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Abstract
The formation and adhesion of ice onto surfaces is a critical issue towards the continued
operation and safety of aircraft, wind turbines, maritime vessels, heat exchangers, power
and telecommunications network cables, etc. Combating ice adhesion has historically
relied on active methods, through heating, applying freezing point depressants, or most
obviously: the mechanical removal of ice itself. Yet, the more passive approach of anti-
icing coatings, has attracted signi�cantly attention recently, given the inevitable nature
of ice formation. Therefore, this research aims to shed light on the mechanisms of ice
adhesion on charged polymer coatings, which have previously been largely inferential.
To this end, I have developed a home-built ice adhesion test apparatus to measure the
adhesion strength of ice on various surfaces. The design of charged polymer coatings has
been a principle component of this research, and its e�orts have led to a widely tunable
system, to produce surfaces with variable chemical and coating structures.

These abilities have allowed the thorough investigation of ice adhesion onto charged poly-
mer coatings, with variable counterion, polymer charge, and crosslink density. Observed
variations in anti-icing behaviour suggested a mechanism based on the physical state
of hydration water, which was con�rmed using two independent methods: TIR Raman
spectroscopy and a combination of ellipsometry and di�erential scanning calorimetry. Ad-
ditionally, the magnitude of the ice adhesion strength at low temperatures was found to
be correlated to a fraction of \non-freezable" water. Mechanistic insights gained from this
research can be used to e�ciently design future anti-icing coatings.
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Resum�e
Dannelsen af is p�a over
ader er et kritisk sp�rgsm�al for den fortsatte drift og sikkerhed
af blandt andet 
y, vindm�ller, maritime fart�jer, varmevekslere og el- og telekommu-
nikationskabler. A�sning af s�adanne over
ader har historisk set v�ret baseret p�a aktive
metoder, herunder opvarmning, afrensning med frysepunktss�nkende midler, eller mest
�abenlyst: ved mekanisk fjernelse af is. I senere �ar har en mere passiv tilgang til anti-
icing bel�gninger dog tiltrukket sig betydelig opm�rksomhed p�a grund af den naturgivne
karakter af isdannelse p�a afk�lede over
ader. Forskningen pr�senteret i denne PhD.
afhandling har til form�al at kaste lys over mekanismerne bag isadh�sion p�a ladede poly-
merbel�gninger, hvilket tidligere i vid udstr�kning ikke har v�re tilstr�kkeligt under-
bygget. For at unders�ge dette f�nomen n�rmere har jeg udviklet et hjemmebygget isad-
h�sionstestapparat til at m�ale adh�sionsstyrken af is p�a forskellige over
ader. Designet
af en r�kke forskellige ladede polymerbel�gninger har v�ret en af hovedkomponenterne i
forskningen og har resulteret i et justerbart system af polymerer med varierende kemiske
egenskaber og over
adestrukturer.

Disse forskellige egenskaber har muliggjort en grundig unders�gelse af isadh�sion p�a lad-
ede polymerbel�gninger med variable modioner, polymerladninger og tv�rbindingsden-
siteter. Observerede variationer i anti-icing adf�rd antydede en mekanisme baseret p�a den
fysiske tilstand af hydreringsvand, hvilket blev bekr�ftet af to af hinanden uafh�ngige
metoder: TIR Raman-spektroskopi og en kombination af ellipsometri og di�erentiel scan-
ningskalorimetri. Derudover blev vedh�ftningsstyrken af is ved lave temperaturer kor-
releret til at v�re en m�ngde af "ikke-fryseligt" vand. De mekanistiske indsigter som er
opn�aet ved de her beskrevne studier kan I fremtiden bruges til e�ektivt at designe nye
anti-icing bel�gninger.
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Chapter 1

Introduction

Icing is the formation and adhesion of ice onto surfaces. Adhered ice can cause a plethora
of safety concerns and operational di�culties for aircraft, wind turbines, transmission
lines, heat exchangers, etc. ultimately leading to their inactivity.[1{5] As an example,
ice adhered to aircraft can signi�cantly increase its mass, as well as introduce rough
features, both of which may impact aircraft performance.[6] Additionally, frozen debris
may break-o� and cause damage to the aircraft’s control surfaces or engines.[7] For said
reasons, de-icing, the active removal of ice from these surfaces has become a staple in
cold-climate aviation, as the issue of safety is paramount. Active mechanical removal or
spraying of hot de-icing 
uids over all surfaces of the aircraft is but a temporary solution
that must be reapplied or repeated from time to time. Yet, anti-icing surfaces, materials
resistant to icing, whether through minimizing ice adhesion strength, reducing ice growth,
or preventing the nucleation of supercooled water droplets, are considerably attractive due
to their passive nature, ideally requiring little to no upkeep.[8{10]

