity (~15 mW/cm?) to generate free radicals of photo-initiator. These active
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thiyl radicals then undergo thiol-ene addition across the carbon-carbon unsaturated
functionalities present in the backbone of polynorbornene chains. We optimized the
concentration of 1-184 and thiol to be grafted and the time required to get the optimum
amount of grafting. Different functionalized thiols were used to investigate the flexibility
of the process. The resulting coatings were then washed with dichloromethane, ethanol,
and water, and dried with UHP nitrogen jet to get dry coatings for further characterization.
Our system was designed to minimize the distance between light source and target surface
to have the least absorption by the solution as shown in Figure 4.3.

‘ Glass slide «

- Thin glass cover slide <

Grafting solution

PNB coating
on gold

UV 365 nm LED lamp

Top view Side view

Figure 4.3: Schematic representation of experimental setup

4.3.1 Grafting across pNB brushes

Three distinct types of thiol molecules (Figure 4.4); 1-Dodecanethiol, 1H,1H,2H,2H-
Perfluorodecanethiol and 1,6-Hexanedithiol were used for free radical grafting across pNB
SI ROMP coatings. 1-Dodecanethiol was used to confirm the surface chemistry by
observing the changes in the methylene vibration peaks in RAIRS. 1H,1H,2H,2H-
Perfluorodecanethiol is also a linear molecule but has fluorine atoms at the terminal
carbons atoms in the chains. We expect to change the surface hydrophobicity drastically
due to the presence of fluorine atoms on the surface. Lastly, 1,6-Hexanedithiol is also a
linear molecule but has twice the number of thiol groups in same structure than previous
two types of molecules. These three thiol molecules with different structures were selected

to investigate the grafting-onto technique with various aspects.
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Figure 4.4: Three types of functionalized thiol molecules used for grafting-onto pNB
polymer brushes

4.3.1.1 1-Dodecanethiol

1-Dodecanethiol was used as the first grafting thiol-molecule because it has no other

functional group except thiol in its molecular structure. Our first goal is to confirm the
surface chemistry, and this would provide information only about the chemical reaction
between thiol functional group and polymer brushes. Polynorbornene coatings were
grafted with 1-dodecanethiol at the unsaturated functionality in the polymer backbone
using thiol-ene chemistry. A solution containing 100 mM of 1-dodecanethiol and 1 wt%
of 1-184 was prepared in DCM. The solution vials were wrapped with aluminum foil to
avoid the formation of disulfides on exposure to UV radiations in sunlight. The thiol and
photoinitiator concentration used for the experiments fall in the typical concentrations

range used in thiol-ene polymerizations or similar reactions[182-184].

On complete grafting of pNB brushes by thiol molecule, we expect an increase in the film
thickness and change in the film composition. We investigated the process of thiol grafting
from 1 minutes to 20 minutes. However, having a higher time of surface reaction/UV
exposure resulted in side reactions causing surface polymer brushes to cleave resulting in
a decrease in the film thickness of forming a non-uniform coating with ‘island’ type
residues of coating on a substrate with rough surface topography. This was confirmed by
an ellipsometer, as it was calculating measurable thickness values at some spot and resulted

in zero thickness at different region on the same sample after thiol-grafting. Whereas very
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short reaction times did not result in any measurable conversion of unsaturated
functionality to saturated carbon-carbon bond with pendant thiol molecule, confirmed by
RAIRS. However, the reaction time of 3 minutes resulted in detectable grafting confirmed
by RAIRS and ellipsometer with minimal film loss.

To measure surface composition, the modified coatings were immediately characterized
by contact angle goniometry before the polymer brushes dry out and form a well-packed
coating on the surface. The pure PNB coatings are hydrophobic in nature which can be
confirmed from its relatively high advancing contact angle. The average advancing contact
angle for pure PNB coatings was found to be 95°. Moreover, the receding contact angle
was 64°. For PNB coatings grafted with 1-dodecanethiol, the average advancing contact
angle was 95°, and the average receding contact angle was 76°. The contact angle did not
change much as there was no compositional difference before and after addition of simple
alkane molecule. Structure of polymer brushes before and after the addition is shown in
the figure. When there were pure polynorbornene chains, the main structure had on cyclic
CH> and unsaturated CH between cyclopentane rings. Both impart hydrophobic nature to
the surface. After adding alkanethiol to the chain, the addition was mainly of saturated CH>
introducing no major difference in the composition and hence we did not expect and
observed any change in advancing contact angle. The receding contact angle, a measure of
hydrophilicity of coating had difference after the modification which can be attributed to
the minute difference in the polarity of unsaturated CH and saturated CH>. In pure PNB
coatings we had 2 out of 7 carbons as unsaturated CH>, but after modification, they were
replaced by saturated alkane chains and more saturated CH2 were added which resulted in
the decrease in the hydrophilicity of chains and hence increase in the receding contact

angle.

IR spectrum was used to confirm the grafting of alkane chains across polymer backbone.
In the spectra for the pNB coatings (Figure 4.5), distinct methylene peaks were observed
for symmetric stretching, asymmetric stretching, and scissoring modes. The C-H stretching
region for pNB coating IR spectra has strong cyclic methylene peaks at 2946 cm™
(asymmetric) and at 2863 cm™ (symmetric) with an additional stretching peak at 2908 cm"
1 1185]. Methylene scissoring peak for methylene in cyclic structure is seen at 1455 cm™
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indicating a relatively homogenous and well-ordered chain structure [186]. The out of
plane bending peaks for C=CH olefin functionality [185, 187] are seen at 968 cm™ and a
shoulder-like C=CH stretching peak at 3030 cm™ [185, 187]. We did not observe any peak
for C-S absorption as it generates very weak peak as compared to other IR peaks. Also, we
did not see any S-H peak from residual thiols if there was any after washing coatings, which

indicated the surface had only modified pNB coatings.

After free radical grafting, the addition of alkanethiol increased the alkyl functionality on
the spectrum with almost undetectable alkene functionality. The complete removal of 968
cm™ and 3030 cm™ peaks are indicative of successful addition of 1-dodecane thiol to the
surface coating. Addition of acyclic methylene and decrease in C=CH out of plane bending
at 968 cm™ was seen in the opposite pattern. C=CH stretching peak at 3030 cm™ also got
diminished after surface grafting experiment. The contribution by cyclic methylene peak
position is altered indicating the changes in the packing structure after modification. The
stretching peak for acyclic methylene is seen distinctly at 2923 cm™ (asymmetric) and at
2852 cm™ (symmetric) while contribution by cyclic methylene stretching decreases
reversely at 2953 cm™ (asymmetric) and a small shoulder on the left part of the peak at
2851 cm™ (symmetric). Methylene scissoring peak remains almost same at 1455 cm™
indicating no change in the cyclic structure of cyclopentane ring. A tiny shift in the peak
of cyclic scissoring is indicative of changes in the crystallinity of coating after
modification. IR spectrum of modified pNB coatings had similar IR spectrum but with
significant difference providing the solid proof of grafting across carbon-carbon

unsaturated bond.
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Figure 4.5: RAIRS spectrum of pNB grafted by 1-dodecanethiol
4.3.1.2 1H,1H,2H,2H-Perfluorodecanethiol

After confirming this process of surface engineering by click chemistry, we extended it to

another functionalized thiol; fluorine functionalized thiol. Here we used fluorinated thiol;
1H,1H,2H,2H-perfluorodecanethiol and generated its thiyl radicals in the same fashion as
before. Fluorinated polymer coatings exhibit excellent barrier properties[188], very low
critical surface tension[189] and low adhesion property[190]. However, it is difficult to
make a film of the fluorinated polymer due to its relatively low solubility in common
organic solvents[190, 191].

Similar concentrations for thiol and 1-184, i.e., 100mM and 1weight% were used for this
experiment of photochemistry. The optimized time for photochemistry was about 4
minutes, yielding modified coatings with least film loss and most grafting. We analyzed
the surface immediately after drying the modified coating with contact angle goniometry.
The average advancing contact angle we obtained was 130° whereas the average
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advancing contact angle for pNB coating we obtained is 95°. The significant change in
contact angle is the indicative of a change in surface composition from mildly hydrophobic
to the highly hydrophobic surface, which is indicative of addition of successful grafting of
fluorinated molecules in the polymer chains.

We interrogated the 1H,1H,2H,2H-perfluorodecanethiol coatings with RAIRS to confirm
the modification of pNB with fluorinated thiols. Carbon-fluorine bonds are well known for
producing strong and sharp absorption peaks in IR spectroscopy suppressing other
absorption peaks on the surface[192, 193]. In Figure 4.6, the strong C-F absorption peaks
are observed between 900 cm™ and 1400 cm™ for the modified coating. The symmetric and
asymmetric stretching peak were the most affected peaks as there is a substantial decrease
in absorbances between 2800 cm™ and 3100 cm™. For this experiment, the presence of
strong absorption peaks by C-F stretching is confirmation of grafting across the pNB
surface polymer brushes.
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Figure 4.6: RAIRS spectrum of pNB grafted by fluorinated thiol
4.3.1.3 1,6-Hexanedithiol

Several groups have observed the surface degradation of polyolefin coatings when exposed

to organic solvents in the ambient atmosphere[194]. We hypothesize that the dithiol
grafting stabilizes coatings by eliminating the cleavage-susceptible double bonds and also
crosslinking polymer chains in the coating. We used 1,6-hexanedithiol to graft across pNB
chains, and we hypothesized that two terminals of dithiol would graft to two adjacent pNB
chains thereby bridging them together.

The expected change in the contact angle was to be same as in case of grafting by 1-
dodecanethiol. However, surprisingly the average advancing contact angle was much lower
than that of pure pNB coating, and it was found to be 56°, and the average receding contact

angle was 12°.

41



Using RAIRS, we analyzed the surface composition which confirmed the changes in film
composition. We observed minute changes in all the peaks of the polymer backbone and
detected additional signature peak for acyclic methylene groups by 1,6-hexanedithiol. The
symmetric and asymmetric peak for cyclic methylene stretching were still detectable at
2944 cm™ and 2851 cm, but new strong stretching peak for methylene of 1,6-
hexanedithiol was also seen at 2925 cm™. The methylene scissoring for cyclic CH was as
it was at 1450 cm* along with its typical Davydov splitting. The out of plane bending peak
at 967 cm™ had decreased absorption intensity but was in the same ration with CH:
stretching peaks. This can be due to grafting at smaller extent as compared to the grafting

of alkanethiol or fluorinated thiol.

The coating thickness for this grafting experiment was determined using spectroscopic
ellipsometry. The thickness observed was variable in all the samples and at the different
region of the same specimen. The low advancing/receding contact angle, variable
thickness, and less grafting observed in RAIRS can be attributed to the phenomenon that

where grafting chemistry gets dominated by film degradation.
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Figure 4.7: RAIRS spectrum of pNB before and after grafting by 1,6-hexanedithiol
4.3.2 Film loss

As mentioned earlier, we observed film loss during grafting process for most of the samples
during the experiments. Hence, we decided to find out the reason for the film loss or
polymer brushes degradation. Following the results by Lerum and Chen group, we

continued to explore the effect of oxygen in the deterioration of polynorbornene[194].

There are different possible phenomenon due to which polymers get degraded when
exposed to the atmosphere resulting in poor mechanical properties, altered chemical
structure, and reduces life[195]. It depends on the type of polymer structure and
composition, the environment the polymer is repeatedly exposed and the chemical
composition of the environment. It can undergo solvolysis in presence water if the polymer
has carbonyl functional groups, oxidative degradation or ozonolysis if the atmosphere has
oxygen or ozone, a galvanic action which is similar to corrosion of metals, chlorine-

induced cracking of polymers, etc.[196]. Polydienes, in general, are susceptible to
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oxidative degradation but since we observe chain cleavage, under UV and in the presence
of oxygen, we hypothesized it to be the contribution of different photo-driven chemical

reactions of oxygen and its radicals.

There are many possible photocatalyzed reactions that result in the change in molecular
structure of polymer chains[197]. Ozonolysis is also one of photo-triggered reaction

contributing polymer chain cleavage at alkene functionality[198].
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Figure 4.8: Oxidative cleavage of alkene bond

Polynorbornene polymer brushes contain unsaturated carbon-carbon double bonds which
are susceptible to photo-oxidative degradation, singlet oxidative oxidation, and
photodegradation[199]. Under UV exposure polynorbornene undergoes various types of
photo-driven oxidation reactions forming different functional groups like epoxides,
carbonyl functional groups and oligomers depending on the type of free radical
formation[199].

To investigate the film degradation observed during the photochemical surface reactions
of thiol-grafting, further experiments were designed where we used three solvents, UV
irradiation, and photoinitiator. We hypothesize that photoinitiator accelerates the formation
of oxygen radicals in solution thereby resulting in rapid oxidative reactions.

Polynorbornene coatings with thickness around 50 nm were used for experiments.

