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ATOM TRANSFER RADICAL POLYMERIZATION FROM
PLASMACHEMICAL NANOFILMS

Suzanne Morsch

Surface tethered bottle-brush co-polymers are prepared by ATRP grafting of
the macroinitiator brush backbone onto plasmachemical deposited
poly(vinylbenzyl chloride) initiator nanofilms, followed by ATRP growth of the
side chains (bristles). Lateral force scanning probe microscopy demonstrates
that poly(glycidyl methacrylate)-graft-poly(sodium 4-styrenesulfonate) bottle-
brush decorated surfaces give rise to an enhancement in lubrication.

Patterned polymer brushes are fabricated using molecular scratchcard
lithography, where a functional top nanolayer (acting as a resist) is selectively
removed using a scanning probe tip to expose underlying ATRP initiator sites.
The lateral spreading of grafted polymer brush patterns across the adjacent
functional resist surface is reversibly actuated by solvent exposure.

Macroporous poly(vinyloenzyl chloride) scaffolds are used for ATRP
initiation to generate polymer brushes and thereby actuate pore size. These
functionalised macroporous scaffolds are fabricated by a decoupled two-step
approach comprising plasmachemical deposition of the host material followed
by spontaneous emulsion formation using amphiphilic species.

Finally, charge nanopatterning onto polymer film surfaces is
accomplished by using an SPM probe tip to create localised corona discharge
electrification. The efficacy of surface charging is shown to correlate strongly
to the polymer substrate hydrophilicity. Localised plasma generation using a
scanning probe microscope tip is then demonstrated to actuate the
movement of ATRP surface grafted polyelectrolyte and polyzwitterionic
brushes. The raising or retraction of polymer brushes can be controlled by

varying the SPM tip polarity.
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CHAPTER 1
SURFACE MODIFICATION AND ANALYSIS

TECHNIQUES



1.1 AIMS AND SCOPE OF THESIS

Whilst plasma deposition of organic films has been well-established as a
substrate-independent and solventless surface modification technique,’ the
mechanically robust nanofilms generated can be considered ill-defined at a
macromolecular level. This is a consequence of molecular fragmentation
occurring in the glow discharge, resulting in highly cross-linked, randomly
terminated polymer chains covalently anchored to the substrate.?*

In contrast, surface-initiated atom transfer radical polymerization (ATRP)
is a widely adopted controlled polymerization technique that produces
molecularly well-defined surface-tethered polymer brushes.* However, pre-
treatment of substrates is generally required for immobilisation of halogen-
bearing ATRP initiator species prior to polymerization. These pre-treatments
frequently involve substrate-specific chemistry and can yield polymer brush
layers lacking long term stability e.g., due to the detachment of underlying
initiator species via oxidation.

ATRP has been initiated from plasma deposited films to effectively
combine the mechanically robust nature of plasma deposited nanolayers with
the inherent control over macromolecular architecture afforded by ATRP.® In
a previous proof-of-concept study ATRP grafting onto pulsed plasma
deposited poly(vinyloenzyl chloride) films was reported to result in controlled
surface-confined growth of polymer brushes.® This methodology has the
potential to modify any substrate with well-defined polymer brushes. In this
thesis, its use has been extended to different monomers (e.g.,
polyelectrolytes) and substrate morphologies (e.g., porous scaffolds,
nanopatterned regions) in a series of studies to demonstrate its widespread
applicability. These include the design of graft co-polymers for biomimetic
aqueous lubrication, nanolithography for the fabrication of three-dimensional
structures, surface modification of porous scaffolds and generation of
stimulus responsive brushes. Taken as a whole, this work was designed to
demonstrate the versatility of, and comparable outcomes achievable with,
plasma deposited films in comparison to more commonly used methods for

ATRP initiator immobilisation, e.g., self-assembled monolayers.



1.2 ATOM TRANSFER RADICAL POLYMERIZATION (ATRP)

Polymer brushes of well-defined molecular weight offer a promising route
towards the goal of tailored surface functionality, of key importance in fields

6,7

such as the stabilisation of nanoparticles,”’ the development of stimuli

responsive materials,>® pore size adjustment for highly selective

19112 and  bioconjugation.”™'* To this end, controlled

membranes,
polymerization techniques such as atom transfer radical polymerization
(ATRP) offer a means to produce surface-tethered polymer brushes with

predetermined, narrowly distributed molecular weights.'*'®

1.2.1 Controlled Radical Polymerization

The well-defined chain growth achieved by controlled radical polymerization
techniques is derived from a dynamic equilibrium between propagating
radicals and dormant species (the persistent radical effect). During
polymerization, fast and reversible deactivation of propagating radicals
minimises uncontrolled chain growth and termination processes, yielding

polymer brushes with narrow molecular weight distributions, Scheme 1.1.

2 O©
monomer mediator
R — : —~———
[ ] T '
R Initiation R R Radical R R
Trapping
~ R Propagation
monomer

O

R' mediator R
S
R R' Radical R R'

active chain Trapping dormant chain

Scheme 1.1: The mechanism used to achieve the persistent radical effect in
controlled/living radical polymerization.



Numerous controlled radical polymerization techniques have been
developed which differ according to the radical-trapping mechanism used to
achieve a dynamic equilibrium between dormant and active species.'” One
approach relies on degenerative transfer mechanisms, exploiting rapid chain
transfer across an added mediating species to facilitate
activation/deactivation processes. Specific examples of this methodology

18.19.20 jndide transfer

include reversible addition-fragmentation polymerization,
polymerization,?’ and telluride-mediated polymerization.”*  Alternative
controlled radical polymerization techniques include nitroxide mediated

232425 and cobalt mediated radical polymerization.?® For these

polymerization,
methods, the dormant species is a stable organic radical that is activated
either thermally or spontaneously in the presence of light. A prerequisite for
all the aforementioned techniques is stoichiometric addition of the mediating
species, because every propagating chain must be capped by a mediator
following initiation with a conventional free radical initiator.

An alternative controlled radical polymerization technique, atom
transfer radical polymerization (ATRP), operates through rapid halogen atom
transfer between propagating polymer chain ends and a transition metal
catalyst system of the general formula MLX/MLX,, where M represents a
transition metal amenable to one electron redox reactions, L are ligand(s),
and X denotes the transferable halogen atom, Scheme 1.2.%’ In the case of
ATRP, initiation is achieved by halide abstraction from an alkyl halide, so that
sub-stoichiometric amounts of (commercially available) catalytic mediator
species may be added in order to achieve control."'® In addition, ATRP is
particularly attractive in view of the mild reaction conditions employed and its

applicability to a wide range of monomer funtionalities.*?®



Initiation
J\ + ML, - . + ML+ X
R X R

Propagation /\ R'
Y

X Radical trapping
J\)\ - ML+ X
+ ML +z — + +(z+
R R N T

dormant chain active chain

Scheme 1.2: The ATRP mechanism, where M represents a transition metal
amenable to one electron redox reactions, L are ligand(s), and X denotes the
transferable halogen atom. R and R’ represent carboradical stabilising groups.

1.2.2 Surface Tethered Polymer Brushes
ATRP has been used to graft a diverse range of polymer brush layers
(including poly(methacrylates), poly(acrylates), poly(styrene) derivatives, and

15,16)

polyelectrolytes onto a variety of materials including metals,?

% clays,®" cellulose,® glass®® and gels.** Common approaches

polymers,®
adopted for modifying surfaces with ATRP polymer brushes consist of either
“grafting to” (where pre-formed polymer brushes are coupled to a substrate)
or “grafting from” (where polymerization is initiated from surface sites). For
the former case, grafting densities (and thus film thicknesses achievable) are
necessarily limited by steric considerations accompanying polymer
attachment.” In contrast, the alternative of grafting from initiator sites can
readily produce densely packed polymer chains covalently tethered to the
substrate.®®

For surface initiated ATRP, the prerequisite is a surface bound species
bearing a transferable halogen atom to facilitate initiation of polymerization.
This has most commonly been accomplished using self assembled
monolayers (SAMs) of thiol or silane molecules attached to gold or silicon
substrates respectively.*®"%3% However, there are inherent disadvantages
associated with SAMs which include long term instability towards oxidation in



the case of thiol-gold systems,*® moisture sensitivity of silanes,*'*?** and the
need for multiple step initiator syntheses. Alternative approaches have

44,45 47,48

encompassed electrografting, spin coating,*® plasma modification,

electrochemical reduction,***® Langmuir-Blodgett films,”' co-polymerization

2

with halogen containing monomers,** wet chemical conversion of surface

935435 and UV induced coupling.®®®” For all of these cases,

functional groups,
generation of the initiator site depends on substrate-specific chemistries
requiring multiple reaction steps. These drawbacks can potentially be
overcome by using pulsed plasmachemical deposition of ATRP initiating
nanolayers. The combination of pulsed plasmachemical deposition and
surface initiated ATRP circumvents any issues relating to substrate
specificity, and therefore has potential for precise functionalisation of any

substrate with polymer brushes.®

1.3 PULSED PLASMACHEMICAL DEPOSITION

Pulsed plasmachemical deposition entails the fabrication of well-defined
polymeric coatings from the plasma state of an organic precursor. This
represents a single-step, substrate-independent and solventless surface
modification technique.! Furthermore, deposited film thicknesses can be
confined to the nanometre regime, and surface functional group density tuned

by careful selection of plasma deposition parameters.

1.3.1 Plasma Forms
The plasma state refers to ionised gas; it is a pseudo stable state of matter
consisting of gaseous ions, electrons, and neutral species in ground and
excited states, with a net space charge of zero. The charged species within
plasma impart electrical conductivity, giving rise to the collective behaviour by
which plasma is defined; a response to externally applied electromagnetic
fields.®®

Plasma forms are sub-categorised by temperature, and this dictates
the degree of ionisation. Thermal or ‘natural’ plasma is produced under
conditions of intense heat, which facilitates the ionisation of molecules and

atoms within a gas. Stars, lightning and fusion plasmas are examples of



thermal plasma, in which all species (neutrals, ions and electrons) are in
thermal equilibrium.®* Non-equilibrium plasma (commonly referred to as ‘cold’
plasma) is characterised by a lower degree of ionisation, where electron
temperature exceeds that of the surrounding ions and neutral species, which
remain close to the ambient.”® The extensive use of cold plasma for surface
modification encompasses plasma etching,>® surface activation,*® and

plasmachemical deposition.®’

1.3.2 Non-Equilibrium Plasma Discharge

This widespread use of cold plasma is due, in part, to its straightforward
generation in the laboratory, achieved by the application of an electric field to
low pressure gas.?*%?®* Plasma ignition occurs as a result of the acceleration
(and the subsequent collisions) of a finite number of free electrons by the
externally applied electric field (free electrons are ubiquitous, being generated
by natural ionisation sources such as cosmic rays and background

radioactivity).®*%*

Electrons gaining sufficient kinetic energy through
acceleration undergo inelastic collisions with surrounding gaseous atoms or
molecules, resulting in the formation of ions or excited species. lonisation
occurs when the energy transferred during a collision exceeds the ionisation
energy of the species, whereas collisions imparting insufficient energy for
ionisation produce metastable states. These metastable states may, in turn,
relax via luminescence or undergo further collisions, during which they may
be ionised more easily than the corresponding ground state, or else induce
ionisation in a different atom or molecule (the Penning effect),* Scheme 1.3.
At the breakdown voltage, a cascade of secondary electrons is produced by
predominantly ionising collisions, and the resulting electric multiplication
maintains the plasma discharge.
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Scheme 1.3: The processes resulting in the formation of radicals, ions and excited
species during plasma discharge, following the collision of A, (representing a
gaseous atom or molecular species) and e (an accelerated electron).

1.3.3 Plasmachemical Deposition

Plasma discharge from organic precursor vapour generates a range of
chemically reactive species (radicals, ions, electrons, and excited species),
which contribute to the deposition of an organic thin film onto any surface in
contact with the plasma. Plasma deposition therefore provides a means for
surface modification of materials without affecting bulk properties,®* and has
previously been exploited to manipulate interfacial properties such as

65,66,67 ,69,7 71,72
68,69,70 and

wettability, protein resistance, adhesion,
biocompatibility.”"*"> Furthermore, the technique ensures covalent bonding
to the substrate via surface free radical sites created by the electrical
discharge, generating mechanically robust films.

Yasuda identified that plasmachemical deposition of organic thin films
can occur via two mechanisms, namely plasma-state polymerization and

plasma-induced polymerization.** The former (plasma-state polymerization)



involves the aforementioned plasma species (radicals, ions, excited species,
atoms and molecules) which react and contribute to film formation.?®* The
latter (plasma-induced polymerization) applies when an unsaturated
polymerizable bond is present in the precursor (e.g., a vinyl group). In this
instance, polymer deposition additionally proceeds in a manner
mechanistically comparable to conventional radical polymerization initiated by
the plasma. Both mechanisms are active during deposition of films from vinyl
precursor plasma, and these are characterised by the loss of the carbon-
carbon double bond, alongside improved retention of other functional groups
(when compared to films deposited from the plasma state of their saturated
analogues).

Nonetheless, plasmachemical deposited films are typified by a highly
cross-linked structure, consisting of randomly terminated short and branched
chains and containing a variety of functional groups.>® This is because
polymerizable plasma precursors (monomers) are relatively complex organic
molecules which can dissociate during plasma discharge (because typical
ionisation energies exceed the energy of bond dissociation).”® Precursor
fragmentation is dependent on the energy supplied to the plasma during
deposition, which thereby determines the structural integrity of the generated
plasmachemical thin film. The composite plasma process parameter W/FM
(where W = power, F = precursor flow rate and M = precursor molecular
weight) defines the energy input per unit mass of the precursor and is widely
recognised as the determining factor for precursor structural retention, which

is maximised at lower W/FM ratios through minimised fragmentation.?>%*

1.3.4 Pulsed Plasmachemical Deposition

Modulating the plasma discharge reduces the average power input over time
(W/FM ratio), and yields enhanced structural integrity within the deposited
thin film.”” Furthermore, for a given W/FM ratio, pulsed plasma discharge
frequently produces further improvements in precursor structural retention
when compared to continuous wave deposition. This is ascribed to an
increased contribution of conventional polymerization mechanisms active
during the plasma off-period.®* Extremely high levels of surface functionality

have been attained using this pulsed plasma deposition approach. Examples



8 79

epoxide,”?
|84

successfully devised in the past include amine,’® anhydride,
carboxylic acid,®® cyano,?' halide,® hydroxyl,%? furfuryl,®®* and perfluoroalky
functionalised surfaces. Effectively, any surface that relies on a specific
chemistry for its performance can, in principle, be generated by pulsed
plasmachemical deposition. This includes halide functionalised films such as
poly(vinylbenzyl chloride) for ATRP initiation.®

The characterisation of plasma-deposited films and ATRP grafted
polymer brush layers must be achieved using surface specific analysis
techniques, such as x-ray photoelectron spectroscopy, infrared spectroscopy,

microscopy, contact angle analysis and spectrophotometry.

1.4 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)

X-ray photoelectron spectroscopy (XPS) is a highly surface sensitive
technique yielding quantitative elemental analysis pertaining to the uppermost
nanometres of a sample.3%%687

The sensitivity of XPS derives from the elementally unique binding
energies associated with electrons residing in core orbitals. X-ray photons are
of sufficient energy (short wavelength) to overcome the binding energy of
these core electrons, which are ejected from atoms by the photoelectric effect
upon irradiation, Scheme 1.4. These ejected electrons have characteristic
kinetic energies, (KE) which can be related to their binding energy (BE) using

Equation 1.1.8°86:%

hv /

ha

Scheme 1.4: Jablonski diagram of the ejection of an electron by the photoelectric
effect.



As hv =BE + KE (Equation 1.1)
Therefore BE = hv - KE

Where h = Planck constant
v = the frequency of the incident radiation
BE = the binding energy of the ejected electron

KE = the kinetic energy of the ejected electron

XPS analysis yields inherently surface sensitive data as a
consequence of the short inelastic mean free path of electrons (the mean
distance travelled by electrons prior to losing energy to surroundings via
inelastic collisions). The inelastic mean free path of electrons is weakly
substrate dependent, yielding a universal curve of energy dependence. The
photoelectrons generated by XPS have kinetic energies in the range of 5-
2000 eV, corresponding to a mean free path length of just 5-20 A within a
solid, so that their escape depth is limited to the uppermost nanometers of the
sample.®%°

In addition to photoelectrons, Auger electrons are also emitted
following X-ray irradiation, producing characteristic peaks in the XPS
spectrum. Auger emission occurs because electrons originating in higher
energy levels fill the hole left in a core energy level by the emission of a
photoelectron. This process releases energy, which may be dissipated by
either photon emission (fluorescence) or by emission of an Auger electron,
Scheme 1.5.%

11
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Scheme 1.5: Jablonski diagrams of fluorescence and the emission of an Auger
electron following emission of a photoelectron.

XPS spectra therefore consist of intense signals corresponding to
photoelectron emission and characteristic Auger electron peaks against a
continuous background resulting from electron emission following inelastic
collisions. Photoelectron peak intensity corresponds to the atomic cross
section associated with emission, and the concentration of the element.
Elemental composition is therefore calculated by measuring the area beneath
photoelectron peaks, and applying instrument sensitivity factors derived from

substances with known elemental composition.®

1.5 FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR)

Transitions between vibrational energy levels of molecules correspond to the
energy of infrared photons. Thus, the bending or stretching motions of
covalent bonds that correspond to a change in dipole moment are excited by
specific infrared frequencies, and produce distinctive absorption features in a
spectrum. The positions of absorption bands correspond to the spring
constant for the bond involved (i.e., the strength of the bond and reduced
mass of vibrating atoms) and its polarity, so that infrared spectra enable the

identification of functional groups.?’#%%

12



Conventional dispersive infrared spectroscopy involves sequential
measurement of infrared absorption at each frequency across the spectral
range (500 — 4000 cm™").** In Fourier transform infrared spectroscopy (FTIR)
the sensitivity and rapidity of data acquisition is enhanced by simultaneous
measurement of absorption across all wavelengths in the IR frequency range.
The improved acquisition speed enables numerous spectra to be averaged,
reducing random noise, and, in contrast to dispersive infrared spectroscopy,
resolution is not limited by the use of prisms or grating required to split the
infrared beam. %

FTIR operates via a Michelson inferometer with a moveable mirror,
Scheme 1.6. During FTIR, light from an infrared source is split into two
beams, which are then reflected by a fixed and moveable mirror. The two
beams recombine and pass through the sample prior to detection, producing
interference patterns dependent on the difference in path length between the
two beams (i.e., the position of the movable mirror) and infrared absorption by
the sample. An inferogram is obtained as a function of path length by
scanning the moveable mirror, and the Fourier transform of such an

inferogram yields the absorption spectrum as a function of wave number.%2%

Fixed mirror
Source

> ‘N
Movable Beamsplitter #‘
e Detector

Sample

Scheme 1.6: The Michelson inferometer used in FTIR.

FTIR spectroscopy is most commonly performed in transmission
mode, where the sample of interest is deposited onto an infrared-transparent

potassium bromide or sodium chloride disk.** The infrared beam is passed

13



through the disk and sample, and the emergent beam differs in energy at
wavelengths absorbed by molecular vibrations. Subtraction of background
absorption then provides the infrared spectrum of the sample. However, in
the case of surface tethered films, reaction conditions are frequently
incompatible with sodium chloride or potassium bromide disk substrates. In
these cases, reflection-absorption infrared spectroscopy (RAIRS) or
attenuated total reflection infrared (ATR-IR) are more practicable techniques.

Sample preparation for RAIRS involves deposition of a thin film onto
an underlying reflective substrate such as silicon or gold. The infrared beam
(lo) is directed towards the sample at a grazing angle, and a fraction is
reflected from the interface (lg), whilst the remainder is transmitted through
the thin film (l1), and then reflected from the underlying substrate surface,
Scheme 1.7. Having passed twice through the deposited material, (thus
increasing the path length and signal in comparison to transmission mode)
the emergent beam (la) differs in energy at wavelengths absorbed by
molecular vibrations within the film. Subtraction of the bare substrate
spectrum yields the infrared spectrum of the thin film.

| Iz ~la
\\I‘T{V/‘Sample

Substrate

Scheme 1.7: Specular reflectance of the FTIR beam incidental upon a thin film
deposited on a reflective substance.

Alternatively, for polymer layers too thick or strongly absorbing for
analysis using RAIRS, attenuated total reflection infrared (ATR-IR)
spectroscopy is applicable. During ATR-IR, the sample is pressed into

intimate contact with an infrared transparent crystal of high refractive index

14



(e.g., KRS-5 or diamond). Due to the large difference between the refractive
index of the crystal and the sample, IR radiation entering the crystal is
completely reflected at the crystal-substrate boundary and propagates
through the crystal, creating a standing wave at the crystal-substrate
interface, Scheme 1.8. Absorption occurs because this standing wave
penetrates into the sample to a depth dependent upon incident wavelength
(typically of the order of 2.5 to 25 ym in the mid IR). Subtraction of
background absorbances (of the crystal in air) from those of the emergent

beam (la) generates the sample IR spectrum.5%9:97:98

Io IA

Crystal

__Standing

|} wave

penetration
depth

o
Sample

Scheme 1.8: Total internal reflection of the FTIR beam (l,) within the ATR crystal,
and the resultant standing wave penetrating the sample.

1.6 ATOMIC FORCE MICROSCOPY (AFM)

The atomic force microscope (AFM) is a powerful analytical tool capable of
producing topographical images with atomic resolution,®® and providing

! magnetic,'%

information about adhesive,'® electrostatic,® and tribological
properties.'®

AFM measurements are performed using a probe that comprises a
flexible cantilever supporting a sharp tip (< 50 nm radius of curvature).
Analysis entails bringing the probe into close proximity to a sample,
whereupon intermolecular forces between the tip and the sample surface
result in cantilever deflection. This is detected using optical interferometry,'®*
capacitive sensing,'® or most commonly, a laser spot reflected from the top

6

surface of the cantilever into a segmented photodiode.'® Since
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intermolecular forces are distance dependent, the force acting upon the probe
(and thus the degree of cantilever deflection), varies with tip-to-sample
separation. For image acquisition, a predetermined tip-to-sample distance
(i.e., cantilever deflection) is maintained via a feedback mechanism whereby
the underlying sample position is precisely controlled by piezoelectric
elements (which facilitate movements in the xyz planes), whilst the probe is
simultaneously scanned in a raster pattern across the surface. The
piezoelectric z signal required to adjust sample height at each point is plotted
in order to produce a topographical image, Scheme 1.9."%7:1%8

AFM has been utilised in a plethora of surface studies with substrates
including conductors,'® organic thin films,""® biomaterials,'" polymers,''? and
ceramics.'" Various operational modes have been developed which can be

selected according to the sample and properties being examined.

Deflection
Sensor

Feedback
Electronics

Piezoelectric
Scanner

Scheme 1.9: The components of the atomic force microscope used to control and
detect tip-to-sample distance.
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1.6.1 Contact Mode

As the AFM probe approaches a substrate surface, the nature of
intermolecular forces acting upon the tip varies from attractive to repulsive
with decreasing tip-to-sample distance,''* Scheme 1.10. During contact mode
imaging, the tip-to-sample separation is selected and maintained so that hard
sphere repulsion forces act upon the probe tip, and deflection of the
cantilever is directly proportional to changes in surface height.® Limitations
of contact mode imaging stem from the applied force required to bring the tip

and sample into the repulsive regime, which is sufficient to deform and

damage soft substrates such as biological samples and polymers.'"®'"”
(O]
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Scheme 1.10: Forces acting upon the AFM probe tip as a function of tip-to-sample
separation (left) and probe movement over the substrate surface (right). The
repulsive forces active during contact mode are highlighted.