Considerable research has seen the development of numerous of anti-icing surfaces, of-
ten falling into one of three classes: hydrophobic surfaces, slippery liquid-infused porous
surfaces, or hydrophilic surfaces, each attempting to thwart the problem of icing.[11]
Particularly, with regards to ice adhesion to hydrophilic surfaces, reasoning towards the
mechanism of anti-icing properties remains largely inferential. Therefore in the aim of
designing more e�ective anti-icing surfaces, it is important to gain insights and develop
an understanding in the mechanism of ice adhesion to hydrophilic surfaces. To this end,
my work discussed in this thesis, has resulted in three manuscripts: �rst delving into
the swelling behaviour of charged hydrophilic polymer �lms, then attempting to provide
a more mechanistic understanding of ice adhesion on charged polymer surfaces in the
remaining two.

Background information pertinent to the understanding of this work is presented in Chap-
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Chapter 1. Introduction

ter 2. Here, insights into the mechanisms of ice adhesion on bare, hydrophobic, slippery-
liquid-infused infused, and hydrophilic surfaces are presented. Next, the synthesis of
charged polymer systems and coating formation is discussed, after which their character-
istic properties are examined, all laying the groundwork to design and investigate novel
anti-icing coatings.

Chapter 3 provides details regarding the synthetic techniques used to produce charged
polymer coatings. Additional background information regarding their characterization is
also introduced where deemed necessary. The design of a development of a home-built ice
adhesion apparatus is discussed at length in Chapter 4, and was key in later investigations.

The design of synthesis of charged polymer coatings (as mentioned before) was not uncom-
plicated. Chapter 5 reviews my own e�orts to produce stable charged polymer coatings
and the successful design of the coating system used in later investigations. It is here
that the I present the results of a study on the characteristic swelling behaviour of the
polyelectrolyte and zwitterionic polymer coatings.

Studies on the anti-icing performance of charged polymer coatings, speci�cally with re-
gards to ice adhesion strength are presented in the Chapter 6. Results of counterion-
speci�c ice adhesion experiments suggests mechanisms at play that are previously un-
proven. Using two independent characterisation techniques, a novel mechanistic under-
standing of ice adhesion on polyelectrolyte surfaces is presented. Following this, the e�ect
of coating structure with regards to charge identity and crosslink density on ice adhe-
sion, was investigated. The results a�orded from these two studies provide signi�cant
mechanistic insights into the anti-icing properties of charged polymer surfaces. These
are summarized in a conclusion in Chapter 7, along with new perspectives for future
investigations.
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Chapter 2

Background

This chapter provides the background information necessary to understand ice adhesion
to polymer coatings; pertinent information towards mechanism of ice adhesion, anti-icing
coatings, charged polymer systems for coating applications, and characteristic properties
of these polymers are described.

2.1 Ice adhesion
The formation and adhesion of ice onto surfaces is a critical challenge, bringing signi�cant
economic, energy, and safety concerns in many facets of today’s society.[12] Whether on
aircraft, power transmission lines, vehicles, or wind turbines, the hostility and persistence
of icing problems is one that warrants a combative attitude to solve, through either active
or passive strategies.

Active strategies often rely on a combination of thermal, chemical, and or mechanical
methods to remove ice, and generally solve the problem in the short term. Ice on wind-
turbine blades and the leading edge of aircraft wings can be removed by heating the
surfaces, requiring signi�cant energy supplies.[4, 13] Ice accreted on maritime vessels often
must be physically removed and puts the crew in signi�cant danger.[2] And perhaps most
familiarly, adhered snow and ice on waiting planes (and wind turbines) must be actively
removed through by spraying hot de-icing 
uid.[14, 15] Yet all of these active solutions
focus on the short-term and are only applied when necessary.