Here we experimented with 3 different solvents with different polarity. We used pNB
coating with similar initial thickness and irradiated them with UV light (15 mW/cm?) in
presence and absence of photoinitiator in each solvent for 5 minutes. These are same
experimental conditions as in thiol-ene grafting experiments except the thiols are not
present in the solution. UV irradiation helps the formation of free photoinitiator radicals
which further triggers generation of oxygen radicals, and other photochemical reactions of

oxygen.
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Table 4.1 shows the data about mean coating thickness before and after irradiation in
different conditions. The coating thickness is almost negligible after irradiation in cases
when the solvent was polar, and photoinitiator was present. Moreover, when photoinitiator
was absent, there is no significant decrease in the film thickness. Hence, these results
support our hypothesis that UV radiation exposure, soluble oxygen in solvent and
photoinitiator resulted in degradation of polymer brushes by different photochemical
reactions. These observations motivated us to propose a new project where we strengthen
the coatings using a crosslinker without sacrificing the unsaturated functionality. Details

of the project are in chapter 5

Table 4.1: Thickness (ellipsometric) of coatings in different solvents in various

conditions
Number Solvent Photoinitiator Initial thickness Final thickness
(hm) (nm)
1 Cyclohexane No 47.1 37.1
2 Cyclohexane Yes 49.2 39.2
3 Toluene No 48.3 47.1
4 Toluene Yes 46.6 51
5 Dichloromethane No 42.7 42.2
6 Dichloromethane Yes 52.2 0.8

4.4 Conclusions

In conclusion, SI ROMP coatings of polynorbornene were modified by adding three types
of thiol molecules using thiol-ene click reaction. The grafting of molecules was confirmed
by contact angle measurement and RAIRS. Along with the loss of the peak for out of plane
bending and stretching of C=CH, the signature peaks for added thiol molecules are seen in
IR spectrum. Despite successful surface engineering, deterioration of polymer brushes was

observed during this process. This deterioration resulted in decrease in the film thickness
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and substrate with non-uniform polymer coating. The reason for the reduction in film
thickness is attributed to the photochemical oxidative cleavage of polymer chains triggered
by UV irradiation and a photoinitiator in the grafting setup. We confirmed that UV
irradiation and photoinitiator helps the production of oxygen radicals thereby accelerating
the process of oxidative degradation. Although this approach has encountered a practical
limitation, the protocol can be optimized in future by modifying the experimental setup,
such as using a degassed solvent during complete process of grafting which may reduce
the degradation significantly. But it will compromise the attractiveness of this approach.
Another solution is to introduce a crosslinker in the polymer coating which would prevent
the film loss due to film degradation. Hence, a crosslinker is designed and incorporated

into these coating whose details are presented in the next chapter.
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5 Insitu Crosslinking of Surface-Initiated Ring Opening Metathesis

Polymerization of Polynorbornene for Improved Stability

The work presented in this chapter has been published in the following peer-reviewed
journal paper: Fursule, 1., Abtahi, A.,Watkins, C., Graham, K., Berron, B., “In-situ
crosslinking of Surface-Initiated Ring Opening Metathesis Polymerization of
Polynorbornene for improved stability,” Journal of Colloid and Interface Science, 2017,
510, 86-94

5.1 Introduction

Functionalized polymer coatings are pervasive throughout the scientific literature,
including applications as self-healing materials [200, 201], dielectric layers [46, 202, 203],
responsive materials [204, 205], membrane modifiers [65], insulating barriers[172] and
conductive surfaces [206]. In particular, surface-initiated polymerization (SIP) techniques
[46, 163, 165, 166] are attractive owing to fine control over growth rate [46, 85] and a
capacity to create a conformal coating over complex morphologies [28, 165, 207]. While
many surface properties are accessible through SIP of appropriate monomers, the post-
polymerization functionalization of a coating provides an opportunity for more diverse
surface chemistries than are presently attainable. For example, many ionomer systems are
based on polymers which are both fluorinated and sulfonated [208]. A surface-initiated
strategy to combine these functional groups requires polymerization followed by

sulfonation to avoid the low polymerization rates of sulfonated monomers [128, 209, 210].

Of the SIP approaches, surface-initiated ring opening metathesis polymerization (Sl
ROMP) offers the simplest approach for post-polymerization modification through the
unsaturated bonds in polymer backbone [43, 85, 173]. While most polymerization routes
consume the alkene group, SI ROMP opens strained ring monomers by a metathesis
catalyst which rearranges and preserves the alkene [85, 164, 173]. When using ruthenium-
based metathesis catalysts, SI ROMP can be performed in ambient environmental
conditions with a high rate of polymerization and precise control over surface coating
thickness [163, 211]. In addition, ROMP is relative faster than other SIP methods. ROMP
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can produce micron thick coatings in minutes whereas other SIP methods typically require

hours.

The instability of the S| ROMP coatings represents a critical obstacle in post-modification
reactions. Lerum and Chen first observed the decrease in the thickness of these S| ROMP
coatings during exposure to the organic solvents (Figure 5.1A, B) [212]. They observed a
93% loss in film thickness following exposure of polybutadiene (PBd) to dichloromethane
in an ambient atmosphere [212]. The stability of the silane linkage to the SiO> substrates
indicated damage to the polymer coating layer. By contrasting the film loss upon solvent
rinsing in ambient conditions to loss in a nitrogen environment, they proposed that the
damage is the result of oxidative cleavage of the internal alkene in the ROMP backbone.
As this oxidation is not commonly observed in solution phase ROMP chains, they proposed
an entropic driving force to promote the cleavage of a surface-tethered chain. Other groups
have also observed a decrease in S| ROMP coating thickness following exposure to organic
solvents [48, 128, 213, 214]. For any solution phase processing of these coatings, film loss
during solvation is a critical concern. This challenge is highlighted a previous study of the
sulfonation of SI ROMP coatings. The instability of the coating resulted in significant film
loss during the solution phase reaction, ultimately requiring thicker initial films to achieve
the target thickness of the sulfonated film [128].

In the present study, we hypothesize that a crosslinking additive will improve the stability
of SI ROMP coatings during solvent exposure and chemical functionalization of the
deposited grown coatings. We designed a simple crosslinking molecule for ROMP
polymerization consisting of a dinorbornene polyethylene glycol (PEG), and we studied
changes to an SI ROMP polynorbornene (pNB) coating with and without incorporation of
this crosslinker. The solvent stabilities of pNB and crosslinked polynorbornene (DiNB-
pNB) coatings were contrasted via repetitive exposure to dichloromethane, where minimal

film loss was observed for crosslinked coating as compared to the non-crosslinked coating.

Our general approach illustrates a straightforward strategy for stabilizing SI ROMP
coatings against solvation-induced degradation to facilitate complex coating chemistries.
SI ROMP is a highly utilized coating technique for rapid, conformal coatings on complex

surfaces. To date, nitrogen purging has been the only published approach to stabilize SI
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ROMP coatings to solvent accelerated degradation [212]. We anticipate these crosslinked,
solvent stable SI ROMP coatings to be ideal for modification of the olefin backbone in
thiol-ene click reactions [114, 215, 216]. This pairing of a highly specific, orthogonal click-
type reaction and rapid growth of a stable film is expected to enable a diverse class of thick,

conformal coatings containing with difficult to polymerize functional groups.

““Nm : Polynorbornene backbone

- Crosslinker (DiNB)

Figure 5.1: The role of crosslinking in stabilizing an S| ROMP coating. A) Non-
crosslinked polynorbornene film structure. B) Non-crosslinked polynorbornene backbone
after washing with dichloromethane (DCM). C) Crosslinked polynorbornene film
structure. D) Crosslinked polynorbornene backbone after washing with dichloromethane.
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Figure 5.2: Schematic representation of crosslinked SI ROMP coating preparation. A)
Norbornenyl (NBCI2) decorated SAM, B) Grubbs catalyst attached to norbornenyl
surface, C) SI ROMP of polynorbornene, D) SI ROMP of crosslinked polynorbornene
through random co-polymerization

5.2 Materials

Polyethylene glycol 3350 (PEG 3350), 5-norbornene-2-carboxylic acid (NBAC), N,N’-
dicyclohexylcarbodiimide (DCC), 4-(dimethylamino) pyridine (DMAP), pyridine, sodium
chloride, sodium hydroxide, glycine, 11-mercapto-1-undecanol, trans-3,6-endomethylene-
1,2,3,6-tetrahydropthaloyl chloride 97% (NBCI,), Grubbs 1% generation catalyst and
bicyclo[2.2.1]hept-2ene (norbornene) were ordered from Sigma Aldrich. All solvents were
ordered from Acros (Fisher) and were used as received.

5.3 Synthesis of dinorbornene-crosslinker (DiNB)

Dinorbornene-crosslinker was synthesized by referring the protocol by Rehmann et al.
[217] (Figure 5.3B). Two different solutions were made using degassed dichloromethane
(DCM). First, 0.574 mg of DCC and 0.681 mL of NBAC was mixed in 50 mL of DCM

under nitrogen environment. Second, a solution consisting of 0.017 g PEG3350 and 0.933
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g DMAP was mixed in 50 mL of DCM in a nitrogen environment. After 20 minutes, 0.225
mL pyridine was added to the PEG solution, and then the PEG solution was added to the
NBAC solution in a nitrogen environment and stirred overnight. The product solution was
then filtered under vacuum to separate insoluble dicyclohexylurea from the soluble
dinorbornene-crosslinker product. The soluble product was recrystallized by concentrating
the solution under vacuum and then adding 10 times volume excess of cold diethyl ether.
The supernatant ether was discarded, and the precipitate was dissolved in chloroform. This
solution was then washed twice with aqueous solutions of 0.05 M glycine, 0.05 M sodium
hydroxide, and 0.05 M sodium chloride. Finally, the organic solution was washed with 5.1
M solution of sodium chloride. The product was recrystallized again and washed with 10
times volume excess of cold ether and centrifuged to separate the final product. A 400
MHz Varian Nuclear magnetic resonance (NMR) spectroscopy was used confirm the
composition of the PEG dinorbornene crosslinker. A minimum of 32 scans was used for
quantitative determination of peak position and integration. HNMR (CDCls): 6 = 2.9, 3.04,
3.22 (4H, m, >CH-CH=), 6 = 1.3-1.47(4H, m, >CH-CH,-CH<), & = 5.94, 6.1, 6.14,
6.19(4H, m, -CH=), 6 = 2.26, 2.97(2H, m, >CH-CO-), 6 = 1.27, 1.53, 1.85 to 1.97(4H, m,
-CH2-CH-CO), 5 = 3.46, 3.63, 3.81, 4.17, 4.25(4H, m, O-CH,-CHa-).

5.4 Surface-initiated ring opening metathesis polymerization

The detailed protocol to fabricate SI ROMP coating is given in section 3.1.2.2. In brief, S
ROMP coatings were made by creating a self-assembled monolayer of alkanethiol
molecules which is used to bind norbornenyl dichloride. This surface was decorated with
metathesis catalyst to initiate polymerization as soon as it is exposed to the monomer
solution. Control surfaces of SI ROMP pNB were prepared with a 0.5 M solution of
norbornene (NB) in DCM. Crosslinked SI ROMP surfaces were prepared through the
incorporation of up to 1 mol% of the DINB crosslinker. Reaction time was adjusted to

control coating thickness. Reaction times ranged from a few seconds to 2 hours.

5.5 Results and discussion
The crosslinking monomer design is based on the expected distance between polymer
chains in an actively polymerizing S| ROMP surface. In SI ROMP, neighboring chains are

anchored to the substrate at locations which are primed by catalyst attachment. The catalyst
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surface density is dictated by grafting density of NBCI, and the subsequent grafting of the
Grubbs catalyst. Based on estimates of ~ 10'?> molecules per cm? of Grubbs catalyst in a
prior study using a similar catalyst attachment scheme [93], the expected distance between
pNB backbone chains to be approximately 4 nm (Figure 5.3A). The crosslinker is designed
to be of comparable length (or distance between 2 ends of crosslinker) as the distance
between chains to encourage intermolecular crosslinking. PEG 3350 is used as a linker for
two 5-norbornene-2-carboxylic acid molecules to yield a molecule with an all trans end to
end distance of ~ 28 nm. While 28 nm is excessive for crosslinking across chains separated
by 4 nm, the solvated structure of the crosslinking chain is significantly smaller than the
all trans length of the molecule. The radius of gyration of PEG in dichloromethane is not
readily available. We approximate the radius of gyration of PEG 3350 in dichloromethane
to be similar to the radius of gyration of PEG 3350 in water (~2.3 nm) [218]. This estimate
of solvated chain length is comparable to that of the distance between initiation sites and
is expected to be appropriate for crosslinking this surface-initiated system. Longer
crosslinking chains are also expected to crosslink a surface initiated system, but these
longer chains are expected to decrease the film growth rate through dilution of the
norbornene reactive groups.

A) OsAM O NBy onSAM @ Grubbs catalyst on NBy ~ B)

DCC DMAP, Pyridine, 12 h, 22 °C

@Yv%@

<28 nm

Figure 5.3: Relationship between polymer backbone density and dinorbornene linker
length. A) Schematic representing the density of catalyst-related molecules in S| ROMP
from a hydroxyl terminated SAM. B) Synthesis and all-trans length scale for the
dinorbornene crosslinker.
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5.5.1 Influence of Dinorbornene-crosslinker on SI ROMP coating composition and

structure

The incorporation of the crosslinking molecule was confirmed via FTIR. In the spectra for
the pNB coatings, distinct methylene peaks were observed for symmetric stretching,
asymmetric stretching, and scissoring modes. The C-H stretching region for pNB coating
IR spectra has strong cyclic methylene peaks at 2945 cm™ (asymmetric) and at 2862 cm™
(symmetric) with an additional stretching peak at 2907 cm™ [185]. A cyclic methylene
scissoring peak is seen at 1455 cm™ with signature Davydov splitting into 1465 cm™ and
1448 cm indicating a relatively homogenous and well-ordered chain structure [186]. The
out of plane bending peaks for C=CH olefin functionality [185, 187] are seen at 968 cm™
and a shoulder-like C=CH stretching peak at 3030 cm™ [185, 187].

