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Carlo Antonini and Irene Tagliaro

Chapter 8

The use of thermally activatable adhesion
promoters for permanent and durable
immobilization of non-reactive
polymeric coatings

Alexandros A Atzemoglou, Niccolo Bartalucci, Anny C Ospina Patiiio, Carlo Antonini,
Santiago J Garcia, Mark W Tibbitt, Samuele G P Tosatti and Stefan Ziircher

The problem of ice formation and accumulation on surfaces negatively impacts
many aspects of daily life. Current strategies focus on the development of icephobic
coatings that aim to repel water droplets and reduce the adhesion of ice. To function
properly, icephobic coatings often require complex synthesis steps to be immobilized
on surfaces, and permanent bonding with a substrate after synthesis is often not
feasible. As the adhesion strength of coatings constitutes an important property that
determines the performance and durability of adhesive coating systems, we
immobilized polymers on different types of substrates with the use of an adhesion
promoter to assess their adhesion strength. For that, lap shear tests were used to
assess the adhesive bond strength of bound samples, using cyclic olefin copolymers
(COCs) or epoxy as adhesives. The use of an adhesion promoter layer, capable of
forming covalent bonds with any neighboring C—C bond via nitrene insertion, can
increase the adhesion between materials that do not possess inherent chemical
affinity, therefore creating an appropriate coating platform for adhesives that would
not bind otherwise. Thermal curing of the samples with adhesion promoters
containing the reactive 4-azido-3,5-difluorophenoxy (DFPxA) moiety led to
increased adhesion strength. Additionally in this work, we immobilized different
commonly used polymeric materials as monolayers on an aluminum substrate with
the use of an adhesion promoter layer containing the reactive DFPxA moiety.
Dynamic contact angle (dCA) and x-ray photoelectron spectroscopy (XPS) were
used to assess the successful bonding of the reactive moiety with a wide range of
different polymeric materials, demonstrating its universal attachment to neighboring
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bonds. Moreover, we investigated the adhesion strength of ice on immobilized
monolayers of the coated polymeric films, which would not bind otherwise,
revealing a correlation between adhesion strength and surface wettability.

8.1 Adhesion promoter compounds in surface engineering

Each material possesses unique characteristic properties that make it suitable for
specific applications. However, there are instances where the inherent properties of a
material may not fulfill certain requirements [1]. Thus, approaches to combine
functionalities originating from various materials to accomplish a desired perform-
ance are needed [2, 3].

The surfaces of materials play crucial roles in applications in numerous fields as
they define the interaction of a material with the surrounding environment [4]. In the
field of surface engineering, polymeric coatings constitute a primary approach to
modify surfaces to introduce desired functionalities without compromising the
properties of the underlying bulk material [5-7]. Permanent deposition of coatings
is therefore important for long-term stability and durability, since otherwise the
coatings when exposed to harsh environmental conditions and without strong
adhesion may peel off or delaminate, leading to premature failure and loss of
protection for the substrate [8-10]. Polymeric coatings are widely used as they offer
increased flexibility due to the wide range of properties that are achieved using films
with different chemistries, thicknesses, and processing conditions [11]. An inherent
property of amorphous polymers is the transition from a hard, glassy state to a softer
rubbery state [12, 13]. Many polymers exhibit a glass transition temperature at
approximately 100 °C [14-16] and when used as substrates the methods used for
surface modification are limited by this property.

Nevertheless, efficient and permanent surface modifications to acquire desired
surface functionalities are not always straightforward and can require time-intensive
and complex processes that require in-depth analysis of the material surface
chemistry [17, 18]. This is because not all polymeric materials that act as coatings
have chemical affinity with multiple different substrates. The use of intermediate
layers, called primers or adhesion promoters, can facilitate generalizable coating
protocols of surfaces with polymeric layers [19]. More specifically, versatile adhesion
promoters are bifunctional materials that can strongly bind both to various under-
lying substrates and covalently to arbitrary polymeric coatings, by using thermally
or photolytically activated reactive groups, such as azides [20]. Thus, their use is of
great benefit as they can increase adhesion between surfaces that would not bind
otherwise. Aryl azides are considered stable reactive compounds, which are easy to
synthesize and can form adhesion promoters for effective permanent immobilization
of polymers through C—H insertion reactions [21], see figure 8.1.

To overcome these limitations, we designed and synthesized aryl azide containing
adhesion promoters for versatile surface modification at temperatures below 100 °C.
We focused on demonstrating the versatility of a reactive adhesion promoter
towards effective binding with multiple polymers of different wettability. Further,
we investigated the ice adhesion strength on the coated polymeric monolayers,
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Figure 8.1. Bifunctional adhesion promoters containing aryl azides work as a chemical ‘bridge’ for surfaces
that do not exhibit chemical affinity and would not bind otherwise. (Adapted from [77].)

presuming that thermal and elastic effects deriving from the substrate will be
eliminated using a monomolecular polymeric layer tethered to the surface by
another adhesion promoting monolayer. Moreover, we investigated the influence
of an activated adhesion promoter on making a coating system more robust and
durable, a crucial factor to avoid premature failure.

The findings we present could evolve the versatile surface modification of
materials either with peculiar shapes, as well as materials that would deform
when heated above 100 °C or when UV activation is not feasible.