1.6.2 Non-contact Mode

In non-contact mode, a tip-to-substrate separation is maintained such that
only weakly attractive intermolecular forces (Van der Waals, dipole-dipole)
are active upon the probe, Scheme 1.11. In order to increase sensitivity
towards such weak forces, a transducer drives the probe to vibrate slightly
above its resonance frequency, and the amplitude of the oscillating probe is
determined from the periodic cantilever deflection.'®® As the tip approaches a

sample, attractive forces reduce the effective spring constant of the probe,
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thereby lowering the frequency of vibration.'* A set point frequency is thus
selected and maintained so that the tip is held above the surface in the
attractive regime. Whilst damage to soft samples is eliminated during non-
contact mode operation, the adsorption of water and gas molecules
frequently result in the formation of a meniscus between the tip and surface,
which can dampen probe oscillation and result in a dragging force opposing

tip motion, generating imaging artefacts.''®

Tip —sample
separation

Scheme 1.11: Forces acting upon the AFM probe as a function of probe tip-to-
sample separation (left) and probe movement over the substrate surface (right). The
attractive forces active during non-contact mode are highlighted.

_n
o
Attractive 3 Repulsive

1.6.3 Intermittent Contact (Tapping) Mode

Intermittent contact (tapping) mode operation of the AFM also involves
oscillation of the AFM probe close to its resonance frequency. In this case,
the amplitude of oscillation (the spring constant of the probe) is selected to
drive the probe tip alternately between the long range attractive and short
range repulsive interaction regimes with the surface (it ‘taps’ the surface),
Scheme 1.12. Each contact with the surface results in a loss of energy,
thereby dampening tip oscillation in comparison to the free amplitude in air. In
contrast to non-contact mode, the amplitude of tip oscillation is sufficient to

overcome adhesive forces at the surface and, furthermore, less force is
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imparted in comparison to contact mode, enabling the examination of soft

samples without deformation."”'"®

Tip —sample
separation

Scheme 1.12: Forces acting upon the AFM probe as a function of probe tip-to-
sample separation with attractive and repulsive forces active during intermittent
contact mode highlighted (left) and probe movement over the substrate surface
(right).
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1.6.4 Phase Imaging

Phase imaging detects the phase lag of cantilever oscillation relative to the
signal sent to the transducer, and is sensitive to material properties such as
friction and static charge on the surface.'® Phase imaging is frequently
carried out in conjunction with intermittent contact mode to provide

complementary information about the forces acting upon the probe.

1.7 FLUORESCENCE MICROSCOPY

Examination of materials by fluorescence microscopy is ordinarily achieved
following the attachment of a fluorophore to impart photoluminescent
properties and yield microscale topographic or sub-surface images. Since
fluorophores frequently exhibit highly specific binding chemistry, fluorescence
microscopy also provides a means to distinguish between regions of differing
chemical reactivity.'*'

Photoluminescence occurs following molecular absorption of photons

with excitation energy corresponding to the formation of metastable excited
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states. The subsequent relaxation of these metastable states is accompanied
by the emission of photons. Specifically, fluorescence occurs following
excitation from the ground singlet state, So, to a vibrational sublevel of the
excited singlet state S1. Non - radiative decay brings the material down to the
lowest vibrational sublevel of the excited state, followed by energy loss back
to the ground state Sy, which results in photon emission (hw,) of lower energy

than the excitation radiation (hva),'?* Scheme 1.13.

!‘\
S, A2
‘e
hv, hv,
Sy |
e o

Scheme 1.13: Jablonski diagram for fluorescence; S, and S; are ground and excited
singlet states respectively, hv, a photon of the excitation wavelength, and hv, a
photon at the emission wavelength.

For fluorescence microscopy, the sample is irradiated using a
wavelength corresponding to the absorption maximum of the fluorophore or
material (hva), while the emitted wavelength (hvy) is recorded. This involves
passing excitation light (from a lamp, laser or light emitting diode) through an
excitation filter to select the appropriate excitation wavelength, and focusing
on the sample. The emitted light is recorded using nearby optics and focused
through a second filter to remove unwanted wavelengths. Finally the signal is
focused onto a photodetector which processes the signal to produce a spatial

distribution map of fluorescence intensity.'*
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1.8 SCANNING ELECTRON MICROSCOPY (SEM)

Scanning electron microscopy (SEM) can provide topographical images of
high resolution (1 - 5 nm) and depth of field. SEM operates using a beam of
high energy electrons (0.5 - 40 keV) focused onto the sample surface. The
electrons impart sufficient energy to overcome the ionisation potential of
surface atoms, instigating the emission of secondary electrons from core
orbitals. These secondary electrons are of a much lower energy (typically <
50 eV) than those comprising the incident beam. Acceleration and collection
of secondary electrons is achieved via a positively biased grid held in close
proximity to the sample surface. The high resolution and depth of field
associated with SEM is a consequence of the small spot size (0.4 — 2 nm) of
the focused electron beam, and the limited escape depth of generated
secondary electrons; due to their low kinetic energy (and consequent short
electron mean free path) these originate from the uppermost nanometres of
the sample surface. The generated microscopy images are distribution maps
of secondary electron emission, obtained as the focused electron beam is

scanned in a raster pattern over the area of interest.'*

1.9 CONTACT ANGLE ANALYSIS

Measurement of the equilibrium contact angle formed between a sessile
water droplet and a solid is an exceptionally surface sensitive characterisation
technique, because the wettability of a solid is dependent on both the
localised surface energy and roughness. The contact angle 0 is calculated by

drawing a tangent at the three phase contact point, Scheme 1.14,12>126
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Ysvy Ys.  Solid

Scheme 1.14: The three phase contact point comprising the equilibrium contact
angle formed by a liquid on a solid surface.

Consideration of the balanced tangential forces at the three phase
contact point gives rise to Young’'s equation, which connects the equilibrium

contact angle to the three interfacial tensions, Equation 1.2.

Ysv = YsL + Yy cosO (Equation 1.2)

Ysv, Ys. and Yy describe vectors corresponding to interfacial tension at the
solid-vapour, solid-liquid and liquid-vapour interfaces respectively. Interfacial
tension may be considered as the amount of energy required to form a unit
area of the interface. For a given liquid, the liquid-solid and solid-vapour
interfacial surface tension (and therefore the contact angle) is primarily
dependent upon the functional groups present on the solid surface and its

roughness (the effective contact area).'®'?’

1.10 SPECTRAL REFLECTANCE

Spectral reflectance of thin films provides a means to determine the optical
constants (refractive index, absorption coefficient) and thickness of polymer
films.

Whenever light crosses the interface between materials, a fraction is
reflected, dependent on the incident angle of the light, and the difference
between the refractive indices of the two materials.'®® When a thin film on a
substrate is exposed to monochromatic light, reflection occurs from both the
air/film and film/substrate interfaces, Scheme 1.15. The emergent beam’s
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(Irs) intensity is dependent on the extinction coefficient of the thin film and
combines with the beam reflected at the air-substrate interface (Iga) to
interfere either constructively or destructively, depending on the difference in
path length which, for a given angle of incidence, is determined by both the

refractive index and thickness of the film.

N P,
\,

Air
Film

I

Scheme 1.15: Reflection and transmission of monochromatic incident light at air-film
and film-substrate phase boundaries.

A periodically varying interference pattern can be obtained by measuring
reflectance following exposure to monochromatic light through a range of
wavelengths (400 — 1000 cm™), Figure 1.1."®° This can then be fitted using a
Cauchy dispersion model for the optical constants (refractive indices and
extinction coefficients) to yield the film thickness.'*
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Figure 1.1: Reflectance interference pattern generated by 339 nm thick poly(methyl
methacrylate) film on silicon wafer (black) and the model generated by the fitting
procedure (red).

The Cauchy equation describes how refractive index varies as a
function of wavelength over the visible range, and is commonly used in
spectroscopic ellipsometry of organic thin films."' It takes the general form of

Equation 1.3.
n(A) = A + B/A? + C/\* (Equation 1.3)

In the case of spectral reflectance, a model interference pattern can be
generated by the instrument software according to the Cauchy model, using
initial estimated values for film thickness, Cauchy constants A and B of the
refractive index, and the extinction coefficient, k. For a thin film of unknown
optical constants, values of 1.5, 0.02, 0.01 are ordinarily entered as starting
points for A, B and the extinction coefficient respectively (i.e., the extinction
coefficient is assumed to be very low for dielectric thin films). A Levenberg-
Marquardt algorithm is used to rapidly generate and compare model data to

the interference pattern generated by the thin film, and fit the parameters
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(thickness and optical constants) using a least squares method. Figure 1.1
shows the spectral reflectance interference pattern (black) and best fit (red)
generated for 339 nm poly(methyl methacrylate) on silicon wafer. Figure 1.2
shows the calculated variation of refractive index (n, blue) and extinction
coefficient (k, black) over spectral range used to generate that fit. Whilst
instrument software performs the fitting procedure, user expertise is required

to ensure that the values generated are reasonable.
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Figure 1.2: Variation of refractive index (n, blue) and absorption coefficient (k, black)
fitted to the data shown in Figure 1.1.

Spectral reflectance cannot be used to accurately measure film
thicknesses of less than 10 nm (because there is not enough of an oscillation
in the generated data to fit). For the work described in this thesis however,
spectral reflectance is only applied to thicker polymer films because ATRP is
performed from pulsed plasma deposited poly(vinylbenzyl chloride) layers
throughout (typically 50-100 nm thick), and the resulting polymer layers are
treated as one film during the fitting procedure. The ATRP grafting rates
reported therefore correspond to increases in the total film thickness as a

function of grafting time.
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CHAPTER 2
TAILORING THE DENSITY OF SURFACE

TETHERED BOTTLE-BRUSHES
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2.1 INTRODUCTION

Well-defined linear polymer brushes bearing a large number of covalently
bound polymer side chains are commonly referred to as molecular bottle-
brushes. These have attracted significant attention in view of their novel
properties, which include stimuli-responsive action' and supersoft rheological
behaviour,? for potential applications such as sensors,® nanoscopic

4967 photonic crystals® and molecular tensile machines.®

templates,
Furthermore, bottle-brush polymers dispersed in solution have been shown to
display extremely low friction behaviour attributable to intra- and inter-
molecular repulsion between the densely crowded bristle segments.'®"
Based upon this premise, covalent tethering of well-defined polymer bottle-
brushes to solid surfaces would be expected to confer improved lubricity as a
consequence of exacerbated steric crowding.

There are three distinct methodologies for the synthesis of molecular
bottle-brushes. First, there are ’'grafting fo’ approaches which entail coupling
pre-formed macromolecular side chains to polymeric backbones.'?'*'* These
suffer from an inherently limited density of side chain attachment, owing to
steric constraints. Second, there are ‘grafting through’ methods which
comprise the polymerization of macromonomers (pre-formed oligomers
bearing a polymerizable group and a side chain already intact). These tend to
undergo a loss of polymerization control with increasing side chain length
leading to poor polydispersity.'>'®'” Finally, there are ‘grafting from’ methods
which involve controlled polymerization of side chains from initiation sites
located along the length of a well defined polymer backbone. Using this
method, intrinsic control over backbone and side chain sizes is achievable,
leading to the synthesis of complex bottle-brush structures.”'®'%?° However
in all of these cases, studies have focused on the solution phase synthesis or
substrate-specific systems (e.g., PTFE?') rather than targeting substrate-
independent surface tethering of the polymer bottle-brushes.

Atom transfer radical polymerization (ATRP) is widely used for
controlled / living polymerization because of the mild reaction conditions
22,23

involved and its applicability to a wide range of monomer functionalities.

This technique is frequently adapted for the synthesis of well defined co-
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polymers, for instance the formation of block co-polymers using successive
ATRP polymerizations in conjunction with the serial reactivation of ‘living’
halide-capped chain ends.?*#*?® Another variant comprises well-defined linear
polymer brushes bearing a large number of covalently bound polymer side
chains which are referred to as molecular bottle-brushes. ATRP initiated from
surface sites is well documented for producing densely grafted polymer / co-
polymer brush layers.??8293031 However, the grafting from approach for
attaching polymer bottle-brushes onto surfaces is more challenging due to the
inherent steric crowding of the backbone polymers, which hinder the growth of
side chains (bristles). Such steric crowding is symptomatic of densely packed
ATRP initiator sites prepared wusing self-assembled monolayers
(SAMs).323334.3538 prayious attempts aimed at surface functionalisation with
bottle-brushes have been limited to using grafting through methods yielding

poorly defined bristles,*”*

or just physisorption of pre-formed bottle-brushes
from solution.***%*'*2 There was also an earlier attempt to employ the grafting
from approach using successive surface initiated ATRP polymerizations of the
backbone and then side chain segments by using mixed SAMs to lower
initiator density at the substrate surface (to provide sufficient spacing between
grafts for the subsequent growth of side chains); however, no conclusive
evidence was presented for the tethering of well defined bottle-brushes to the
surface.*® Furthermore, there are inherent disadvantages associated with
SAMs which include long term instability towards oxidation in the case of thiol

— gold systems,*45 46,47,48

moisture sensitivity of silanes, and the requirement
for multiple step syntheses to prepare appropriate SAM initiator molecules. All
of the aforementioned drawbacks can potentially be overcome by
plasmachemical deposition to create ATRP initiator layers in a single step. For
example, pulsed plasma deposited poly(vinyloenzyl chloride) initiator layers
have been successfully employed for the ATRP growth of well-defined
polymer brushes onto a variety of solid substrates.*® This approach ensures
covalent attachment to the substrate via reactive sites created at the interface
by electrical discharge during the onset of nanolayer deposition (Si-C bonds
will be responsible for adhesion in silicon and glass substrates,”® M-C bonds

in metals®' and free radicals created by the electrical discharge in polymers.*?)
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Moreover, the density of functional groups presented at the surface can be
customised by careful tuning of the electrical discharge parameters.

In this study, controlled ATRP surface grafting of poly(glycidyl
methacrylate) brush layers is demonstrated using plasma deposited
poly(vinyloenzyl chloride) nanofiims. These are then derivatised with
bromoacetic acid to introduce ATRP initiation sites along the polymer brush
backbone needed for the subsequent ATRP grafting of poly(sodium 4-

styrenesulfonate) side chains (bristles) to yield bottle-brushes, Scheme 2.1.
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Scheme 2.1: Idealised scheme of bottle-brush polymer grafting reactions.
Poly(glycidyl methacrylate) brushes are grafted by ATRP onto plasma deposited
poly(vinylbenzyl chloride) initiator layers, followed by esterification of poly(glycidyl
methacrylate) with bromoacetic acid to form tethered macroinitiator sites for the
subsequent ATRP of poly(sodium 4-styrenesulfonate) side chain ‘bristles’.
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2.2 EXPERIMENTAL

2.2.1 Plasma Deposition of ATRP Initiator Layers

Plasma depositions were performed inside a cylindrical glass reactor (5.5 cm
diameter, 475 cm® volume) located within a Faraday cage, and evacuated
using a 30 L min™ rotary pump via a liquid nitrogen cold trap (base pressure
less than 2 x 10°® mbar and leak rate better than 6 x 10 mol per second®®). A
copper coil wound around the reactor (4 mm diameter, 10 turns, and located
10 cm away from the gas inlet) was connected to a 13.56 MHz radio
frequency (RF) power supply via an L-C matching network. A signal generator
was used to trigger the RF power supply. Prior to film deposition, the whole
apparatus was thoroughly scrubbed using detergent and hot water, rinsed
with propan-2-ol, and oven dried. Substrate preparation (silicon wafer pieces)
comprised successive sonication in propan-2-ol and cyclohexane for 15 min
prior to insertion into the centre of the chamber. Further cleaning entailed
running a 50 W continuous wave air plasma at 0.2 mbar for 30 min prior to
film deposition. The vinylbenzyl chloride (+97%, Aldrich) precursor was loaded
into a sealable glass tube, degassed via several freeze-pump-thaw cycles,
and then attached to the reactor. Monomer vapour was then allowed to purge
the apparatus at a pressure of 0.2 mbar for 3 min prior to electrical discharge
ignition. Pulsed plasma deposition was performed using a duty cycle on-
period of 100 us and a duty cycle off-period of 4 ms in conjunction with a peak
power of 30 W. Continuous wave plasma deposition was carried out at 30 W.
Upon plasma extinction, the precursor vapour continued to pass through the
system for a further 3 min, and then the chamber was evacuated back down

to base pressure.

2.2.2 Bottle-Brush Synthesis

For surface grafting of the poly(glycidyl methacrylate) backbone, plasma
deposited poly(vinyloenzyl chloride) initiator functionalised substrates were
placed inside a sealable glass tube containing 5 mmol copper (l) bromide
(+98 %, Aldrich), 1 mmol copper (II) bromide (+99 %, Aldrich), 12 mmol 2,2’-
bipyridyl (+99 %, Aldrich), 0.05 mol glycidyl methacrylate (+97 %, Aldrich),
and 4 mL N,N-dimethylformamide (+99.9 %, Fisher), Scheme 2.1. The

mixture was thoroughly degassed using freeze-pump-thaw cycles and then
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immersed in an oil bath maintained at 80 °C for a range of grafting times (1.0 -
3.5 h). Final cleaning and removal of any physisorbed polymer was achieved
by Soxhlet extraction using hot toluene for a minimum of 16 h.

Bromine-containing macroinitiator films were derived from surface
tethered ATRP grafted poly(glycidyl methacrylate) brushes via esterification
with bromoacetic acid (+99.9 % Aldrich) vapour using a glass reactor placed
inside a temperature controlled oven. Bromoacetic acid was loaded into a
sealable glass tube, degassed via several freeze-pump-thaw cycles, and then
attached to the reactor. The system was evacuated to 4 x 10° mbar and
heated to 75 °C. Next, bromoacetic acid vapour was purged through for 5 min,
and then the reaction chamber was isolated from the pump for 4 h to allow
reaction, followed by cooling to room temperature and evacuation to base
pressure. In order to ensure complete removal of any unreacted bromoacetic
acid, the substrates were thoroughly rinsed in high purity water and N,N-
dimethylformamide (+99.9 %, Fisher).

ATRP grafting of poly(sodium 4-styrenesulfonate) was performed under
aqueous conditions, due to the limited solubility of the monomer. A higher
copper(ll) : copper(l) ratio was required in order to enhance halide capping
efficiency, and thereby maintain control.>* Any trapped gases were removed
from 1.0 g sodium 4-styrenesulfonate (+90 % Aldrich) dissolved in 3 mL of
high purity water using a minimum of four freeze-pump-thaw cycles. The
catalyst system consisted of 0.05 mmol copper (l) bromide, 0.04 mmol copper
(Il) bromide, and 0.18 mmol 2,2’-bipyridyl; these were added to the solution
while it was frozen, together with the plasma deposited poly(vinylbenzyl
chloride) or macroinitiator functionalised substrates. The reaction vessel was
then immersed into an oil bath set to 50 °C for a predetermined grafting time.
The substrate was then thoroughly rinsed in high purity water to remove any

physisorbed polymer and allowed to dry in air.

2.2.3 Film Characterisation

Film thicknesses were measured using a spectrophotometer (nkd-6000,
Aquila Instruments Ltd.). Transmittance-reflectance curves (350 - 1000 nm
wavelength range) were acquired for each sample and fitted to a Cauchy

material model using a modified Levenberg-Marquardt algorithm.>
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Surface elemental compositions were obtained by X-ray photoelectron
spectroscopy (XPS) using a VG ESCALAB Il electron spectrometer equipped
with a non-monochromated Mg Kay,» X-ray source (1253.6 eV) and a
concentric hemispherical analyser. Photoemitted electrons were collected at a
take-off angle of 30° from the substrate normal, with electron detection in the
constant analyser energy mode (CAE, pass energy = 20 eV). Experimentally
determined instrument sensitivity factors were taken as C(1s): O(1s): Cl(2p):
Br(3d): S(2p): Na(1s) equals 1.00 : 0.46 : 0.29 : 0.29 : 0.52 : 0.05.

Infrared spectra were acquired using a FTIR spectrometer (Perkin-
Elmer Spectrum One) fitted with a liquid nitrogen cooled MCT detector
operating at 4 cm” resolution across the 700 - 4000 cm” range. The
instrument included a variable angle reflection-absorption accessory (Specac)
set to a grazing angle of 66° for silicon wafer substrates and adjusted for p-

polarisation.

2.2.4 Nanotribology

Lateral force microscopy was performed in contact mode using a Nanoscope
IV (Digital Instruments) in combination with a fluid cell containing high purity
water (BS 3978 Grade 1, water purification system Sartorius Arium 611, with a
total organic content of <1 parts per billion and resistivity greater than 18 MQ
cm), and using a triangular SisNs contact mode SPM probe tip (Spring
constant 0.24 N m™, Bruker Nano Inc.). To ensure consistent results, the
same probe tip was used for all measurements. Normal loads were calculated
using the nominal force constant provided by the manufacturer in conjunction
with force-distance profiles, and varied by means of the contact mode set
point. Lateral force microscopy data was collected over 1 um x 1 um regions
using a scan angle of 90° and a scan rate of 3 Hz, giving rise to a tip
movement speed of 6 pm s™'. Sliding (dynamic) friction data was measured in
Volts, and is reported as half of the difference between trace and retrace
signals for the central 800 nm region of each scan line (thus excluding any
scanning tip trace-retrace turnaround contributions attributable to static

5798 and was not

friction®®). This data is directly proportional to friction,
converted to absolute friction force values because the lateral spring constant

was not known. The dependency of lateral spring constants upon their
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measurement methods precludes direct comparison to similar

studies.1 1,59,60,61,62

Even if the method used to determine the lateral spring
constant was completely reliable, friction coefficients are still highly dependent
on the measurement system employed, and the parameters involved (scan
rate, contact area, counter surface etc).®***% Hence, for the purpose of the
present study, the tribological experiments were undertaken by utilising an
internal reference — namely the ATRP grafted poly(sodium 4-styrenesulfonate)
brushes tethered to pulsed plasma deposited poly(vinyloenzyl chloride) layer.
Each reading was taken as the mean of 128 scan lines. The same tip was
used for each comparative set of tribology measurements; all the scanning
probe friction measurements were repeated several times and showed no
variation (including at higher normal loads). This indicates that the tip shape

was not modified to any significant extent.
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2.3 RESULTS

2.3.1 Plasma Deposition of Poly(vinylbenzyl chloride) ATRP Initiator
Layers

Pulsed plasma deposition of poly(vinyloenzyl chloride) yielded a linear film
deposition rate of 193 + 34 nm min"' and water contact angle values of 80 + 1°
demonstrating the reproducibility of the technique, Figure 2.1. XPS analysis of
the pulsed plasma deposited poly(vinylbenzyl chloride) films gave elemental
compositions corresponding to the expected theoretical values based on the
vinylbenzyl chloride monomer, thus indicating good structural retention of the
benzyl chloride functionality, Table 2.1. In addition, the absence of any Si(2p)
XPS signal confirmed pinhole free coverage of the underlying silicon wafer
substrate.®® Further evidence for the structural integrity of pulsed plasma
deposited poly(vinylbenzyl chloride) films was obtained by infrared
spectroscopy, where the fingerprint features closely match those measured
for the monomer, Figure 2.2. These include halide functionality (required for
subsequent ATRP initiation) at 1263 cm™ (CH, wag mode for CH,-Cl), and
para-substituted benzene ring stretches at 1495 cm™ and 1603 cm™.*¢" In
addition, the observed loss of the vinyl double bond stretch at 1629 cm™ is
consistent with polymerization. In the case of continuous wave plasma
deposited poly(vinylbenzyl chloride) films, greater structural disruption was
evident from the slightly lower chlorine content detected by XPS, and the
much weaker infrared absorbances for the characteristic benzyl chloride

functionalities, Table 2.1 and Figure 2.2.
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Figure 2.1: Film thickness of pulsed plasma deposited poly(vinylbenzyl chloride) as a
function of deposition period in the range (a) of 10 — 60 s; and (b) 60 — 1200 s.
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Table 2.1: XPS elemental compositions of plasma deposited poly(vinylbenzyl
chloride) films, and ATRP grafted polymer brushes and bottle-brushes (error values
are one standard deviation).