However, passive strategies towards anti-icing focus on creating a functional surface, by in-
hibiting ice nucleation, preventing ice propagation, or lowering the ice adhesion force.[16{
18] Signi�cant focus has already been brought regarding the nucleation and propagation
of ice, yet it believed that ice will form and grow on any surface eventually.[9, 19{21]

3



Chapter 2. Background

Therefore, I focus solely on reducing the adhesion force between ice and a surface, relying
on the chemistry of surface. Ice adhesion to surfaces is broken down into 4 classi�ca-
tions and examined further below: ice adhesion on (i) bare substrates, (ii) hydrophobic
coatings, (iii) slippery liquid-infused porous surfaces, and (iv) hydrophilic coatings.

2.1.1 Ice adhesion on bare substrates
The adhesion of ice onto bare neat surfaces is not as simple as once thought. It was
�rst postulated by Faraday that a state of water, between solid ice and liquid water
may exist, and that nearly a century later its e�ects would be shown through tensile
adhesion strength of ice on surface - going from adhesive breakage at high (yet still
below 0 °C) temperatures and transitioning into cohesive breakage at su�ciently cool
temperatures.[22, 23] In more modern experiments, Jellinek proposed the existence of a
quasi-liquid layer (QLL) (sometimes also referred to as a premolten layer or liquid-like
layer) between ice and a substrate responsible the linearly increasing ice adhesion strength
on bare substrates.[24] Yet only in the past 3 decades has this state of water between solid
and liquid that seemingly lubricates the interface between bulk ice and a solid substrate,
been proven. Evidence provided from ellipsometry, X-ray re
ectivity, VSFS, TIR-Raman
spectroscopy, and NMR experiments have all helped provide direct evidence towards the
existence of a QLL.[25{30]

Figure 2.1: (a)Temperature dependent ice adhesion strength on a silica interface.
Reprinted with permission[29]. (b) Schematic of temperature dependent interfacial melt-
ing of ice on a homogeneous solid substrate. Reprinted with permission[27]

Picking out two of these studies, one based on ice adhesion strength with corresponding
TIR Raman spectroscopy and the other on X-ray re
ectivity measurements, one can bet-
ter understand the nature of the QLL and its a�ect on ice adhesion on bare substrates, i.e.
silica.[27, 29] Figure 2.1a details the temperature dependent ice adhesion strength (here
called maximum shear adhesion pressure) of ice on ultra-smooth silica samples. Starting
at temperatures close to 0 °C and decreasing through -20 °C, a linearly increasing ice ad-
hesion strength was observed, and could be characterized as adhesive failure, although at
temperatures greater than -15 °C, a seemingly rare behaviour of sliding was reported.[23,
24] At temperature below -20 °C, a larger and constant ice adhesion strength representing
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2.1. Ice adhesion

a cohesive failure at the interface was observed, evident by the remaining fragments of
ice left on the silica surface. Illustrated by Figure 2.1b, one can imagine that the ice
adhesion strength on solid silica surface would be lower given the existence of a QLL that
promotes sliding, in comparison to its absence in which ice would be free to mechanically
interlock with the substrate. Therefore the thickness of the QLL may play a role in the
ice adhesion strength in this temperature regime (0 to -20 °C). Attempted observations
of a presumptive QLL at the interface through TIR Raman spectroscopy failed due to
its inherently small thickness or lack of distinguishing spectral characteristics, although
more NMR and VSFS experiments yielded more fruitful results towards the existence of
a QLL above approximately -25 °C.

These observations are bolstered by an earlier X-ray re
ectivity experiment that directly
probed a silica-ice interface.[27]. Here, re
ectivity curves of the interface were analysed
and associated density pro�les were deduced, revealing the existence of a QLL between
from 0 to -17 °C via its characteristic density (Figure 2.2). But perhaps of most value,
was the observed temperature dependent thickness of the QLL that linearly increased
from 0.8 nm at -14.7 °C, to 5.5 nm at -0.036 °C. Connecting this to previously discussed
ice adhesion measurements, it is simple to see the linearly increasing ice adhesion strength
must be related to the thickness of an interfacial QLL, such that a higher temperatures
exists a thicker QLL that is more apt at promoting sliding leading to intrinsically low
ice adhesion strengths. [24, 29] Lower temperatures gives rise to a thinner QLL that
intrinsically will have lower molecular mobility, ultimately leading to greater values of
ice adhesion strength. And �nally, once the roughness of the surface has overtaken the
thickness of the QLL, its contribution is presumed to be non-existent, and the ice adhesion
strength is governed by the mechanical interlocking and adhesion forces between ice and
silica, as is demonstrated by the cohesive failure of ice on a smooth bare silica surface
below -20 °C.