For pNB coatings grown with the addition of 0.25, 0.5, or 1 mol % DiNB crosslinker, all
characteristic peaks for pNB are conserved, and additional peaks consistent with the IR
absorbance of PEG are introduced (Figure 5.4 A and B). The fingerprint region for PEG
C-O-C absorption by PEG around 1029 cm™ [219-221] was observed at crosslinker
concentrations as low as 0.25 mol %. At this minimum concentration, the C=CH out of
plane bending peak is in the same position as in non-crosslinked pNB coating suggesting
no major changes in the environment of the olefin functionality after crosslinking. The
position of the methylene scissoring peaks is similarly conserved at 1465 cm™ and 1446
cmL. The asymmetric and symmetric methylene C-H stretching peaks (2950 cm™ and 2865
cm™) are typically sensitive to alterations in polymer crystallinity [222], where these peaks
shift by over 10 cm™ with a change in chain-chain interactions [32, 223]. The crosslinked
pNB is red shifted by 3-5 cm™ when compared to these absorbances in the pure pNB
coating. This red shift is supportive of a change in the chain packing with the addition of
the DINB crosslinking monomer. Since our goal is to stabilize SI ROMP films while
leaving their functionality intact, we focused the remaining studies on 0.25 mol% DiNB.
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Figure 5.4: Reflection absorption infrared spectroscopy of SI ROMP of A)
polynorbornene (pNB) and crosslinked polynorbornene with 0.25 mol % crosslinker
(DINB-pNB), B) crosslinked polynorbornene with 0.25 mol %, 0.5 mol% and 1 mol%
crosslinker (DINB-pNB).

The presence of the crosslinker in the film is further supported by the O1s peak in the XPS
spectra. The incorporation of the DiNB crosslinker in the pNB coatings is further supported
by analysis of the XPS spectra of the films (Figure 5.5). When compared to the spectra of
the pNB coatings, the spectra of the DiNB-pNB coatings include a shoulder centered at
534.5 eV, consistent with the ethereal oxygen in the PEG functionality of the DiNB
crosslinker[224, 225]. The XPS spectra for both films include peaks at ~533 eV consistent
with carbonyl oxygen. Critically, the DiNB-pNB coatings are expected to include <0.1
atom % carbonyl oxygen from the ester bound norbornene, and the pNB coatings are not
expected to contain any oxygen in the bulk polymer layer. The high carbonyl oxygen
content of the coatings is consistent with previously observed degradation products of
polymers[226]. While Lerum and Chen postulated the entropy accelerated oxidation of Si
ROMP pNB coatings, the spectral observation of these degradation products has not been
reported to date [212]. The presence of carbonyl oxygen peaks in the XPS spectra strongly

supports the oxidative degradation of these coatings in ambient environments.
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Figure 5.5: O1s region of XPS spectra of (A) non-crosslinked pNB coatings and (B)
DiNB-pNB coatings.

The rate of film growth is dramatically decreased by the addition of the DiNB crosslinking
monomer. While a 0.5 M solution of NB in dichloromethane yields a coating of ~ 1 um in
15 minutes, the addition of 0.25 mol % DiNB to the same solution of NB only yields a 30
nm coating. To determine if the decrease in film growth rate is related to chemical attributes
of the crosslinker or steric hindrance from the presence of solvated polymer chains, 0.25
mol% methylene terminated PEG (Mn 2000) or 0.25 mol% polystyrene (Mn 2000) was
added to the 0.5 M NB solution during polymerization. While the addition of the PEG
limited the film growth to 16 nm, the polystyrene and NB solution still supported film
growth > 500 nm. These polymer additives both decrease the rate of pNB film growth, but
the PEG chain has a stronger negative effect on the film growth rate than the polystyrene.
In all, the PEG backbone for the crosslinker is not ideal for supporting the rapid growth of
thicker films using Grubbs first generation catalyst. Critically, the polystyrene and other
commonly available polymer backbones are more challenging to end functionalize. As a
result, we use the PEG backbone here to demonstrate the proof of concept for coating
stabilization. For applications requiring thicker films, alternative catalysts or crosslinker

chemistries may be warranted.
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Table 5.1: Coating thickness following immersion of a Grubbs catalyst coated substrate
in the indicated solution for 15 minutes.

Solution Thickness (nm)
0.5 M NB in dichloromethane 1046 + 506
0.5 M NB and 0.25 mol % DiNB 33+12
in dichloromethane
0.5 M NB and 0.25 mol % methylene terminated PEG 2000 in 16+7
dichloromethane
0.5 M NB and 0.25 mol % polystyrene (Mn 2200) 534 £ 93

Advancing and receding water contact angles for pNB coating are ~98° and ~77°, and these
values are consistent with prior studies [128, 210]. For DINB-pNB films, the advancing
water contact angle is similar (95°) to that of the pNB film. There is a significant decrease
in the receding water contact angle (~65°) with the incorporation of the DiNB crosslinker
when compared to the pNB film. The decrease in the contact angles is attributed to the
introduction of hydrophilic PEG chains in the DiNB crosslinker [223]. Additionally, the
larger change in the receding contact angle than for the advancing contact angle is
expected, owing to the receding contact angle’s greater dependency on the hydrophilic
content of the surface [227, 228].

Table 5.2: Advancing and receding contact angle for water on SI ROMP coating. Data
represent mean + standard deviation.

Coating Thickness (nm) Oa(°) Or (9
pPNB 46 + 6 98+2 77%3
DiNB-pNB 405 95+3 656

Electrochemical impedance spectroscopy was used to evaluate changes in coating
structuring upon the addition of the DINB crosslinker. Figure 5.6 displays representative
Bode plots for ~37 nm pNB coatings and DiNB-pNB coatings. A modified Randle’s
equivalent circuit with Warburg’s impedance term for mass transport resistance was fit to

the experimental data. Based on these fits, the film capacitance of the pNB coating (623 £
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514 nF/cm?) was similar to that of the crosslinked film (210 + 108 nF/cm?). This supports
a similar dielectric and thickness for the two coatings. Interestingly, the crosslinked coating
had a slightly higher mean film resistance (10°° a-cm?) than that of the native pNB coating
(10*7 o.cm?). While this potentially supports greater coating uniformity in the crosslinked
film, this minimal difference in mean resistance will not significantly alter the practical

application of a functional S| ROMP coating.

Table 5.3: Film resistance and interfacial capacitance for S| ROMP coating

Film Thickness Log (Ry) Cr
(nm) (Q-cm?) (nFlcm?)
pNB 385+12.4 4.66 + 0.44 623 + 514
DiNB-pNB 36 +10.5 5.93+0.39 210 + 108
105_55
10°
tEe 10" 5
G E
N
10° -
= pNB exp
+ DINB pNB exp
, — Fit
10"
10" 10° 10 10 10° 10*  10°

Frequency (Hz)

Figure 5.6: Electrochemical impedance spectroscopy of SI ROMP polynorbornene
coatings. Bode plot of representative experimental data from S| ROMP polynorbornene
(=) and SI ROMP crosslinked polynorbornene ( A) coatings. Lines represent fitting of an

equivalent circuit to experimental data
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5.5.2 The influence of crosslinking on coating stability in solvent

To determine the effectiveness of a 0.25 mol% crosslinker in stabilizing an SI ROMP
coating, we measured the thickness of pNB and DiNB-pNB coatings after rinsing
sequentially with dichloromethane, ethanol, and water (Figure 5.7). All the samples were
rinsed in the same ambient atmospheric conditions to minimize the variation in temperature
and oxygen content in the atmosphere. Each sample was immersed in the DCM for 5
seconds, removed into ambient air, and gently shaken to remove excess solvent. Samples
were then immediately rinsed with ethanol and then water in the same fashion. After rinsing
with water, the sample was dried under a stream of nitrogen. Thicker coatings were utilized
in this study to allow greater resolution in the fractional coating loss, and polymerization
times were adjusted to achieve coatings approximately 90 nm in thickness. The stability of
SI ROMP coating increased significantly with the addition of the DiNB crosslinker for the
first rinse and each subsequent rinse (p<0.05). The film loss after 10 rinses decreased from
~73% to ~28% after introducing crosslinker. The relative film loss for the pNB coating
compares favorably with a prior study by Lerum and Chen, where 93 % of a polybutadiene
film was lost after 10 rinses of dichloromethane in an ambient environment. A small
decrease in the coating thickness upon rinsing still occurs in the DiNB sample and this film

loss is expected due to the persistence of olefin functionality in the polymer backbone.
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Figure 5.7: SI ROMP coating stability data. The profilometric thickness of a
polynorbornene or crosslinked polynorbornene coating is measured following the
indicated number of rinse cycles. Each rinse cycle is the sequential exposure to DCM,
ethanol, and water.

The microstructure of the rinsed and unrinsed coatings further informs the role of coating
crosslinking in the solvent stability of SI ROMP films. Figure 5.8 shows the topographical
images of pNB and DiNB-pNB coatings obtained by atomic force microscopy (AFM).
Immediately after film formation, the pNB and DiNB-pNB coatings look similar to other
polymer brush coatings found in literature, including examples of other SI ROMP
coatings[85, 90, 210]. For the pNB film, the surface morphology changes dramatically after
exposure to 10 cycles of dichloromethane, ethanol, and water. The rinsed pNB coatings
(Figure 5.8B) have nanoscale pits indicative of a uniform loss of material throughout the
coating. Additionally, the rinsed pNB coatings have circular, micron-scale defects Figure
5.8B and regions where the pits are interconnected. The DiNB-pNB also forms nanoscale
pits from the loss of polymer, but the overall coating morphology is still similar to that of
an as-grown pNB and the DiNB-pNB coating. The rinsed DiNB-pNB coating does not
have large regions of widespread film loss seen in the pNB rinsed coatings. In all, the film
loss in the rinsed pNB coatings supports a rapid, uniform loss of coating material, with

localized regions of accelerated film loss. The crosslinked DiNB-pNB coatings still exhibit
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uniform loss of material on the submicron scale, but the macroscale loss of films is not
observed.

30

Figure 5.8: AFM image of S| ROMP coatings; A) Non-crosslinked i.e. pNB and
unrinsed, B) Non-crosslinked i.e. pNB and rinsed, C) Crosslinked i.e. DINB-pNB and
unrinsed, D) Crosslinked i.e. DiNB-pNB and rinsed

5.6 Conclusions

We hypothesized that in situ crosslinking is a straightforward approach to stabilize Sl
ROMP coatings. We found that the stability of pNB coating against organic solvents in an
ambient environment is increased significantly with the addition of a dinorbornene
crosslinker at 0.25 mol%. Additionally, we report the first spectral data supporting the
oxidative degradation of these SI ROMP coatings in ambient environments. To date,
processing in a deoxygenated environment is the only published approach to limit solvent-
associated degradation [212]. Interestingly, ROMP with Grubbs catalyst is largely tolerant

of oxygen [75, 229], where many competing grafting-from chemistries have stricter
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purging requirements [230, 231]. A processing requirement of an oxygen-free environment
would significantly decrease the attractiveness of ROMP-based surface modification over

slower techniques like SI-ATRP and other radical chain-growth strategies[232, 233].