XPS Elemental Composition

Surface
C % 0 % Cl% S% Br% Na%
Theoretical 90 0 10 0 0 0
Plasma deposited
poly(vinylbenzyl Pulsed 90 £ 1 0 10 £ 1 0 0 0
chloride)
Continuous
Wave 91 £ 1 0 9+1 0 0 0
Theoretical” 70 30 0 0 0 0
ATRP grafted
poly(glycidyl Pulsed 69+2 31x2 0 0 0 0
methacrylate)
Continuous
Wave 72+4 28+4 0 0 0 0
ATRP grafted Theoretical* 61 23 0 8 0 8
poly(sodium 4-

styrenesulfonate)  pyjsed  68+2 241 0 71 0  2%f

ATRP grafted Theoretical 60 33 0 0 7 0
poly(glycidyl
methacrylate) Pulsed 701 25+1 0 0 4 +1 0

reacted with
bromoacetic acid  Continuous

Woe ® 70%6 26%4 0 0 42 0
ATRP grafted Pulsed 85+6 135 0 2+ 1 0 0
poly(glycidyl
methacrylate)- _
poly(sodium 4-  Continuous 7343 2340 0 5t . .
styrenesulfonate) Wave - - t

" Theoretical compositions are based on the % number of atoms within an ideal structure,
e.g., the poly(vinylbenzyl chloride) repeat unit consists of 9 C and 1 ClI atom therefore the
theoretical composition is 90 % C and 10 % Cl, Scheme 2.1.
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Figure 2.2: Infrared spectra of: (a) the vinylbenzyl chloride monomer; (b) 124 nm

thick pulsed plasma deposited poly(vinylbenzyl chloride) layer; and (c) 69 nm thick
continuous wave plasma deposited poly(vinylbenzyl chloride) layer.
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2.3.2 ATRP Grafting of Poly(glycidyl methacrylate) and Poly(sodium 4-
styrenesulfonate)

ATRP grafted poly(glycidyl methacrylate) brushes grown from the structurally
well defined pulsed plasma deposited poly(vinyloenzyl chloride) ATRP initiator
films yielded XPS elemental compositions in close agreement to those
calculated for poly(glycidyl methacrylate), Table 2.1 and Scheme 2.1.
Absence of a Cl(2p) XPS signal from the underlying initiator layer verified
complete coverage by polymer brushes. Characteristic infrared absorbances
measured for both glycidyl methacrylate monomer and ATRP grafted
poly(glycidyl methacrylate) layers include the ester C=0O stretch at 1726 cm’
(1714 cm™ for the monomer, due to conjugation with the vinyl group) and the
C-O stretch at 1152 cm’', Figure 2.3.°7%® Loss of the monomer vinyl
absorptions at 1637 cm™ (C=C stretch) and 941 cm™* (vinyl CH, wag) provided
further evidence of ATRP having taken place. The static water contact angle
of ATRP grafted poly(glycidyl methacrylate) brushes was 72 + 3°% The
controlled nature of surface initiated ATRP was confirmed by monitoring the
linear increase of poly(glycidyl methacrylate) film thickness versus grafting
time, yielding a deposition rate of 70 + 12 nm h™, Figure 2.4. At longer
reaction times (>3.5 h) the growth rate declined, and further increases in
thickness beyond 300 nm could not be obtained, signifying termination. Whilst
this grafting rate exceeds those typically reported in the literature for surface
initiated ATRP of poly(glycidyl methacrylate) in organic solvents, direct
comparison of polymerization rates is problematic given the number of
variables that affect ATRP kinetics (i.e., solvent(s), polymerization
temperature, activity of the catalyst system (itself dependent on the ligands,
transferable halide and ratio of activator to deactivator complexes) and, in the
case of surface initiated ATRP, the initiator density”®"").

Nonetheless, one report of glycidyl methacrylate ATRP grafting under
reasonably comparable conditions (bipyridine ligand, N,N-dimethylformamide
solvent, CuBr:CuBr, ratio 4:1 rather than 5:1 used in the present study, and
performed at room temperature rather than 80 °C) reported a deposition rate
of <1 nm h™" using dry N,N-dimethylformamide solvent and approximately 5
nm h™' using a 2:1 N,N-dimethylformamide:water solvent mixture.” Another

example performed at 85 °C (using a CuCl/CuCl; based catalyst and 1:1 N,N-
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dimethylformamide:water solvent) reported grafting rates of 10 nm h'.”® As
N,N-dimethylformamide is hygroscopic, and was not strictly dry in the present
study, some water is to be expected in the polymerization solution. However,
even taking this into account, it can be seen that the polymerization is
extremely fast in comparison to literature values.

Furthermore, the maximum brush layer thickness achieved (300 nm)
greatly exceeds those previously reported for ATRP of poly(glycidyl
methacrylate) prior to termination (100-150 nm).”"™* Moreover, 300 nm
thickness corresponds to a minimum molecular weight of approximately
190,000 g mol™ (calculated from bond lengths and assuming chains are fully
stretched, therefore clearly an underestimation) whereas bulk or solution
phase ATRP of glycidyl methacrylate typically produces polymers of much
lower molecular weight.”

Because ATRP grafting was expected to proceed more slowly, and
termination contributions ordinarily limit the achievable thickness to a greater
extent, control experiments were undertaken to ensure the reported thickness
readings were not a result of poly(vinyloenzyl chloride) initiator layer swelling.
This entailed exposure of 60-100 nm thick pulsed plasma deposited
poly(vinylboenzyl chloride) ATRP initiator layers to solutions of glycidyl
methacrylate in N,N-dimethylformamide at 80 °C for 4 h, followed by Soxhlet
cleaning in hot toluene for 16 h (i.e., ATRP conditions with the omission of
catalytic copper species). No thickness increase was measured for the dry
polymer layer, proving that monomer or solvent swelling does not result in
deceptively high thickness readings. Furthermore, no poly(glycidyl
methacrylate) was detected by infrared spectroscopy for these samples, thus
eliminating the possibility of initiation occurring from residual radicals trapped
within the plasma deposited layer, and also eliminating auto polymerization as
an alternative mechanism for the reported observations.”

Another possible explanation for the fast grafting rate may lie in the
polymeric nature of the initiator layers. Huck et al reported rapid ATRP of
extremely thick (up to 800 nm) poly[oligo(ethylene glycol) methacrylate]
brushes from silane initiators immobilised on PDMS, where the grafting rate
was found to increase six-fold in comparison to identical polymerizations

performed on silicon.”” It was proposed that this enhanced rate may be
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ascribed to increased initiator group availability on PDMS, due to substrate
deformation.”” Furthermore, it has been shown that free radical polymerization
of poly(styrene) and poly(2-vinyl pyridine) from polyamide substrates can
produce very thick brush layers as a result of initiation from within the polymer
substrate whilst it is swollen by the polymerization solution.”® Further control
experiments therefore consisted of poly(gylcidyl methacrylate) ATRP grafting
onto pulsed plasma deposited poly(vinylbenzyl chloride) layers of varying
thickness (60 — 150 nm) for 4 h. The measured thickness increases were 222
*+ 13 nm with no correlation to the initiator layer thickness. This indicates that
initiation does not occur throughout the poly(vinylboenzyl chloride) layer,
although ATRP could be initiated from the uppermost tens of nm of the film.
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Figure 2.3: Infrared spectra of: (a) the glycidyl methacrylate monomer; (b) ATRP
grafted poly(glycidyl methacrylate) grown from pulsed plasma deposited

poly(vinylbenzyl chloride) initiator layer; and (c) following 4 h exposure of (b) to
bromoacetic acid at 75 °C.
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Figure 2.4: Variation of poly(glycidyl methacrylate) film thickness as a function of
ATRP grafting time onto pulsed plasma deposited poly(vinylbenzyl chloride) initiator
layer.

The XPS elemental compositions and characteristic infrared
absorbances of ATRP grafted poly(glycidyl methacrylate) onto continuous
wave plasma deposited poly(vinylbenzyl chloride) films were found to be
consistent with those measured for the corresponding pulsed plasma
deposited poly(vinyloenzyl chloride) ATRP initiator layers, Table 2.1.
However, polymer brush film thicknesses following 2 h ATRP grafting onto
continuous wave and pulsed plasma deposited layers were 26 £ 5 nm and
137 £ 5 nm respectively, and this is consistent with the poor structural integrity
of continuous wave versus pulsed plasma deposited layers.”

Similarly, XPS analysis of ATRP grafted poly(sodium 4-
styrenesulfonate) grown onto pulsed plasma poly(vinyloenzyl chloride) initiator
layers yielded elemental compositions in close agreement with calculated
theoretical values, Table 2.1. Absence of a Cl(2p) signal indicated complete
coverage of the substrate. The quantity of sodium counter ions measured was
found to be much lower than the quantity of sulphur and can be attributed to
conversion of the sulfonate groups to form the sulfonic acid.®*' ATRP grafted
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polymer brush thickness versus time displayed a linear growth rate of 30 £ 2
nm h, Figure 2.5. Grafting times exceeding 90 min culminated in a loss of
control, which can be attributed to the oxidative breakdown of catalytic
species (something which is commonly found for aqueous phase ATRP®).
Infrared spectroscopy of the ATRP grafted poly(sodium 4-styrenesulfonate)
layers revealed fingerprint features matching those associated with the
monomer, Figure 2.6. These include absorbances at 1140 cm™, 1188 cm’’
and 1234 cm™ (antisymmetric SO, stretches) and 1058 cm™ (symmetric SO,
stretch).®” The monomer vinyl C=C stretch absorption at 1638 cm™
disappeared following ATRP polymerization.
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Figure 2.5: Poly(sodium 4-styrenesulfonate) film thickness as a function of ATRP
grafting time onto pulsed plasma deposited poly(vinylbenzyl chloride) initiator layer.
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Figure 2.6: Infrared spectra of: (a) the sodium 4-styrenesulfonate monomer; (b)
ATRP grafted poly(sodium 4-styrenesulfonate) onto pulsed plasma deposited
poly(vinylbenzyl chloride) initiator layer; and (c) pulsed plasma deposited
poly(vinylbenzyl chloride) ATRP initiator layer.
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2.3.3 Bottle-Brush Fabrication

Poly(glycidyl methacrylate) brushes grafted from plasma deposited
poly(vinylbenzyl chloride) layers were exposed to bromoacetic acid in order to
introduce ATRP macroinitiator sites along the poly(glycidyl methacrylate)
brush backbone, Scheme 2.1. Bromine incorporation was verified by XPS
elemental analysis, Table 2.1. Additional evidence for the reaction between
pendant epoxide groups of poly(glycidyl methacrylate) and bromoacetic acid
was found by infrared spectroscopy, Figure 2.3. Absorbances associated with
the epoxide functionality at 1254 cm™ (epoxide ring breathing), 906 cm'
(antisymmetric ring deformation) and 841 cm’' (symmetrical ring deformation)
67.58 were all attenuated and an additional absorbance at 1245 cm™ attributed
to the CH, wag on CH.-Br was evident.®” Furthermore, broadening of the
ester C=0 stretch absorption at 1726 cm” confirmed the presence of
expected multiple ester environments in the resultant macroinitiator film.%” The
process depicted in Scheme 2.1 is idealised, and incomplete reaction of the
epoxide groups with bromoacetic acid must be taken into account when
considering the macroinitiator layers. Disappearance of the epoxide infrared
absorbance at 906 cm' has previously been cited as evidence for the
complete reaction of poly(glycidyl methacrylate)’™® and this peak is largely
attenuated in the macroinitiator infrared spectrum, indicating a successful, but
incomplete reaction, Figure 2.3.

In order to provide adequate space for the growth of side chain
‘bristles’, the macroinitiator graft density was lowered by initiating ATRP of
poly(glycidyl methacrylate) from continuous wave plasma deposited
poly(vinylbenzyl chloride), which had a lower surface concentration of chlorine
atoms, and then exposing the polymer brushes to bromoacetic acid. ATRP
grafting of poly(sodium 4-styrenesulfonate) side chains from these
macroinitiator layers was confirmed by infrared spectroscopy, Figure 2.7 and
Scheme 2.1. The relative intensity of the ester carbonyl stretch at 1726 cm’
from the brush backbone compared to the symmetric SO, stretch at 1058 cm'™
was reduced with increasing poly(sodium 4-styrenesulfonate) grafting time,
indicating the growth of poly(sodium 4-styrenesulfonate) bristles. Further
confirmation was obtained by monitoring the increase of film thickness versus
ATRP grafting time of poly(sodium 4-styrenesulfonate) side chains, Figure
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2.8. |deally, bottle brush growth would involve grafting of side chain ‘bristles’
from each repeat unit of the poly(glycidyl methacrylate) backbone, as depicted
in Scheme 2.1. However, incomplete reaction of the epoxide groups with
bromoacetic acid was observed and grafting of side chains is clearly only
possible from successfully reacted repeat units. In addition, the degree of
ATRP initiation from generated macroinitiators should also be taken into
account. Whilst bromine atoms attached to radical-stabilising ester groups are

well known to be efficient ATRP initiators,®848°86

it is possible that steric
restraints may limit the achievable density of grafted poly(sodium 4-
styrenesulfonate) side chains. Precise molecular characterisation of the
grafted co-polymer brushes is extremely challenging, particularly in the case
of plasma deposited initiator layers where detachment of polymer brushes is
not possible. Instead, a series of control experiments were undertaken to
ascertain that graft co-polymerization had taken place.

In order to prove that ATRP grafting of poly(sodium 4-styrenesulfonate)
side chains from the derivatised poly(glycidyl methacrylate) brushes had
occurred, corresponding ATRP grafted poly(glycidyl methacrylate) brushes
were reacted with acetic acid vapour as a substitute for bromoacetic acid
(same derivatisation chemistry but absent halogen initiator atom). Subsequent
exposure to ATRP conditions for sodium 4-styrenesulfonate lasting 120 min
resulted in no measurable increase in film thickness, thus eliminating the
alternative explanation that reactivation of poly(glycidyl methacrylate) chain
ends would lead to formation of block co-polymers and account for the
observed changes in film thickness and infrared spectra.

Further control experiments involved macroinitiators consisting of
bromoacetic acid derivatised poly(glycidyl methacrylate) brushes grafted onto
pulsed plasma deposited poly(vinylbenzyl chloride) initiator layers, which
yielded identical bromine content by XPS analysis, Table 2.1. However, ATRP
grafting of poly(sodium 4-styrenesulfonate) for 120 min resulted in an
attenuated increase in film thickness (5 nm vs. 24 nm) and a lower amount of
sulphur when compared to macroinitiators based on continuous wave plasma

deposited poly(vinylbenzyl chloride) nanofilms, Table 2.1.
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Figure 2.7: Infrared spectra of poly(glycidyl methacrylate) brushes grafted by ATRP
onto continuous wave plasma deposited poly(vinylbenzyl chloride) ATRP initiator
layer, followed by derivatisation with bromoacetic acid to yield the macroinitiator
layer. These were then employed for ATRP grafting of sodium 4-styrenesulfonate
side chains (bristles) for: (a) 0 min; (b) 30 min; and (c) 60 min.
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Figure 2.8: Change in polymer film thickness as a function of poly(sodium 4-
styrenesulfonate) ATRP grafting time for macroinitiator layers produced by
bromoacetic acid derivatisation of poly(glycidyl methacrylate) brushes grafted onto
continuous wave plasma deposited poly(vinylbenzyl chloride) films.

2.3.4 Nanotribology

Friction between a sliding SPM probe tip and the polymer brush layers was
measured in an aqueous environment as a function of normal load, Figure
2.9. Homogeneous 1 um x 1 pm regions (rms roughness < 2 nm) were
selected for data collection. The plasma deposited poly(vinylbenzyl chloride)
layers exhibit a sharp rise in friction at around 130 nN normal load; which is
indicative of polymer chain displacement and wear.?”# Furthermore, the
bottle-brush layers consistently gave lower friction readings compared to
poly(glycidyl methacrylate) and poly(sodium 4-styrenesulfonate) brush layers
(grafted from the pulsed plasma deposited poly(vinylbenzyl chloride) initiator
film). This enhancement can be attributed to steric repulsion and water
solvation of the bottle-brushes leading to a resistance towards penetration
(and hence improved lubrication).?**°! These tribological experiments were
devised in such a way that they use an internal reference — namely the ATRP
grafted poly(sodium 4-styrenesulfonate) brushes on a pulsed plasma
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deposited poly(vinyloenzyl chloride) layer. Therefore, any minor contribution

due to negatively charged Coulombic repulsion®?

arising from the lowering
of pH by dissolution of atmospheric CO. into the pure water medium will be
present for both the surface ATRP grafted poly(sodium 4-styrenesulfonate)
brushes and also surface ATRP grafted poly(glycidyl methacrylate)-graft-
poly(sodium 4-styrenesulfonate) bottle-brushes. By taking this possibility into
consideration, the tribology measurements show that the grafted poly(sodium
4-styrenesulfonate) bristles contained in the bottle-brushes display lower
friction compared to their linear surface grafted poly(sodium 4-

styrenesulfonate) brush counterparts.
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Figure 2.9: Friction signals obtained by lateral force microscopy as a function of
normal load for: continuous wave plasma deposited poly(vinylbenzyl chloride) film;
ATRP grafted poly(glycidyl methacrylate) on pulsed plasma deposited
poly(vinylbenzyl chloride layer); 50 nm thick ATRP grafted poly(sodium 4-
styrenesulfonate) brush layer on pulsed plasma deposited poly(vinylbenzyl chloride
layer); and 50 nm thick ATRP grafted poly(glycidyl methacrylate)-graft-poly(sodium 4-
styrenesulfonate) bottle-brush layer on continuous wave plasma deposited
poly(vinylbenzyl chloride layer).
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In the case of polymers sliding against solid surfaces, it has been
proposed that the variation in friction with shear rate is due to a transition from
coiled to stretched conformations,® and it is therefore expected that friction
for densely grafted polymer brush layers (which already exist in extended
conformations under good solvent conditions) will exhibit a low dependence
on shear rate. Surface force balance experiments measuring sliding friction
between polymer brush layers found only weak velocity dependence® and
this was also the case for scanning probe friction studies comparing
physisorbed versus surface immobilised polyelectrolytes.®®®” Hence, given
that the present bottle-brushes are covalently tethered to the substrate, any
variations in friction due to shear rate can be expected to be relatively small.
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2.4 DISCUSSION

Pulsed plasma deposited poly(vinylbenzyl chloride) has previously been
shown to be a highly effective ATRP initiator.*® This can be attributed to the
stabilised benzyl radicals, which allow chloride abstraction from the benzyl
chloride surface functionality to occur easily during ATRP initiation (since
benzyl radicals are stabilised by the aromatic ring).*® Therefore, the structural
integrity of benzyl chloride groups within the plasma deposited film governs
the effective surface density of ATRP initiation sites. This is evident for the
densely crowded poly(glycidyl methacrylate) and poly(sodium 4-
styrenesulfonate) brush layers produced by ATRP for the structurally well
defined pulsed plasma deposited poly(vinylbenzyl chloride) films. These grow
in a controlled fashion with polymer brush thickness increasing linearly,
Figures 2.4 and 2.5. In order to lower the surface density of grafted polymer
brushes to provide space for side chain (bristle) growth, continuous wave
plasma deposited poly(vinyloenzyl chloride) films were shown by infrared and
XPS analysis to contain a lower density of intact benzyl chloride initiator
groups as a consequence of decreased structural integrity. This difference in
density of benzyl chloride initiator sites between continuous wave and pulsed
plasma deposited poly(vinyloenzyl chloride) can be explained on the basis of
their respective film growth mechanisms. During pulsed plasma deposition,
electric discharge modulation consists of a short plasma duty cycle on-period
(microseconds) to generate active sites in the gas phase as well as at the
growing film surface via VUV irradiation, ion and electron bombardment,
followed by conventional carbon-carbon double bond polymerization
processes proceeding throughout each accompanying extended pulse off-
period (milliseconds) in the absence of any UV, ion, or electron-induced
damage to the growing film.”**® Such conventional polymerization pathways
are strongly perturbed during continuous wave plasma conditions, where the
multitude of reactions for radicals, ions and excited species contained within
the electrical discharge play a greater role leading to structural disruption.
Furthermore, the average power supplied to the vinylbenzyl chloride precursor
vapour during continuous wave plasma discharge (30 W) was significantly
greater in comparison to pulsed plasma deposition (0.7 W).
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As a consequence, the thickness of the ATRP grafted poly(glycidyl
methacrylate) layers measured for the continuous wave deposited
poly(vinylbenzyl chloride) films is considerably lowered in comparison to those
prepared using pulsed plasma conditions. Given the identical ATRP
conditions, the grafted poly(glycidyl methacrylate) brushes can be considered
to be comparable in length between the pulsed and continuous wave plasma
deposited initiator nanofilms, and therefore the lower film thickness in the
latter case can be attributed to the collapsed conformation of poly(glycidyl
methacrylate) chains, stemming from the lower surface initiator site density.

Subsequent exposure to bromoacetic acid of the aforementioned
surface tethered poly(glycidyl methacrylate) brushes vyields well-defined
surface immobilised macroinitiator species. This approach follows previously
reported solution phase macroinitiator brush syntheses as precursors for
bottle-brushes based on the esterification of pendant hydroxyl groups of
poly(hydroxyethyl methacrylate) backbone polymers.6?®'® |n the present
study, the epoxide functionalities contained within poly(glycidyl methacrylate)
brushes provide a more reactive handle for esterification with bromoacetic
acid vapour, Scheme 2.1, Table 2.1, and Figure 2.3.

Characterisation of surface immobilised bottle-brush polymers is
challenging. One approach is to analyse polymers formed in solution
alongside the sample via the introduction of sacrificial initiator species.
However, this fails to address the issues unique to surface tethering such as
steric crowding.*® In the present study, the sulfonate groups of poly(sodium 4-
styrenesulfonate) side chains (bristles), provide strong characteristic infrared
absorbances which follow the increase in film thickness, Figures 2.7 and 2.8.
The absence of both these trends when initiator bromide groups were not
present along the poly(glycidyl methacrylate) brush backbone (via
esterification with acetic acid instead of bromoacetic acid, Scheme 2.1)
verifies that poly(sodium 4-styrenesulfonate) chains (bristles) form only when
initiator sites are present along the polymer brush.

In the present study, the surface tethered bottle-brushes investigated
are found to display even lower friction when compared to their constituent
linear polymer brush counterparts. This behaviour can be attributed to the
former being more compact (and hydrated) as described in earlier reports
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relating to enhanced lubrication by similar hydrophilic bottle-brush polymers

which had been physisorbed onto substrates,

and also low asymmetric
friction measurements observed for polyelectrolyte brushes.'”"'% Grafting of
side chains from the polymer backbone to form bottle-brush structures can be

expected to increase macromolecular rigidity, %%

in particular in the case of
polyelectrolyte brushes, where, in comparison to neutral hydrophilic brushes,
surface grafted polyelectrolyte brushes are stretched due to the osmotic
pressure provided by condensed counter-ions.'®'%1% The dry heights of the
poly(sodium 4-styrenesulfonate) brush and bottle-brush layers used for the
scanning probe friction measurements were both kept the same (50 nm,
Figure 2.9). XPS analysis shows a lower amount of sulphur at the surface for
poly(sodium 4-styrenesulfonate) bottle-brush bristles compared to brush
layers (3 £ 1 % versus 7 = 1 % respectively, Table 2.1); which indicates a
lower counter-ion density, thereby negating the idea that the reduced friction
is due to an increased number of counter-ions per unit area. Therefore the
decreased friction is related to the molecular geometry (linear versus bottle
brush).