In our previous work [22], we were able to design and synthesize reactive
compounds containing aryl azides, where the activation of the azide can occur
thermally already at temperatures below 100 °C. These moieties were capable of
undergoing insertion reactions with a polymeric material in close proximity for
efficient permanent surface modification, rendering them appropriate candidates for
adhesion promoters that are to be used on materials sensitive to light or on polymers
having low glass transition temperatures and low melting points. The most reactive
synthesized compound was an o,o-difluoro substituted p-phenoxy azide (DFPxA
moiety) and the important novelty was that the activation barrier was lowered to
~70 °C. This newly synthesized compound was compared to the commercially
available perfluorophenyl azide (PFPA moiety) known to decompose at temper-
atures higher than 120 °C.

Based on the synthesized aryl azide compounds, we formulated adhesion promoters
to assess their efficiency to create a stable chemical ‘bridge’ between materials that lack
reactive end groups, and thus allowing for versatile and permanent surface modifica-
tion. The differently substituted heat sensitive aryl azide moieties were grafted to
different units that allowed for effective surface immobilization. The adhesion
promoter containing the DFPxA moiety activated and successfully covalently bonded
to polymer films at the lowest temperature, at ~70 °C. Thus, the fact that the
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compounds can be activated at a lower temperature, especially those containing the
DFPxA moiety, render them suitable adhesion promoters for permanent immobiliza-
tion of coatings on polymeric materials with low glass transition temperature or low
melting point, on materials with peculiar shapes or light-blocking materials where light
activation is challenging or impossible.

8.2 The effect of surface-tethered monomolecular thin film
wettability on ice adhesion
8.2.1 Introduction

The formation and accumulation of ice on exposed surfaces is associated with
detrimental impacts on the safety and operation performance of instruments and
facilities in various industries, such as aircraft [23, 24], power lines [25], off-shore
platforms, wind turbines, and solar panels [26]. For safety critical applications, such
as in aircrafts, de-icing methods include energy inefficient electric heating and the
time-consuming application of de-icing fluids, which are environmentally problem-
atic [27, 28]. A more appealing and universal approach is the development of
economical coatings to which ice minimally adheres or can be easily removed under
its own weight or due to natural factors, such as wind. This would have broad
applications improving the safety and reliability of low temperature operations [29].
In order for ice to debond by natural forces or vibration, the ice adhesive strength
should decrease to less than 100 kPa [30].

Understanding the mechanisms of ice adhesion and the underlying surface
properties for minimizing ice—substrate interactions would enable the successful
design of coatings known as ‘icephobic’ coatings [31-34]. Typically they leverage
functionalities such as superhydrophobicity to repel water droplets, delay ice
nucleation, and reduce ice adhesion significantly [35] and they are meant to be
combined with de-icing strategies.

Alongside surface morphology, ice adhesion strength is commonly associated
with the surface water wettability/hydrophobicity. However, there have been
contradicting findings regarding the effect of surface wettability on ice adhesion
strength, with some studies suggesting a decrease in ice adhesion strength on high
contact angle surfaces due to their low surface energy [36, 37], whereas others have
found little relation between the two parameters [29, 38, 39]. This discrepancy
suggests that the relationship between water contact angle and ice adhesion strength
is complex and varies depending on additional surface properties.

The design of highly structured icephobic surfaces usually requires complex
protocols and modifications of the surface chemistry. Moreover, coating monolayers
of polymers exhibiting icephobic properties is not feasible on substrates without
chemical affinity since any physisorbed coating would likely wash off during rinsing.
Here, we demonstrate the potential of an adhesion promoter carrying a low
temperature activated aryl azide, which was functionalized with a nitro-catechol
group, to successfully function as an intermediate for the permanent surface
modification of aluminum substrates with different polymeric coatings.

8-4



Smart Surface Design for Efficient Ice Protection and Control

Catechol-functionalized polymers covalently link to metallic substrates, via the
formation of coordinate bonds with their oxides and hydroxides. However, multi-
functional, cross-linked polymeric films are often formed due to the self-oxidation of
the catechol moieties [40]. In order to repeatedly obtain a monomeric catechol film,
Zircher et al demonstrated that the introduction of electron-withdrawing groups,
such as nitro groups, is required [41].

Since the adhesion promoter covalently binds both to the aluminum substrate
through the nitro-catechol and to the deposited polymers through the insertion of
the nitrenes, increased adhesion and stability can generally be achieved. In that
manner, any structural, mechanical, or thermal effects caused by the substrate to the
polymeric coating is eliminated. This way the actual chemical and physical
composition of the polymer molecules are assumed to be the sole affecting factors
of ice adhesion, and thus the measurements. In that respect, understanding the
behavior of different classes of polymeric materials towards icing is critical and thus
the force necessary to detach ice formed on a surface was measured, using a custom-
made test rig to perform the horizontal shear tests.

Dynamic contact angle (dCA) and x-ray photoelectron spectroscopy (XPS) were used
to assess the successful bonding of the reactive moiety with a wide range of different
polymeric materials, demonstrating its universal attachment to neighboring bonds.