The crosslinker design described here is based on a PEG-dinorbornene molecule of
sufficient length to bridge adjacent active sites on the catalyst primed surface. The PEG
chemistry was selected primarily for ease of functionalization but was discovered to
actively decrease the rate of polymerization for the pNB coatings. Additionally, the total
amount of crosslinker was limited to 0.25 mol% of the NB in solution due to the lower
growth rate in the presence of PEG. In future work, the use of catalysts with greater
functional group tolerance is expected to enable the use of this PEG dinorbornene
crosslinker with a less detrimental impact on the film growth rate. Alternatively, the
crosslinker may be redesigned to utilize a backbone more compatible with Grubbs first
generation catalyst. While we expect greater stability with higher crosslinker loadings, we
also demonstrated that the crosslinker alters the wettability of the polymer coating. A
higher crosslinker loading is expected to have a more significant impact on the surface
properties of the coating. As a result, future studies in functional S| ROMP coatings should
carefully consider the crosslinker’s interaction with the catalyst, the crosslinker’s impact

on the desired surface properties, and the desired solvent stability of the coating.
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6 A novel design of photoresponsive ring monomer for light-mediated
ROMP

6.1 Introduction

Stimuli-responsive or smart materials that actively respond to environmental changes in
temperature[234], light[235, 236], pH[237, 238], humidity[239, 240], electromagnetic
fields[241-243], enzyme concentration[244, 245], or mechanical force[246, 247] are
poised to have a significant impact on everyday life in the 21% century. However, light as
a type of stimuli has attracted researchers because its precise spatiotemporal control
(coherence and laser pulse), intensity and energy control, prerequisite of no other reagent
in the system to trigger or assist the light absorbance, and very limited by-products during
this process[248-251]. Light- or Photoresponsive polymers change their physical or
chemical properties when exposed to the light or radiations of the appropriate wavelength.
There are plentiful applications of photoresponsive polymers in the field of electronics as
temporary storage[252-254], biosensors[224, 255], surface relief gratings[13, 14], and
many more. The response of photoresponsive polymers depends on the type of
photoresponsive moiety and the way it is incorporated in the polymer chain/matrix. For
instance, an ortho-nitrobenzyl ester functional group on the absorption of UV radiations
undergoes irreversible cleavage of covalent bond[256]. Whereas, the azobenzene (AB)
molecule experiences geometrical isomerization on exposure to UV or visible radiation,
also called as photoisomerization[257] (Figure 6.1). Photoresponsive moiety can be
present in the polymer chain or matrix as a branch or crosslinker or in the backbone[258,
259]. This research is focused on the photoresponsive polymers with AB as
photoresponsive moiety in the backbone, responsible for the reversible light-mediated
changes of the polymer properties. AB is one of the most commonly used photoresponsive
moiety in research and commercial applications. When irradiated with UV light (Amax), its
structure changes due to photoisomerization from its thermodynamically stable trans
conformation (AB trans) to thermodynamically unstable cis conformation (AB cis). The
cis to trans transition can be driven either using visible light or thermally[257].
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Figure 6.1: Isomerization of photoresponsive moiety; azobenzene (AB)

Another important entity that directly defines the degree of response of photoresponsive
polymers is the structural location of the photoresponsive moiety. The photoresponsive
unit can either be in the main chain of the polymer or as a crosslinker or as a pendant group
to polymer chain[258, 259], and this choice imparts a different degree of mechanical
response. For instance, Chang-Dae Keum and group have shown that the photodeformation
due solid-state mass transport of polymers with AB in the main chain is slower than when
it is present as a pendant. This is attributed to a decrease in the rate of photoisomerization
of the AB in the main chain[260]. Hence, the position of AB with respect to the main-chain
is very crucial while designing the polymer structure. Currently, extensive research
conducted on photoresponsive polymer coatings with AB incorporated as a branch off of
the polymer backbone, and significantly fewer with AB in the main chain. The main reason

is a lack of robust synthetic tools for making polymers with AB in the backbone.

Typically, photoresponsive polymers are synthesized in the solution by the free radical
polymerization of acrylates, which are then spin coated onto the target substrate to make
physiosorbed coating of the desired thickness. The complete fabrication process is not ideal
with respect to polymer usage, stability, and coating uniformity on complex substrate
topography. Common defects found in spin-coated polymer coatings are pinhole defects,
swirl patterns, bubbles, streaks and chuck marks due to the viscosity of polymer solution,
temperature, angular velocity and other factors[20, 261, 262]. Also, the polymer surface
density cannot be controlled in this approach. As each chain is not chemically grafted to

the substrate, mechanical shear force easily damages such coatings[263]. The major
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limitation of spin coating is that it cannot be used to make the uniform coating on non-

planar surfaces but works for only planar substrates.

The development of “grafting from” or surface initiated polymerization (SIP) has mitigated
the major drawbacks of spin-coated films. SIP produces covalently bound uniform polymer
coatings/ brushes from the substrate. The covalent bond between polymer chains and
substrate provides high robustness to the coatings against damage due to mechanical shear
force. Controlled radical polymerization (atom transfer radical polymerization or ATRP),
ring opening metathesis polymerization (ROMP), living cationic and anionic
polymerization, and reversible addition-fragmentation chain transfer (RAFT)
polymerization are few types of SIP techniques[163]. However, most of these methods need
controlled conditions for polymerization and are limited to coating growth rates of few
nanometers per hour. For pragmatic application, properties such as polymerization in
ambient atmosphere, high rate of polymerization, polymerizable in the aqueous or organic
environment[264], tunable surface chain density, and conformal coating over complex
surfaces are essential[43]. Among all SIP techniques, ring opening metathesis
polymerization (ROMP) provides all above properties to polymers, polymer coatings, and
polymerization process[42]. Metathesis reactions are the metal catalyst mediated
rearrangement of carbon-carbon double bond to form new alkylidene[265]. ROMP is a
type of metathesis reaction where a strained ring monomer opens up with the help of
transition metal based carbene initiators, and rate of polymerization is directly proportional

to the ring strain energy of monomer.

When ROMP is initiated from the surface with the help of surface-bound initiators, then it
is called as surface initiated ring opening metathesis polymerization (SI ROMP). The
thickness of SI ROMP coatings is related to the ring strain energy of the ROMP
monomer[48] (Figure 6.2). It is the living type of polymerization because the
polymerization continues in chain growth fashion to generate polymers till the solution has
strained cyclic monomer and active catalyst[42].
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Figure 6.2: Film thickness vs. ring strain energy of monomer[48]

In brief, currently, there is no polymerization technique better than spin coating, to prepare
photoresponsive polymer coatings with a photoresponsive moiety in the polymer
backbone. This chapter covers the design of a system/monomer capable of preparing
photoresponsive SI ROMP coatings with azobenzene groups in the polymer backbone.
Moreover, the designed monomer will provide control over the rate of polymerization of
ROMP using light by attuning the ring strain energy of monomer. This will be achieved by
incorporating the azobenzene into the cyclic ring structure of monomer. When this
monomer is exposed to the radiations with a wavelength in its absorption range,
azobenzene in the ring monomer will tend to undergo geometrical structural changes
thereby affecting the strain energy of the molecule. This will allow remote, non-invasive
and instantaneous spatiotemporal control over S| ROMP process.

6.2 Design

We propose the design of the monomer by following the generic design of ROMP
monomer and photoresponsive polymers having the azobenzene in the main chain. ROMP
is an enthalpic driven polymerization, and hence, monomer needs internal ring strain
energy that acts as driving force for the opening of the ring[42]. To initiate the
polymerization by a catalyst, binding itself to the olefinic functionality is very essential
and the same mechanism is used for propagation of polymerization. Lastly, for AB to be

present in the main chain of the polymer, it needs to be present in the ring structure of
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cyclic monomer. Hence, the monomer design was divided into two pieces, half part as a
linker with alkene functionality and other half part being azobenzene (Figure 6.3 A). As a
result, on ROMP of the designed monomer, the AB will be in the backbone of the polymer

chain or polymer brushes.

A)

=
V4
=
7

Photo-responsive moiety Linker
(Azobenzene)

AB(m,n) trans AB(m.n) cis

Figure 6.3: A) Parts of monomer; B) AB(m,n) in trans and cis conformation

We hypothesize that locking the AB in its thermodynamically unfavorable cis geometry
using a linker with specific length will yield a closed ring monomer with ring strain energy.
As a result of AB continually trying to relax back to its thermodynamically stable trans
state, ring strain energy will be generated in the closed cyclic structure (AB(m,n)). On
irradiation with suitable wavelength radiations, it will be feasible to change the geometrical
conformation of AB(m,n) between trans and cis thereby changing the internal ring strain

energy (Figure 6.3 B). Hence in this design, the light can be used to control the ring strain
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of monomer, and ultimately ring strain of monomer will dictate the rate of its
polymerization.

We used 4,4’-Diaminoazobenzene (ABn) as the photoresponsive moiety, i.e., first half part
of AB(m,n) and second part, i.e., linker was a chain of methylene groups; L(m,n) with an
internal carbon-carbon double bond. ‘m’ and ‘n” are the numbers of methylene groups on
either side of carbon-carbon double bond as shown in (Figure 6.4).

NH, -+ Cl o) : NH 0
" gs6A| + T . TE m |
N
n \CL n
NHy — ¢ O NH o)
ABn cis L(m,n) AB(m,n) cis

Figure 6.4: Design of AB(m,n) with photoresponsive moiety (ABn) and linker (L(m,n))
The linker with suitable functional groups at the terminals was selected for the convenience
of reaction with primary amine groups on ABn. Number of methylene groups (‘m’ or ‘n’)
define the length of the linker (L(m,n)) (Figure 6.5) and length of the linker defines the size
of the cyclic ring; AB(m,n).
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Figure 6.5: Length of linker vs L(m,n)[266]
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Our collaborators in the Beck Lab (UKYy) calculated the ring strain energies for different
sizes of AB(m,n) cyclic monomers in cis (RSE_cis) and trans (RSE_trans)
conformations[266]. Bigger cyclic molecules AB(m,n) have lower internal ring strain
(Figure 6.6). The bigger molecular ring structure will have more freedom for its bonds to
rearrange in 3D space in order to achieve the lowest energy possible. The ring strain for
two separate states of a same molecule, i.e., cis and trans was found to be significantly
different below a ring size of AB(5,5). Hence, AB(5,5) and any molecule bigger than
AB(5,5) cannot be used to demonstrate the light-mediated ring strain of cyclic monomers.
The minimum distance between amine functional group of ABn in cis conformation is 8.56
A. As aresult, the linker with length less than 8.56 A will not be capable of connecting the
two sides of the azobenzene molecule (Figure 6.4) [266]. This geometrical requirement
eliminates AB(1,1) and AB(1,2) from the target set of synthesizable linkers. In all, these

criteria focused the monomer design to structures between AB(2,2) and AB(4,5).
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Figure 6.6: Ring strain energy of AB(m,n) in cis and trans conformation vs. size [266]

It is convenient with the separation and purification point of view to synthesize
symmetrical molecule or AB(m,n) where m is same as n. Also, it would be easy to
demonstrate the difference in the rate of polymerization of these monomers if the difference
in the ring strain is large. Hence, we chose to synthesize AB(2,2) for further experiments.
From Figure 6.6 we can see that the difference in the ring strains of AB(2,2) in cis
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conformation and in trans conformation is significantly large to experimentally perform

the light-mediated change in ring strain and ultimately rate of polymerization.

6.3 Synthesis approach

We hypothesize that these molecules can be synthesized by forming an AB containing
diene (AB(m,n) trans open), and closing the ring while it is in the cis conformation;
AB(m,n) cis open to AB(m,n) cis closed. We used ring closing metathesis (RCM) reaction
to close the diene, yielding the desired cyclic monomer; AB(m,n) cis closed. RCM is one
of such methodology that is used exclusively for making cyclic organic compounds from
dienes. In RCM reaction, a new internal carbon-carbon double bond is formed by joining
the two carbon-carbon double bonds of the same linear molecule by eliminating simple
molecules like ethylene as a byproduct. Experimentally, RCM is not a single reaction but
a fully reversible set of [2+2] cycloaddition-cycloreversion equilibria (Figure 6.7). All
metathesis reaction pathways are reversible, and the extent of reversibility depends on the
reaction conditions, type of catalyst, and type of monomer. Different products are obtained
depending on reaction parameters and conditions among RCM, ROMP,
Cyclodepolymerization (CDP), Acyclic diene metathesis polymerization (ADMET)[105].
Equilibrium needs to be shifted to achieve higher yield of desired final cyclic ring product
by RCM by optimizing the reaction parameters. Oligomerization and formation of
macrocyclic rings are the main competing reactions against RCM. The removal of the
ethylene by purging with inert gas prevents the reverse reaction to the diene and promotes
RCM and ADMET products[267]. A low concentration of monomer reduces the likelihood
of intramolecular reactions and suppresses the ADMET and ROMP polymerization
products. Temperature, type of catalyst, catalyst concentration, and time of reaction also
play very crucial role in maximizing conversion for RCM[105]. Grubbs catalysts are most
commonly used metathesis catalysts, and they can be used in the variety of solvents, at any
temperature ranging from ambient temperature to reflux temperature of the solvent. They
are stable against polar functional groups in reactant molecules. Many different derivatives
of Grubbs catalyst are available according to the reaction conditions, and type of
diene[268]. Typically, RCM is carried out at the reflux temperature of the solvent used for

the reaction to achieve maximum conversion. But if reactants are heat sensitive then it can
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also be performed at lower temperatures. Time of reaction ranges from few minutes to

hours, which is very specific to the type of monomer[100, 269, 270].
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Figure 6.7: Reaction equilibriums in RCM[105]

To synthesize AB(m,n) cis closed using RCM, first AB(m,n) trans open needs to be
synthesized with the half linker in each aromatic ring of azobenzene (Figure 6.8). AB(m,n)
trans open is a diene that we photoisomerized into AB(m,n) cis open and used further for
RCM.

MOU“Q&%@
aS ol OLE

AB(m,n) trans open AB(m,n) cis Uan AB(m,n) cis closed

Figure 6.8: Schematic representation of RCM to synthesize AB(m,n) cis closed

6.4 Materials

Para-aminoacetanilide, sodium perborate tetrahydrate, boric acid, glacial acetic acid,
methanol, hydrochloric acid, 4-Pentenoic acid, thionyl chloride, dry dichloromethane,
triethylamine, sodium bicarbonate, Chloroform-d, Grubbs catalyst 1% generation, and
Grubbs catalyst 2" generation. All the reagents and solvents were purchased from Sigma-
Aldrich and were used as received.
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6.5 Results and discussion

For the synthesis of AB(2,2) cis closed, total synthesis procedure is divided into 4 steps
(Figure 6.9). Synthesis of 4,4’-diaminoazobenzene (ABn), 4-pentenoyl chloride i.e. half of
linker with acid chloride functional groups, AB(2,2) trans open and AB(2,2) cis close using
RCM.