The overall sequential controlled polymerization approach is key to the
formation of well-defined macroinitiator brushes and the subsequent synthesis
of the bottle-brush bristles. By contrast, the lack of control associated with
conventional polymerization initiators leads to ill-defined macroinitiator
brushes and side chains.'® Given the inherent control afforded over
macromolecular architecture, surface tethered well-defined bottle-brush
polymers prepared by ATRP are an attractive prospect for the development of
novel surface properties, such as lubricity. Tailoring of both the backbone and
bristle segments can be achieved using the ‘grafting from’ approach;
furthermore, the surface density of backbone grafts can also be independently
controlled using plasmachemical deposition of initiator sites in order to allow
predetermined side chain (bristle) growth.®®*® The key merits of the present
approach relate to the substrate-independent covalent anchoring of the bottle-
brushes to the surface, which offers scope for far more widespread
applicability than their physisorbed counterparts. Potential applications of such
surface tethered bottle-brushes could include actuators, sensors, building
blocks for nanostructures, templates for producing metallic nanowires, as well
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as mimicking biomolecules possessing bottle-brush architectures for

performing biological lubrication (such as proteoglycans'®

110,111
)-

and epithelial

tethered mucins

2.5 CONCLUSIONS

Surface tethered polymer bottle-brushes have been produced by ATRP from
plasmachemical deposited initiator layers. The surface density of ATRP
initiator sites can be tailored by variation of plasma deposition parameters.
This in turn allows the space surrounding surface immobilised backbone
macroinitiators to be controlled, allowing the outward growth of polymer brush
side chains (bristles). Lateral force scanning probe microscopy has shown
that poly(glycidyl methacrylate)-graft-poly(sodium 4-styrenesulfonate) bottle-
brush decorated surfaces give rise to an enhancement in lubrication.
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CHAPTER 3

NANOPATTERNED POLYMER BRUSHES
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3.1 INTRODUCTION

Micro- and nanoscale-patterned polymer structures are of key importance for
the development of multifunctional surfaces sought in fields such as regulated

h,"?® proteomics,*>® fluidics,”®° and biosensors.'*'"12

cell growt

By combining surface initiated ATRP with lithographic techniques, there
is scope for the fabrication of multifunctional surfaces, where patterning of the
initiator species determines the eventual polymer brush positioning. The most
widely reported variants include micro-contact printing of initiator bearing
SAMs, 314151817 Yy jrradiation through masks,”® electron beam

19.20.21 12223 and  microcontact moulding.?*

patterning, photolithography,
Surprisingly, few attempts have been made to try to combine surface-initiated
ATRP with scanning probe lithography. Scanning electrochemical microscopy
is one example where the localised reduction of ATRP initiator moieties has
been used to generate micropatterned poly(styrene) and poly(glycidyl
methacrylate) brushes.®?® Also, there has been nanoshaving of silane
initiator SAMs followed by surface initiated ATRP to produce line widths
ranging from 300 nm to 500 nm of poly(N-isopropylacrylamide).?’ An
alternative SAM approach entailed dip-pen nanolithography of thiol bearing
initiator spots patterned by onto gold, followed by grafting to yield 90-nm-
diameter poly(oligo(ethylene glycol) methyl ether methacrylate) polymer
islands.?® Although these studies represent significant advances in the field,
their inherent substrate dependency places a severe limitation on more
widespread applicability.

The aforementioned drawbacks can be addressed by adopting the

29303182 |t entails

molecular  scratchcard  lithographic  technique.
plasmachemical bilayering, followed by selective puncturing of the upper
nanolayer using a scanning probe tip. This approach circumvents any issues
relating to substrate specificity; for instance pulsed plasma deposited
poly(vinylbenzyl chloride) initiator layers have been successfully used in the
past for the growth of ATRP polymer brushes onto a variety of substrate
materials and geometries.*

In this study, pulsed plasmachemical bilayer stacks are fabricated
comprising a poly(vinylbenzyl chloride) ATRP initiator base layer which, in

keeping with the established molecular scratchcard methodology, is covered
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with a protein-resistant®® poly(N-acryloylsarcosine methyl ester) resist
layer.?®*? Scanning probe lithography is then selectively employed to expose
the underlying halide initiator functionalities, which readily undergo localised
ATRP to yield nanoscale polymer brush features, Scheme 3.1. The inherent
functional background provided by this method (e.g., protein resistance)
circumvents the commonly required additional step of subsequent back filling

with SAMs or sequential polymerizations.'*%
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Scheme 3.1: Pulsed plasmachemical deposition of poly(vinylbenzyl chloride) /
poly(N-acryloylsarcosine methyl ester) bilayer molecular scratchcards, followed by
scanning probe lithography, and finally ATRP of methyl methacrylate to create
nanoscale polymer brush structures.
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3.2 EXPERIMENTAL

3.2.1 Pulsed Plasmachemical Nanolayering

Plasma depositions were performed according to the methodology outlined in
Chapter 2, Section 2.2.1, using the deposition parameters given in Table 3.1.
A temperature-controlled oven was employed in the case of poly(N-
acryloylsarcosine methyl ester).

Table 3.1: Pulsed plasma deposition parameters yielding high levels of precursor
structural retention®*3* (peak power = 30 W) (error values are one stadard deviation).

Pulse duty .
Reactor cycle (us)  Deposition

Precursor Temperature , , rate (nm

() Time Time min’ )

on off
4-Vinylbenzyl

chioride (+97%, Aldrich) 22 100 4,000 191 %17
N-acryloylsarcosine methyl ester 40 20 5000 35+03

(+97%, Lancaster)

3.2.2 Molecular Scratchcard Lithography

For bilayer fabrication, 1 cm? silicon wafer pieces were coated with 100 nm of
pulsed plasma deposited poly(vinylbenzyl chloride) initiator layer followed by
immediate overcoating with 20 nm of a pulsed plasma poly(N-
acryloylsarcosine methyl ester) barrier layer. Subsequent nanoscale
patterning entailed mounting these samples onto an atomic force microscope
stage (Digital Instruments Nanoscope Ill) followed by selective puncturing of
the upper layer to expose underlying poly(vinylbenzyl chloride) initiator sites
by scanning a tapping-mode tip (Nanoprobe, spring constant 42-83 Nm™") in
contact mode. Tip movement in the x, y, and z planes was controlled using

Veeco Nanolithography Software (version 5.30r1).

3.2.3 Surface Initiated ATRP

ATRP initiator-functionalised substrates were loaded into a sealable glass
tube containing 5 mmol copper (l) bromide (+98 %, Aldrich), 0.1 mmol copper
(1) bromide (+99 %, Aldrich), 10 mmol 2,2’-bipyridyl (+99 %, Aldrich), 0.05 mol
methyl methacrylate (+99 %, Aldrich), and 4 mL N,N-dimethylformamide
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(+99.9 %, Fisher), Scheme 3.2. The mixture was thoroughly degassed using
freeze-pump-thaw cycles and then immersed into an oil bath maintained at 80
°C for a range of grafting times (1 — 20 h). Final cleaning and removal of any
physisorbed polymer was achieved by Soxhlet extraction using hot toluene for
at least 16 h.

ATRP of poly(glycidyl methacrylate) was performed in a similar manner
to that described above, using instead a reaction mixture comprising 5 mmol
copper (l) bromide, 1 mmol copper (II) bromide, 10 mmol 2,2-bipyridyl, 0.05
mol glycidyl methacrylate (+97 %, Aldrich), and 4 mL N,N-dimethylformamide.
Subsequent fluorescent tagging of patterned poly(glycidyl methacrylate)
epoxide centers was achieved by brief submersion into a 1 mg dm™® aqueous
solution of Alexafluor 350 Cadaverine dye (Invitrogen), followed by extensive
rinsing with high-purity water, and then a second Soxhlet extraction in hot
toluene.

Cl

ATRP

—_—

CuBr, CuBr,,
bpy, MMA

Scheme 3.2: ATRP grafting of poly(methyl methacrylate) brushes onto pulsed
plasma-deposited poly(vinylbenzyl chloride) initiator layer.

3.2.4 Film Characterisation
Film thickness, infrared spectra and XPS elemental compositions were
measured as described in Chapter 2, Section 2.2.3.

Atomic force microscopy images were collected in tapping mode at 20
°C in ambient air (Digital Instruments Nanoscope lll). The tapping mode tip
had a spring constant of 42 - 83 N m” (Nanoprobe).

Fluorescence microscopy was performed using an Olympus IX-70

system (DeltaVision RT, Applied Precision, WA). Images were collected using
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an excitation wavelength of 360 nm corresponding to the absorption maximum
of the Alexafluor 350 Cadaverine dye molecule.

Sessile drop contact angle measurements were made at 20 °C using a
video capture apparatus (A.S.T. Products VCA 2500 XE) and 2 pL of high
purity water droplets (BS 3978 Grade 1).
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3.3 RESULTS

3.3.1 Surface Initiated ATRP of Poly(methyl methacrylate)

Analysis of the pulsed plasma deposited poly(vinyloenzyl chloride) ATRP
initiator layers yielded XPS elemental compositions and infrared spectroscopy
fingerprint absorbances identical to those reported in Chapter 2, Table 3.2 and

Figure 3.1.

Table 3.2: XPS elemental compositions of pulsed plasma deposited nanolayers, and
poly(methyl methacrylate) ATRP grafted onto pulsed plasma deposited
poly(vinylbenzyl chloride) surfaces (error values are one standard deviation).

XPS Elemental Composition

Surface
C % 0 % N% Cl%
Pulsed plasma deposited Theoretical 90 0 0 10
poly(vinylbenzyl chloride) Actual 90 + 1 0 0 10 + 1
Pulsed plasma deposited Theoretical 64 27 9 0
poly(N-acryloylsarcosine methyl
ester) Actual 63 + 1 28 + 1 9+1 0
ATRP grafted poly(methyl ~_Theoretical 71 29 0 0
methacrylate) Actual  70+2 30+2 0 0

ATRP grafted poly(methyl methacrylate) brushes grown from pulsed
plasma deposited poly(vinylbenzyl chloride) ATRP initiator layers gave rise to
XPS elemental compositions which are in good agreement with the calculated
theoretical composition for poly(methyl methacrylate), Table 3.2 and Scheme
3.2. In addition, no chlorine was detectable, thereby confirming complete
coverage of the poly(vinylboenzyl chloride) initiator film by the ATRP grafted
polymer brushes. Characteristic infrared absorbances for both the methyl
methacrylate monomer and ATRP grafted poly(methyl methacrylate) include
the ester carbonyl C=0 stretch at 1740 cm™ and C-O-C bending at 1170 cm™,
Figure 3.1. Loss of the monomer vinyl double bond peaks at 1635 cm™ (C=C
stretch) and 937 cm™ (vinyl CH, wag) provide further evidence of ATRP

having taken place.®®
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The controlled nature of ATRP polymer brush growth on pulsed plasma
deposited poly(vinyloenzyl chloride) initiator layers was verified by monitoring
the increase in poly(methyl methacrylate) layer thickness versus grafting time,
Figure 3.2. A linear correlation was observed, corresponding to a growth rate
of 23 + 3 nm h™. Although each point in Figure 3.2 corresponds to only one
experiment, the rate is in keeping with that previously reported for ATRP
grafting of poly(methyl methacrylate) onto pulsed plasma deposited
poly(vinylbenzyl chloride) layers.*® Whilst this is fast in comparison to other
reports of surface initiated ATRP of poly(methyl methacrylate) in organic
solvents (e.g., 9 nm h™ in diphenyl ether at 90 °C%), it is comparable to the
rate reported using a methanol/water solvent alongside low ratios of
CuCl:CuCl based catalytic complexes (approximately 20 nm h™).%
Furthermore, rates of up to 250 nm h™ have been reported for the ATRP of
poly(methyl methacrylate) using very active 1,4,8,11-tetramethyl-1,4,8,11-
tetraazacyclotetradecane  (Mescyclam)  complexes in  anisole/N,N-
dimethylformamide solvent mixtures.*® As discussed in Chapter 2 Part 2.3.2,
an enhanced polymerization rate in the present study may be related to water
in the N,N-dimethylformamide solvent used, or else the polymeric nature of
the pulsed plasma deposited poly(vinyloenzyl chloride) initiator layer.

Surprisingly, unlike in the case of poly(glycidyl methacrylate) ATRP
described in Chapter 2, no slowing of the polymerization rate was observed
for up to 20 h of reaction time, whereupon polymer brush film thickness had
reached 500 nm (very thick), signifying a steady rate of growth and a
negligible contribution from polymerization termination reactions. The
omission of catalytic copper species from the reaction mixture under
otherwise identical conditions produced no detectable poly(methyl
methacrylate) grafting after 4 h, precluding auto-polymerization as an

alternative explanation for the reported observations.*

78



% Transmittance

1629 cm”

) ' ) ' ‘| ' ) ' ) ' ) ' )
2000 1800 1600 1400 1200 1000 800
Wavenumber/cm’

Figure 3.1: Infrared spectra of: (a) the vinylbenzyl chloride monomer; (b) pulsed
plasma deposited poly(vinylbenzyl chloride) ATRP initiator layer; (c) ATRP grafted
poly(methyl methacrylate) brushes on 100 nm pulsed plasma deposited
poly(vinylbenzyl chloride); and (d) the methyl methacrylate monomer.
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Figure 3.2: Variation of poly(methyl methacrylate) film thickness as a function of
ATRP grafting time onto 100 nm pulsed plasma deposited poly(vinylbenzyl chloride)
initiator layer.

3.3.2 Bilayer Molecular Scratchcards

Pulsed plasma deposited bilayer stacks comprising 100 nm poly(vinylbenzyl
chloride) ATRP initiator base film covered with a 20 nm poly(N-
acryloylsarcosine methyl ester) barrier layer were characterised by XPS and
infrared  spectroscopies. XPS analysis vyielded identical elemental
compositions to those obtained for pulsed plasma deposited poly(N-
acryloylsarcosine methyl ester), Table 3.2. Infrared absorbances associated
with the 20 nm thick poly(N-acryloylsarcosine methyl ester) top layer include
1739 cm™ (carbonyl ester stretch) and 1644 cm™ (carbonyl amide stretch),**
% Figure 3.3. Retention of chloride functionality for the underlying pulsed
plasma deposited poly(vinylbenzyl chloride) layer was evident by the infrared
peak at 1263 cm' (CH, wag on CH-Cl).

Control experiments to verify that poly(N-acryloylsarcosine methyl
ester) behaves as an effective barrier layer entailed exposing the bilayer
samples to methyl methacrylate monomer under ATRP conditions for 4 h,
where no polymer growth was measured. Furthermore, no warping or swelling

of such samples was observed by AFM or spectral reflectance, thereby
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demonstrating the thermal and chemical stabilities of the fabricated molecular
scratchcard bilayer stack.

(c)
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Figure 3.3: Infrared spectra of: (a) 100 nm pulsed plasma deposited poly(vinylbenzyl
chloride) ATRP initiator layer; (b) 20 nm pulsed plasma deposited poly(N-
acryloylsarcosine methyl ester) barrier layer; and (c) bilayer stack comprising 100 nm
pulsed plasma deposited poly(vinylbenzyl chloride) initiator base film with 20 nm
pulsed plasma deposited poly(N-acryloylsarcosine methyl ester) overlayer.
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Piercing of the aforementioned bilayer stacks using a scanning probe
tip (<12.5 nm radius of curvature, front angle 15 £ 2°, back angle 17.5 + 29),
followed by tapping mode AFM imaging, revealed 80 nm to 100 nm
indentation features, Figure 3.4. ATRP was then observed to occur exclusively
from the exposed underlying poly(vinylbenzyl chloride) initiator layer regions,
thus confirming that the molecular scratchcard technique successfully unveils
ATRP initiator functionalities. Poly(methyl methacrylate) brush features
following 30 min grafting from the punctured areas were measured to have dry
heights of 47 £ 16 nm and lateral dimensions spreading out sideways to
several hundred nms, Figure 3.4. Trench lines were also scratched into the
bilayer samples using this approach, followed by ATRP of methyl
methacrylate for 60 min and 120 min, to yield polymer brush heights / widths
of 105 £16 nm /834 £ 178 nm and 222 + 45 nm/ 1915 + 224 nm respectively,
again revealing spillover of the polymer brushes across the surrounding
poly(N-acryloylsarcosine methyl ester) barrier layer surface, Figure 3.5.
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200 nm
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0nm

Figure 3.4: Tapping mode AFM height images of poly(vinylbenzyl chloride) / poly(N-
acryloylsarcosine methyl ester) bilayers: (a) 80-100 nm indentations spaced 1.3 um
apart prepared using a scanning probe tip; and (b) following ATRP of methyl
methacrylate for 30 min from (a).
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0 nm

Figure 3.5: Tapping mode AFM height images of pulsed plasma deposited
poly(vinylbenzyl chloride) / poly(N-acryloylsarcosine methyl ester) bilayers: (a) 100
nm trenches scratched using a scanning probe tip; (b) subsequent ATRP graft
polymerization of methyl methacrylate for 60 min; and (c) subsequent ATRP graft
polymerization of methyl methacrylate for 120 min.
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The widths and heights of the nanopatterned poly(methyl methacrylate)
brush lines were found to be responsive to propan-2-ol solvent, Figure 3.6.
Lateral spreading of the polymer brushes was observed by AFM, with
measured heights / widths progressively changing from the initial values of
200 nm / 2000 nm to 30 nm / 3000 nm after 3 immersions in propan-2-ol. No
subsequent changes in dimensions were measured following either overnight
drying, drying in a stream of nitrogen, or heating in an oven maintained at 80
°C for 4 h. Exposure to solvents such as water, methanol or cyclohexane and
then drying also had no influence on these horizontally spread out polymer
brush dimensions. However, dipping this substrate into toluene or
tetrahydrofuran followed by drying resulted in the original polymer brush line
dimensions being restored, Figure 3.6. Manipulation of the surface
architecture in this manner with the respective solvents was found to be
reversible (over three repetitive cycles of spreading and restoration by cycling
between propan-2-ol and toluene, respectively).
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Figure 3.6: Tapping mode AFM height images of pulsed plasma deposited
poly(vinylbenzyl chloride) / poly(N-acryloylsarcosine methyl ester) bilayers: (a) 100
nm wide lines created by scanning probe tip scratching; (b) after 120 min ATRP
grafting of poly(methyl methacrylate); (c) after immersion of (b) in propan-2-ol and
drying; (d) after immersion and drying of (b) in propan-2-ol for 3 cycles; (e) after the
exposure of (d) to toluene; and (f) after the exposure of (d) to tetrahydrofuran.
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Infrared spectra of ATRP grafted poly(methyl methacrylate) brush films
following immersion into propan-2-ol revealed a distinctive absorbance band
at 3400 cm attributable to the O-H stretch,®® Figure 3.7. This feature was
absent for polymer brush samples exposed to toluene, or after contact with
propan-2-ol and then rinsing in toluene. A corresponding shift in the polymer
brush carbonyl ester stretch was observed between 1740 cm™ (toluene) and
1736 cm™' (propan-2-ol) which, together with the appearance of a shoulder at
1699 cm’ (propan-2-ol), signified a reversible change in chemical
environment. Comparable spectra were noted for commercially available low
molecular weight poly(methyl methacrylate) spin coated from toluene and
propan-2-ol solutions. For all propan-2-ol exposed polymer brush samples,
extensive drying and treatment with non-solvents (water, methanol and
cyclohexane) produced no effect on the observed infrared spectra, thereby
confirming propan-2-ol was being incorporated into the poly(methyl
methacrylate) polymer brush matrix, and could be dislodged only with
selective solvents (e.g., toluene or tetrahydrofuran). Contact angle
measurements were consistent with the aforementioned observations, Table
3.3. A lowering of the water contact angle was noted following immersion of
the poly(methyl methacrylate) polymer brushes in propan-2-ol. This change in

the water contact angle value was reversed by rinsing in toluene.
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Figure 3.7: Infrared spectra of: (a) commercially available low molecular weight
poly(methyl methacrylate) spin coated from toluene solution; (b) commercially
available low molecular weight poly(methyl methacrylate) spin coated from propan-2-
ol solution; (c) poly(methyl methacrylate) brushes grafted by ATRP from pulsed
plasma deposited poly(vinylbenzyl chloride) initiator layers followed by immersion in
toluene; and (d) poly(methyl methacrylate) brushes grafted by ATRP from pulsed
plasma deposited poly(vinylbenzyl chloride) initiator layers followed by immersion in
propan-2-ol. Where * denotes a shoulder at 1699 cm™.
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Table 3.3: Sessile drop water contact angle measurements for pulsed plasma
deposited poly(N-acryloylsarcosine methyl ester) barrier layer, and ATRP grafted
polymer brushes following immersion into various solvents and drying (error values
are one standard deviation).

Surface Contacot angle

(9
Pulsed plasma poly(N-acryloylsarcosine methyl ester) 49 + 1
ATRP grafted poly(methyl methacrylate) 87 +4

ATRP grafted poly(methyl methacrylate) after immersion in

propan-2-ol 70%2
ATRP grafted poly(methyl methacrylate) after immersion in 92 + 2
propan-2-ol and toluene -

ATRP grafted poly(glycidyl methacrylate) 723
ATRP grafted poly(glycidyl methacrylate) derivatised with 65 + 3
Alexafluor Cadaverine 350 dye -

ATRP grafted poly(glycidyl methacrylate) derivatised with 41 +3

Alexafluor Cadaverine 350 dye after immersion in water

ATRP grafted poly(glycidyl methacrylate) derivatised with
Alexafluor Cadaverine 350 dye after immersion in water and 66 £3
toluene

In order to understand this solvent triggered surface spreading of
polymer brushes further, poly(glycidyl methacrylate) brush lines were ATRP
grafted from trench lines prepared on the bilayer molecular scratchcard
(following the same procedure as described earlier for poly(methyl
methacrylate)), Table 3.4. These were also found to display a similar
spreading effect and affinity towards propan-2-ol.
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Table 3.4: ATRP grafted polymer brush features grown from 100 nm trench lines
produced on a molecular scratchcard bilayer (error values are one standard
deviation).

Surface Width (nm) Height (nm)
60 min ATRP grafted poly(methyl
methacrylate) 834 £ 178 105+ 16
30 min ATRP grafted poly(glycidyl 981 + 123 56 + 6

methacrylate)

Fluorescent tagging of the poly(glycidyl methacrylate) brushes via
nucleophilic ring opening of the epoxide centres was undertaken using a dilute
solution of Alexafluor 350 Cadaverine dye, Scheme 3.3. Fluorescence
microscopy then revealed selective uptake of the fluorophore by the patterned
poly(glycidyl methacrylate) regions, Figure 3.8. Once tagged however, the
poly(glycidyl methacrylate) brushes were no longer found to spread upon
exposure to propan-2-ol. Instead, because of the inherent polarity of the
attached dye molecules, water was found to be effective for this system, as
confirmed by fluorescence microscopy and AFM imaging, Figure 3.8.
Fluorescence was observed across the entire imaged region following
immersion in water, indicating that the closely spaced poly(glycidyl
methacrylate) line features had extended to overlap and completely cover the
surrounding barrier surface. Furthermore, this behaviour was reversible via
rinsing in toluene (analogous to the earlier described system of surface
grafted poly(methyl methacrylate) brushes interacting with propan-2-ol and
toluene), Figure 3.8. Contact angle measurements made on a film of dye-
derivatised poly(glycidyl methacrylate) brushes showed a lowering of the
water contact angle value following immersion in water, and its subsequent
reversal after rinsing with toluene, Table 3.3. These observations are
consistent with the polymer brush movements (surface wetting) noted using
fluorescence microscopy for the patterned dye-tagged poly(glycidyl
methacrylate) brush surfaces.
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Scheme 3.3: ATRP grafting of glycidyl methacrylate onto pulsed plasma deposited
poly(vinylbenzyl chloride) initiator layer followed by nucleophilic ring opening of the
epoxide groups with Alexafluor 350 Cadaverine dye.
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Figure 3.8: 30 min ATRP grafted poly(glycidyl methacrylate) lines on patterned
pulsed plasma deposited poly(vinylbenzyl chloride) / poly(N-acryloylsarcosine methyl
ester) bilayer samples and then tagged with fluorescent dye: (a) tapping mode AFM
image; (b) fluorescence micrograph; (c) tapping mode AFM image following the
exposure of (a) to water; (d) fluorescence micrograph corresponding to (c); (e)
tapping mode AFM image of (c) after washing with toluene; and (f) fluorescence

micrograph corresponding to (e). All of the fluorescence images are shown with the
same contrast and brightness settings.
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3.4 DISCUSSION

Given the wide range of polymers available and the high degree of precision
achievable over polymer brush length, patterned surface initiated ATRP is a
promising route to multifunctional surfaces.*'*? Efficient ATRP initiation
requires the rate of initiator radical formation to exceed the rate of
polymerization propagation.*’ Hence, ATRP initiator surfaces ordinarily
contain halogen atoms attached to carboradical stabilising groups, (e.g.,
tertiary halides in association with conjugating carbonyl groups).*>#44>% |n the
case of poly(vinylbenzyl chloride), benzyl radical stabilisation arises from
conjugation with the aromatic ring.*” Therefore, a high level of precursor
structural retention during plasmachemical deposition of the initiator layer is
critical for successful ATRP initiation. Indeed, this has been observed for
pulsed plasma deposited poly(vinyloenzyl chloride) layers, where good
agreement between measured XPS elemental compositions and predicted
theoretical values is found, as are definitive infrared fingerprint features, Table
3.2 and Figure 3.1. ATRP of poly(methyl methacrylate) brushes proceeds in a
highly controlled fashion from these plasmachemical deposited initiator
nanolayers as is evident from the linear increase in film thickness with the
time of polymerization, Figure 3.2.