8.2.2 Results and discussion

Different polymeric materials were chosen based on their hydrophilicity to assess the
ice adhesion strength once applied as thin, monomolecular films on an aluminum
substrate (figure 8.2). Surface qualitative and quantitative characterization was
performed with dCA and XPS to evaluate the successful coating mediated by an
adhesion promoter consisting of a nitro-catechol and of a DFPxA reactive moiety
(figure 8.3(a)). For polymeric substrates a polyethylenimine (PEI) based AP
functionalized with DFPxA was synthesized (figure 8.3(b)). The elemental compo-
sition of a very thin surface layer of approximately up to 10 nm was determined
using XPS [42].

Different polymeric materials of various molecular weights were tested, and the
choice was based on the degree of hydrophilicity, since multiple studies suggest
decrease of ice adhesion strength with low surface wettability [36, 37]. By testing a
wide range of materials, the binding ability towards insertion on non-specific bonds
could be demonstrated.

8.2.2.1 Aluminum characterization and deposition of the adhesion promoter
The reference substrate material chosen was aluminum alloy Al6082, a relevant material
for aerospace applications, since the parts on airplane wings requiring anti-icing surfaces
are usually made of Al6082 [43]. Next, the adhesion promoter used was based on the
reactive DFPXA moiety, which was functionalized with a nitro-catechol end group for
single site attachment to the Al6082 substrate (figure 8.3(a) and figure 8.4).

The freshly cleaned substrates were characterized by a high surface energy/low
contact angle (figure 8.5) and the presence of elemental aluminum (Al), oxidized Al,
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Figure 8.2. The proposed polymeric materials and their respective molecular structures, to test the binding
efficacy with the ND-DFPxA adhesion promoter layer. (Adapted from [77].)

a) b)

Figure 8.3. 4-azido-3,5-difluorophenoxy moiety functionalized with (a) nitrodopamine to act as an adhesion
promoter compound for aluminum substrates (ND-DFPxA) and (b) polyethylenimine for glass fiber and
polypropylene substrates (PEI-g-DFPxA). (Adapted from [77].)

oxygen (0O), magnesium (Mg), and carbon (C) of adventitious contamination
(table 8.1). Moreover, as expected in aluminum substrates due to their complex
fabrication [44], a small amount of fluorine contamination was detected, as well as
traces of silicon. No other elements, specifically nitrogen, were detected. The
successful deposition of the adhesion promoter onto Al substrates was confirmed
by an increase in carbon, the presence of nitrogen and fluorine, and the subsequent
decrease of aluminum and oxygen as a consequence of attenuation of substrate
photoelectrons through the adhesion promoter layer. Upon subtraction of the
aluminum, as well as the aluminum and magnesium oxide contributions, the film
composition of the adhesion promoter differed from the theoretically calculated
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Figure 8.4. Detailed XPS spectra of the C 1s region on the bare Al6082 before and after deposition of the
adhesion promoter. Curve-fitted carbon component C-C, in red; C-N, C-O in green; C-F, C=0 in blue; and
O-C=O0 in purple. (Adapted from [77].)

stoichiometry. The main deviation was an increased oxygen content, which was
attributed to aluminum surface hydroxyl groups. Due to the presence of the DFPxA
groups, an increase in advancing contact angle value of 58° with respect to the 14°
contact angle of the bare Al substrate was also observed (figure 8.5).

8.2.2.2 Deposition of polymeric materials

The deposition of the polymers was also confirmed by the same two techniques. For
substrates with different coatings, the water dynamic contact angles ranged from 13°
for the hydrophilic PAAc to 113° for hydrophobic PDMS for advancing contact
angle. The increase or decrease in advancing contact angle of the new layer, when
compared with the pure adhesion promoter was due to the hydrophilicity/hydro-
phobicity of the newly bound polymers.

Regarding the XPS analysis, it is worth noting that our system consists of layers
of the adhesion promoter and the polymer. When an overlayer is added to the
characterized system, this results in attenuation of the intensity signal from the layers
below. Thus, a high signal originating from the substrate and the adhesion promoter
layer, represents a thin deposited polymer layer. The more attenuated the signal
becomes, the thicker the polymeric layers [45]. Hence, the molecular weight of the
polymers constitutes a critical parameter, as higher molecular weight could lead to
increased density of polymers, and denser polymer would lead to a thicker coating
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Figure 8.5. Advancing dCA measurements of the freshly cleaned aluminum substrate (A16082) and of various
functionalized surfaces. (Adapted from [77].)

layer that could mask the layers beneath. Thus, depending on the thickness of the
coated layer, the composition could be comprised of elements originating from the
substrate, the adhesion promoter layer or the top polymeric material. Moreover,
according to Serrano et al [46], effective attachment of the adhesion promoter differs
depending on the polymer used and it appears to be a crucial parameter for the
formation of homogeneous coatings.

For PAAc, the substrate signal as well as the signal of the adhesion promoter
decreased due to the masking effect of the high molecular weight polyacrylic acid
polymer that consists of carbon and oxygen. The composition of the overlayer shows
an increase in carbon and a slight increase in oxygen, due to the C=0 of the carboxyl
bond and it matches with the theoretically calculated one. The measured advancing
contact angle was 13°, which agrees with the highly hydrophilic nature of the polymer.

Regarding the chemical composition of PEI, the signals of the substrate and the
adhesion promoter were mostly masked by a layer formed from the highly branched
polymer that consists of carbon and nitrogen. The main deviation from the
theoretical composition was the presence of oxygen in the overlayer, which could
be attributed to the aluminum oxides. Hence, a homogeneous PEI film was not
successfully achieved.