6.5.1 Synthesis of 4,4’-Diaminoazobenzene (ABn)

For synthesis of 4,4’-diaminoazobenzene procedure from organic syntheses was
referred[271]. Para-aminoacetanilide (29g, 0.19 mol), sodium perborate tetrahydrate (40g,
0.26 mol) and boric acid (10g, 0.16 mol) were mixed in glacial acetic acid (500 ml). 2
necked round bottom flask (RBF) of volume 1l with provision of thermometer, magnetic
stirrer, and reflux condenser was used. The mixture was reacted for about 8 hours at 60°C
during which mixture starts phasing out after 50 minutes. After the reaction was complete,
the mixture was cooled down to room temperature, and the muddy yellow colored
precipitate was collected by filtration under reduced pressure. This solid product was
washed with water till the filtrate had neutral pH and the residue product was dried in an
oven overnight at 90°C till most of the water was evaporated, and dry product was obtained.
The dry product was dissolved in methanol (150 ml) and hydrochloric acid (150 ml, 6 N)
in 500 ml of round bottom flask with reflux condenser and stirrer. This mixture was heated
at 110°C for about 2 hours and was cooled immediately to collect purple-brown solid
product using filtration under reduced pressure. It was washed with water till filtrate was
neutral in pH. After washing a brown product was obtained and it was dried at 85°C to get
the final dry product of 4,4’-Diaminoazobenzene (ABn) with yield of 50%. The structure
was confirmed by Nuclear Magnetic Resonance spectroscopy (*H NMR) and Electrospray
ionization mass spectroscopy (ESI-MS). *H NMR (400 MHz, Chloroform-d) § 7.80 — 7.71
(4H, m, =N-C-CH=), 6.80 — 6.72 (4H, m, =CH-CH-C), 3.96 (4H, s, -NH>).

6.5.2 Synthesis of 4-pentenoyl chloride

4-Pentenoic acid (325 pl, 0.0032 mol) was heated in RBF at 55°C for 15 minutes and the
thionyl chloride (243 pl, 0.0033 mol) was added to this heated 4-pentenoic acid slowly.
Then this mixture was heated at 65°C for 4 hours. After 4 hours, the mixture was heated at
75°C - 80°C to distill off the excess of thionyl chloride (b.p. 74°C). Once the mixture was
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cooled down to room temperature, the dry dichloromethane (DCM) (5 ml) was added to

this 4-pentenoyl acid chloride closing it immediately with a septum.

6.5.3 Synthesis of AB(2,2) trans open

ABn (0.112 g, 0.0005 mol) and triethylamine (TEA) (222 ul, 0.0015 mol) was mixed in
DCM (175 ml) and stirred under nitrogen for about 1 hour to completely mix ABn in
solvant. A solution of 4-pentenoyl chloride in DCM was added to the solution of ABn and
TEA in DCM dropwise. The reaction was allowed to continue overnight under inert
atmosphere and stirring conditions. After the reaction was complete, the organic solution
was washed with 5% aqueous solution of sodium bicarbonate 5 times. the product solution
was passed through silica gel column to completely remove unreacted pentenoic acid and
ABN. The structure of final product; AB(2,2) trans open was confirmed by ESI-MS and
H-NMR. 'H NMR (400 MHz, Chloroform-d) & 7.96 — 7.85 (4H, m, =N-C-CH=), 7.67
(4H, m, =CH-CH-C), 5.91 (2H, m, -CH,-CH=CH), 5.18 — 5.03 (4H, -CH=CH>), 2.56 —
2.43 (8H, m, -CHy-)
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Figure 6.9: Synthesis scheme for AB(2,2) cis closed

In order to complete the last step of the synthesis, i.e., closing the AB(2,2) open by RCM
reaction, the requirement of absorption properties of AB(2,2) open like Amax and time for

trans to cis photoisomerization are very essential. Because we hypothesize that
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photoisomerization of AB(2,2) open to cis conformation will bring the terminal unsaturated
functional groups closer or decrease the distance between them as in case of pure
azobenzene, rendering it easy for the catalyst to close the open molecular structure into a
closed ring. Also, it will support the selection of light source that covers the absorption
range of AB(2,2). Hence, the absorption properties were studied in DCM using UV-Vis
spectroscopy. Single scans of ABn and AB(2,2) are shown in Figure 6.10 in trans and cis
confirmation. Amax for ABn in trans and cis conformation is 393 nm and 452 nm
respectively. Whereas for AB(2,2), the Amax in trans and cis conformation is 366 nm and
446 nm respectively. Change in the Amax also confirms the modification of ABn to AB(2,2).
The kinetic studies of photoisomerization of ABn and AB(2,2) from trans to cis and cis to
trans were studied too. Solution of AB(2,2) in DCM was first irradiated with UV 365 nm
LED light for 10 minutes till equilibrium between trans and cis molecules was shifted
towards cis conformation molecules. Then the solution was irradiated with blue light (455
nm) as it is the closest to the absorption required for cis to trans isomerization. But when
the same solution was irradiated with the green light (530 nm) which is in the absorption
spectrum of AB(2,2) responsible for cis to trans isomerization, it shifted the equilibrium

of cis to trans isomerization more towards cis.
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Figure 6.10: UV-Vis absorption spectrum of ABn and AB(2,2) in trans and cis
conformation

Figure 6.11 show increase in the absorption of Amax by AB(2,2) with time under different
irradiation conditions. Photoisomerization of AB(2,2) under two different light exposures

at their highest intensity (~30 mW/cm?) were studied because both could photoisomerize
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AB(2,2) from cis to trans. The rate of photoisomerization by blue light (0.3 minutes) was
faster than by green light (0.8 minutes), as it matches exactly with the wavelength needed
by AB(2,2) for isomerization (452 nm). But the population of trans AB(2,2) achieved by
green light exposure is higher than by blue light.
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Figure 6.11: Kinetics of absorption of AB(2,2) under blue light and green light separately

This is because LED light sources emit photons with a distribution of wavelength. Figure
6.12 (from https://www.thorlabs.com/) shows an emission spectrum of light sources used
for the experiment. The wavelength distribution for the LED lamps is a single peak
centered at a specific Amax for each light source. Although the blue light source has Amax Of
455 nm, it also emits light with wavelength till 420 nm which helps trans to cis
isomerization. Whereas, even though green light emits Amax 0f 530 nm which is not closest
to 452 nm (exact wavelength for cis to trans isomerization), it does not participate in trans
to cis isomerization. Hence, using green light compromises the rate of photoisomerization,
but it generates a higher population of molecules in trans conformation. This study very
crucial for the selection of light source when AB(2,2) open is closed to AB(2,2) cis closed.
After synthesis of closed ring monomer, if the absorption spectrum of AB(2,2) does not

change then, experimentally, the green light source will be perfect for demonstrating
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AB(2,2) cis closed to AB(2,2) trans closed isomerization which is essential for light-
mediated ROMP.
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Figure 6.12: Emission spectra of LED light sources; A) Royal blue light (455 nm); B)
Green light (530 nm)

6.5.4 Synthesis of AB(2,2) cis closed

Reaction setup for ring closing metathesis was consists of heating at reflux temperature,
continuous removal of ethylene gas, UV irradiation, and stirring. The temperature during
the reaction, monomer concentration, grubbs catalyst concentration, reaction time and UV
light for irradiation during the reaction are the parameters directly affecting the yield of the
reaction. We used maximum intensity (~15 mW/cm?) of light provided by THORLABS
UV LED lamp for photoisomerization to cis. Reactions were performed at room
temperature and also at the reflux temperature of solvent, i.e., 40°C for DCM. Two different
monomer concentrations of AB(2,2) open were used, i.e., 2 mM and 2 pum concentration,
and reactions were performed for the time span from 5 minutes to 48 hours. And lastly, the
concentration of catalyst (1% or 2" generation) was varied between 1, 2, 5 and 10 mol%

with respect to monomer concentration.

As shown in the Figure 6.13 below, the reactor vessel (50 ml, 3 necked round bottom flask)
was continuously irradiated with UV light for 30 minutes before and during the reaction.
Using a hot plate, the reaction vessel was heated, and the solution was stirred continuously.
Above the reaction vessel, a dropping funnel was attached to ensure slow and dropwise
addition of catalyst to the monomer solution. The reaction was purged and bubbled with

nitrogen intermittently to remove dissolved ethylene from the reaction solution.
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Figure 6.13: Reaction setup used for RCM

Using any combination of reaction parameters discussed above, RCM did not yield any
cyclic ring product of AB(2,2) cis closed. *H-NMR of reaction solution before and after
RCM was same for all the reactions. ADMET reaction was also performed to confirm the
metathesis activity of the catalyst. In ADMET reaction, oligomers are formed by cross
metathesis between diene AB(m,n) open units. No oligomers were obtained as the product
of ADMET reaction of AB(2,2) open. Based on the literature, presence of metathesis
catalyst in diene solution should yield either oligomers or closed ring product to some
extent. Hence, we hypothesize that the catalyst is getting deactivated during the reaction.
As there was only monomer present in the reaction solution except the catalyst, we
hypothesize that monomer is deactivating the catalyst. We tested this hypothesis by
designing experiments using a reaction performed in literature. We found that amide

functional group is the root cause for the deactivation of the catalyst.

6.5.5 Catalyst deactivation investigation

A control reaction from literature was used to troubleshoot and investigate the root cause
of zero yield for closed ring product or AB(2,2) cis closed from the RCM reaction. Diethyl
diallyl malonate (DEDAM), a diene monomer was used for control RCM reaction with
99% conversion to closed ring product in 4 hours of reaction[106]. To determine which

functional group out of amide, amine, and azo was the reason for deactivation of the
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catalyst, all the precursor compounds of AB(m,n) i.e. azobenzene, diaminoazobenzene, and
AB(2,2) were used as additives during RCM reaction of DEDAM.

In brief, RCM of DEDAM (0.5 mM) was performed in DCM at room temperature using
grubbs 2" generation catalyst (0.2 mM) (Figure 6.14), giving 99% conversion of DEDAM
to ring product. This was confirmed from *H-NMR and no peaks for ethylene were present
as it is a gaseous product. The progress of the reaction can be seen in the NMR profile

(Figure 6.15) of reaction where at 4™ hour reaction is almost complete.

O Grubbs catalyst, 0
SN = 2% generation N
0] » (@]
\/O AN DCM, 4 hr \/O
0O
DEDAM monomer RCM product
of DEDAM

Figure 6.14: Reaction scheme of RCM of DEDAM using Grubbs catalyst 2" generation

Structures of DEDAM monomer and RCM product were confirmed by *H-NMR. *H NMR
of DEDAM (400 MHz, Chloroform-d) ¢ 5.64 (2H, m, CH>=CH-CH), 5.14 — 5.03 (4h, tm,
CHz=), 4.16 (4H, gt, -O-CH2-CHa), 2.62 (4H, dd, =CH-CH2-C), 1.23 (6H, m, -CHs). H-
NMR of RCM product of DEDAM (400 MHz, Chloroform-d) 6 5.61 (2H, s, =CH-CH>),
4.19 (4H, gt, -O-CH,-CH3), 3.01 (4H, s, =CH-CH>-C), 1.25 (6H, m, -CH3).
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Figure 6.15: *H-NMR profile of RCM of DEDAM

Using this control reaction, first, the effect of UV irradiation on the activity of grubbs
catalyst 2" generation was checked by performing two RCM reaction with same
concentrations and atmospheric conditions but one reaction was performed under
continuous UV irradiation, and other was performed in room light and not external UV
exposure. From *H-NMR of the products (Figure 6.16) it was confirmed that there is no
significant difference in the conversion, i.e., 99% conversion is achieved with no UV

exposure and 98% conversion with UV exposure.
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Figure 6.16: *H-NMR of RCM of DEDAM with and without UV exposure

With the exclusion of light deactivation pathway, we hypothesized the monomer functional
groups were responsible for the deactivation of the catalyst during RCM.

To evaluate the deactivation by functional groups in AB(2,2); azobenzene (AB), and
AB(2,2) were added in the control reaction. Azobenzene was present in an equimolar
concentration to the catalyst, and AB(2,2) was present in two different concentrations;
equimolar and 10x to the catalyst concentration. All three control reactions along with a
reaction with no additives were set up and allowed to react for 4 hours in same atmospheric

conditions. No irradiation was done to the reaction solutions during the reaction.

The RCM reactions of AB(2,2) were performed for different length of times but the average
time was around 2 hours. Hence, experiments were done where catalyst was first dissolved
in DCM and DEDAM was added after 2 hours (Figure 6.17). This let us find out actual
decrease in the activity of catalyst after 2 hours. Still 92% conversion was achieved for the
reaction with only DEDAM. This RCM of DEDAM could achieve only 7% conversion of

reactants to product where AB (2,2) and catalyst were present in same concentration.
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Whereas, when concentration of AB(2,2) was 10 times excess to catalyst and only 3 %
conversion could be reached. And the last reaction was carried out by dissolving catalyst
and azobenzene (AB) together in DCM for 2 hours and then DEDAM was added for RCM.
Here the experimental conversion was 88% which confirmed negligible effect of azo
functional group (N=N) on catalyst in 2 hours. Hence, based on these results, it was
concluded that the amide functional group is the cause for catalyst deactivation. Other
potential reason would be the deactivation by primary amine if diaminoazobenzene was
present. But the AB(2,2) was purified and purity was confirmed by 1H-NMR and ESI,
which eliminates the possibility by amine group. Hence, the cause of deactivation is

attributed to amide functional group in AB(2,2).
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Figure 6.17: *H-NMR of RCM product of DEDAM in presence of different compounds
after 2 hour exposure of grubbs catalyst to those molecules

But, some literature examples document the use of Grubbs catalyst 2@ generation in RCM
reactions with amide functionality[272-275]. Unfortunately, this study strongly supports a
drastic decrease in the activity of Grubbs 2" generation catalyst in the presence of an amide

functional group. As a result, we are motivated to redesign the responsive ring to eliminate
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amide bonds, and promote the reactivity of Grubbs 2" generation catalyst for our target

RCM reactions.