Nanolithographic patterning of bilayer stack samples comprising 100
nm poly(vinylbenzyl chloride) covered with a 20 nm barrier layer of poly(N-
acryloylsarcosine methyl ester) has been achieved by employing the
molecular scratchcard technique.® In principle, even smaller feature sizes can
be envisaged by adopting sharper probes for piercing (e.g., carbon nanotube
SPM tips).*® For such ultrathin and soft polymer layers, the SPM probe retains
its sharpness to allow satisfactory patterning of several samples with no
perceptible loss in feature size (despite the direct contact methodology). This
is an important advantage compared to earlier attempts within this field where
tip wear has prevented the more widespread application of SPM lithographic
techniques. 90"’

For similar grafting times, there is a disparity between polymer brush
layer heights for grafting directly from pulsed plasma deposited
poly(vinylbenzyl chloride) and nanopatterned bilayer samples, with heights of
the nanopatterned poly(methyl methacrylate) features 4 to 5 times greater
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than the measured thickness of corresponding (effectively) infinite brush
layers, Figures 3.2, 3.4 and 3.5. This is contrary to previous reports for
patterned brushes found in the literature, where lateral relaxation of brushes
reduces the thickness of patterned features in comparison to infinite layers.
One explanation for the thickness of brush features in the present study could
be confinement of the grafted polymer chains causing them to extend
vertically. This could be brought about by an effective increase in initiator
density in patterned regions due to the concave shape of indentations or
trenches made using the SPM probe. However, it has been shown that ATRP
initiated at concave surfaces is actually expected to proceed more slowly than
that initiated from planar substrates.®®*® An alternative reason may be a
change in the polymerization kinetics owing to enhanced availability of initiator
sites in the case of nanopatterns. Further investigations are needed to
properly account for the formation of such large features and could include
varying the width of surface patterns by using SPM probes of differing
sharpness for patterning, and monitoring the shape of grafted brush features.

A striking observation made in this study has been lateral polymer
brush spreading under certain conditions, e.g., solvents. For ATRP grafted
poly(methyl methacrylate) brushes, diffusion of propan-2-ol molecules into this
amorphous polymer causes expansion to produce a swollen rubbery
material.®**®> Such chain solvation depends upon the thermodynamic
compatibility of the polymer with the solvent, and can be approximated
through comparison of the respective solubility parameters,®® Table 3.5. A
large difference implies that the polymer and solvent are thermodynamically
incompatible, and polymer dissolution does not progress beyond swelling. On
the other hand, if the difference is relatively small, then polymer chains
become disentangled and dissolve because of favourable solvent-polymer
intermolecular interactions. The extent and rate of this disentanglement is
influenced by numerous factors including the degree of cross-linking, polymer
molecular weight and solvent diffusion rate.>**"*® Surface tethered polymer
brushes grafted by ATRP can be regarded as negligibly cross-linked and of
low molecular weight; however, secure covalent anchoring of these polymer
chains to the substrate prevents their complete dissolution.*
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Table 3.5: Hansen solubility parameters for poly(methyl methacrylate) and various
solvents. The total solubility parameters (d,) consist of contributions from dispersion
forces (84), dipolar forces (8,) and hydrogen bonding (5y).%°

Components of 6,

Polymer / Solvent S,
04 Op Oh
Water 47.9 15.5 16.0 42.4
Methanol 29.7 15.1 12.3 22.3
Propan-2-ol 23.5 15.8 6.1 16.4
Poly(methyl methacrylate) 22.7 18.6 10.5 7.5
Tetrahydrofuran 19.4 16.8 57 8.0
Toluene 18.0 18.0 1.4 2.0
Cyclohexane 16.8 16.8 0 0.2

The aforementioned thermodynamic compatibility for solvent-polymer
pairs is primarily governed by the specific intermolecular interactions, Table
3.5. The total solubility parameters (8,) are a measure of internal cohesion
and contain contributions from dispersion forces (&4), dipolar forces (&) and
hydrogen bonding (3;) (Hansen three dimensional solubility parameters).>®
The more similar these contributing parameters are for two substances, the
more miscible they will be. Reported literature solubility parameters predict
that tetrahydrofuran should be a strong solvent for poly(methyl methacrylate)
because of its similar total solubility parameter (&,); therefore, the
corresponding polymer brushes can be expected to extend into the solvent
during immersion.>® Toluene also has a similar overall solubility parameter
(60), although it can be seen that polar and hydrogen bonding contributions
are much lower. In the case of toluene, however, additional specific -1
interactions are expected to exist between aromatic toluene and the 1 system
of the poly(methyl methacrylate) ester groups which are not accounted for by
the polar component of the solubility parameter. In contrast, non-polar
cyclohexane is predicted to be a much poorer solvent for poly(methyl
methacrylate), because of its very low values for both the dipolar solubility
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parameter (&,) and the hydrogen bonding parameter (6,) compared to
poly(methyl methacrylate), leading to a negligible interaction with the polymer
brush chains. For the case of lower alcohols and water, overall solubility
parameters (8,) predict them to be poor solvents for poly(methyl methacrylate)
because of the much greater level of hydrogen bonding (&n) present within
these solvents, yielding poor polymer-solvent miscibility. Hence, exposure to
water or methanol affords no change to poly(methyl methacrylate) brush
feature shape within the time scales utilised in this study, whereas a swelling
effect was observed following immersion in the slightly more compatible
solvent, propan-2-ol, and drying (for propan-2-ol the overall solubility
parameter is similar to that of poly(methyl methacrylate), but the much higher
contribution of hydrogen bonding within propan-2-ol indicates that it would be
a poor solvent and less likely to diffuse into poly(methyl methacrylate), as this
involves interaction with poly(methyl methacrylate) rather than with itself).
Slow diffusion of poor solvents into and out of a polymer matrix is known to
result in solvent entrapment. In fact, it is well known that lower alcohols are
poor solvents for poly(methyl methacrylate), and immersion may lead to
swelling rather than dissolution.®”:¢°

Hydrogen bonding of propan-2-ol molecules with the poly(methyl
methacrylate) brushes was confirmed by infrared analysis,®"®? Figure 3.7. The
reversible shift of the infrared ester carbonyl absorption towards lower
frequencies following exposure to propan-2-ol, accompanied by the
appearance of a shoulder on the peak at 1699 cm™, can be attributed to these
hydrogen bonding effects (which weaken the C=0 bond and thereby shift the
vibrations to a lower frequency).®*® Entrapment of propan-2-ol within the
polymer brushes (lowering the water contact angle to 70°) encourages their
lateral spreading across the adjacent hydrophilic surface, with a concurrent
drop in feature height. Removal of the trapped propan-2-ol by toluene or
tetrahydrofuran can be rationalised on the basis of poly(methyl methacrylate)
polymer brushes extending into these solvents, with concurrent displacement
of propan-2-ol into solution,?® thereby restoring the polymer brush features
back to their original form.

A similar argument may be made for the spillover of patterned
poly(glycidyl methacrylate) brushes with propan-2-ol, and their subsequent
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restoration using toluene. However, reaction of the pendant epoxy groups with
the highly polar fluorophore, Alexafluor 350 Cadaverine, yields derivatised
poly(glycidyl methacrylate) brushes which lose their affinity towards propan-2-
ol, (greater difference in polarity and hydrophilicity) Scheme 3.3 and Table
3.5. Instead, water now induces the swelling effect, which is consistent with its
greater compatibility with the hydrophilic character of the dye derivatised
polymer brushes. Fluorescence microscopy shows that these swollen
(extended) polymer brushes can be made to wet the adjacent poly(N-
acryloylsarcosine methyl ester) background and thus overlap, Figure 3.8.
Previously reported solvent responsive polymer brush layers have
shown only conformational transitions of block co-polymers or phase
separation of mixed polymers (where one of the film constituents displays
greater affinity towards a solvent).6#%€567 |n addition it is only the vertical
swelling and collapse of surface tethered polymer brushes that is documented
for good/poor solvents.®® The long lasting entrapment of poor solvents into
patterned ATRP brushes to provide a mechanism for lateral surface spreading
has not been previously accomplished. It is envisaged that this new surface
phenomenon provides an additional tool for fabricating smart multifunctional

surfaces.
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3.5 CONCLUSIONS

The surface patterning of poly(vinylboenzyl chloride) ATRP initiator sites
followed by polymerization using molecular scratchcard lithography can be
used to produce nanoscale three-dimensional polymer brush architectures
whose aspect ratios are responsive towards external stimulation. For
instance, the spreading and retraction of polymer brushes across a protein
resistant surface can readily be actuated by choice of solvent, thereby
providing the means for hiding and unveiling functional surfaces.
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CHAPTER 4
A COMBINED PLASMACHEMICAL
AND EMULSION TEMPLATING APPROACH
FOR ACTUATED MACROPOROUS

SCAFFOLDS
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4.1 INTRODUCTION

Materials containing interconnected pores are important to a plethora of

45 sensors,®

12,13

applications including gas storage,'? fuel cells,® catalysis,

191 microfluidic devices,

filtration,” chromatography,®® tissue engineering,
and biomineralisation." Polymeric scaffolds are particularly attractive for
many of these cases due to their low cost and light weight. A common
approach for making porous polymer structures involves templated
polymerization around the aqueous phase of high internal phase (>70 %
aqueous phase'®) water in oil emulsions (polyHIPEs). Variants of this
methodology include templated polymerization around alternative porogenic
substances such as salt crystals,'® colloids,'” and non-solvents,'® where the
final macroporous structures are obtained by drying, etching, or leaching for
porogen extraction. There are drawbacks in all of these cases, which include
large consumption of organic solvents and reagents, as well as waste
disposal. Moreover, polyHIPE materials are renowned for their poor

mechanical properties,'*?**'

making them difficult to implement for many
applications (such as catalysis, fuel cells, microfluidics and tissue
engineering) where, in fact, thin macroporous films supported on a robust
substrate would be a more viable alternative. One approach employed in the
past to produce supported porous films has been the ‘breath figure method’
whereby the condensation of water droplets onto a spin cast polymer layer
serves to template an interconnected pore structure.?? Nonetheless, even in
this instance, there are inherent disadvantages including the prerequisite for
precisely controlled humidity and a need for organic solvents (the evaporation
of which drives water condensation). Furthermore, such spin casting often
presents poor adhesion to the underlying substrate.

In this study, a plasmachemical deposition combined with solvent
templating approach is described that decouples pore functionalisation from
pore formation. Furthermore, it minimises the usage of expensive reagents
and waste generation, as well as offering applicability to a whole host of
substrate materials and geometries.?® Firstly, structurally well-defined
functional layers are produced by introducing the film precursor into a pulsed
electrical discharge.?*? Mechanistically, this entails the generation of active
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sites in the gas phase and also at the growing film surface during the short
duty cycle on-period (microseconds) followed by conventional polymerization
mechanisms proceeding throughout the prolonged duty cycle off-period
(milliseconds) in the absence of any UV-, ion-, or -electron-induced
damage.?®*’ The inherent reactive nature of the electrical discharge ensures
good adhesion to the underlying substrate via free radical sites created at the
interface during ignition of the plasma.

Although plasmachemical functionalisation of pre-assembled porous
supports is well known,? the only attempts to directly induce porosity into
plasma-deposited films have entailed selective leaching of low molecular
weight material, which have suffered from a lack control over length scales
and blistering or dissolution.?®*3° In this study it is demonstrated that
plasmachemical deposited functional layers can be templated to vyield
macroporous films containing an interconnected open cell structure by
introducing amphiphilic mediating species (such as cresyl violet perchlorate
or sodium dodecyl sulphate) in combination with non-solvent (such as water).
Furthermore, the host plasma polymer functional groups provide scope for
secondary functionalisation of the generated macroporous structure. For
instance, poly(vinyloenzyl chloride) films can be utilised for surface initiated
atom transfer radical polymerization (ATRP) of poly(glycidyl methacrylate) to
yield epoxide polymer brush functionalised macroporous layers, Scheme 4.1.
These can then be employed as scaffolds for actuated control of porosity.
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Scheme 4.1: Formation of porous pulsed plasma deposited poly(vinylbenzyl
chloride) films by seeding with cresyl violet perchlorate, followed by spontaneous
emulsion formation in water at elevated temperature (60 °C), and then additional
surface functionalisation of pores (e.g., ATRP).
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4.2 EXPERIMENTAL

4.2.1 Pulsed Plasma Deposition of Poly(vinylbenzyl chloride)
Poly(vinylbenzyl chloride) films were deposited by pulsed plasma deposition
as described in Chapter 2, section 2.2.1.

4.2.2 Porous Film Formation

Substrates bearing 3 pm thick pulsed plasma deposited poly(vinylbenzyl
chloride) layers were immersed in 0.15 mg L' aqueous solution of cresyl
violet perchlorate (analytical grade, Aldrich) for 16 h. Following removal from
solution, the samples were thoroughly rinsed with high purity water (BS 3978
Grade 1), and then soaked in fresh high purity water for an additional 16 h at
room temperature. In order to induce pore formation, the samples were then
placed inside a sealed jar containing high purity water and warmed to 60 °C
for 1 h. Finally, the films were dried under ambient conditions for 16 h prior to
analysis.

4.2.3 Surface Initiated ATRP of Poly(glycidyl methacrylate)

Porous poly(vinylbenzyl chloride) functionalised substrates were placed
inside a sealable glass tube containing copper (l) bromide (5 mmol, +98 %,
Aldrich), copper (Il) bromide (1 mmol, +99 %, Aldrich), 2,2-bipyridyl (12
mmol, +99 %, Aldrich), glycidyl methacrylate (0.05 mol, +97 %, Aldrich), and
propan-2-ol (4 mL, reagent grade, Fisher), Scheme 4.2. The mixture was
thoroughly degassed using freeze-pump-thaw cycles and then allowed to
undergo polymerization at room temperature for 4 h. Cleaning and removal of
any physisorbed ATRP polymer was accomplished by successive rinsing with
propan-2-ol and tetrahydrofuran. Fluorescent tagging of the surface grafted
poly(glycidyl methacrylate) epoxide centers was achieved by brief
submersion into a 1 mg dm™ aqueous solution of Alexafluor 350 Cadaverine
dye (analytical grade, Invitrogen Ltd), followed by extensive rinsing with high
purity water, Scheme 4.2.
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Scheme 4.2: ATRP grafting of glycidyl methacrylate onto pulsed plasma deposited
poly(vinylbenzyl chloride) initiator layer followed by nucleophilic ring opening of the
epoxide centres using Alexafluor 350 Cadaverine dye.

4.2.4 Film Characterisation
Film thickness, infrared spectra and XPS elemental compositions were
measured as described in Chapter 2, Section 2.2.3. Fluorescence
microscope images, atomic force microscope (AFM) images and sessile drop
contact angles were obtained as described in Chapter 3, Section 3.2.4.
Surface micrographs were obtained with a scanning electron
microscope (Cambridge Stereoscan 240). Prepared specimens were placed
onto carbon discs and then mounted onto aluminium holders, followed by
deposition of 15 nm gold coating (Polaron SEM coating unit). For cross-
sectional images, samples were frozen and snapped under liquid nitrogen

prior to mounting.
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4.3 RESULTS

4.3.1 Pulsed Plasma Deposition of Poly(vinylbenzyl chloride)

XPS analysis of the pulsed plasma deposited poly(vinylbenzyl chloride) ATRP
initiator layers yielded elemental compositions and infrared spectroscopy
fingerprint features identical to those in Chapter 2, thereby indicating good
structural retention of the benzyl chloride functionality, Table 4.1 and Figure
4.1.

Table 4.1: XPS elemental compositions of pulsed plasma deposited poly(vinylbenzyl
chloride).

Pulsed Plasma Deposited Elemental Composition

Poly(vinylbenzyl chloride)

C % 0 % N% Cl%

Theoretical 90 0 0 10

As deposited
Experimental 90 + 1 0 0 101

Immersion in cresyl

violet (aq) Experimental 73+2 20+2 4+1 31

Cresyl violet (aq) +

16 h water rinsing Experimental 79+2 14+2 2+1 5+1
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Figure 4.1: Infrared spectra of: (a) vinyloenzyl chloride monomer; (b) pulsed plasma
deposited poly(vinylbenzyl chloride); (c) pulsed plasma deposited poly(vinylbenzyl
chloride) following immersion in cresyl violet perchlorate solution; (d) following 16 h
water rinsing of (c) at 22 °C and drying for 16 h in air at 22 °C; (e) following
immersion of (d) in water at 60 °C for 1 h and then drying for 16 h in air at 22 °C; (f)
poly(glycidyl methacrylate) ATRP grafted onto (e); and (g) glycidyl methacrylate
monomer.
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A linear film deposition rate of 193 + 34 nm min' and water contact
angle values of 80 *+ 1° (not hydrophilic) were measured. Optical micrographs
and fluorescence images (gathered at the excitation wavelength for cresyl
violet perchlorate) were featureless, thereby confirming that the deposited

films were smooth and homogenous, Figures 2.1 and 4.2.

Fluorescence Optical

(a)

Figure 4.2: Fluorescence and corresponding optical micrographs (x10 magnification)
of pulsed plasma deposited poly(vinylbenzyl chloride) films: (a) as deposited; (b)
following immersion in cresyl violet solution; and (c) following immersion in cresyl
violet perchlorate solution, rinsing in water at 22 °C for 16 h, soaking in water at 60
°C for 60 min, and then drying in air at 22 °C for 16 h.
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4.3.2 Interaction with Cresyl Violet Perchlorate Amphiphile

Fluorescence microscopy showed that immersion of pulsed plasma deposited
poly(vinyloenzyl chloride) films in cresyl violet perchlorate solution for 16 h
resulted in uptake of the fluorophore, Figure 4.2. Subsurface penetration of
cresyl violet perchlorate was evident by the greater number of crystals
detected by fluorescence microscopy compared to those visible at the surface
by optical microscopy, Figure 4.2. Furthermore, XPS elemental analysis
confirmed the presence of cresyl violet perchlorate on the surface of pulsed
plasma deposited layers via detection of N(1s) and O(1s) fluorophore signals,
Table 4.1. Infrared spectroscopy identified a broad absorbance centred at
1690 cm™ (H-O-H bend attributed to the crystallisation of water associated
with cresyl violet perchlorate),®'* Figure 4.1. This was found to be absent
when N,N-dimethylformamide was employed instead as the solvent for cresyl
violet  perchlorate  under otherwise identical conditions (N,N-
dimethylformamide is an alternative polar solvent that dissolves cresyl violet
perchlorate).>® Retention of the benzyl chloride infrared absorbances
confirmed that no chemical changes to the polymer bulk had taken place
during contact with aqueous cresyl violet perchlorate solution, Figure 4.1.

In addition to the aforementioned macroscale examination by
fluorescence and optical microscopy, AFM was employed to monitor the
microscale. Tapping mode height images confirmed that pulsed plasma
deposited poly(vinylbenzyl chloride) surfaces were featureless, and only a
slight roughening was visible following 16 h immersion in high purity water
and then drying in air at 22 °C for 16 h, Figure 4.3. In contrast, immersion in
aqueous cresyl violet perchlorate solution for 16 h and then drying in air at 22
°C for 16 h gave rise to crater formation around crystals on the film surface.
Subsequent rinsing of these samples in high purity water at room temperature
for 16 h removed the crystals to yield additional crater features. Partial
removal of cresyl violet perchlorate from the surface during rinsing is
supported by XPS analysis, which indicated a corresponding drop in surface
oxygen and nitrogen content associated with the fluorophore, Table 4.1 and
Scheme 4.1.
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Figure 4.3: 20 uym x 20 um AFM micrographs of pulsed plasma deposited
poly(vinylbenzyl chloride) surfaces: (a) as deposited; (b) following rinsing in high
purity water for 16 h and then drying in air at 22 °C for 16 h; (c) following 16 h
immersion in aqueous cresyl violet perchlorate solution; and (d) following rinsing of
(c) in high purity water for 16 h and then drying in air at 22 °C for 16 h.

Interactions between cresyl violet perchlorate and the pulsed plasma
deposited poly(vinylbenzyl chloride) films was further investigated using 4-
methylbenzyl chloride as an analogue to represent the pendant benzyl
chloride functionality contained in the pulsed plasma deposited layers,
Structures 4.1 and 4.2. Infrared spectra taken for 1 g dm™ solutions of cresyl
violet perchlorate in 4-methylbenzyl chloride showed no perturbation in the
position or intensity of the fingerprint region infrared absorbances for 4-
methylbenzyl chloride, thereby providing further confirmation that no chemical
reaction is to be expected to occur between the pulsed plasma deposited
poly(vinyloenzyl chloride) layers and cresyl violet perchlorate, Figure 4.4.
Moreover, subtraction of the 4-methylbenzyl chloride infrared spectrum from
that of the solution yielded the characteristic absorbances of cresyl violet
perchlorate. These absorbances were comparable in width to those
measured for cresyl violet perchlorate dissolved in water, and notably sharper
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than those observed for the bulk crystalline material, Table 4.2. This is
indicative of free rotation in both liquids, i.e., cresyl violet perchlorate can be
solvated by both water and 4-methylbenzyl chloride (and therefore
poly(vinylbenzyl chloride)).

Cl

Structure 4.1: Poly(vinylbenzyl chloride).

Cl

Structure 4.2: 4-methylbenzyl chloride.
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Figure 4.4: Infrared spectra of (a) 4-methylbenzyl chloride; (b) 0.1 mg dm™ solution
of cresyl violet perchlorate in 4-methylbenzyl chloride; (c) solvent subtracted
spectrum of cresyl violet perchlorate dissolved in 4-methylbenzyl chloride; (d) solvent
subtracted spectrum cresyl violet perchlorate dissolved in water; and (e) cresyl violet
perchlorate bulk crystalline material.
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Table 4.2: Infrared full-width-at-half-maximum (FHWM) peak widths corresponding to
Figure 4 .4.

Peak FWHM (cm’)

Absorbance® .
Solution Solution Crystal

1642 cm (in plane fused ring
vibration) 20 23 36
1579 cm™ (NH bending of amino 15 18 26

groups)

1543 cm™ (NH; out-of-plane

bord) 10 11 17

4.3.3 Macroporous (polyHIPE) Structure Formation

In order to create macropores, the aforementioned samples (which had been
immersed in aqueous cresyl violet perchlorate solution and rinsed in water)
were stored in high purity water for 1 h at 60 °C. During this period, the
polymer layer appearance changed from translucent (prior to heating) to
opaque, and remained so upon subsequent drying in air. Fluorescence and
optical micrographs revealed an interconnected porous structure (pore
diameters of 1 — 10 um) which is comparable to the 3D pore geometry of
conventional poly(vinylbenzyl chloride) polyHIPE structures,'>® Figure 4.2.
These macropores were clearly visible by high-resolution scanning electron
microscopy (SEM), Figure 4.5. Moreover, the smooth and largely spherical
pore morphology is consistent with solvent templating.*®*"* Furthermore,
pore diameters (up to 10 um) greatly exceed the dimensions of cresyl
perchlorate crystals observed on poly(vinylbenzyl chloride) surfaces (< 1 um)
thereby eliminating crystal templating as an explanation for pore formation,
Figures 4.3 and 4.5. Cross-sectional SEM micrographs confirm that porosity
extends throughout the polymer films, which are distended from an initial
thickness of 3 um to 10 um. These measurements effectively eliminate partial
dissolution of plasmachemical polymer layers as being an alternative
explanation for the creation of pores.?
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Figure 4.5: SEM images of pulsed plasma deposited poly(vinylbenzyl chloride)
following 16 h immersion in aqueous cresyl violet perchlorate solution and then: (a)
subsequent immersion in water at 22 °C for 1 h and drying in air at 22 °C for 16 h;
(b) — (d) subsequent immersion in water at 60 °C for 1 h and drying in air at 22 °C for
16 h, where (d) corresponds to the cross-section. The pore diameters range
between 1 — 10 um. The interconnecting pore hole size range is 201 + 65 nm in
diameter. The pore wall thickness range is 172 £ 80 nm.