2.1.2 Hydrophobic coatings
In addition to measurements of ice adhesion strength on silica, Jellinek identically con-
ducted experiments of ice adhesion strength on polystyrene (PS) and poly(methyl methacry-
late) (PMMA) surfaces.[24] In this �rst �nding of adhesive strength of ice vs. temperature
on a smooth hydrophobic surface, a linear increase in ice adhesion strength as a function
of temperature was observed. As the behaviour was nearly identical to the aforementioned
experiments on silica, it suggests that the mechanism that denotes ice adhesion behaviour
must also be QLL. However, although the overall temperature dependence in ice adhesion
behaviour could be reconciled by the existence and eventual diminishing of a QLL, the
di�erences in the magnitude of ice adhesion strength, such that PMMA �lms had slightly
higher adhesion strengths than PS, could not.

Interestingly, theoretical predictions on the adhesion of ice on a given surface describe the
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Chapter 2. Background

Figure 2.2: Reprinted with permission[27] (a) Re
ectivity curves of the ice-SiO2 interface
at temperatures ranging from T = Tm -0.036 K to T = Tm - 25 K. (b) �(z) across
the interface displaying existence of a quasi-liquid layer (QLL) at temperature near the
melting point (T =Tm -0.036 K), and a lack of QLL at T = Tm - 25 K. (c) A real space
model of ice-SiO2 interface associated with T = Tm - 1 K.

work of adhesion between ice (i) and and a solid (s) to be a function of the respective
surface energies and the energy required to break the bond between them (Equation
2.1). Through estimations of the various surface energies listed in Equations number
the thermodynamic work of adhesion can be approximated as function of the contact
angle and the surface energy of ice/water (Equation 2.2).[12, 31] Accordingly, the work of
adhesion is minimized as the contact angle between the surface and water approaches 180
°, thus describing an theoretical framework for the ice adhesion strength based on water
wettability. As a result, studies on the ice adhesion strength on surfaces with varying
contact angles have been undertaken, some of which have present a correlation of reduced
ice adhesion on surfaces with high contact angles.[7, 32, 33] However, this trend is by
no means universal and signi�cant scatter has been observed between supposedly alike
samples.

Wa = 
surface + 
ice � 
surface�ice (2.1)

Wa = 
w(1 + cos(�)) (2.2)

Wp = 
ice(1 + cos(�rec)) (2.3)

An in-depth discussion concluded that the wettability of a surface cannot be adequately
described through a single static contact angle, and that an improved de�nition of surface

6



2.1. Ice adhesion

Figure 2.3: (a) Thermodynamic work of ice adhesion scaled with surface energy of water
versus the water contact angle (�). Reprinted with permission [12]. (b) Average strength
of ice adhesion measured at -10 °C of various surfaces against a scaled receding contact
angle parameter. Reprinted with permission [33]

wettability can be based on dynamic contact angle experiments. As such the practical
work of adhesion for removing a liquid from a solid surface was attempted to be corre-
lated to the ice adhesion strength on those surfaces. Although previous studies ventured
to correlate ice adhesion strength with various parameters such as equilibrium work of
adhesion, practical work of adhesion, and liquid drop roll-o� angle, all to varying degrees
of success, these trends were again not universal. Eventually, Meuler et al. �rmly es-
tablished a strong correlation between ice adhesion strength and the practical work of
adhesion scaling parameter for liquid water on a solid surface [1 + cos(�rec)](Equation
2.3 and Figure 2.3).[33] Interestingly, the study and described trend does not outwardly
communicate the mechanism of adhesion, although it is believed that the existence of a
QLL on most of these surfaces is likely. Yet the �ndings concur with the previous theoret-
ical framework, although with some deviation, such that maximizing the receding contact
angle of a water drop will give a surface with favourable (low) ice adhesion strength.