For pNIPAM, a thin layer was formed from the low molecular weight polymer
verified by the high content of C—N and C=0 bonds. Again, the presence of fluorine
in the composition indicated that the overlayer thickness of pNIPAM was thin and
the calculated overlayer composition therefore derived from both layers of adhesion
promoter and bound pNIPAM.

For PS, when comparing the chemical composition with the adhesion promoter,
one can observe that the presence of an overlayer leads to a decrease of fluorine and

8-8



Smart Surface Design for Efficient Ice Protection and Control

s (050 0°0) 0 (0°09) DA (Ll
YL ST ST 60 Tss %Y TION ey
€91 8'6¢ vl 60 6'1S 6'¢ 00 00 00 YV 6'€F)¥8s/y F) €11 0€€ SINAd
00 00 00 (009 (0°09) AR (LN
00 96 00 8 233 %Y TWION ey
00 TLy 00 2% €61 €1¢ 01 00 L9 YV (TF)8se/9¢ F) 68 SLT AAAd
oo 61D E1D 00 (T9oL) DA (L
00 '8¢ 79 (44 €€s %Y TWION e O
00 6S¢€ 9y 91 L6€ €yl LT 00 I'T YV (€TTF)691/MLEF) 6L INVJING
00 0 0°0) 00 (000D DZIAAR Gl
00 9'6C LS 6T 819 %Y TTWION
00 6'8C 8y v 1°CS '8 0¢ I'l S0 Y%V o vy F)6T1/19F)S9 B 08¢ Sd
00 00 (s2) 00 (sL) DA (Sl
v'0 S8l 8L 00 €€l %Y TWION
¥'0 L'81 S'L 00 €0L 43 00 00 00 YV 90F)88/(STF) €T e ST 1dd
00 (ov) 00 00 (09) DA (Sl
00 v'6¢ 00 00 909 %Y TWION ey
00 T8¢ 00 00 S6 €Tl 00 00 00 YV (LTF)8sNTeF) el 05T 9VVvd
oo (@@L (@@L (9 t'69) DA CEl
00 8¢ 06 ¥'s 86 %IV "WION Iowoxd
00 s 69 (% G'8¢ 1'Cl €1 00 ST YW WY F)SLINGOTF)EL uoIsaypy
¥'0 6'¢S 00 S0 961 6'SI — — 06 YW (TLF)SYINGE F) v 78091V
dz 18 ST O ST N STd ST  dzv  gdzuz  sTeN ST SN (o)
Y/APY VOP Ansruay)

(%-"1V paziewriou) SIX

(‘[£L] wo1y paydepy) ‘uosuredwos 10j S1OORIQ Ul UIAIS a1k suonisodwod owAjod paje[nofe)) "suonngriuod dpIXo wnurune pue WU ay} Jo uornoenqns Aq pauruLIdlop
a1om suonisodwoos ayy ‘swy JowAjod Jo ased Ay} u] "SJX SuIsn paInsea o1oM SUONBIIUIOUO0D OIuo)e pazijeuriou judredde oy) pue y)p Aq peziiojoereyd arom sojdwres oy [, "swy
JowA[od payeSIISIAUL XIS Y} PUB ‘UONBANIE Io}je Joke] I19jowold uoIsaype ay {(1oke] EQL Y umoIs AJ[eInjeu & yum ggo9[y) 21eNsqns Y} JO UONBZLIAORILYD 20BJINS *['8 dqBL

8-9



Smart Surface Design for Efficient Ice Protection and Control

an increase in carbon and more specifically in the C-C bond contribution, as
expected from the chemical structure of this polymer. The fact that all elements were
present in the overlayer suggests that only a rather thin PS film was coated and thus
acquisition of signal originating from the substrate, the adhesion promoter and the
polymer was possible.

For PVDF, effective coating of the polymer was not achieved, and only partial
coating was observed. The overlayer should consist of carbon and fluorine alone.
The low fluorine contribution as well as the exceedingly high percentage of Al
detected originating from the substrate indicated that PVDF was not successfully
attached to form a uniform layer. This is also verified by the dynamic water contact
angle measured at 88.5°, which is relatively low compared to the 145° for a uniform
PVDF layer [47, 48].

Lastly for PDMS, a reasonably thick layer was deposited masking most of the
signal of the substrate. In the composition of the overlayer, small amounts of
nitrogen and fluorine were detected due to the adhesion promoter layer as expected
from the structure, and the silicon atomic concentration (at%) was increased. At the
same time, the contribution of C-C bonds was vastly increased and, in combination
with the measured contact angle of 113°, the successful attachment of PDMS was
confirmed (figure 8.6).

Successful deposition of the polymers was also confirmed by XPS, except for the
case of PVDF and partly PEI. The data revealed that in some cases, the composition
originated from all the different layers, suggesting the deposition of quite thin
polymeric films. Additionally, interpretation of the content of the different carbon
components deriving from the different carbon bonds is essential for definitive
determination of successful coating of the polymers (table 8.2). Oxygen concen-
tration showed the greatest deviation across samples which, if higher, is typically
attributed to the surface aluminum oxides and hydroxides.