A series of control experiments using alternative reagents were
undertaken to further elucidate the mechanism of pore formation. These
employed identical conditions to those already used to generate the
macroporous structures in pulsed plasma deposited poly(vinyloenzyl chloride)
films (i.e., 16 h immersion in dissolved cresyl violet perchlorate solution, 16 h
rinsing in solvent at 22 °C, immersion in solvent at 60 °C for 1 h, and air
drying). First of all, rinsing the pulsed plasma deposited poly(vinylbenzyl
chloride) films with only deionised water (in the absence of cresyl violet
perchlorate) produced no porosity (featureless AFM, fluorescence and optical
micrographs), thereby confirming that cresyl violet perchlorate plays a critical
role in pore formation. Replacement of water with N,N-dimethylformamide (an
alternative polar solvent) throughout also resulted in the absence of porosity,

117



which demonstrates the importance of water for templating. Finally, the
choice of sodium dodecy! sulphate as a different amphiphile to cresyl violet
perchlorate for mediating the interaction between water and pulsed plasma
deposited poly(vinylbenzyl chloride) films (16 h immersion in 0.5 % (w/v)
aqueous sodium dodecyl sulphate solution, followed by rinsing in water,
heating at 60 °C in water, and drying) caused the appearance of the polymer
film to change from translucent to opaque during heating, and SEM images
taken after drying revealed the formation of macroporous (polyHIPE)
structures, thereby confirming that amphiphilic surfactant action between
water and pulsed plasma deposited poly(vinylbenzyl chloride) underpins the
formation of macroporous structures, Figure 4.6.

Figure 4.6: SEM image of pulsed plasma deposited poly(vinylbenzyl chloride)
following immersion in aqueous sodium dodecyl sulphate solution at 22 °C, then
immersion in water at 60 °C for 1 h, and finally drying in air at 22 °C for 16 h.
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4.3.4 Surface Functionalisation of Macropores
Surface-initiated ATRP has previously been performed on conventional
polyHIPE materials by incorporating bromoester-functionalised styrene

initiators into  the starting emulsion.?*4%*!

Pulsed plasma deposited
poly(vinylbenzyl chloride) layers have previously been used for the initiation
of atom transfer radical polymerization (ATRP) to create polymer brushes*
and the infrared spectra of fabricated porous plasmachemical
poly(vinylbenzyl chloride) films indicated retention of the ATRP initiating
benzyl chloride functionality, Figure 4.1. Therefore ATRP grafting of glycidyl
methacrylate onto the macroporous films was undertaken, and ATR infrared
spectroscopy showed characteristic signature absorbances of poly(glycidyl
methacrylate)®"*® at 1726 cm™ (C=0 ester stretch, instead of 1714 cm™ for
the monomer due to conjugation with the vinyl group), 1152 cm” (C-O
stretch), 1254 cm™ (epoxide ring breathing), 906 cm’* (antisymmetric epoxide
ring deformation), and 841 cm” (symmetrical epoxide ring deformation),
Figure 4.1. Absence of the glycidyl methacrylate monomer vinyl absorbances
at 1637 cm™ (C=C stretch) and 941 cm™ (vinyl CH, wag) provided additional
evidence for ATRP having taken place.

Subsequent fluorescent tagging of the poly(glycidyl methacrylate)
brushes via nucleophilic ring opening of the epoxide centres was carried out
using a dilute solution of Alexafluor 350 Cadaverine dye, Scheme 4.2.
Fluorescence microscopy confirmed reaction of the fluorophore with the
poly(glycidyl methacrylate) brushes, Figure 4.7. Imaging at the excitation
wavelengths of 640 nm and 360 nm for both cresyl violet perchlorate and
Alexafluor 350 Cadaverine dye respectively confirmed the grafting of
poly(glycidyl methacrylate) brushes directly onto the underlying porous
structure, Figure 4.7.
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Figure 4.7: Fluorescence micrographs of pulsed plasma deposited poly(vinylbenzyl
chloride): (a)-(b) following immersion in aqueous cresyl violet perchlorate solution for
16 h, and then rinsing in water at 60 °C for 1 h (red excitation at 640 nm for cresyl
violet perchlorate); and (c)-(d) following exposure of (a) and (b) to ATRP grafting
conditions for glycidyl methacrylate for 4 h and then immersion in Alexafluor 350
Cadaverine dye (excitation wavelengths for cresyl violet perchlorate (640 nm - red)
and Alexafluor 350 Cadaverine dye (360 nm - blue)).

4.3.5 Polymer Brush Swelling and Collapse

ATRP grafted poly(glycidyl methacrylate) brushes tagged with Alexafluor 350
Cadaverine dye have previously been shown to exhibit solvent responsive
behaviour, Figure 3.8. Owing to the hydrophilic nature of the fluorophore,
these tagged brushes swell upon exposure to water, which in turn can be
removed by exposure to hygroscopic organic solvents. AFM topography
measurements of such ATRP grafting of poly(glycidyl methacrylate) onto
macroporous poly(vinylbenzyl chloride), followed by reaction with Alexafluor
350 Cadaverine dye and extensive aqueous rinsing, showed complete
coverage of pore features, thereby indicating that the swollen tagged
poly(glycidyl methacrylate) brushes have filled the pores, Figure 4.8.
Furthermore, the underlying porous poly(vinyloenzyl chloride) structure could
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be observed using fluorescence microscopy taken at the excitation
wavelength for cresyl violet perchlorate (640 nm - red), whilst those taken
using the excitation wavelength of Alexafluor 350 Cadaverine dye (360 nm -
blue) over the same area showed very little contrast, indicating the presence
of the tagged polymer brushes across the entire pore structure. Water
removal from these layers was accomplished by soaking in a hygroscopic
solvent (tetrahydrofuran), which resulted in the restoration of porosity, as
verified by both by fluorescence microscopy and AFM height images, Figure
4.8. This behaviour was shown to be reversible.
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640 nm

(a)

Figure 4.8: 50 um x 50 um tapping mode AFM images (z scale is 1500 nm) and
corresponding fluorescence micrographs (excitation wavelengths for cresyl violet
perchlorate (640 nm - red) and Alexafluor 350 Cadaverine dye (360 nm - blue)) of
pulsed plasma deposited poly(vinyloenzyl chloride): (a) following immersion in
aqueous cresyl violet perchlorate solution, and then rinsing at 60 °C for 1 h; (b)
following exposure of (a) to ATRP grafting conditions for glycidyl methacrylate for 12
h, brief immersion in Alexafluor 350 Cadaverine dye, followed by 16 h aqueous
rinsing at 22 °C; and (c) following immersion of (b) in tetrahydrofuran and drying.
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4.4 DISCUSSION

Macroporous polymers can be fabricated using high internal phase emulsion
(HIPE) techniques, where the continuous organic phase consists of the
monomer templated around the internal aqueous phase prior to
polymerization, and then the aqueous phase is removed to leave behind a
micron-scale interconnected porous structure.** These emulsions are
necessarily stabilised by the addition of surfactants (which serve to lower the
interfacial energy between the two phases, and hence prevent separation),
but nonetheless their formation involves extensive mixing of the organic and
aqueous phases. In marked contrast, the present study has demonstrated a
completely different approach, where polymerization takes place prior to pore
formation. The porous film structure is indicative of emulsion templating
(smooth, spherical interconnected pores) and no pore formation was
observed following exposure to miscible solvents. This indicates that an
emulsion formed spontaneously at elevated temperatures between the pulsed
plasma deposited polymer (impregnated with amphiphilic species) and water
to create macroporous structures. Ordinarily emulsions require the input of
work (mixing) for formation, but no mechanical action was used in the present
case. Spontaneous emulsion formation is well documented in the case of
microemulsions, where the addition of a significant amount of a mediating
(surfactant) species lowers interfacial energy between two immiscible phases
to such an extent that the contacting area is spontaneously maximised by
emulsion formation.***® Although the dimensions of generated pores
obviously negates comparable microemulsion formation, the observation of
surface craters around cresyl violet perchlorate crystals does indicate
spontaneous maximisation of the water-pulsed plasma deposited
poly(vinyloenzyl chloride) interface even at room temperature, pointing
towards a related mechanism for emulsion formation, Figure 4.3. In the case
of cresyl violet perchlorate, favourable interaction with both water and pulsed
plasma deposited poly(vinylbenzyl chloride) can be understood by
consideration of its molecular structure, Scheme 4.1. The ionic component of
the molecule confers hydrophilicity, whilst the extended aromatic structure
facilitates interaction with the benzyl chloride moieties contained within the
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pulsed plasma deposited poly(vinylbenzyl chloride) film. Control experiments
using 4-methylbenzyl chloride has confirmed this behaviour, Figure 4.4.
Indeed, many similar organic dyes have previously been shown to disperse
within aromatic polymer matrices via -1t interactions.*”*® The utilisation of an
alternative amphiphilic species (sodium dodecyl sulphate, which is known to

4950) has also

mediate interactions between vinylbenzyl chloride and water
been shown to impart porosity. In contrast, organic solvents (such as N,N-
dimethylformamide) are less expected to form emulsions with polymers due

to their higher miscibility.”’

Indeed, poly(vinylbenzyl chloride) has been
reported to dissolve in N,N-dimethylformamide,®® which helps to account for
why the pulsed plasma deposited poly(vinylbenzyl chloride) layers are not
templated by N,N-dimethylformamide solutions.

In keeping with conventional bulk emulsion polymerization methods, a
finite amount of the surfactant is retained.>® This is due to the equilibrium
dispersion of surfactant between organic and aqueous phases. UV-Vis
measurements showed that cresyl violet perchlorate partially disperses from
aqueous solutions into methyl benzyl chloride liquid, and vice versa following
a 16 h equilibration period. In the present study, the retention of a very small
amount of cresyl violet perchlorate fluorophore within the porous polymer
films has allowed fluorescence microscopy to be used as a tool, which offers
the advantage of film inspection under ambient conditions (in contrast to
SEM) as well as examination of subsurface morphology.

Apart from the mediating effect of surfactants, the stability of
conventional water in oil microemulsions can also be enhanced by increasing
the viscosity of the organic phase.> For the case of pulsed plasma deposited
poly(vinylbenzyl chloride), although these films are not sufficiently flexible at
room temperature to form emulsions, the plasmachemical layer can be
considered to become a highly viscous organic phase at elevated
temperatures. AFM height images show shallow crater formation at the film
surface following exposure to cresyl violet perchlorate solution under ambient
conditions, which is indicative of a limited amount of film deformation
occurring at the solid-liquid interface around water droplets in order to
maximise interfacial contact, Figure 4.3. This effect is enhanced at raised
temperatures, with the greater polymer mobility allowing films to stretch
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around water droplets to create an emulsion. This is akin to the thermoplastic
behaviour of conventional poly(vinyloenzyl chloride), which becomes more

flexible at elevated temperatures®-®

(Ty of poly(vinylbenzyl chloride) for a
molecular weight of 100,000 g mol’ has been reported to be 70 °C*).
Indeed, fluorescence images of 3 um thick spin-coated poly(vinylbenzyl
chloride) samples, treated in the same way as the plasma deposited samples
(16 h exposure to cresyl violet solution, followed by 16 h rinsing in high purity
water and 1 h in water at 60 °C) indicated that some interaction had occurred
to form crater-like features, Figure 4.9. However, the polymer films appeared
translucent and homogenous under the optical microscope, and heating
frequently led to delamination of spin-coated films. It is speculated that water-
filled porous structures may have formed during the heating stage, and then
collapsed prior to characterisation, although more experiments are needed to
confirm this. It is anticipated that optimisation of the molecular weight and
degree of cross-linking for conventional poly(vinylbenzyl chloride) could
potentially yield comparable macroporous films using the methodology
described in the present study, although these parameters are not known for
either the plasma deposited or spin coated layers used at present.

Figure 4.9: Fluorescence micrograph of spin coated poly(vinylbenzyl chloride)
following 16 h exposure to cresyl violet solution, followed by 16 h rinsing in high
purity water and 1 h in water at 60 °C. Scale bar corresponds to 100 um.

The proposed mechanism for pore generation is therefore dependent
upon a combination of surfactant action and polymer flexibility. A key feature
is that unlike traditional approaches where polymerization takes place post
emulsion (pore) formation, the present method effectively decouples the
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polymerization step completely from emulsion formation. This is important
given that conventional emulsions used to fabricate polyHIPE materials are
highly complex formulations comprising solvents, surfactants, monomer(s),
cross-linker, and polymerization initiators, where the molecular structure and
concentration of each of these components affects emulsion stability and the
resulting pore dimensions and morphology.***® In such cases, porosity is also
influenced by further factors including the material of the container contacting
the emulsion during polymerization, temperature, and mixing speed.** Overall
this means that a delicate balance of process conditions is required to
reproducibly fabricate conventional open cell macroporous polymers. By
decoupling the polymerization step, the present method allows for better
control over the macromolecular architecture for a variety of surfactants
(including cresyl violet perchlorate, which is not ordinarily considered to
behave as a surfactant due to its small size). Raising the temperature can be
expected to affect the flexibility of the pulsed plasma deposited
poly(vinylbenzyl chloride) layer during the pore formation step, which will lead
to increased coalescence of water phase droplets to yield larger pore sizes
(analogous to decreased viscosity of the organic phase of a standard HIPE

mixture®” %),

Other variables for controlling pore size could include
pressure® and surfactant concentration.® The main practical advantages of
the described technique are that the plasmachemical deposition step is
substrate-independent and solventless, whilst the spontaneous emulsion
formation requires only the use of environmentally friendly aqueous solutions.
A straightforward extension of this approach can be envisaged for the
fabrication of a whole host of functionalised macroporous structures, given
the wide range of well-defined plasmachemical deposited functional layers
that are available. In addition, the generated macroporous structures can be
further functionalised by either plasmachemical or conventional wet
techniques (e.g., ATRP), which broadens the scope for potential applications
(given the wide array of monomers and functionalities available - including

bioactive hydrophilic polymers®*3).
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4.5 CONCLUSIONS

Macroporous (polyHIPE) structures can be fabricated by impregnation of
plasmachemical deposited polymeric films with an amphiphilic templating
species followed by spontaneous emulsion formation. This enables the
decoupling of pore functionalisation from pore formation. For instance,
subsequent atom transfer radical polymerization (ATRP) of polymer brushes
onto the pore surfaces facilitates pore size actuation. These functionalised
macroporous scaffold structures have potential application for catalysis, fuel
cells, gas storage, and biotechnology.
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CHAPTER 5
PART 1: NANOPLASMA SURFACE

ELECTRIFICATION
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5.1.1 INTRODUCTION

Direct nanoscale writing of charge onto surfaces has potential applications for
data storage,"? xerography,®* self-assembly,>® and electronics.” One
powerful and promising tool for such patterning of surface charge is the
scanning probe microscope (SPM).2 It allows spatially localised and controlled
electrification of insulators by application of a bias voltage to the sharp SPM
probe tip positioned in close proximity to the surface of interest. Detection of
the deposited charge can be accomplished by operating the SPM probe in
electric field microscopy mode (EFM) with nanoscale lateral resolution.
Specifically, two distinct approaches are known for SPM surface
electrification: the most common is a contact mode methodology, where the
probe tip makes direct contact with the sample surface prior to application of a
bias voltage across the probe tip and underlying electrode.®'®""2 Sych
contact mode electrification has been successfully applied to a whole host of
insulators. Reproducibility of data can be problematic, however, given that
experimental parameters such as the effective contact area and film thickness
govern the efficacy of charge deposition.”®'*'® Furthermore, there are
prerequisites for the film to be ultrathin and in good contact with the
conducting back electrode; thus limiting the technique to specially prepared
substrates and precluding more widespread applicability.’® The alternative is
non-contact SPM surface charge deposition which is based on localised
corona discharge formation, and circumvents the aforementioned drawbacks,
as well as minimising damage to both the tip and underlying substrate. In this
case, the conducting SPM probe tip is held at a fixed distance above the
sample surface whilst a bias voltage is applied between the probe tip and the
underlying metallic sample holder (the counter electrode). Due to the extreme
curvature of the SPM probe tip (less than 10 nm), the local electric field
exceeds the dielectric breakdown of air, resulting in a corona discharge.'’
This approach eliminates any requirement for specially prepared ultrathin films
deposited onto conducting substrates. However, to date, it has been limited to
some early proof-of-concept studies for polymethylmethacrylate and silicon
nitride substrates.'”'8'°

In this study, spatially confined electrification of a wide range of
polymer surfaces is explored by applying a bias voltage to the scanning probe
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tip whilst positioned above the sample. The deposited surface charge has
subsequently been imaged by electric force microscopy (EFM).
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5.1.2 EXPERIMENTAL

5.1.2.1 Sample Preparation

Thin polymer films (thickness 300 — 500 nm) were coated onto silicon wafer
pieces (1 cm x 1 cm, 525 + 25 ym thickness, electrical conductivity of 0.05 —
0.2 Scm', MEMC Electronic Materials Inc). Polystyrene (Sigma-Aldrich Inc),
polymethylstyrene (Polymer International Ltd), polymethoxystyrene (Polymer
International Ltd), polyisopropylstyrene (Polymer International Ltd),
polytertbutylstyrene (Polymer International Ltd), polymethylmethacrylate
(Sigma-Aldrich Inc), polyhydroxyethylmethacrylate (Sigma-Aldrich Inc) and
polychlorostyrene (Polymer International Ltd) were spin cast from 2% w/v
solutions in toluene. Polyvinylchloride (Goodfellow Ltd) was spin cast from a
2% w/v solution in tetrahydrofuran. Polyvinylidene fluoride (Aldrich) was spin
cast from a 2% w/v solution in N,N-dimethylformamide. Polyvinylalcohol
(Sigma-Aldrich Inc) and polyethyleneoxide (Sigma-Aldrich Inc) were spin cast
from 2% w/v solutions in propan-2-ol. A spin coater (Cammax Precima)
operating at 2000 rpm for 30 s was used, and the cast films were allowed to
dry under ambient conditions for 16 h. Nylon 6-6 (Goodfellow Ltd) pieces
were cut from a sheet, wiped with propan-2-ol, and stuck to silicon wafer using
double sided electrically non-conducting adhesive tape (Sellotape, 503874). In
all cases, root-mean-square surface roughness was measured by AFM to be
less than 2 nm.

5.1.2.2 SPM Charge Deposition

Polymer coated silicon wafer pieces were fixed onto 0.75 mm thick steel
sample holder discs using double sided adhesive tape (Sellotape, 503874),
and then loaded into a Nanoscope Il atomic force microscope which was
fitted with control and signal access modules (Digital Instruments). A
conducting chromium sputter coated EFM probe tip was used for charge
deposition and imaging (MikroMasch, Estonia, NS15/Cr, force constant ~ 40
Nm™”, resonance frequency ~ 270 kHz, nominal tip radius 10 nm). This
entailed the application of a bias voltage between the probe tip and the metal
sample holder disc using a custom designed high voltage D.C. power supply
(x180 V) which was gated through the signal access module. Probe tip
movement in the x, y, and z planes, and bias voltage application to the tip
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were controlled by Veeco Nanolithography Software (version 5.30r1). The
charge deposition protocol comprised disabling tapping mode operation,
followed by positioning of the probe tip to a predetermined height above the
sample surface (5 — 100 nm), and then switching on the bias voltage for a
predetermined time period (10 ms — 20 s).

The overall counter electrode consisted of the polymer layer coated
silicon wafer (with its native oxide layer intact) fixed to the electrically
grounded metal sample holder disc using double sided adhesive tape,
Scheme 5.1.1. The SPM probe tip was effectively separated from the
grounded metal sample holder disc by a maximum total distance (D) of 0.65
mm.

«— Tip Radius, r

2y
D —q_Polymer Film
<«—Silicon Wafer

AL AL S L S S /s /-«<—Adhesive Tape

<«——Metal Disc

Scheme 5.1.1: SPM corona charging and EFM charge detection. Where D comprises
adhesive tape (0.1 mm), silicon wafer (0.525 = 0.025 mm), and polymer film (300 —
500 nm).

The electric field, E, generated by application of a voltage, V, to the
probe tip apex can be approximated using Equation 5.1." The tip of nominal
radius r (10 nm) is modelled as a hyperboloid with curvature 1/r, and is
separated from the metal sample holder disc by an effective distance D (0.65
mm).

.V Je(1+¢)
D /& + 1+ &

) where é=D/r (Equation 5.1)
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By taking the stated values of D and r in conjunction with the reported
dielectric strength of air (E) as being equal to 3 x 10° Vm',?*#' the localised
dielectric breakdown threshold voltage is calculated using Equation 5.1 to
equal approximately 0.187 V; whilst replacement of the insulating adhesive
tape with an electrically conducting tape yields a calculated value of
approximately 0.079 V. These localised dielectric breakdown threshold
voltages are significantly smaller in magnitude than the typical tip bias
voltages employed in the present study (>12 V) and, therefore, corona
discharge formation is to be expected.

5.1.2.3 Electric Force Microscopy

Following SPM charge deposition, topography and phase shift images were
acquired for each surface, Scheme 5.1.2. Intermittent contact (tapping) mode
operation of the AFM used for these scan lines involves oscillation of the AFM
probe at close to its resonance frequency. The amplitude of this oscillation is
chosen such that it drives the tip alternately between the short range attractive
and hard sphere repulsive interaction regimes with the surface (it ‘taps’ the
surface).?? Each contact with the surface results in a loss of energy, thereby
dampening tip oscillation in comparison to the free amplitude of tip oscillation
in air.?®> The preselected amplitude is maintained via a feedback mechanism
whereby the underlying sample position is precisely controlled by piezoelectric
elements (which facilitate movements in the xyz planes), while the probe is
simultaneously scanned in a raster pattern across the surface.?*?

The modus operandi for EFM comprises a double pass methodology,
whereby the topography for each scan line is initially measured with a
grounded conducting SPM probe tip operating in conventional tapping mode
close to the surface (tip-to-sample distances < 10 nm?), followed by a second
scan, during which a much larger preselected separation is maintained
between the biased probe tip and sample surface (typically 100 nm), Scheme
5.1.2.272% This large tip-to-substrate separation is chosen such that Van der
Waals forces no longer influence the probe tip, and any detected response
can be attributed to electrostatic forces because of their weaker distance
dependency.”
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Scheme 5.1.2: SPM scanning for: (a) conventional AFM tapping mode topographical
imaging (tip-to-sample distances < 10 nm); and (b) lift mode EFM scanning over the
same line for charge imaging.

These electrostatic forces, F, acting upon the EFM probe tip during a
scan can be broken down into two component forces: the capacitive
interaction between the probe tip and underlying counter-electrode (metal disc
sample holder), and Coulombic forces due to static charges present on the

substrate surface, as detailed in Equation 5.2.2%°

F= (Zg Vl‘2 ESQZ‘ (Equation 5.2)

(Capacitative) (Coulombic)

The first term corresponds to the capacitative interaction, where dC/dD
is the derivative of capacitance between the probe tip and underlying metal
disc electrode with respect to their separation (D), and V. is the voltage
applied to the probe tip. In the case of conventional EFM imaging of dielectrics
(which requires ultrathin dielectric films to be in conformal contact with an
underlying conducting electrode), D is very small and allows the measurement
of capacitative interaction between the SPM probe tip and the underlying
conducting substrate.2*'*2% This enables electric force imaging of spatial
variations in dielectric constant for neutral uncharged samples (the absence of
surface charges means that there are no Coulombic forces which leaves only
the capacitative interaction component in Equation 5.2).%'3*%° On the
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contrary, for the case where there is charge present at the surface, it becomes
difficult to differentiate between contributions made to the detected phase shift
component which are attributable to the presence of surface charge versus
those contributions belonging to native variations of dielectric constant.