Building on this relationships, Meuler et al. measured the ice adhesion strength on 
uo-
rodecyl polyhedral oligomeric silsequioxane (
uorodecyl POSS) / PMMA coatings that,
when measured, exhibited a adhesion strength of � 150 kPa, corresponding to a high
receding contact angle of � 117 °.[33] Above this angle, they postulated that the formula-
tion of durable smooth hydrophobic surfaces would yield considerably higher ice adhesion
strengths, as it had already been discovered that increasing surface texture and rough-
ness of like polymer coatings increased the adhesion strength of ice due to increase surface
area and mechanical interlocking between ice and the substrate.[34{37] Additionally, the
surface texture of hydrophobic coatings seemingly changed given successive and continu-
ing tests leading to increased ice adhesion strength, in stark contrast to the hydrophilic
polymer coatings to-be-discussed.

7



Chapter 2. Background

Follow-up investigations on this �nding, attempting to disect the relationship between
surface wettability to ice adhesion strength, found that superhydrophobic surfaces may
not be ideal as low ice adhesion surfaces.[38, 39] And upon closer examination, surface
roughness was determined to be a key player in the resulting ice adhesion strengths. For
(super)hydrophobic surfaces, water wets the surface by the Cassie-Baxter state, on top of
any surface textures, trapping air between the droplet and the surface.[40, 41] When the
temperature of the drop is lowered, the air condensates water onto the surface imparting
more hydrophilic properties. This allows for easier wetting of the drop into the surface
texture, thereby increasing the surface area between ice and the substrate, but most
importantly, increasing the mechanical interlock between ice and the surface signi�cantly.
As a result (super)hydrophobic surfaces may sometimes have signi�cant ice adhesion
strengths due to their surface texture.[38] And despite procedures to produce smooth
hydrophobic coatings, the surface texture invariably increases over repeated icing/deicing
tests.[42]

2.1.3 SLIPS
One method of eliminating any signi�cant surface texture is by employing a coating
completely infused with liquid, ascribing a nearly-perfectly smooth liquid surface that
dramatically reduces the adhesion strength of ice; classi�ed as slippery liquid-infused
porous surfaces (SLIPS).[43, 44] In general, the 
at liquid interface of SLIPS does not allow
water droplets to easily settle or reducing the amount of freezing on sub-zero surfaces.[45]
Inevitably though, ice will form on the surface, and the lubricating properties of the
infused present at the interface can be used to e�ortlessly remove ice.[11]

Wong et al. designed and prepared a micro/nanoporous substrate infused with a liquid
that gave a smooth and defect-free surface.[46] Additionally they outlined that the lubri-
cating liquid must preferentially wet the substrate over water/ice, and that the lubricating
liquid must be immiscible with the any contacting liquid/solid. As such, the SLIPS fab-
ricated were based on a poly
uoroalkylsilane network infused with a low-surface-tension
per
uorinated liquids, forming a slippery and uniform surface that is immiscible with
aqueous and hydrocarbon phases. Liquid repellency of the 
uorous-phase SLIPS was ex-
ceptional, and ice was similarly discarded solely by discarding the substrate, as seen in
Figure 2.4.

Rationally, the strong repellent properties of SLIPS can be tuned by changing the in-
fused liquid used to lubricate the interface, and when explored by Ozbay et al. the ice
adhesion strength on SLIPS was found to be dependent on the hydrophobicity of the in-
fused liquid.[47] In contrast to ice adhesion on hydrophobic coatings/surfaces, generally,
hydrophilic liquids provided the greatest reduction in the adhesion strength of ice when
compared to the bare �lter paper. Ethylene glycol, formaldehyde, and glycerine liquid
gave incredibly low ice adhesion strengths (�16 kPa), while more more hydrophobic oils
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Figure 2.4: (a) Illustration of SLIPS and repellent coatings by infusing a lubricating
liquid. Reprinted with permission [46] (b)Ice repellent properties of SLIPS compared to
a superhydrophobic surface visualized. Reprinted with permission [46].

and polyole�ns resulted in greater adhesion (�120 kPa). Yet some per
uorinated liq-
uids, again, provided exceptionally low ice adhesion strengths on par with the hydrophilic
liquids, despite being hydrophobic 
uorinated aliphatics. It is thought that the liquid
state of all these liquids at sub-zero temperatures is what gives SLIPS advantageous anti-
icing properties, due to their ability to weaken the interaction between ice and the solid
substrate by lubricating and wetting the interface.[48]