Table 8.2. Normalized C 1s content of different carbon components. The relatively high content of the C=0
peak, as observed in most of the chemistries described so far, can be attributed to the presence of the adhesion
promoter. (Adapted from [77].)

Relative peak area (%)

Chemistry Cc-C C-N, C-O C-F, C=0 0-C=0

Binding energy 285+ 0.0 (eV) 286.52£0.09 (eV) 288.75£0.23 (V) 289.85+0.0(eV)

Al6082 68.3 9.0 — 22.7

Adhesion 53.9 37.4 8.6 —
promoter

PAAc 250 kDa 55.9 17.6 17.6 9.0

PEI 25kDa 67.5 20.1 12.4 —

PS 280 kDa 65.7 24.4 10.0 —

pNIPAM 40kDa  56.8 31.2 12.0 —

PVDF 275kDa 63.2 21.5 15.3 —

PDMS 330 kDa 78.5 14.1 7.3 —
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Figure 8.6. Detailed XPS spectra of the C 1s region on the bare Al6082 and various functionalized surfaces.
Curve-fitted carbon component C-C, in red; C-N, C-O in green; C-F, C=0 in blue; and O-C=O0 in purple.
(Adapted from [77].)

8.2.2.3 Ice adhesion strength correlates with the surface wettability

When ice forms on surfaces with features that allow it to lodge firmly as on
hydrophilic surfaces, the water molecules at the interface between the surface and the
ice tend to align in a way that maximizes hydrogen bonding interactions, leading to
mechanical interlocking [49]. Therefore, hydrophilic surfaces present higher ice adhesion
compared to hydrophobic ones, where fewer hydrogen bonds are present [50].
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Figure 8.7. Graphical representation of ice adhesion measurements on a standard sample. (Adapted from [77].)

The force-time curves showed a sharp detachment of the ice block for all samples,
indicating a behavior of rigid-like materials. Even the PDMS sample showed a sharp
detachment, indicating variation between monolayer thick PDMS coating and bulk
PDMS, which behave as an elastic material that in combination with the high
hydrophobicity yields low strength values of ice adhesion [51]. The force data
measured were used to calculate the adhesion strength by dividing the values with
the surface area of the formed ice block (figure 8.7).

Two sets of experiments were performed with different diameters of ice block
formation, to assess the impact of the ice—substrate interface on the adhesion
strength. The first approach was to investigate the detachment of an ice block with
diameter of 8 mm [26].

Most of the measurements on the hydrophilic samples—Al16082, PAAc and PEI
—exhibited adhesion strength values that are out of range, since the maximum force
value (110 N) that the sensor could measure was reached and thus acquisition of the
force value in some instances was not achieved. As the surface wettability decreased
(increasing contact angles) the adhesion strength of the ice decreased, suggesting a
correlation between ice adhesion strength and surface wettability (figure 8.8).

Since the acquisition of force values on most of the hydrophilic samples was not
achieved, we also decided to investigate the ice adhesion strength using an ice block
with a smaller diameter of 5.4 mm wide.

In this case, force values of the ice detachment were acquired in all measurements,
apart from for the PAAc samples. The data demonstrate the same pattern as the
previous data set, where high ice adhesion strength was associated with the most
hydrophilic samples and decreased upon increasing hydrophobicity of the sample
(figure 8.8). Overall, although ice adhesion strength values were acquired, the trend
is confirmed principally for the hydrophobic coatings and our data set was mostly
dominated by hydrophilic samples. Therefore, more measurements with wider
wettability surface ranges are necessary to better understand the key correlation.

Furthermore, all values of ice adhesion strength were much higher than 100 kPa,
a fact that could be attributed to the thickness of the deposited polymers, which is in
the range of a few nanometers, and they behave like rigid materials showing a sharp
detachment of ice. Thus, they present increased stiffness compared to soft elasto-
meric coatings known to lead to lower ice adhesion strength due to their lower
intrinsic surface energy and higher flexibility [28, 52].

Moreover, according to Gao and McCarthy [53], the wettability (or repellency) of
a substrate from a thermodynamic viewpoint can be associated with the formation
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Ice adhesion strength
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Figure 8.8. Ice adhesion strength values of the different polymeric coated samples. Comparison of ice block
diameters of 8 mm versus 5.4 mm. The adhesion strength values of the A16082, PEI and PAAc samples with an
8 mm ice block and PAAc samples with a 5.4mm ice block were not determined, since the maximum
measurable force value from the sensor was reached. (Adapted from [77].)

and elimination of interfacial areas. Thus, the forces required to separate surfaces
connected by a capillary bridge of water are governed by the receding contact angle
Orec- Meuler et al [29] observed a strong correlation between the measurements of the
average strength of ice adhesion and the practical work of adhesion scaling
parameter [1 + cosb.] for liquid water, suggesting that the ‘icephobicity’ of
nominally smooth surfaces can be predicted simply by measuring the receding
contact angle for water droplets on the substrate. They also suggested that the
average strength of ice adhesion should follow a linear line which approaches zero,
and consequently their data were fitted with the constraint that the linear
correlations pass through the origin.

For this specific data set by extrapolating for the best linear fitting of figure 8.9
(R*> = 0.92), the expected receding contact angle of an icephobic polymeric
monolayer coating (ice adhesion strength <100 kN) according to our findings,
would be a receding angle of 83° or more.