In contrast, for the present experimental set-up, the value of D exceeds
the tip radius by many orders of magnitude (0.65 mm and 10 nm respectively),
and so capacitance for such systems occurs between the counter metal disc
holder electrode and the entire SPM probe (cantilever, conical region and tip
apex).®* The resultant force gradient is proportional to 1/D® and is not
localised to the probe tip. Therefore, the contribution towards electrostatic
force attributable to capacitance between the probe and underlying metal disc
counter electrode can be considered as being constant on the microscale.
This explanation is supported by the consistently featureless EFM
micrographs observed prior to each electrification experiment (with £12 V
applied to the probe tip).

Consequently, any phase shift responses measured in lift mode must
relate to variation of electrostatic interaction between the SPM probe tip and
localised surface charge. This contribution is taken into account by the second
term EsQ; in Equation 5.2, which corresponds to the Coulombic component
associated with surface charge, where Eg represents the induced electric field
at the probe apex by the static charges present on the substrate surface, and
Q: is the effective charge formed on the probe tip (this includes contributions
from both the applied bias V; and induction due to substrate surface charge).
These Coulombic forces operate over the much smaller tip-to-substrate
distance, z (lift height, typically 100 nm).

The phase shift, A®, arising from these electrostatic forces, F, in
relation to the probe tip-to-sample separation z, is given by Equation 5.3,
where, Q is the cantilever quality factor and k is the cantilever spring constant,
Scheme 5.1.2.%

_QdF(z)

AD ~
¢Kdz

(Equation 5.3)
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For AFM imaging, the phase lag (®) of the SPM probe tip is defined as
the difference between the frequency of oscillation set by the driving
transducer and the actual frequency of oscillation of the cantilever, ordinarily
expressed in degrees. The measured phase shift (A®) represents the
difference between the phase lag of the freely vibrating cantilever (® ee), and
the phase lag of the cantilever interacting with the sample (® interacting)-

A®D=Pee - (Dinteracting (Equation 5.4)

According to the theory of freely driven oscillators, the phase lag of a
freely vibrating cantilever (@) at its maximum amplitude is 90°*® The phase
lag of the cantilever interacting with a substrate (@interacting) IS dependent on
tip-substrate interactions which shift the resonance frequency of the cantilever
(for AFM measurements, the driving frequency of oscillation of the freely
vibrating probe is selected to be close to its resonance frequency in order to
maximise response to tip-substrate interactions). During conventional AFM
topographical tapping mode AFM imaging, this shift in resonance frequency is
related to energy dissipation during interactions between the tip and the
sample surface, so variations in composition of the sample, local adhesion,
friction, viscoelasticity as well as topography all produce phase shifts.* In the
case of electric force lift mode imaging tip-to-substrate interactions are limited
to long-range electric forces which shift the cantilever resonance frequency. If
the cantilever experiences a repulsive electric field gradient, the resonance
frequency is increased, and the corresponding phase lag drops to below to
90°. The phase shift (A®) is therefore positive (contrast in phase image
brightens), with its magnitude corresponding to the degree of electrostatic
repulsion. Conversely an attractive electric force gradient reduces the
resonance frequency, with the interacting phase lag at the driving frequency
being raised above 90° to produce a negative phase shift (contrast in phase
image darkens).

For the present study, electric force microscopy images were acquired
using interleave ‘lift mode’ operation with +12 V applied to the probe tip. Data
was collected using a double pass technique, where the initial line scan
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recorded tapping mode height and phase traces, and then a detection bias
voltage was applied during the second pass at a constant height of 100 nm to
obtain electric force micrographs. In order to ensure reproducibility, the
amplitude set point was kept at 1.2 V, and the scan rate was set to 1 Hz
(unless otherwise stated).

5.1.2.4 Water Contact Angle Measurements

Sessile drop contact angle measurements were made using a video capture
apparatus (VCA 2500 XE, A.S.T. Products Inc) with 1 pL high purity water
droplets (BS 3978 Grade 1) at 22 °C.
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5.1.3 RESULTS

5.1.3.1 EFM Charge Deposition onto Polystyrene

Charge deposition onto polystyrene films was initially achieved by application
of +140 V to the scanning probe tip for 1 s in conjunction with a tip-to-sample
separation of 30 nm. EFM micrographs acquired subsequently (using a lift
height of 100 nm and an imaging bias of +12 V) revealed areas of bright
contrast corresponding to phase shifts characteristic of a repulsive electric
field gradient between the scanning probe tip and sample, Figure 5.1.1.
Dissipation of this surface charge was monitored by capturing successive
EFM micrographs over time; and these showed rapid decay in the outer
region, whilst the centre of the charged spot appeared more stable. No further
decay was noted beyond the 120 min observation, Figure 5.1.1.

Next, the effect of probe tip bias on charge deposition was investigated
across a range of applied voltages (+60 V, +100 V, +140 V), Figure 5.1.2.
Tapping mode AFM height and phase images verified that charge deposition
does not damage the surface topography of polystyrene, and only a slight
decrease in phase lag is observed directly above the poled areas. The polarity
of deposited charge was illustrated by comparing EFM micrographs taken
using +12 V with those taken using -12 V applied to the probe tip, which show
areas of enhanced and diminished brightness respectively corresponding to
repulsive and attractive electric field gradients. In the case of the +12 V EFM
micrographs, dark spots, characteristic of electrostatic attraction, were evident
at the centre of the repulsive bright regions when higher probe tip biases were
applied during the charge deposition step. This can be explained in terms of
an induced negative charge acting upon the probe tip as it scans over the
most highly charged positive regions.'” To corroborate this, application of a
greater voltage to the probe tip (+20 V) yielded phase shifts characteristic of a
repulsive field gradient over the entirety of the charged regions, Figure 5.1.2.
This illustrates that the regions of the substrate surface corresponding to the
apparent electrostatic attraction noted in the +12 V EFM micrographs are in
fact also positively charged; otherwise these regions would remain dark in the
+20 V EFM micrographs.
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Figure 5.1.1 (a): 20 um x 20 um EFM micrographs of polystyrene taken at various
times following the application of +140 V for 1 s using a 30 nm probe tip-to-sample
separation. EFM micrographs were acquired by scanning at a lift height of 100 nm
with +12 V applied to the probe tip. (b): 10 um x 10 um EFM micrographs of
polystyrene taken at various times following the application of -160 V for 1 s using a
30 nm probe tip-to-sample separation. EFM micrographs were acquired by scanning
at a lift height of 100 nm with -12 V applied to the probe tip.
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Figure 5.1.2: AFM micrographs of polystyrene taken immediately following the
application of bias voltage (+60 V, +100 V, and +140 V) for 1 s using a probe tip-to-
sample separation of 30 nm: (a) tapping mode height image, z scale = 100 nm; (b)
tapping mode phase image, z scale = 15° and (c) — (¢) EFM micrographs obtained
by scanning with a lift height of 100 nm where the voltage applied to the probe tip is:
(c) -12 V; (d) +12 V; and (e) +20 V.

The systematic enlargement of observed surface charged regions with
increasing applied voltage to the probe tip was verified by quantitative EFM
analysis across a range of deposition voltages using a fixed probe tip-to-
sample separation and duration, Figure 5.1.3. In order to minimise the effects
of charge spreading and decay, the charging periods were restricted to 10 ms,
and the EFM micrographs were acquired immediately afterwards at a scan
speed of 3 Hz. A clear correlation is found between applied tip voltage and the

resulting spot diameter of deposited charge.
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Figure 5.1.3: Deposited charge spot diameters measured from analysis of EFM
micrographs for polystyrene (obtained by scanning 100 nm above the surface with
+12 V applied to the probe tip) as a function of applied tip bias voltage using 30 nm
tip-to-sample separation for 10 ms duration. Error bars correspond to one standard
deviation.

Duration of surface charging was also found to be an important
variable. Following 10 ms application of +100 V and +140 V bias voltage it can
be seen that the charged region diameters (1.1 um at +100 V and 2.1 pym at
+140 V respectively) are significantly smaller in size compared to those
measured for the longer 1 s deposition period under otherwise identical
conditions, (9.0 um at +100 V and 11.6 um at +140 V respectively), Figures
5.1.2 and 5.1.3. Such dependency of charge spot size with deposition time
was further exemplified by comparing longer periods of charging, Figure 5.1.4.
It can be seen that the spreading of charge across the polymer surface
exceeds the radius of the SPM probe tip (10 nm) by orders of magnitude.
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Figure 5.1.4: EFM micrographs of polystyrene following the application of (a) +100 V
or (b) -140 V at a probe tip-to-sample separation of 30 nm for 1 s, 5 s, or 20 s
duration. EFM micrographs were acquired by scanning at a lift height of 100 nm with
either -12 V or +12 V applied to the probe tip.

In addition to charge deposition period and tip bias voltage magnitude,
the charge spot sizes were also found to depend on the probe tip-to-sample
separation, Figures 5.1.5 and 5.1.6. A strong correlation was observed
between charge spot diameter and probe tip-to-sample separation.
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Figure 5.1.5: EFM micrographs of polystyrene following charge deposition using (a)
+100 V and (b) -140 V tip bias voltage applied for 1 s at probe tip-to-sample
separations of 100 nm, 30 nm, and 10 nm. EFM micrographs were acquired by
scanning at a lift height of 100 nm with either -12 V or +12 V applied to the probe tip.
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Figure 5.1.6: Charge spot diameters following the application of +100 V tip bias
voltage for 10 ms, as a function of probe tip-to-sample separation for polystyrene.
EFM micrographs were obtained by scanning at a lift height of 100 nm and +12 V
applied to the probe tip (the effects of charge decay were minimised using a
detection scan speed of 3 Hz following charge deposition). Error bars correspond to
one standard deviation.

Corresponding experiments undertaken for negative charge deposition
onto polystyrene surfaces also displayed featureless height and phase AFM
images. Notable differences in the case of negative charging include
consistently smaller regions of detected surface charge and a more uniform
decay of charge across the whole spot, Figures 5.1.1 and 5.1.7. The relative
charged region diameters increased with deposition bias voltage, charging
duration and decreasing probe tip-to-sample separation (as previously
observed for the positive charge deposition experiments), Figures 5.1.4, 5.1.5,
and 5.1.7.
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Figure 5.1.7: EFM micrographs of polystyrene following charge deposition for 1 s with
a probe tip-to-sample separation of 30 nm and applied tip bias of -120 V, -140 V, and
-160 V. EFM micrographs were acquired by scanning at a lift height of 100 nm with
either -12 V or +12 V applied to the probe tip.

5.1.3.2 Polymer Surface Charging Thresholds

It was noted that a distinct threshold bias voltage applied to the SPM probe tip
was necessary to elicit surface charging. This minimum voltage required for
surface charging was determined for a variety of different polymers by raising
bias voltage application to the probe tip in increments of 5 V (1 s duration held
at a height of 30 nm above the surface) until a response was observed by
EFM imaging, Table 5.1.1 and Figure 5.1.8. The measured positive and
negative charging thresholds were found to correlate to each other.
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Table 5.1.1: Negative and positive applied voltage SPM probe tip charging thresholds
and water contact angles for polymers. Voltage was applied to the probe tip for 1 s
with a tip-to-sample separation of 30 nm. Thresholds were measured by raising the
applied bias voltage to the probe tip in increments of 5 V until a response was
detectable in the EFM micrographs using a lift height of 100 nm with +12 V applied to
the probe tip (except in the case of polyvinylidene fluoride where a detection bias of
just 1 V was sufficient, due to the polymer's inherent high affinity towards
charging). TFor more hydrophilic polymers such as polyhydroxyethylmethacrylate,
polyvinylalcohol and polyethyleneoxide, no surface charging could be achieved, even
following application of the highest voltages permittable by the apparatus (180 V)
(error values are one standard deviation).

Charging Threshold (V) Water
Polymer Contact

Positive  Negative Angle (9
Polyvinylidene fluoride 10 10 115+ 1
Polymethoxystyrene 30 50 88 £ 1
Polychlorostyrene 30 60 88 £ 1
Polystyrene 25 70 92 +1
Polymethylstyrene 35 75 95 £ 1
Polyisopropylstyrene 45 80 100 =1
Polyvinylchloride 30 90 86 + 1
Polytertbutylstyrene 35 95 103 +1
Polymethylmethacrylate 50 125 69 £ 1
Nylon 6-6 70 160 67 1
Polyhydroxyethylmethacrylate T T 58 £ 1
Polyvinylalcohol T T 48 +1
Polyethyleneoxide T T 27 £ 1
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Figure 5.1.8: Applied voltage thresholds to the SPM probe tip for negative charge
deposition onto a variety of polymer surfaces as a function of their positive charging
thresholds (taken from Table 5.1.1).

Furthermore, it was noted that surface charging thresholds were found
to be much greater for more hydrophilic polymers, Figure 5.1.9. No surface
charging could be achieved for the more hydrophilic polymers
(polyhydroxyethylmethacrylate (contact angle 58°), polyvinylalcohol (contact
angle 48°), and polyethyleneoxide (contact angle 27°)), despite applying the
highest probe tip voltages permittable by the apparatus (180 V).
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Figure 5.1.9: Applied bias voltage threshold for SPM probe tip surface charging of
polymers as a function of static water contact angle: (a) positive charging; and (b)
negative charging. For more hydrophilic polymers such as
polyhydroxyethylmethacrylate (contact angle 58°), polyvinylalcohol (contact angle
48°) and polyethyleneoxide (contact angle 27° no surface charging could be
achieved (illustrated by dashed arrow lines), even following application of the highest
voltages permittable by the apparatus (180 V).
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5.1.4 DISCUSSION

Potentially, three possible mechanisms can be envisaged for the deposition of
charge onto insulator surfaces using a biased SPM probe tip. These are

2 10,11,12
8 9,10,11, and

dielectric breakdown of the substrate,” contact electrification,
corona discharge.'”'®'® The featureless topography of the polymer surfaces
observed by tapping mode AFM following charge deposition at even the
highest applied probe tip bias voltages eliminates dielectric breakdown of the
substrate, due to the absence of any evidence for heating or surface
deformation features,*'*** Figure 5.1.2. The measured correlation between
charge spot size and probe tip-to-sample separation effectively eliminates
contact electrification mechanisms (whether via direct contact with the
substrate or by way of a water meniscus) because no charging would be
expected to occur beyond a threshold probe tip-to-sample separation (lift
height).****4> Therefore, the experimental observations are consistent with a
corona discharge mechanism.

Surface charging of polymers using the present technique may be
understood by further consideration of the corona discharge mechanism.
During point-to-plane corona discharge formation in air, a localised plasma
region develops around the sharp point, where the ions generated can drift
across the applied electric field towards the lower planar counter
electrode,*®*’*® Table 5.1.2. In the case of SPM charging, these ions are
created near the probe tip apex and impinge upon the polymer layer as they
drift towards the underlying counter electrode (metal sample disc holder), to

give rise to a line-of-sight localised build up of surface charge, Scheme 5.1.1.
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Table 5.1.2: Examples of ions contained within positive and negative corona
discharges at atmospheric pressure and humidity (in order of decreasing
abundance).®*

Positive Corona Discharge  Negative Corona Discharge

(H20)nH* COs
(NO")(H0)n COs(H-0)
(NOz")(Hz0)s Og

Oz"(Hz0)s NOz

HO." o
NHs*

Negative charge deposition onto the range of polymer surfaces studied
was consistently found to be less efficient than positive charging, as evident
from the higher deposition bias voltages required to elicit an EFM phase
signal response and the smaller size charged spots observed, Table 5.1.1 and
Figure 5.1.1. This is consistent with previous work, where it is known that for
corona discharge generation at a sharp point, positive coronas discharges
readily form high velocity streamers directly in front of the needle.***®® The
secondary electrons necessary to maintain the positive corona are formed
outside of the plasma region and are attracted back towards the point
electrode, while positive ions are concurrently being repelled away. This leads
to the formation of streamers during the rapid expansion of the ionisation
region surrounding the point electrode, to culminate in arcing across the gap.
In the case of negative corona discharge, streamer formation can be inhibited
due to a different mechanism being in operation. This is where, in contrast,
secondary electrons are produced at the point electrode by the photoelectric
effect, and they then quickly attach to electronegative molecules to form a
slow moving negative ion cloud.”’ Such an ion cloud reduces the effective
electric field at the negatively biased point electrode to below the air
breakdown threshold, and thus halts the discharge. The discharge then
reignites once the negative ion cloud drifts sufficiently far away from the tip
such that the electric field at the probe apex is restored to above the gas
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breakdown threshold.®’ As a consequence, negative corona discharges
frequently operate via rapid ‘Trichel’ pulses, and ions possess less kinetic
energy compared to those present in positive corona discharges under
comparable conditions.*® This provides a viable explanation for why surface
charging occurs less readily in the case of negative voltage SPM probe tip
corona discharges.

The correlation observed between positive and negative charging
thresholds for a range of different polymers indicates that surface charging
thresholds are not governed by the presence of charge trap sites (which are
specifically unique to either positive or negative poling),’>°*** Table 5.1.1 and
Figure 5.1.1. Rather, the measured thresholds are more likely to be
attributable to relative charge dissipation rates, and previous studies involving
contact mode SPM charge injection onto polymer surfaces have consistently
shown that greater water adsorption at higher relative humidity enhances the
spreading and dissipation of charge in insulators, due to improved surface
conductance.®® Spreading of charge with increasing period of charging was
indeed observed in the present non-contact mode SPM charge deposition
study. For instance in the case of polystyrene, surface charging indicates that
some mobility of charge even occurs across this relatively hydrophobic
polymer (contact angle 92 * 1°). Furthermore, the charging thresholds
measured are found to display correlation to polymer surface wettability,
Figure 5.1.9. Therefore, one plausible explanation might be that surface
charge retention is in fact limited by rapid charge dissipation, which in turn is
governed by the level of water adsorption from the ambient.

Finally, further improvements in feature size and charge dissipation can
be envisaged by selecting sharper SPM probe tips and choosing suitably
hydrophobic polymer substrates in order to inhibit surface charge spreading
mechanisms.
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5.1.5 CONCLUSIONS

Spatially localised surface electrification and detection has been
accomplished by using an SPM probe tip to firstly create a corona discharge,
and then to observe the deposited surface charge. The feature resolution of
surface charge patterning is found to be governed by tip-to-substrate
separation, period of charging, threshold voltage, and polymer wettability.
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CHAPTER 5
PART 2: NANOPLASMA INDUCED
SWELLING AND COLLAPSE OF SURFACE

TETHERED POLYMER BRUSHES
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5.2.1 INTRODUCTION

‘Smart’ stimuli-responsive surfaces are of importance for the development of
responsive membranes,’ bioactive surfaces,? drug delivery vehicles,®
molecular motors,* and colloidal stabilisers.> Within this field, polyelectrolytes
comprise a promising class of material which can be swollen or collapsed in
response to environmental changes in pH,® ionic strength,” humidity,®® and
electric fields." Furthermore, controlled surface grafting of densely crowded
polyelectrolyte brushes has been realised using atom transfer radical
polymerization (ATRP)."1213

Polyelectrolyte brushes may be sub-categorised according to the
mode of pendant group disassociation, which dictates the stimulation used to
induce swelling and collapse (i.e., variation of pH or ionic strength). Firstly,
‘weak’ polyelectrolyte brushes are composed of acidic or basic repeat units
which dissociate to a degree dependent on the pH of their environment.
Pendant group dissociation corresponds to increased intramolecular
electrostatic repulsion along polymer chains, and hence an increase in the
effective brush length." In contrast, the ionic groups comprising ‘strong’
polyelectrolyte brushes completely dissociate in an aqueous environment, so
that the osmotic pressure provided by condensed counter-ions within the
brush layer yields stretched chains.’ Such brushes are insensitive to pH, but
as the ionic strength of the medium is increased, the osmotic pressure within
the brush layer is counter-balanced, resulting in layer shrinkage. One
alternative stimulus reported for polyelectrolyte swelling is humidity, whereby
the brush response is underpinned by the predominately hygroscopic nature
of polyelectrolytes.’®'”'® |n this case, increased water uptake from the
environment occurs in response to raised humidity, and yields polymer
swelling.’®® Finally, hydrogels composed of strong polyelectrolytes have
been shown to bend in electrolyte under the influence of an electric field, due
to the migration of counter-ions.'%?"??

For all of the aforementioned techniques, widespread applicability is
limited by the nature of the stimulus. Variation of environmental pH or ionic
strength requires immersion in solution,?® and this is also a prerequisite to

21,22
d, "

facilitate the migration of counter-ions under an electric fiel whereas
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variation of environmental humidity is unwieldy. Furthermore, these
approaches are only capable of producing a response over the entirety of a
brush layer, and cannot readily be localised for application such as fluidics or
nanomachines.

Weir et al recently reported a novel methodology to induce swelling for
weak polybasic brushes grafted onto silicon, where the application of an
electric field between the underlying silicon and a distant counter electrode
induced enhanced polymer brush swelling (in comparison to using pH as
stimulus), as a consequence of electrostatic repulsion between the positively
biased substrate and polymer brush segments.?* Furthermore, simulations
confirm that polyelectrolyte brushes are expected to respond to electric fields
in this manner.2>% Nonetheless, limitations of this technique include the use
of an aqueous environment, and a lack of lateral control due to the
macroscopic methodology.

Scanning probe microscope (SPM) techniques have routinely been
used to apply highly localised electric fields to polymer thin films and write
charge onto dielectric layers.?”?*® Non-contact surface charging using an
SPM probe has been demonstrated to yield localised charge retention or
polymer thin film deformation as a result of the dielectric breakdown of air or
water between the probe tip and substrate.?®3%3'%233 Whilst localised
charging in this manner has repeatedly been reported for neutral polymers
(as in Chapter 5 Part 1), the only previous report of an attempt to apply such
a technique to polyelectrolyte involved contact mode SPM probe charge
injection into spin-coated poly(sodium 4-styrenesulfonate).®* This resulted in
the formation of a three-dimensional Lichtenberg discharge figure (i.e., a
topographical change).

The purpose of the present study is to investigate the response of
strong polyelectrolyte brushes (anionic poly(sodium 4-styrenesulfonate),
cationic poly((2-methacryloyloxy)ethyl trimethyl ammonium chloride)) and
zwitterionic poly(N,N-dimethyl-N-(3-methacrylamido)-N-(3-sulfopropyl)
ammonium betaine) brushes) to non-contact SPM charging. Polyelectrolyte
brush layers are grafted by ATRP onto pulsed plasma deposited
poly(vinylbenzyl chloride) layers, Scheme 5.2.1. These are then exposed to
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corona discharge by the application of potential to an SPM probe held in
close proximity to the layers.
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Scheme 5.2.1: ATRP grafting of anionic poly(sodium 4-styrenesulfonate)
polyelectrolyte brushes, cationic poly((2-methacryloyloxy)ethyl trimethyl ammonium
chloride) polyelectrolyte brushes and zwitterionic  poly(N,N-dimethyl-N-(3-
methacrylamido)-N-(3-sulfopropyl) ammonium betaine) brushes onto pulsed plasma
deposited poly(vinylbenzyl chloride) ATRP initiator layers.
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5.2.2 EXPERIMENTAL
5.2.2.1 Pulsed Plasmachemical Deposition

Plasma deposition of poly(vinyloenzyl chloride) ATRP initiator layers were
performed as described in Chapter 2, Section 2.2.1.

5.2.2.2 Surface Initiated ATRP

The solvent and catalyst systems used for ATRP are given in Table 5.2.1.
The ATRP grafting protocol comprised removal of trapped gases from
solutions consisting of 5 mmol monomer and 4 mL solvent, using a minimum
of four freeze-pump-thaw cycles. The catalyst system was then added to the
solution whilst it was frozen, together with pulsed plasma functionalised
initiator samples, followed by evacuation of the sealed vessel. Reaction
vessels were subsequently immersed into an oil bath set to 50 °C for a
predetermined grafting time. Upon removal, substrates were thoroughly
rinsed in high purity water to remove any physisorbed polymer and allowed to
dry in air.

Table 5.2.1: ATRP conditions for grafting onto pulsed plasma poly(vinylbenzyl
chloride) functionalised samples.