6.6 Conclusions

In this work, detail design of a class of photoresponsive monomer capable of light-
mediated modulation of ring strain energy and thus ring opening metathesis polymerization
is presented. Synthesis and characterization of a representative monomer is exploited in
depth. AB(2,2) open, a photoresponsive diene derivative of azobenzene is synthesized to
obtain AB(2,2) closed using ring closing metathesis polymerization. Absorption properties
of AB(2,2) were studied using UV-Vis spectroscopy under different irradiation conditions.
Unfortunately, cyclic closed ring product could not be obtained from AB(2,2) open using
any combination of reaction condition. The problem was carefully analyzed using a control
RCM reaction of diethyl diallylmalonate from literature. The experiments led to the
conclusion that UV irradiation did not alter the activity of the catalyst in action, but the
prolonged exposure of grubbs catalyst (2" generation) to AB(2,2) was deactivating the
catalyst, more specifically, amide functional group was the root cause for the deactivation
of the catalyst. Nonetheless, the concept of light-mediated ring opening metathesis
polymerization was still explored using an alternative monomer with the different

structure. Details are discussed in chapter 7.
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7 Light-mediated ring opening metathesis polymerization

7.1 Introduction

Photo-responsive polymer surface coatings have gained huge acceleration in its research
since last decade. Photo-responsive polymers typically have alkane chains as the backbone
with azobenzene molecules as a branch [2, 3] or in the main chain of the polymer itself[4].
On exposure to particular radiations, these polymers change their physical and chemical
properties. Azobenzene is the most commonly used photo-responsive moiety to impart
photo-responsive nature to polymers or macromolecules. Azobenzene undergoes
‘photoisomerization’ changing its structure from trans to cis when exposed to UV
radiations and back from cis to trans by ‘photo or thermally assisted isomerization” when
exposed to visible light or heated, respectively. There are numerous applications in the
form of a surface patterned photoresponsive polymers coatings in microfluidics[276],
biosensors[276, 277], dry etching[278, 279], and patterns for reactive ion etching
resist[280]. Variety of studies has been published regarding the different monomers for
photoresponsive polymers, and creative applications using conventional methods to
prepare photoresponsive polymers or coatings. Very less focus has been on the actual
development of the method for controlling or improving the existing polymerization
techniques. For instance, some research groups have introduced a monomer for making
photoresponsive polymers with ring opening metathesis polymerization (ROMP)[4, 171].
Whereas, Aaron Teator and co-workers have developed a photo-switchable olefin
metathesis catalyst with the ability to ‘switch ON’ and ‘switch OFF’ ROMP using light as
stimuli. We combined these two ideas into one to develop a monomer with the ability to
‘switch ON’ and ‘switch OFF’ the ROMP using light. This novel photoresponsive
monomer allows spatiotemporal control on the process of polymerization using light,
which is very crucial in tailoring the block co-polymers by sequential addition of
monomers and switching polymerization ON and OFF as required during polymerization
in solution phase. This will also provide freedom of spatiotemporal control on the surface
polymerization during surface initiated ring opening metathesis polymerization (SI
ROMP) to create surface architectures. SI ROMP is a type of surface initiated

polymerization (SIP) technique to prepare surface coatings, comparatively stable than by
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spin coating, with better control over the process of surface polymerization to tune the

properties of coatings as desired.

In this work, we have introduced a light-mediated temporal control over its ROMP by
designing a photoresponsive monomer for ROMP. The ROMP of the designed monomer
can be switched ON and OFF using UV and visible light as required without deactivating

the olefin metathesis catalyst.

7.2 Design

We hypothesize that introducing chromophore very near to the main structure of strained
ring will create stearic protection for the unsaturated site between the catalyst and growing
chain, on photoisomerization of the chromophore to cis conformation. When chromophore
is photoisomerized back to trans conformation, it will be possible to resume the
polymerization as the propagation site will be again accessible to the next monomer.
Hence, the fundamental requirement for the practicality of this mechanism is the proximity
of chromophore to the cyclic ring monomer as much as possible. On photoisomerization
of the chromophore to cis conformation, the distance between the open phenyl ring and the
metal center of the bound catalyst should decrease enough to reduce the accessibility to the
catalyst metal center. This is the first of a kind where the process of polymerization will be
controlled using light without irreversible deactivation of the catalyst by addition of
terminating agent like ethyl vinyl ether.

Our approach to design this monomer is based on the combinations of two chemistries:
photoisomerization and ROMP. More specifically, we merged a photoresponsive group
(azobenzene, chromophore) and a ROMP polymerizable group (norbornene). Azobenzene
and its derivations isomerize when irradiated with UV light, changing its conformation
from thermodynamically stable trans to unstable cis conformation. Norbornene is the most
commonly used monomer for the study of ROMP because of its high ring strain energy,
thermal stability, and easy to modify or synthesize derivatives. Figure 7.1 shows

norbornene (NB) and polynorbornene (pNB) formed by ROMP.
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Figure 7.1: Norbornene and its polymerization to polynorbornene

For the facile synthesis of norbornene monoazobenzene (NMA), derivatives of norbornene
and azobenzene with functional groups were used for the synthesis of representative
monomer. The essential requirement was to keep azobenzene as close to cyclic ring
structure as possible, so that, photoisomerization of azobenzene (trans to cis) creates a
stearic hindrance (stearic protection) around the catalyst-intermediate, preventing the

monomer access to the catalyst-intermediate during ROMP.

We used an azobenzene with the hydroxyl functional group at para- position and a
norbornene derivative with carboxylic acid functional group substituted at the 2- or 3-
position. Norbornene derivatives are categorized as isomers with different orientations of
the functional groups. Functional group pointing towards the carbon-carbon double bond
of the cyclic ring is called endo isomer, and if it is pointing away from carbon-carbon
double bond, then it is called exo isomer. After tagging chromophore at this location, it
produces two conformations of new monomer, endo, and exo. In addition, when we tag
chromophore to norbornene it introduces two more sub conformations, i.e., trans and cis
for each type of orientation, i.e., endo and exo (Figure 7.2) (See appendix for simulated 3D
structures). The 3D images in appendix help for better imagination of accessibility of
benzene ring of azobenzene in cis conformation after photoisomerization. It has been
shown previously, that typically exo isomer of norbornene derivatives is more reactive than
endo isomer mainly due to a steric hindrance to the catalyst by endo functional group trying
to form metallocyclobutane intermediate (2+2 cycloaddition) for initiation and propagation

of polymerization[175, 179].
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Figure 7.2: Photoisomerization of NMA exo & endo

7.3 Materials

All the reagents were purchased from Sigma Aldrich and were used as received. Exo-5-
Norbornenecarboxylic acid (NCA exo) (97%), 5-norbornene-2-carboxylic acid (NCA
endo) (98%) (mixture of endo and exo but predominantly endo, 80%), 4-phenylazophenol
(ABOH) (98%), thionyl chloride reagent plus (>99.0%), triethylamine (>99.5%), Grubbs
catalyst 3™ generation (G3), ethyl vinyl ether (EVE) (99%), tetrahydrofuran HPLC grade
(THF, from Pharmco-aaper), dichloromethane anhydrous (DCM) (>99.8%), chloroform
anhydrous (>99%), dichloromethane-d> (>99.5%, 0.03% v/v TMS).

7.4  Synthesis

For the synthesis of NMA endo & exo, commercially available 5-norbornene-2-carboxylic
acid predominantly endo (NCA endo) and 5-norbornene carboxylic acid exo (NCA exo)
were used. As the carboxylic acid group was available in two stereoisomers, endo & exo,
we synthesized both endo & exo form of NMA to study the effect of stereoisomerization
and photoisomerization simultaneously. Solution of azo-4-phenylazophenol and
triethylamine (TEA) solution was prepared in anhydrous chloroform and stirred under
nitrogen environment till azo-4-phenylazophenol was dissolved completely. In a second

flask, carboxylic acid functional group in NCA was converted to the carbonyl chloride
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functional group using highly reactive thionyl chloride. NCA was reacted with 15 times
molar excess of thionyl chloride at 60 °C for 3 hours[281]. The residual thionyl chloride
after the reaction was distilled under reduced pressure at 40°C. The freshly synthesized
acid chloride, still under nitrogen environment was dissolved in anhydrous chloroform and
transferred immediately to the solution of ABOH and TEA very slowly using dropping
funnel. The reaction was allowed to continue for 14 hours and monitored by TLC for
completion. The reaction solution was then washed with water and brine solution to
completely remove the TEA salts. The product was purified by running the product mixture
through silica gel column multiple times with 10% acetone as mobile phase and
recrystallized to get solid orange crystals. Synthesis route is shown in Figure 7.3. The
structure of the final product was confirmed by proton nuclear magnetic resonance
spectroscopy (*H-NMR) and electron spray ionization mass spectroscopy (ESI-MS). NMA
endo and NMA exo were synthesized separately. NMA endo product was synthesized
using NCA endo (mixture of endo and exo with 80% endo) and hence it was not purified
further as it needs special distillation setup for separation of stereoisomers with a small
difference in boiling points.
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Figure 7.3: Synthesis scheme for NMA exo and endo

7.5 Characterization

The purity of the synthesized product was confirmed by electrospray ionization mass
spectrometry (ESI-MS). The molecular ion was obtained at 319 m/z which corresponds to
the MW of NMA endo or exo singly charged ion. Figure 7.4 is the MS spectrum for NMA
endo (same for NMA exo). The ion at 199 is a fragment ion of 319, confirmed by forced
ionizing 319 ions with suitable energy reproducing the same 199 ions by complete

fragmentation.
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Figure 7.4: ESI-MS spectrum for NMA endo

'H-NMR of NMA exo was collected in DCM-d, when the solution had negligible NMA
cis. NMA exo trans (Figure 7.5 B): 7.95 (m, 4H, Ar-H), 7.54 (m, 3H, Ar-H), 7.28 (dt, 2H,
Ar-H), 6.23 (m, 2H, CH=CH), 3.26 (s, 1H, =CH-CH-CH), 3.01 (s, 1H, =CH-CH-CH>),
2.54 (m, 1H, CH-CH2>-CH), 2.07 (m, 1H, -CO-CH), 1.66-1.38 (m, 3H, CH-CH>-CH). The
same solution was then exposed to UV 365 nm light for 30 minutes, and *H-NMR was
collected immediately without exposing it to room light. This spectrum has both trans and
cis conformation isomers as it is practically impossible to shift the equilibrium between the
two isomers completely towards one type of stereocisomer. NMA exo cis and trans (Figure
7.5 A): 8.01-6.82 (m, 9H, Ar-H), 6.35-6.00 (m, 2H, CH=CH), 3.26 & 3.17 (s, 1H, =CH-
CH-CH), 3.01 & 2.97 (s, 1H, =CH-CH-CH), 2.54 & 2.44 (m, 1H, CH-CH:-CH), 2.07 &
2.00 (m, 1H, -CO-CH), 1.66-1.38 (m, 3H, CH-CH»>-CH)

When NMA exo trans solution in DCM-d; is irradiated with UV 365 nm radiations, new
peaks are observed in NMR at chemical shifts different than the original. This is due to the
changes in the electronic environment of protons or the photoinduced anisotropy in
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azobenzene structure[282-284]. Photoisomerization of NMA trans to cis conformation
affects the electronic spin of almost all the protons in the molecule which is detected in *H-
NMR shown below in Figure 7.5. New peaks generated between 8.01 to 6.82 are for
protons in the aromatic ring and between 6.35 to 1.38 are for protons in norbornene cyclic
structure. There is a noticeable change in the splitting of peaks at 6.25 for CH=CH. Even

tiny change or addition in the proton peaks are the result of photoinduced anisotropy.

Similarly, *H-NMR was obtained for NMA with predominantly endo (80%) when it had
negligible NMA cis molecules. Hence, the spectrum in Figure 7.5 D is the 'H-NMR
spectrum for NMA endo (80%) & exo (20%) trans in DCM. NMA endo (& exo) trans:
7.95 (m, 4H, Ar-H), 7.53 (m, 3H, Ar-H), 7.28 (d, 1H, Ar-H), 7.21 (d, 1H, Ar-H), 6.34-6.07
(m, 2H, CH=CH), 3.41 (s, 1H, =CH-CH-CHy), 3.27 (d, 1H, CH-CH2-CH), 3.01 (s, 1H,
=CH-CH-CHy), 2.53 (m, 1H, CH-CH>-CH), 2.04 (m, 1H, -CO-CH), 1.66-1.34 (m, 3H, CH-
CH2-CH). The NMR spectrum of the same solution after exposing it to UV radiations for
30 minutes has both trans and cis conformation molecules of NMA endo (80%) and exo
(20%). NMA endo (& exo) cis and trans (Figure 7.5 C): 8.02-6.76 (m, 9H, Ar-H), 6.34-
5.98 (m, 2H, CH=CH), 3.41 & 3.33 (s, 1H, =CH-CH-CH>), 3.27 & 3.18 (d, 1H, CH-CH>-
CH), 3.01 & 2.97 (s, 1H, =CH-CH-CH>), 2.53 & 2.44 (m, 1H, CH-CH,-CH), 2.02 (m, 1H,
-CO-CH), 1.66-1.30 (m, 3H, CH-CH,-CH).