Our data are mostly dominated by hydrophilic samples and only the hydrophobic
PDMS point deviates substantially. Moreover, they are located in a completely
different region both of ice adhesion strength values, and receding contact angles as
well. Thus, direct comparison with previous findings from Meuler et al is not possible.

A factor behind this variation could be the difference in the roughness of the
substrate material, which was measured to be approximately 0.5 ym, and lower in
all cases compared to Meuler et al. This difference in the roughness may influence
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Correlation of Ice adhesion strength w/ receding CA
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Figure 8.9. Ice adhesion strength values against [1 4+ cosf,.]. Our data are compared to data from Meuler et a/
[29]. (Adapted from [77].)

the surface topography, providing sites for water retention and ice nucleation,
leading to lower measured receding contact angles and to increased interlocking of
ice [54-56]. Also, Mostofi Sarkari et al [57] have shown that previous correlations
based on the receding contact angle have produced contradictory results.
Nevertheless, most of the samples present low receding angles and only a few
hydrophobic samples were measured, resulting in an uneven distribution of data
points. Thus, this validates that further investigation of the surface topography and
the underlying mechanisms is essential.

8.2.3 Conclusion

In this study, we proved that the use of an adhesion promoter layer containing the
DFPxA moiety provides a versatile approach for the functionalization of aluminum
surfaces with a variety of polymers in a reliable manner. We have used this approach
to test the binding capability of the adhesion promoter with multiple polymers that
span different wetting properties. The adhesion promoter possesses the ability to
coordinatively bind to aluminum surfaces through nitro-catechol end groups and,
upon activation, covalently bond to polymers in its close proximity through the
reactive nitrene groups, which undergo insertion reaction to any C-H, C-C, or C-N
bonds. Validation of the polymer deposition was achieved by means of different
surface characterization techniques, such as dynamic contact angle and XPS.
Moreover, regarding the behavior of the functionalized polymeric monolayers for
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ice detachment, they demonstrated a rigid-like material behavior resulting in sharp
detachment of the ice block. For that, a horizontal shear (or push) test was used to
acquire the force values, and the analysis of the data revealed a correlation between
increased ice adhesion strength values and high surface wettability, whereas samples
with high contact angles exhibited lower values of adhesion strength, in agreement
with previous studies.

8.3 Ultrathin adhesion promoter films for gluing and bonding
applications
8.3.1 Introduction

In the field of surface engineering, polymeric coatings constitute a primary approach
to modify surfaces to introduce desired functionalities without compromising the
properties of the underlying bulk material [58]. Adhesion strength is a crucial
property in coatings as it significantly influences the durability and performance of
the coating system. Moreover, it is a critical factor in determining the efficacy and
longevity of coatings, as it ensures that the coating remains attached even under
stress in harsh operating conditions, reducing the need for frequent reapplications or
repairs [59, 60]. Understanding the factors that influence adhesion strength, such as
substrate and coating composition, or innovative coating techniques are therefore
essential for the development of robust and high-performance coating systems [61].

Mechanical characterization of the adhesion strength is performed with the
commonly used lap shear tests to evaluate the effect of an adhesion promoter [62,
63]. These tests are essential for quantifying adhesion strength via the acquisition of
the shear force necessary to separate the bound materials and for evaluating the
performance of different adhesive systems. The outcomes offer valuable insights into
the bonding ability of adhesives, facilitating the design of adhesive materials with
improved adhesion properties for a variety of applications. The lap shear adhesion
strength is influenced by various factors, such as the type of adhesive used, the
presence of cross-linkers, and the curing process [64, 65].

In this work, we immobilized polymers on different types of substrates with the
use of an adhesion promoter for assessing their adhesion strength. For that, lap
shear tests were used to assess the adhesive bond strength of bound samples, using
cyclic olefin copolymers (COCs) or epoxy as adhesives. The use of an adhesion
promoter layer, capable of forming covalent bonds with any neighboring C—C bond
via nitrene insertion, increased the adhesion strength of the adhesives up to four
times compared to samples without an adhesion promoter, improving their
mechanical durability, therefore creating an appropriate coating platform for
adhesives that would not bind otherwise. Thermal curing of the samples results in
simultaneous activation of the adhesion promoter to covalently bond with the
adhesive, while curing of the adhesive occurred.

8.3.2 Results and discussion

An adhesion promoter layer can increase the adhesion strength of bound systems.
To evaluate the adhesion strength of bound specimens containing an adhesion
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promoter layer, measurements of the force necessary to separate them under shear
loading were performed according to the widely used single lap shear test [66]
(figure 8.10).