CuBr : CuBr; : bpy

Monomer Solvent
(mmol)
Sodium 4-styrenesulfonate . .
(+90 %, Aldrich) 0.05:0.04 :0.18 H-O
(2-methylacryloyloxy)ethyl trimethyl 31
ammonium chloride 0.05:0.01:0.12 H.O - MeOH
(80 wt % solution, Aldrich) S
N, N-dimethyl-N-(3-methacrylamido)- 31
N-(3-sulfopropyl) ammonium betaine 0.05:0.01:0.12 H,0 : MeOH

(+97 %, Aldrich)
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5.2.2.3 Nanolayer Characterisation

Film thicknesses and infrared spectra were obtained as described in Chapter
2, Section 2.2.3.

5.2.2.4 Corona Discharge Exposure and Electric Force Microscopy

Exposure of polymer coated silicon wafer pieces to SPM corona discharge
was achieved using an identical experimental set-up as described in Chapter
5.1, Section 5.1.2.2, where a bias voltage of £150 V was applied for 1 s
between the probe and underlying electrode (sample holder) with a tip-to-
surface separation of 30 nm.

Atomic force microscopy and electric force microscopy images were
acquired as described in Chapter 5.1, Section 5.1.2.3.

165



5.2.3 RESULTS
5.2.3.1 Surface Initiated ATRP

XPS analysis of the pulsed plasma deposited poly(vinylbenzyl chloride) ATRP
initiator layers yielded elemental compositions and infrared spectroscopy
fingerprint features identical to those reported in Chapter 2, thereby indicating
good structural retention of the benzyl chloride functionality. Infrared
spectroscopy of the ATRP grafted polymer brush layers exhibited spectral
fingerprint regions closely resembling those measured for the respective
monomers, Figure 5.2.1. Characteristic features identified for poly(sodium 4-
styrenesulfonate) brushes include a set of strong absorbances at 1136 cm’’,
1181 cm™ and 1231 cm’ (antisymmetric SO, stretches), and 1048 cm
(symmetric SO, stretch).®® For ATRP grafted poly((2-methylacryloyloxy)ethyl
trimethyl ammonium chloride) layers key infrared absorbances for both the
monomer and brush layers include 1722 cm™ (C=0 ester stretch), 1172 cm™,
(C-O ester stretch), 1456 cm' and 1479 cm’ (quaternary amine CHs
asymmetric bending). In the case of ATRP grafted poly(N,N-dimethyl-N-(3-
methacrylamido)-N-(3-sulfopropyl) ammonium betaine) layers, there were
peaks at 1654 cm” (C=0 ester stretch), 1536 cm™ and 1488 cm” (amine
(CHs)2 bending doublet), 1171 cm™ (antisymmetric SO: stretch), and 1041
cm” (symmetric SO, stretch).® For all of these grafted layers, there was the
absence of the vinyl C=C stretch absorbance following ATRP (at 1655 cm'",
1633 cm’ and 1606 cm' for poly(sodium 4-styrenesulfonate), poly((2-
methylacryloyloxy)ethyl trimethyl ammonium chloride), and poly(N,N-
dimethyl-N-(3-methacrylamido)- N-(3-sulfopropyl) ammonium betaine)
respectively®).
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Figure 5.2.1: Infrared spectra of: (a) the vinylbenzyl chloride monomer; (b) pulsed
plasma deposited poly(vinylbenzyl chloride); (c) sodium 4-styrenesulfonate
monomer; (d) ATRP grafted poly(sodium 4-styrenesulfonate) grown onto pulsed
plasma deposited poly(vinylbenzyl chloride); (e) (2-methylacryloyloxy)ethyl trimethyl
ammonium chloride monomer; (f) ATRP grafted poly((2-methylacryloyloxy)ethyl
trimethyl ammonium chloride) grown onto pulsed plasma deposited poly(vinylbenzyl
chloride); (g) N,N-dimethyl-N-(3-methacrylamido)-N-(3-sulfopropyl) ammonium
betaine monomer and (h) poly(N,N-dimethyl-N-(3-methacrylamido)-N-(3-sulfopropyl)
ammonium betaine) brushes grown onto pulsed plasma deposited poly(vinylbenzyl
chloride).
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The controlled nature of surface ATRP was confirmed by monitoring
the dry polymer brush film thickness versus grafting time, Figure 5.2.2. A
linear increase was observed for each system, yielding corresponding growth
rates of 31 +2nmh', 15+ 3 nm h’, and 5 + 1 nm h" for poly(sodium 4-
styrenesulfonate), poly((2-methylacryloyloxy)ethyl trimethyl ammonium
chloride), and poly(N,N-dimethyl-N-(3-methacrylamido)-N-(3-sulfopropyl)
ammonium betaine) respectively. For prolonged grafting periods a loss of
control was evident for the polyelectrolyte brushes (at 1.5 h and 3 h for
poly(sodium  4-styrenesulfonate), and poly((2-methylacryloyloxy)ethyl
trimethyl ammonium chloride) respectively), which is attributable to the
oxidative breakdown of catalytic species in the aqueous phase.*®
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Figure 5.2.2: Variation of polymer brush film thickness grown onto pulsed plasma
deposited poly(vinylbenzyl chloride) ATRP initiator layer as a function of ATRP
grafting period for: (a) anionic poly(sodium 4-styrenesulfonate) brushes; (b) cationic
poly((2-methylacryloyloxy)ethyl trimethyl ammonium chloride) brushes and (c)
zwitterionic  poly(N,N-dimethyl-N-(3-methacrylamido)-N-(3-sulfopropyl) ammonium
betaine) brushes.
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5.2.3.2 SPM Corona Discharge onto Polyelectrolyte Brush Layers

SPM corona discharge onto surface tethered polyelectrolyte brushes was
investigated by application of 150 V to the SPM probe tip for 1 s using a
probe tip-to-sample separation of 30 nm. Featureless EFM micrographs
(acquired immediately after this bias voltage application), confirmed the
absence of any charge retention by the anionic poly(sodium 4-
styrenesulfonate) brushes, Figure 5.2.3. Tapping mode height images
collected alongside these EFM micrographs revealed that the polyelectrolyte
brush layer had selectively retracted in response to the application of a +150
V probe tip potential, yielding a depressed region directly beneath the SPM
probe tip (diameter approximately 250 nm and a maximum depth of 27 nm)
whereas no topographical changes were observed following the application of
-150 V to the probe tip. To ensure height images were not affected by
residual charge on the SPM probe tip, identical height images were also
gathered using a grounded probe operating in conventional tapping mode.
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Figure 5.2.3: 1 um x 1 pm AFM height images and EFM micrographs of anionic
poly(sodium 4-styrenesulfonate) prior to, and following, the application of £150 V to
the SPM probe tip held 30 nm above the surface. EFM images were acquired
immediately afterwards using an imaging bias voltage of £12 V and a probe tip-to-
sample separation of 100 nm. Z scale is 50 nm for height images and 15°for EFM lift
mode phase images.

Similarly, cationic poly((2-methylacryloyloxy)ethyl trimethyl ammonium
chloride) brush layers were found to collapse following the application of -150
V to the SPM probe tip, yielding a line-of-sight depression (diameter
approximately 520 nm, maximum depth 24 nm), whereas no topographical
changes were noted following +150 V application, Figure 5.2.4. Featureless
EFM micrographs once again discounted the possibility of any charge
retention by the polyelectrolyte brush layers.
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Figure 5.2.4: 1 uym x 1 um AFM height images and EFM micrographs of cationic
poly((2-methylacryloyloxy)ethyl trimethyl ammonium chloride) prior to and following
the application of £150 V to the SPM probe tip held 30 nm above the surface. EFM
images were acquired immediately afterwards using 100 nm probe tip-to-sample
separation with £12 V applied to the probe tip. Z scale is 50 nm for height images
and 15°for EFM lift mode phase images.

In the case of zwitterionic poly(N,N-dimethyl-N-(3-methacrylamido)-N-
(3-sulfopropyl) ammonium betaine) brush layers, the application of both
positive and negative bias voltage (x150 V) to the SPM probe tip resulted in
localised swelling of the brush layer, (corresponding to maximum swelling
diameters/heights of 600 nm/43 nm and 1350 nm/93 nm for -150 V and +150
V respectively), Figure 5.2.5. EFM micrographs taken of the more swollen
regions for the +150 V applied tip potential revealed an inversion of phase
images, indicating some positive charge retention by the zwitterionic polymer
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brushes in this case, whereas those taken of swollen regions following the
application of -150 V display responses to the feature height.

Height +12V -12V

Before

-150 V

+150V

Figure 5.2.5: 2 um x 2 um AFM height images and EFM micrographs of zwitterionic
poly(N,N-dimethyl-N-(3-methacrylamido)-N-(3-sulfopropyl) ammonium  betaine)
brushes prior to and following the application of 150 V to the SPM probe tip held 30
nm above the surface. EFM images were acquired immediately afterwards using 100
nm probe tip-to-sample separation with +12 V applied to the SPM probe tip. Z scale
is 200 nm for height images and 15°for EFM lift mode phase images.
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5.2.4 DISCUSSION

Responsive polyelectrolyte brushes comprise an important class of
nanoactuator, although their application is limited by the nature of stimuli
ordinarily used, e.g., variation of the ionic strength or pH of a contacting
solution.®® Besides the drawback of sequential immersion in solution (or
alternately changing the composition of a contacting solution), this approach
is only capable of producing a response over the entirety of a brush layer and
cannot readily be localised. In the case of strong polyelectrolyte brushes,
(such as those examined in the present study) collapse is ordinarily triggered
by increasing the ionic strength of a contacting solution beyond a threshold
value, whereupon the osmotic pressure from condensed counter-ions within
the brush layer is counter-balanced.®” In contrast, the present study
demonstrates that swelling and collapse of such brushes can be laterally
confined to sub-micron regions by the application of potential to a nearby
SPM probe, where a further significant advantage is found in the electrically
controlled nature of the stimulus.

As discussed in the preceding part of this chapter (Section 5.1.4), the
application of high bias voltage to a sharp SPM probe results in the localised
breakdown of air, leading to corona discharge.®"*% Whilst macroscopic
corona charging has previously been demonstrated to produce topographical
changes on polymer surfaces, this has consistently been attributed to non-
selective mechanisms such as chain scission,® oxidation,®® or heating.* It
was demonstrated in Chapter 5.1 that non-ionic, spin-coated polymer thin
films exhibit no surface deformation after exposure to corona discharge from
an SPM probe tip under identical conditions, discounting these mechanisms
as an explanation for the observed results. Moreover, the observed polarity-
dependence of polyelectrolyte retraction supports an alternative mode of
action.

Control experiments for poly(methyl methacrylate) brushes grafted by
ATRP onto pulsed plasma deposited poly(vinyloenzyl chloride) revealed that
surface charge retention occurred for applied SPM probe tip bias voltages
exceeding +35 V and -90 V for a polymer brush thickness of 28 nm. No
change in polymer topography was noted for the poly(methyl methacrylate)
brushes, thus indicating that the swelling or collapse of polyelectrolyte
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brushes occurs as a consequence of their ionic nature. This follows reported
topographical changes for spin-coated poly(sodium 4-styrenesulfonate) in
response to contact-mode SPM charging, whilst non-ionic polymers
investigated remained featureless following charge writing.>*

In Chapter 5.1 the efficacy of SPM corona charging was shown to be
governed by charge dissipation by adsorbed water. It follows that no charge
retention is to be expected for poly(vinylbenzyl chloride) films decorated with
polyelectrolyte brushes. Strong polyelectrolytes, particularly those containing
quaternary ammonium or sulfonate groups, are known to be extremely
hygroscopic.'® Water has been identified within nominally dry poly(sodium 4-
styrenesulfonate) brushes using FTIR,*' and some reports estimate water
content exceeding 80 % within ‘blown dry’ poly((2-methylacryloyloxy)ethyl
trimethyl ammonium chloride) brushes under ambient humidity.* Indeed, no
surface charge was detected by EFM immediately after SPM corona
discharge for these polyelectrolyte brushes. The ionic nature of these brush
layers can, however, allow the transportation of corona ions to the underlying
poly(vinylbenzyl chloride), leading to a temporary build up of charge at the
interface. Evidence for ionic mobility within polyelectrolyte hydrogels is found
in their reported bending under an electric field,'®***" and ion conduction is
also required for the application of polyelectrolyte films in humidity sensors
and capacitators.**** Thus, the conveyance of corona ions through the
polyelectrolyte brush layer towards the counter electrode (the metal sample
holder disc) under applied electric field is feasible. In contrast, static charge is
detectable on as-deposited poly(vinylbenzyl chloride) film surfaces following
the application of +30 V and -80 V to the SPM probe tip, thereby
demonstrating that pulsed plasma deposited poly(vinylbenzyl chloride) is not
amenable to ionic mobility. Consequently, ions are expected to build up at the
polyelectrolyte brush - pulsed plasma deposited poly(vinylbenzyl chloride)
interface during bias voltage application.

Retraction of poly(sodium 4-styrenesulfonate) brushes occurred
selectively in response to positive corona charging. This is explained by a
localised build-up of positive corona ions at the interface with poly(vinylbenzyl
chloride) during bias voltage application, followed by electrostatic attraction of
anionic chain segments towards this region. The same argument can be
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made for the selective retraction of poly((2-methylacryloyloxy)ethyl trimethyl
ammonium chloride) towards negative corona charging. A recent report of
poly(2-(dimethylamino)ethyl methacrylate) brush swelling in response to
electric fields provides corroboration for this mechanism.?* For the weakly
polybasic brush layers examined therein, the degree of swelling observed
under aqueous conditions in response to positively biased substrates
exceeded that achievable by pH variation or counter-ion migration, leading
the authors to conclude that electrostatic repulsion of the polymer segments
away from the substrate was responsible.?* In addition, polymer brush de-
swelling towards the substrate was described upon application of negative
bias, although this was found to be within experimental error.?* The
timeframes predicted for polyelectrolyte swelling/collapse by electric fields in
this manner have been calculated as being in the order of 10® s.2° By
comparison, it has been reported that charged regions on polystyrene thin
films (injected using contact-mode SPM charge writing) decreased by only 80
% upon 20 s immersion in water.?® Therefore, given the high water content of
polyelectrolyte brushes under ambient conditions, it is reasonable to conclude
that in the present study, charge is retained at the poly(vinylbenzyl chloride)-
polyelectrolyte brush interface for a sufficient period to induce polyelectrolyte
brush movement, but dissipates prior to detection by electric force
microscopy. Furthermore, polymer relaxation under ambient conditions is
slow in comparison to the aforementioned timeframes for brush swelling or
collapse and charge dissipation. For example, compressed polyelectrolyte
multilayer films have been reported to show no recovery for several months
during storage under dry conditions.* Because the time period required to
capture EFM micrographs is approximately three minutes, the microscopy
images reported herein display the actuated polymers prior to relaxation, but
after the dissipation of detectable surface charge.

A recent report has demonstrated that for hydrated polyelectrolyte
brushes, collapse results in the expulsion of water.*® Furthermore, cationic
poly((2-methylacryloyloxy)ethyl trimethyl ammonium chloride) brushes were
found to incorporate higher water content than anionic sulfonated
polyelectrolytes, and their collapse therefore led to the highest volume of
ejected water.*® In the present case of localised polyelectrolyte retraction,
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water is expected to be squeezed out of the partially swollen brushes upon
collapse, and forced towards the periphery of the retracted region. This is
supported by swelling observed at the perimeter of the retracted region for
cationic  poly((2-methylacryloyloxy)ethyl trimethyl ammonium chloride)
following the application of -150 V to the probe tip, Figure 5.2.4.

Polyelectrolyte brush swelling was not observed in response to
repulsive electrostatic interactions following corona charging. This is
attributed to high entropic resistance towards further swelling for densely-
grafted polymer brushes (whereas polymer brush compression is entropically
favourable*’). Since conventional water vapour induced swelling of
polyelectrolyte brushes is reported to become restricted with increasing
grafting density (due to the pre-existence of steric stretching)'®, it is
unsurprising that in the present study swelling is not observed for densely
grafted polyelectrolyte brushes under ambient conditions.

In contrast to the polyelectrolyte brushes examined, however, swelling
was observed for both positive and negative corona discharge exposure of
zwitterionic poly(N,N-dimethyl-N-(3-methacrylamido)-N-(3-sulfopropyl)
ammonium betaine) brushes. This is because zwitterionic brushes are well-
known to exhibit anti-polyelectrolyte behaviour in solution, where brushes
exist in a collapsed state due to intramolecular electrostatic attraction
between anionic and cationic units.*** In this case, brush layers are
expected to exist in a collapsed conformation when removed from solution, so
that stretching is more entropically favourable. A degree of swelling was
therefore observed upon bias voltage application to the SPM probe tip, and
this is explained by electrostatic repulsion of the polymeric sub-units carrying
the same charge as the corona-generated ions which build up at the interface
with poly(vinylbenzyl chloride) during electric field application. The detection
of surface charge on poly(N,N-dimethyl-N-(3-methacrylamido)-N-(3-
sulfopropyl) ammonium betaine) brushes following only positive bias
application to the SPM probe tip is in line with the comparatively lower degree
of absorbed water predicted to exist within the collapsed brushes, (free
polymers containing sulfobetaine moieties are frequently insoluble in water®),
and the enhanced efficacy of positive corona discharge formation in
comparison to negative corona discharge, as discussed in Section 5.1.4.
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5.2.5 CONCLUSIONS

A complex responsive behaviour has been reported for ATRP grafted
polyelectrolyte and polyzwitterionic brushes, where corona discharge from an
SPM probe tip is used as the stimulus. Localised swelling and retraction of
polymer brushes was observed, where the nature of the response is
dependent on the ionic constituents within the brush and the polarity of the
bias voltage applied to the probe tip.
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6. CONCLUSIONS

Tailored surface functionality is of key importance for development in fields
such as smart surfaces, microfluidics, data storage, fuel cells and
biotechnology. In this thesis, the plasmachemical deposition of nanofilms has
been successfully combined with controlled living polymerization (ATRP) to
produce polymer brush decorated surfaces. Using this methodology the
substrate-independent nature of plasmachemical deposition is effectively
coupled with the precise control over chain length (and therefore surface
functionality) associated with ATRP.

By using controlled polymerization, the macromolecular architecture of
polymer brushes can be manipulated to further enhance surface functionality.
This was demonstrated using graft copolymer layers constructed by
sequential ATRP from pulsed plasma deposited poly(vinylbenzyl chloride)
nanofilms. These were found to yield enhanced surface lubricity as a direct
result of their bottle-brush structure.

A second approach to surface modification is found in the lateral
positioning of polymer brushes to generate multifunctional surfaces. The
fabrication of nanopatterned surfaces was achieved using localised ATRP
grafting onto initiator sites patterned using the ‘molecular scratchcard’
technique. This entailed plasmachemical bilayering to produce a stack
comprising 100 nm poly(vinylbenzyl chloride) covered by a 20 nm poly(N-
acryloylsarcosine methyl ester) barrier film. ATRP initiating sites were then
selectively exposed using an AFM probe tip to remove the inert overlayer.
Three dimensional polymeric nanostructures were assembled by ATRP
grafting from these sites.

Patterned poly(methyl methacrylate) and poly(glycidyl methacrylate)
nanostructures were found to be actuated by selective solvent exposure.
Lateral spreading of the polymer structures was induced by exposure to poor
solvent and effectively provides the means to selectively cover and unveil the
underlying surface. Such lateral spreading may be useful for the fabrication of
nanomachines and microfluidic valves, where further embodiments can be
envisaged to include thermo- or pH-responsive polymer brushes.
Furthermore, the solvent responsive nature of ATRP grafted poly(glycidyl
methacrylate) brushes was exploited to actuate pore size within macroporous
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scaffolds. These scaffolds were assembled by exposure of pulsed plasma
deposited poly(vinylbenzyl chloride) to amphiphilic species, followed by
spontaneous emulsion formation at elevated temperatures. The demonstrated
ability of pulsed plasma deposited poly(vinylbenzyl chloride) to form open cell
macroporous structures provides a further advantage for its use as a versatile
ATRP initiator layer.

In the case of ATRP grafted polyelectrolyte brushes, swelling or
retraction was triggered by exposure to corona discharge emanating from a
metallised AFM probe. This corona charging approach was also shown to
generate regions of static charge in conventional spin coated polymer films
and comprises a novel method for charge writing.
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7. SUGGESTIONS FOR FUTURE WORK

The work outlined in this thesis demonstrates that plasmachemical deposition
can be coupled to atom transfer radical polymerization to provide a substrate-
independent methodology for polymer brush grafting. Organic phase ATRP
from pulsed plasma deposited poly(vinylbenzyl chloride) was found to proceed
at a greater rate, and yield thicker brush layers than comparable reactions
reported for ATRP from self-assembled monolayers. Further investigations
into the efficacy of pulsed plasma deposited poly(vinylbenzyl chloride) layers
for ATRP could involve in-situ monitoring of polymerization using AFM,
ellipsometry or QCM to evaluate whether substrate swelling yields initiation
from within the layer.

Sequential surface-initiated ATRP was utilised for the generation of
lubricating bottle-brush co-polymer films. Future experiments in this area
could include further clarification of the frictional response for these brush
layers by e.g., measuring macroscale lubrication with a conventional pin-on-
disk or sliding ball tribometer, or else using a surface force balance to
precisely measure symmetrical friction responses between two brush layers
grafted onto a well-defined substrate such as mica. The substrate-
independent nature of plasma deposition may also be exploited to generate
ATRP initiator layers on soft substrates such as hydrogels and porous
scaffolds for further improvements in lubrication.

The ‘molecular scratchcard’ lithography technique was used to pattern
ATRP-initiating poly(vinylbenzyl chloride) regions against a functional resist
background, followed by amplification of the generated pattern by ATRP
grafting of poly(methyl methacrylate) brushes. Future optimisation of this
lithography method should involve quantification of normal forces applied to
the SPM probe when puncturing the resist layer, and its relationship to the
generated scratch depth. This could potentially allow a tri-layered
plasmachemical stack to be pierced to varying depths in order to pattern more
complex regions of differing functionalities. Furthermore, an extension of the
ATRP grafting technique can be envisaged involving capping active polymer
brush ends using sodium azide and a second scratching/ATRP step to
produce surfaces patterned with multiple three-dimensional polymer brush

functionalities. It may also be of interest to experiment with alternative resist
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layers to elucidate the effect on the apparent enhanced ATRP rate, and the
subsequent lateral spreading of the brushes upon exposure to solvents.

Macroporous structures were generated from pulsed plasma deposited
poly(vinylbenzyl chloride) by seeding the polymer film with amphiphilic
species, followed by spontaneous emulsion formation in de-ionised water at
60 °C. Further experiments to clarify the mechanism of this phenomenon
could include investigations into the effect of surfactant structure and its
concentration upon pore dimensions, the effects of added salts within the
aqueous phase (increasing its density), or else varying the degree of cross-
linking within the poly(vinylbenzyl chloride) film by e.g., varying plasma
deposition parameters, annealing, or argon plasma treatment (this should
lower the flexibility of the film and hence retard pore formation). Future work
could also include extension of the technique to alternative plasma deposited
films, most obviously poly(styrene) which is predicted to behave in a similar
manner with higher temperatures required to induce pore formation (as a
consequence of its higher Tg). Further embodiments can also be envisaged
using hydrophilic polymer films and emulsification with organic non-solvents.

Finally, the generation of corona discharge from a conducting SPM
probe was shown to yield regions of localised surface charge on spin coated
polymers. This technique may find further application in the precise
positioning of proteins, carbon nanotubes or microspheres on surfaces, as
has been demonstrated for contact-mode charge writing. The technique was
applied in Chapter 5.2 to induce localised collapse or swelling of ATRP
grafted polyelectrolyte brushes. Such a localised swelling/collapse response
could be used in concert with macroporous poly(vinylbenzyl chloride) films to
open/close individual pores grafted with polyelectrolyte brush layers, or else to
create electrically stimulated valves within microfluidic devices, or even within
nanofluidic channels constructed using e.g., the ‘molecular scratchcard’
technique.
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