As for NMA exo, NMA endo too generated new peaks at different chemical shifts than
original when *H-NMR was collected after photoisomerization. New peaks between 8.02
to 6.76 are for protons in the aromatic ring of azobenzene and peaks between 6.34 to 1.30
are for protons in cyclic norbornene ring. For NMA endo, very significant changes are
observed around the original CH=CH peak, i.e., 2 new peaks are generated. Similarly, new
peaks are seen around old peaks of norbornene cyclic ring. This confirms that on
photoisomerization the phenyl ring on azobenzene in NMA endo comes closer to the

unsaturated functionality of norbornene even more than in case of NMA exo cis.
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Figure 7.5: *H-NMR of NMA under different irradiation conditions; A) NMA exo cis, B)
NMA exo trans, C) NMA endo cis, D) NMA endo trans

The light absorption properties of NMA endo & exo were studied by recording UV-Vis
spectrum using UV-Vis spectrophotometer to find out their Amax and rate of
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photoisomerization in DCM by recording real-time photoisomerization spectrum. Figure
7.2 shows changes in the geometrical structure of NMA due to photoisomerization. Figure
7.6 A) shows single scan UV-Vis spectrum of molecules dissolved in DCM. In trans
conformation (r-7t* transition), ABOH has Amax at 343 nm whereas NMA exo & endo have
Amax at 325 nm. When irradiated with their Amax, they change their geometry to cis
conformation and their Amax changes to 436 nm (n-z* transition). On irradiating solution of
cis molecules with 436 nm radiations, the molecules photoisomerize back to trans
conformation. The time taken by molecules for photoisomerization under different
irradiation conditions is shown in Figure 7.6 B, C, D. About 0.8 minutes are required by
ABOH for trans to cis transition, whereas NMA exo & endo require approximately 3.5
minutes. This is due to the bulky group attached to ABOH at para position[285]. The
isomer population in cis conformation can also be thermally relaxed to trans conformation
either by keeping it in the dark/away from any radiation in its absorption spectrum or
heating it. UV led lamp with 365 nm and royal blue led lamp with 455 nm light sources
were used for photoisomerization as they are nearest to Amax, 1.e., 325 nm, 343 nm, and 436
nm. The thermal transition for ABOH is much faster than NMA endo & exo. Similarly, cis
to trans photoisomerization time for ABOH (~0.7 minute) is also comparatively faster than
NMA endo & exo (~1 minute). This information is used further in experiments during

polymerization.
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7.6  Polymerization: Results and discussion

The polymerization studies were mainly divided into 3 sets and results were focused on the
conversion of monomer to polymer. In the first set, light-mediated ROMP of NMA endo
& exo is demonstrated. Following that, the second set contains the supporting experiments
for the first set, where it is confirmed that the light switching of ROMP is not the property
of the only monomer but it is the conformation of monomer which turns off the activity of
the catalyst. In the last set, i.e., set 3, experiments and results to demonstrate the
reactivation of catalyst to resume ROMP are discussed. All the monomers were
polymerized using G3 at room temperature, and their conversion to polymer was
determined using GPC with tetrahydrofuran (THF) as an eluent. See section 3.2.9 for the
instrument details. G3 is a fast initiating catalyst, used for polymerization studies of similar
monomers[286].

In a typical polymerization experiment, the desired amount of NMA (exo or endo) was
charged in a 2ml vial. Dry DCM was added to the vials via syringe and was mixed till
monomer was completely soluble. Similarly, catalyst (G3) solution was prepared in another
2 ml vial using the desired amount of catalyst and DCM. A fresh new solution of catalyst
was used before every sample of polymerization. To initiate polymerization, catalyst
solution was added to monomer solution quickly, and the reaction vial was shaken not to
vigorously till reaction was terminated by adding 2 drops of ethyl vinyl ether. The solvent
was evaporated at atmospheric pressure to replace it by dry THF for GPC measurements.
Various monomer to the catalyst concentration ratios was used to obtain optimum values
for future experiments (see appendix). In the experiments with the two monomers, the
concentration of primary monomer and catalyst was 5 mM and 2 mM respectively. The
concentration of primary monomer was kept lower than the concentration of secondary
monomer (100 mM) but higher than catalyst concentration. All the reactions were
terminated after polymerization for 5 minutes of the last monomer added to the solution.

Table 7.1 summarizes all the experiments, sequence of compounds addition and their
conversion results. Boxes with light violet color indicate UV irradiation of the initial
monomer solutions for 5 minutes and all the procedures in that experiment till next step of

irradiation (if any) were carried out in the absence of any light i.e. dark. Boxes with light
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blue color indicate 1 minute of irradiation and any procedure followed by blue light

exposure was performed in the daylight. Boxes with no color represent experiments in the

daylight.

Table 7.1: ROMP of NMA and NCA under different irradiation conditions.

Exp Initial solution @ t=0-1 t=1-2 t=2 Conversion for 5 min
# in DCM min min min of polymerization
1 NMA endo G3 - - 97.60 %

2 NMA exo G3 - - 100.00 %
3 NMA endo G3 - - 3.85%
4 NMA exo G3 - - 6.54 %
5 NCA endo G3 - - 65.50 %
6 NCA exo G3 - - 80.05 %
7 NMA endo G3 NCA - 17.00 %
8 NMA exo G3 NCA - 19.00 %
9 NMA endo G3 +NCA - - 37.00 %
10 NMA exo G3 + NCA - - 51.00 %
11 NMA endo G3 NCA - 0.00 %
12 NMA exo G3 NCA - 0.00 %
13 NMA endo G3+NCA - - 1.80 %
14 NMA exo G3 + NCA - - 240 %
15 NMA endo G3 NCA - 25.92 %
16 NMA exo G3 NCA - 22.58 %
17 NMA endo G3 - NCA 19.13 %
18 NMA exo G3 - NCA 18.66 %
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7.6.1 Set1: Light-mediated ROMP

The four experiments in this set demonstrate the light-mediated ROMP. Total four
experiments were conducted in this experiment, two for the polymerization of NMA trans
and two for NMA cis. If NMA cis (endo & exo) do not yield any polymer, then it confirms
the switching OFF of ROMP. Both NMA endo & exo were capable of polymerization in
trans conformation by G3, and their conversion was confirmed by GPC. 5 minutes of
polymerization resulted in 97.60% and 100.00% conversion for NMA endo and NMA exo
respectively (exp # 1,2). The monomers were not irradiated with any radiations before the
polymerization, i.e., a negligible number of cis isomers of NMA endo & exo were present.
From the basic geometry of these monomers (Figure 7.8), it is understood that the
orientation of non-substituted phenyl ring in azobenzene is away from the polymerizable
carbon-carbon double bond in cyclic norbornene ring, introducing no interference in the
polymerization. But polymerization of NMA endo & exo in cis confirmation yielded no
polymer which confirmed the switching OFF of ROMP after UV irradiation of NMA. Only
3.85% and 6.54% of NMA endo cis and NMA exo cis were converted to the polymer (exp
# 3,4). This polymerization can be attributed to the polymerization of residual NMA trans
molecules even after photoisomerization. It is practically challenging to achieve 100%

photoisomerization of azobenzene/derivatives to cis conformation.

If the switching off of ROMP was due to the monomer or due to catalyst was confirmed in

the next set of experiment.
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Figure 7.8: Polymerization of NMA exo & endo trans (monomer conversion values are
experimentally determined using gel permeation chromatography)

7.6.2 Set2: Temporary catalyst deactivation

This set of experiments is to determine the reason for the deactivation of G3 in the presence
of NMA cis as seen in previous experiments. When the solutions of NMA endo & exo were
irradiated with UV 365 nm radiations, and then G3 was introduced, very negligible
conversion of monomer to polymer was detected. We hypothesize the temporary
deactivation of the catalyst is due to the stearic hindrance/protection created by non-
substituted phenyl group of cis azobenzene after initiation reaction of NMA cis molecule

and a catalyst molecule (Figure 7.7).
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As a reference in these experiments, NCA was used as the secondary monomer as it is not
a light-sensitive monomer. We introduced NCA in the reaction solution of NMA (endo &
exo) cis after initiation by G3 to determine the activity status of the catalyst after its
interaction with NMA. If NCA vyields any polymer after its introduction in NMA cis
solution, then it confirms the inert nature of NMA cis monomer to polymerization. But if

NCA does not yield any polymer, then it confirms the deactivation of the catalyst.

To compare the difference between the endo and exo isomer of NCA, both the isomers
were homopolymerized separately. A significant difference was observed in the conversion
of monomers between NCA endo (65.5%) and NCA exo (80.05%) (Exp#5,6). But, NCA
endo was used in all further reactions as a secondary monomer (further referred as only
‘NCA”) to detect the activity of the catalyst after its reaction with NMA endo or exo
(primary monomer). It forms co-polymer of NMA and NCA when polymerized together,
but we have focused only on total quantitative conversion of both the monomers to

polymer.

Before introducing NCA in NMA cis solutions, we first confirmed the co-polymerization
of NMA trans and NCA. We know NMA trans and NCA are capable of
homopolymerization in the presence of G3 yielding almost complete conversion of
monomer, but we also determined the quantitative conversion of monomers (NMA trans
and NCA) together when co-polymerized. For co-polymerization, NCA was added in the
reaction solution (NMA trans and G3) either immediately or after 1 minute of addition of
G3 in the solution of NMA trans. The two ways of sequential addition of NCA is to find
out the difference in co-polymerization.

When NMA endo or exo was in trans conformation and NCA was added after 1 minute of
the addition of G3, conversion detected in GPC was 17% for co-polymerization of NMA
endo & NCA and 19 % for NMA exo & NCA reaction solutions (exp # 7,8). But when
NCA was added immediately after addition of G3, the final conversion was 37% and 51%
in the NMA endo trans and NMA exo trans reaction solutions respectively (exp # 9,10).
This confirms the co-polymerization of NMA trans and NCA.
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When NMA monomer was in cis confirmation, we detected no polymerization in either
NMA endo or exo on the addition of NCA endo after 1 minute of addition of G3 (Exp #
11,12). Even when NCA was added immediately after G3, negligible polymerization was
observed in NMA endo (1.8%) & exo (2.4%) reaction solution (Exp # 13,14). Hence, if
catalyst had not even initiated the polymerization of NMA cis, then it would have resulted
in the relatively higher conversion of NCA (homopolymerization of NCA). But the
negligible activity of the catalyst was detected with NMA cis, which supports our proposed
hypothesis that catalyst initiates the polymerization with NMA cis (endo or exo) but does
not propagate it with NCA making copolymer. Figure 7.7 shows schematically represents
the reaction products of NMA endo cis and G3 under two different light conditions.
Whereas in the presence of NMA trans (endo or exo), it initiates the polymerization with
either NMA trans or NCA and propagates to give a significantly higher conversion to a
copolymer of NMA and NCA. Thus, G3 forms an intermediate complex/caged
intermediate product with NMA cis stopping it to react with the next monomer molecule
due to the steric protection by cis azobenzene in the caged intermediate. This mechanism

deactivates the catalyst and above results support our hypothesis.

7.6.3 Set 3: Catalyst reactivation

In this set of experiments, reactivation of catalyst is demonstrated. Reactivation of catalyst
will spontaneously resume the ROMP using available monomer molecules in the solution.
We hypothesize that photoisomerization of azobenzene in caged intermediate from cis to
trans would reactivate the catalyst by making its reactive site available to the next

monomer for the propagation of polymerization.

Figure 7.9 shows the absorption spectrum of the caged intermediate with Amax to be around

455 nm. This confirms the presence of azobenzene derivative bound to catalyst molecule.
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We used a blue led lamp (455 nm) for the photoisomerization of the cis intermediate

molecule to trans intermediate molecule.

1.4
\ —— (3 _NMA-cndo-trans
12 —— G3_NMA-endo-cis
"\ Trans
1.0y
8 \ 7 A
£ 084 ) /
= ¥ Y
= A \
2 069 | \
\\ 1}
0.4 4 e |
™ |
N \\ )
0.2 - S A Cis
m—
0.0 T T T — T E—
300 400 500 600
Wavelength (nm)

Figure 7.9: UV-Vis absorption spectrum of G3 and NMA endo intermediate molecule

Similar to experiments in set 2, NMA endo & exo cis were used with G3. First, NMA
solution in dry DCM was irradiated with the UV 365 nm radiations for 5 minutes to
photoisomerize NMA from trans to cis, and then the G3 solution was added to it for
polymerization. After 1 minute, the solution of the caged intermediate of G3 and NMA
was irradiated with blue light (455 nm) for 1 minute followed by the addition of NCA.
After addition of NCA endo immediately as soon as the solution was exposed to blue light,
25.92% and 22.58% conversion was observed for NMA endo and NMA exo samples
respectively (exp # 15,16). Whereas, when NCA endo was added after 1 minute of blue
light irradiation, 19.13% and 18.66% conversion of monomers was observed in NMA endo
and NMA exo respectively (exp # 17,18). The lower conversion of monomer can be
attributed to the decrease in the activity of the catalyst on forming an intermediate caged
molecule and repeated photoirradiation. The reactivation of catalyst activity and continuing
polymerization demonstrates the switching ON of ROMP using blue light successfully.
The higher conversions in the exp #15-18 than conversions in exp #11-14 confirms the co-
polymerization of NMA and NCA after reactivation of the catalyst. If there was no

polymerization following photoisomerization by blue light, then it would support
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irreversible deactivation of the catalyst by the cis NMA. But these experiments confirm the

successful reactivation of catalyst on irradiation with blue light.