One shortcoming of using a liquid to infuse a porous surface for anti-icing, is that any
hydrophilic liquid will eventually be diluted with water over successive icing/deicing and
be consumed, requiring replenishment. More hydrophobic alternatives, such as silicon oil
were thought to give greater longevity as they would not be so easily wicked by water.
Although rationally sound, even silicon oil infused porous surfaces, which had initially
low ice adhesion strengths, were eventually in need of replenishment as ice adhesion
strengths rose dramatically from �10 kPa to �100 kPa over the course of approximately 45
icing/deicing cycles.[49] Although incredible longevity was achieved, the steady rise in ice
adhesion strength necessitated repair and replenishment, which after completed returned
the favourable anti-icing properties. The rise in adhesion strength was characteristic in the
consumption of the infused silicon oil lubricant, that over the course of 45 cycles gradually
exposed ice droplets to a greater portion of porous surface without lubricant, giving rise
to greater ice-surface interactions. Additionally, over multiple repair and replenishment
cycles, the initial ice adhesion and contact-angle could not be re-established (Figure 2.5).
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Figure 2.5: (a) Ice adhesion strength over many icing/deicing cycles. (b) Contact ange of
water on SLIPS over the course numerous icing/deicing cycles. (c) Schematic mechanism
of the icing-repairing-degradation process. Reprinted with permission [49].

2.1.4 Ice adhesion to hydrophilic polymer coatings
Rather than using an expendable and �nite amount of a liquid to infuse the surface,
water, which is in abundant supply, has the potential to impart similarly bene�cial anti-
icing properties. It is postulated that by using hydrophilic and hygroscopic polymers to
form a coating, the resulting water absorption that comes from water droplets, bulk ice,
or the moisture in the surrounding atmosphere, imparts the coating with advantageously
low ice adhesion strengths through a aqueous lubricating layer, similar to how on bare
and smooth hydrophobic surfaces a quasi-liquid layer bestows a decrease in ice adhesion
strength when present.

Inspired by this, a microporous poly(acrylic acid) (PAA) network was grafted from a
functionalized silicon wafer, with surface area fraction ranging from � = 0:05 � 1:00.[50]
Investigating the ice adhesion strength on the coating versus the surface area fraction
of hygroscopic PAA, it was found that ice adhesion strength was constant between at
� < 0:2, as the swollen PAA and its embedded water provided a continuous aqueous
lubricating layer. At � > 0:2, the ice adhesion strength grew linearly and signi�cantly,
and was explained due to the lower surface coverage imparting a non-continuous and less
e�ective aqueous lubricating layer (Figure 2.6a). Additionally, at a single phase fraction,
ice adhesion strength was observed to be temperature dependent: remaining constant
(�65 kPa) until -25 °C, and then sharply increasing to another plateau (�1100 kPa) by
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-30 °C. This novel behaviour, the sudden and steep increase in ice adhesion strength at
-25 °C, was attributed to the phase transition of the aqueous lubricating layer from liquid
to ice (Figure 2.6b).

Figure 2.6: (a) Ice adhesion strength versus the volume fraction of hydrophilic polymer on
microporous array. (b) Temperature dependent ice adhesion strength on a self-lubricating
liquid layer. Reprinted with permission [50].

Following up on this work, Dou et al. prepared a series of polyurethanes with varying
amounts of hydrophilic dimethylolpropionic acid (DMPA) that when cast and thermally
cured onto a aluminium substrate, also provided exceptional anti-icing properties.[51]
The highest performing coating, displayed similar temperature dependent ice adhesion
behaviour to work accomplished by Chen et al.; an unchanging ice adhesion strength ( 27
kPa) was observed between -15 and -53 °C, followed by a steep increase in ice adhesion
strength from -53 to -60 °C, after which a second plateau in ice adhesion strength ( 700
kPa) is reached.[51] Rationally, a similar conclusion was reached, the behaviour being
justi�ed by the hydrophilic and ionic DMPA component that strongly binds water and
forms a aqueous lubricating layer that at approximately -55 °C, transitions from liquid to
ice, resulting in an increase in ice adhesion strength.