Aluminum alloy 5005 (Al15005), glass fiber (GF) reinforced with epoxy, and
polypropylene (PP) specimens were used as substrate materials. Aluminum was
chosen as a relevant material for aerospace applications, since the parts on airplane
wings requiring anti-icing surfaces are made of this material [67]. Polymeric
materials and glass fiber reinforced polymers were chosen as relevant materials for
multiple industrial applications [68, 69]. Regarding the adhesion promoters used, the
DFPxA and PFPA reactive moieties were functionalized by additional end groups for
them to attach to the different substrates. More specifically, for attachment to the
Al15005 substrate, DFPxA and PFPA reactive moieties were functionalized with a
nitrodopamine catechol (ND-DFPxA and ND-PFPA) known to strongly bind to
aluminum (figure 8.2(a)). In the case of attachment to the PP and GF substrates, the
reactive moieties were grafted to the branched PEI containing amine groups. The PEI-
g-DFPxA and PEI-g-PFPA adhesion promoters bind electrostatically to glass and
plasma treated polymers and/or covalently to any nearby carbon atom from the

F Polymer
2 A dhesion Promoter
4 Substrate

Figure 8.10. The prepared bound samples were tested by the single lap shear test, where the force necessary to
separate the two specimens is measured. (Adapted from [77].)
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substrate, the coating or within the adhesion promoting layer, after activation of the
azides (figure 8.2(b)). Finally, the top coatings/adhesives used were COCs, a material
where no adhesive strength is expected due to its inertness and lack of functionality,
and a low temperature one-component epoxy as a commercial high strength adhesive.
These materials were chosen to physico-chemically represent industry-relevant func-
tionalities, such as high transparency, high thermal stability, hydrophobicity, chemical
resistance, a barrier to oxygen and water vapor, and durability [70-72].

To prepare the samples, two identical pieces coated with an adhesion promoter
layer containing a reactive aryl azide and the desired adhesive (COC or epoxy) were
prepared separately (figure 8.11). Solvent bonding at an elevated temperature of the
two pieces was performed by addition of two droplets of the coating material. The
overlapping area of the two pieces was 12.5 mm in length and 25 mm in width and
they were finally gripped with a screw clamp. The resulting specimens were cured at
80 °C in an oven for 2 h to activate the azides, leading to the formation of covalent
bonds with the polymeric topcoat. Control samples that were not coated with an
adhesion promoter layer were prepared and measured for comparison.

With the designed experiments, the increase of adhesion strength of the newly
synthesized adhesion promoters containing the DFPXA reactive moiety with an
activation temperature ~80 °C was quantified and compared with samples contain-
ing adhesion promoters with the PFPA moiety. The latter are well established
adhesion promoters known to become activated when exposed to temperatures
higher than 120 °C. Consequently, PFPA-containing adhesion promoters were not
expected to be activated at 80 °C, the temperature to which the samples were
exposed, in contrast to the recently developed DFPxA containing adhesion
promoters. At the same time, control samples containing no adhesion promoter
but only COC or epoxy were prepared and cured using the same conditions.

When COC was used as an adhesive polymer, the adhesion strength was highest
for the samples containing DFPxA adhesion promoters, which suggests that they
were successfully attached both to the substrate and the top-coating of COC after
activation. The measured strength values exhibited an almost 100% increase in
strength when used for the A15005 and PP substrates, and in the case of glass fiber we
observed a four times increase in adhesion. For PP and A15005, the data suggest that

Polymer
e Adhesion Promoter
Substrate

Step 1: Adhesion promoter coating Step 2: Polymer coating Screw clamping and temperature curing at 80°C

Preparation of 2 identical pieces

Figure 8.11. Preparation of bound samples for lap shear tests. (Adapted from [77].)

8-17



Smart Surface Design for Efficient Ice Protection and Control

even the use of the PFPA-containing adhesion promoters, expected not to be
activated at 80 °C, slightly increased the adhesion strength of the samples,
presumably since they provides a more suitable platform for the coating of COC
on the substrate (figure 8.12).

In the next experiment, a low temperature curing ‘one-component’ epoxy was
used. It provides unlimited working time at room temperature, but most importantly
it can be cured simultaneously with the adhesion promoter’s activation. Using such
an adhesive in between the two bound specimens, the values of adhesion strength
were significantly higher compared to COC, since the cured epoxy is a very strong
material. The epoxy adhered well to bare Al15005, and the use of a non-activated
adhesion promoter (ND-PFPA) did not confer additional substantial benefit. For
the activated ND-DFPxA adhesion promoter, the adhesion strength of the system
was increased slightly, suggesting that formation of covalent bonds with epoxy
increased its strength, nevertheless adhesion was already suitable.

The adhesion using the glass fiber reinforced epoxy substrate was quite different.
Samples without adhesion promoter resulted in the highest adhesion strength of the
whole series, since the substrate already contains an epoxy material and the affinity
between the substrate and epoxy adhesive was extensive. The application of an
adhesion promoting layer led to a decrease of the adhesion strength, since the epoxy
was not directly coated on the glass fiber substrate and the affinity is lower. Nonetheless,
the use of the activated PEI-g-DFPxA doubled the adhesion strength compared to PEI-
g-PFPA, suggesting the formation of covalent bonds with the epoxy glue.