7.7 Conclusions

In conclusion, monomers (NMA endo & exo) for light-mediated ROMP in solution were
designed, synthesized, and characterized using UV-Vis spectrophotometer, *H-NMR, and
ESI MS. H-NMR spectrum confirmed the increase in the proximity of non-substituted
phenyl ring in azobenzene on photoisomerization from NMA trans to NMA cis. Three sets
of polymerization experiments were conducted to successfully demonstrate the light-
mediated ROMP of NMA endo and exo, temporary deactivation of G3 using UV
irradiation, and reactivation using blue light irradiation. The hypothesis of temporary
deactivation and reactivation of catalyst (G3) was confirmed by sequential addition of
secondary monomer (NCA endo) to the reaction solution of primary monomer (NMA trans
or cis). Homopolymerization and co-polymerization of NCA with NMA trans was
confirmed before demonstrating deactivation and reactivation of G3. UV irradiation blocks
the activity of catalyst by forming a caged intermediate with NMA (endo or exo) cis and
creating stearic protection around it against incoming monomer. But when the intermediate
molecule is photoisomerized back to trans conformation using blue light, the stearic

protection decreases and polymerization propagate again.

This study establishes a novel concept of light-mediated ROMP and opens up the field that
can be continued in many directions for improvement. Future work for this study is

mentioned in more details in the next chapter.
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8 Conclusions and future work

8.1 Conclusions

In conclusion, this dissertation has aimed towards the development of a technique for the
light-mediated ROMP to synthesize photo-responsive polymers, coatings with higher
resistance to organic solvents and a versatile surface photochemistry to modify the coating

functionality as per the end use.

The results in chapter 4 demonstrate the successful grafting of derivatized alkanethiol
molecules across the unsaturated functionality in the polymer brushes of polynorbornene
on a gold substrate. The polymer brushes made by SI ROMP of norbornene in DCM and
were modified by surface click chemistry. Irgacure-184 photoinitiator was used for thiol-
ene click chemistry on polynorbornene surface for the addition of thiyl radicals across the
alternate carbon-carbon double bonds on irradiation with UV 365 nm light. Thiol-ene click
reaction is a very rapid and versatile chemistry that adds free radicals of any molecule to
carbon-carbon double bond. The technique was tested by grafting three different types of
thiol molecules, differing to each other regarding molecular size and tail group
functionality. We believe that this method can be extended to modify the SI ROMP coating
of any polyolefinic polymer brushes or coating of the functionalized derivative of
norbornene, and even be used with photomask for photopatterning in order to graft selected
regions of the coating. Although strong evidence to support the findings are presented here,
significant loss in the film thickness was also recorded for most of the samples. With
objective to find the solution, a crosslinker is designed and incorporated to increase the

solvent resistance of pNB coatings.

Chapter 5 contains the details of synthesis, experiments, and results for the introduction of
crosslinker in the S| ROMP coating of pNB. Oxidative degradation of polyolefinic coatings
is a common problem, and the same problem was encountered in the experiments of
grafting thiol molecules in pNB coatings. Huge decrease in the film thickness was observed
during the grafting reaction which is attributed to the soluble oxygen in the organic solvent,
i.e. DCM used during the photochemical reaction. Hence, a crosslinker is designed and
incorporated into the pNB coating during the SI ROMP process. As a result, the film loss
of pNB coating against the DCM, ethanol, and water dropped from 73% to 28%. The
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solvent resistance to the crosslinked coatings is tested by repeating the rinse cycle 10 times.
As an additional advantage to the in situ crosslinking, the olefinic functionality of the
coating is also preserved for further modification. This crosslinker can be used with any
ROMP monomer during the SI ROMP process for in situ crosslinking.

Lastly, chapter 6 and 7 contain the details of two different class of monomer with the
common aim of undergoing light-mediated ROMP of photoresponsive monomers. Chapter
6 provides the details of a monomer design whose rate of ROMP can be controlled via
modulating its ring strain energy by illuminating the monomer with UV radiations. The
photoresponsive moiety is incorporated into the cyclic ring structure of ROMP monomer
that tends to change its structural geometry when irradiated with the particular wavelength
radiations, changing the ring strain energy of monomer. When the irradiation is performed
during the ROMP process, it would directly control the rate of polymerization in a non-
invasive manner because the rate of ROMP is directly proportional to the ring strain energy
of monomer in the solution. The synthesis of the designed monomer encountered the
solubility and catalyst incompatibility issue, and hence the monomer is not synthesized at
this stage. Whereas, chapter 7 is focused on the alternative design of a monomer for the
same goal of light-mediated ROMP. The underlying fundamental principle of this design
is to create a temporary steric hinderance/protection around monomer-catalyst caged
intermediate after initiation of polymerization of monomer in cis conformation, against the
incoming monomer to pause the propagation of polymerization. This basically deactivates
the catalyst temporarily, switching OFF the ROMP temporarily. Switching ON of the
paused ROMP in solution phase is done by irradiating the solution with blue light which
reactivates the caged catalyst intermediate. We have obtained comprehensive results
demonstrating the switching OFF and switching ON of polymerization of monomer using
UV and blue light exposure successfully. This is a powerful and innovative tool for surface
patterning of photoresponsive polymer which is still a challenge in this research field.

8.2 Future work
The direction and achievements of this doctoral research are towards the development of
surface initiated ring opening metathesis polymerization of norbornene for preparing stable

and multi-functional photoresponsive polymer coatings. The three goals achieved in this
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doctoral research work; surface modification, crosslinking and technique of light-mediated
ROMP, when used together can produce photoresponsive surface patterns with provision

for further modification.

Below are some proposed ideas for new research projects as application and extension of
techniques developed in this work.

8.2.1 Photo-patterning

A very exciting application of light mediated ROMP would be making SI ROMP coatings
of NMA monomer and using its photo-switching property for surface patterning. Variety
of applications in microfluidics[276], biosensors[276, 277], dry etching[278, 279] and
patterns for reactive ion etching resist[280] are there for photoresponsive polymers in the
form of surface nano/microarchitectures. Currently, most common method of making
surface architectures of photoresponsive polymers is exposing a region of the
photoresponsive coating to the interference pattern of polarized light. On exposure to
polarized light, the photoresponsive moiety undergoes solid-state mass transport displacing
the polymer chains either in bright or in dark regions of interference pattern[287]. Either a
linear or a circularly polarized light can be used[287-289]. But they do not have the
flexibility to be used for making complex surface architectures. Other methods used for
surface patterning are dip-pen lithography for nanoscale lithography [84, 290], and
directional photofluidization imprint lithography[291] for creating vertical structures of
photoresponsive polymer brushes. But they are very complicated, and the later method also
needs a mold of the desired pattern. Light-mediated ROMP can be extended to the surface
polymerization by SI ROMP. In brief, a chrome based photomask can be used for
selectively irradiating the regions on the surface exposed to monomer solution with UV
365 nm, thereby holding a spatial control over the activity of surface-bound catalyst for

photo-patterning.

8.2.2 Liquid crystal aggregates with tunable density

After confirming amide functional groups as the root cause for the deactivation of catalyst
in chapter 6, the synthesis route was modified to make similar diene molecule but with
ester functional group instead of amide functional group. The stability of grubbs catalyst

in the presence of ester functional group was already known and checked as DEDAM had
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ester functional group in it. Hence, we synthesized AB(m,n) open with ester functional

group (Figure 8.1).

Cl
e,
O \N + /\/\/\OH
Cl
Azobenzene-4 4'-dicarbonyl dichloride 5-hexen-1-ol

TEA, DCM
12 hrs

Benzoic acid,4,4'-azobis-(5-hexenyl) ester

Figure 8.1: Synthesis scheme for AB(2,2) with ester functional group

Interestingly, after synthesis, the solubility of the pure final product in most of the organic
solvents dropped extensively forming supramolecular aggregates in DCM (Figure 8.2).
Also, upward motion of these aggregates was noted in solution under irradiation by various
energy radiations. These aggregates have very large volume to mass ratio. When they were
irradiated with UV (365 nm) or blue (455 nm) or green (530 nm) LED light, they moved
in the upward direction. As a future work, this phenomenon can be explored further to
understand the light-mediated rearrangement of these liquid crystals in an organic solvent
at the molecular scale. Literature reveals that solid-state motion of azobenzene derivative
molecules are actively researched by many scientists, but the behavior of liquid crystals
like these in liquids/solvents is still a remarkably unexplored research field. Some progress
has already been made in this project; please contact the author of this dissertation for more

details.

Figure 8.2: Insoluble liquid crystals of azobenzene in DCM
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8.2.3 NMA monomer for biomedical application

The monomer designed in chapter 7 can be creatively exploited to make monomer with
specific biomedical applications. For instance, azobenzene and B-cyclodextrin form a
supramolecular complex when azobenzene is in trans conformation[292]. This
phenomenon is currently being explored for the photo-controlled release of protein loaded
in the hydrogel formed by interaction between azobenzene and B-cyclodextrin[293, 294].
Another application of norbornene in biomedical field (drug delivery and tissue
engineering) is in the form of thiol-norbornene (thiol-ene) photo-click hydrogels[295, 296].
These hydrogels are diverse in gelation and highly biocompatible. As one of the future
project, above two methodologies where azobenzene and norbornene are used separately,
can be combined for one potential application. An optimized incorporation of NMA
molecules in thiol-norbornene hydrogel can efficiently be used to formulate hydrogels
mixture capable of the photo-controlled release of proteins loaded in them. An additional
advantage in this approach would be a modification of azobenzene to tetra-ortho-methoxy-
substituted azobenzene which can photoisomerize between trans and cis conformation
under visible light. It can isomerize from trans to cis under red light exposure and from cis
to trans under blue light exposure. Trans to cis isomerization under red light is beneficial

due to its higher penetration depth in tissues[293].

\%id light p-CD

e

Figure 8.3: Schematic representation of photoinduced supramolecular complex formation
between azobenzene derivative molecule and B-cyclodextrine[293]
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Appendix

SI ROMP stability data all samples
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DiNB H-NMR
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Crosslinker dimensions calculation

Calculations to estimate the minimum average distance between the polynorbornene chains
tethered to the surface. Following calculations are based on the values based on S| ROMP
coatings with amplified grafting density of surface initiator. Hence, the actual grafting

density is same or less than calculated.

e Average density of Self assembled monolayer [223]= 0.18 nm? /molecule

e Area for 100 molecules = 100 molecules/ 18 nm?
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Maximum 5 % of hydroxyl groups reacts 1:1 with norbornenyl groups, 33% of the
hydroxyl groups react 2:1 with norborneneyl groups [93]= 0.215 x 100 molecules
/ 18 nm?

21.5% of monolayer reacts with norbornenyl molecules = 21.5 molecules / 18 nm?
Maximum 7 % of norbornenyl react to for Grubbs catalyst surface[93] = 0.07 X
21.5 molecules / 18 nm?

7 % of norbornenyl react to for Grubbs catalyst surface = 1.5 molecule/18 nm?
Area per active/surface bound catalyst molecule on the surface = 12 nm?

Average chain to chain distance = 3.5 nm

The length of crosslinker was estimated by finding the radius of gyration as the crosslinker

will be in the collapsed state in solution[218].

Radius of gyration; Rg = 0.02 x M%%8 nm
M = 3590 g/mol
Rg = 0.02 x (3590)%%¢ = 2.3 nm
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IH-NMR of ABn trans in CDCl,
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'H-NMR of AB(2,2) trans open
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IH-NMR of AB(2,2) trans open

H-NMR of AB(3,3) trans open

IH NMR (400 MHz, Chloroform-d) & 7.94 — 7.86 (m, 1H), 7.67 (d, J = 8.5 Hz, 1H), 7.26
(s, 2H), 5.90 — 5.71 (m, 2H), 5.05 — 4.96 (m, 2H), 2.39 (dt, J = 13.1, 7.5 Hz, 3H), 2.25 —
2.07 (m, 3H), 1.88 (p, J = 7.4 Hz, 1H), 1.75 (p, J = 7.5 Hz, 1H)
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Concentration optimization results using Gel permeation chromatography

NMA endo concentration ~ Grubbs (2" generation) Conversion
catalyst concentration

50mM 0.5mM 3.28%
50mM 0.25mM 0.89%
25mM 0.5mM 3.38%
50mM 1mM 91.89%
100mM 1mM 52.08%
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3D images of Norbornene monoazobenzene isomers and intermediate complex with G3.

A) Norbornene monoazobenzene (NMA) exo in trans and cis

B) Norbornene monoazobenzene (NMA) endo in trans and cis

C) Norbornene monoazobenzene exo intermediate complex with Grubbs catalyst 3™
generation in trans and cis

D) Norbornene monoazobenzene endo intermediate complex with Grubbs catalyst 3™
generation in trans and cis
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C)

G3 NMA exo trans G3 NMA exo cis
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D) G3 NMA endo trans G3 NMA endo cis
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