Later, Chen et al. used mussel-inspired surface chemistry to produce anti-icing coat-
ings, �rst by synthesizing PAA-dopamine (PAA-DA) conjugates with varying functional-
ity of dopamine, and then crosslinking with sodium periodate onto a substrate, giving a
crosslinked PAA-DA coating(Figure 2.7a).[52] Subsequent measurements of ice adhesion
strength on these surface-attached PAA-DA hydrogels showed a decrease in ice adhesion
strength as dopamine content increases, although this relationship is only valid to a cer-
tain degree (Figure 2.7b). This was explained by the varying dopamine content in the
PAA-DA conjugate and therefore crosslink density, such that a PAA-DA conjugate with
greater dopamine functionality will give way to a more crosslinked network. This in turn,
is known to a�ect the fractions and amounts of \non-freezable" and freezable water ab-
sorbed in the coating, as well as the freezing temperature of the freezable water.[53{55]
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Figure 2.7: (a) Schematic representation of the synthesis of PAA-DA surfaces, and its
interactions with water leading to low ice adhesion (b) Ice adhesion strength at -15 °C, as
a function of percentage of dopamine. (c) Temperature dependent ice adhesion strength
from -15 °C to -50 °C, of PD25, exhibiting a self-sustainable lubricating layer. Adapted
and reprinted with permission [52].

The observed crosslink density dependent ice adhesion behaviour observed here was ex-
plained in part to the decreasing fraction of freezable water, as well as its freezing point,
such that a greater of liquid water in the coating would impart a lower ice adhesion
strength.

Additionally, ice adhesion strength measurements over a wide-range of temperatures on a
single coating again uncovered a temperature-dependent relationship that bears a striking
resemblance to previous work.[50, 51] Here, a �rst plateau (�25 kPa) lasting down to -
25 °C, then a more gradual increase in ice adhesion strength between -25 and -42 °C, and
�nally a second plateau (�500 kPa) was observed (Figure 2.7c). Chen et al. discuss these
details through the lens of an aqueous lubricating layer, such that when the freezable water
is liquid it promotes an aqueous lubricating layer at the coating-ice interface that lowers
the ice adhesion strength, and when frozen there is a lack of liquid water to lubricate the
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interface, ultimately leading to an increase in ice adhesion strength.

This design focus towards producing coatings that promote and support interfacial non-
frozen water was also accomplished by incorporating various PDMS-PEG copolymers into
a precursor PDMS.[56] Ice adhesion strength was signi�cantly reduced (�120 kPa) com-
pared to a standard hydrophobic PDMS �lm (�320 kPa), despite only �lm containing
only 1 wt.% of the PDMS-PEG copolymer. It is believe that the PEG components can
preferentially migrate towards the surface, segregating to form a more hydrophilic surface
that can form hydrogen bonds with water at the interface. As a result, the strong hydro-
gen bonds between PEG and the interfacial water molecules allows them to remain liquid
at temperatures below the freezing temperature of bulk water, and serves as a lubricating
layer to reduce the ice adhesion strength on the surface. Interestingly, the study describes
the interfacial nonfrozen water as a quasi-liquid layer (QLL), as opposed to an aqueous
lubricating layer, making a clear distinction that water molecules in the QLL have a lower
con�gurational entropy due to their comparatively high order (Figure 2.8). This should
lead to increase in viscosity, and was con�rmed by performing 1H T2 relaxation NMR
measurements.

Figure 2.8: (a) Proposed mechanism on ice adhesion on a hydrophobic coating. D rep-
resenting the water depletion layer leading to a QLL. (b) Proposed mechanism of a
larger nonfrozen QLL on PDMS-PEG surfaces leading to reduced ice adhesion strengths.
Reprinted with permission [56].

Chernyy et al. demonstrated the feasibility of a superhydrophilic polyelectrolyte brush
coatings for anti-icing applications as well, interpreting the ice adhesion strength data
through the lens of a quasi-liquid layer.[57] Here, surface grafted charged polymer brushes
were grown on silicon substrates, with strong anionic (R-SO3

-), weak anionic (R-CO2
-),

or strong cationic (R-N(CH3)3
+), polymer bound moieties. Simple counterion exchange

allowed for a considerable pro�le of various polyelectrolyte brushes and their properties
to be explored. The observed ice adhesion strengths for all the brushes were greater at
lower temperatures (-18 °C) than higher temperatures (-10 or -5 °C). This temperature
dependence implied that interfacial melting of ice was the mechanism, similar to the
previously observed X-ray re
ectivity experiments. Succinctly, a temperature dependent
QLL is believed to exist and lubricate the ice-coating substrate.
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