Adhesion strength of COC on different substrates
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Figure 8.12. Comparison of the adhesion strength between all the substrates and conditions when COC was
used as an adhesive. The gray boxplots correspond to the samples without any adhesion promoter layer, the
orange to the samples with adhesion promoters containing the PFPA moiety which were expected not to be
activated at the curing temperature of 80 °C and lastly the green boxplots correspond to the samples with
adhesion promoters containing the DFPxA moiety which were expected to be activated at 80 °C and
covalently attach to the COC. (Adapted from [77].)
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Lastly, the outcome of the tests with PP specimens is very straightforward. It is
well known that epoxy adhesives do not work well with non-polar polymeric
materials since their affinity is low [73, 74], as validated from the very low adhesion
strength of the control samples without adhesion promoter. The use of both
adhesion promoters created an appropriate coating platform for epoxy, and
acquisition of the force values for the assessment of the adhesion strength was not
possible, since failure of the PP substrate itself occurs. It is evident, however, that the
use of an adhesion promoter increased vastly the capability of an epoxy to be coated
on polypropylene, materials that do not have affinity with each other (figure 8.13).
That the epoxy can react with amino groups of the adhesion promoter was expected,
nevertheless, this is an unexpected finding since it was not anticipated that the non-
activated PEI-g-PFPA would bind so strongly on the PP substrate.

After the outcome of the above performed experiments, we demonstrated that we
could immobilize numerous polymeric coatings with the use of a thermally activated,
nanoscale thick adhesion promoter layer, increasing their adhesion strength. As a next
step, we considered bonding two specimens together without deformation or degra-
dation, just by using an adhesion promoter layer. For that reason, polymethyl
methacrylate (PMMA) specimens were chosen as a polymer demonstrating a low
glass transition temperature, of approximately 105 °C, that is non UV-C transparent
as well [75]. Thus, the only possible way to bond such materials is using a low
temperature activated adhesion promoter such as PEI-g-DFPxA.

Adhesion strength of epoxy on different substrates
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Figure 8.13. Comparison of adhesion strength between all substrates and conditions when low temperature
curing epoxy was used as the adhesive. The gray boxplots correspond to the samples without any adhesion
promoter layer, the orange to the samples with adhesion promoters containing the PFPA moiety which were
expected not to be activated at the curing temperature of 80 °C and lastly the green boxplots correspond to the
samples with adhesion promoters containing the DFPxA moiety which were expected to be activated at 80 °C
and covalently attach to the epoxy. The adhesion strengths of PP in the cases of PEI-g-PFPA and PEI-g-
DFPxA at approximately 4.2 N mm~2 do not correspond to failure of the epoxy rather than failure of the PP
substrate material. (Adapted from [77].)
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The bonding of two PMMA specimens at a temperature higher than its glass
transition led to deformation and rearrangement of the PMMA macromolecular chains
which entangled upon transition back to brittle behavior [76], represented as high
measured adhesion force. This finding validated the need for a system that is activated
at temperatures below 100 °C, and thus the temperature chosen to test the effect of the
adhesion promoters was 90 °C. It is clear that the adhesion force after curing is the
highest when the activated PEI-g-DFPxA was used for bonding (figure 8.14).

These preliminary results show that this idea is promising, and that PEI-g-
DFPxA can be used to bond materials at temperatures below 100 °C. Nevertheless,
there are some factors that need to be considered, such as the difficulty presented

Bonding of PMMA specimens
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Figure 8.14. Force adhesion measurements of thermally bonded PMMA sheets with and without the use of
adhesion promoters. PMMA exhibits a glass transition temperature at approximately 105 °C, thus it shows
high adhesion force due to deformation and rearrangement of the PMMA chains. At 90 °C no deformation
occurs and the activated PEI-g-DFPxA results in the higher adhesion force at this temperature. (Adapted from
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when trying to bond substrates which are not perfectly flat, rather having a
microscale structure, with a nanometer thick adhesion promoter layer.
Investigation of the optimal parameters and conditions is still ongoing.

8.3.3 Conclusion

Here, we demonstrated that an engineered adhesion promoter can create an
appropriate coating platform for the application of coatings and increase the
adhesion strength of the system after activation and formation of covalent bonds
with the adhesive. The adhesion strength of samples containing an adhesive (such as
COC and epoxy), using different activated or not activated adhesion promoters, on
three different substrates (A15005, glass fiber and PP) was investigated by perform-
ing lap shear measurements. It was demonstrated that intrinsically purely adhered
materials can be covalently coated, and improved durability of coatings under
mechanical stresses can be achieved with the use of an activated adhesion promoter.
Thermal activation of the samples in the experimental set-up resulted in simulta-
neous activation of the azides to covalently bind with the adhesive, while curing of
the adhesive occurring. The adhesion promoters containing the reactive DFPxA
moiety, which is demonstrated to be activated already at 70 °C, can improve the
adhesion between Al or glass fiber substrates and a non-activated polymer such as
COC. Moreover, they constitute promising materials for increasing adhesion
between non-polar polymeric substrates such as PP and epoxy at low temperatures.

8.4 Results overview

DFPxA-based adhesion promoters that are activatable at the lowest temperature
were investigated for their binding capability with different polymer materials but
also for their effect on the adhesion strength of a coating system. Our findings
indicate that the thermally activated adhesion promoter can non-specifically insert
to polymers that do not carry functional end groups via the formation of covalent
bonds, leading to their permanent immobilization on different substrates. Thus, we
successfully surface-tethered monolayers of different polymers with diverse surface
wettability, and by measuring the adhesion strength of a formed ice block on top, we
correlated the high surface wettability with decreased ice adhesion strength values.
Moreover, it was demonstrated that bound samples containing an activated
adhesion promoter and an adhesive polymer can lead to an increase of adhesion
strength by up to four times when cured at low temperatures of ~80 °C, compared to
non-activated samples.
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