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Received 17 January 2004; received in revised form 16 February 2004; accepted 16 February 2004
Available online 2 April 2004

Abstract
The analysis of wetting behavior of self-assembled monolayers of alkylsilanes is presented. A simple model accounting for
various surface fractions of CH3 and CH2 groups (self-assembly order/disorder) is used. The effect of inclusion of air in the
structure of rough silanized surfaces is also considered. The importance of reduced solid–water contact area and assembly order
of organic monomers is demonstrated for achieving both high contact angle and low sliding angle. As coatings with low surface
energy, these materials may be of potential use for ice-repellent purposes.
# 2004 Elsevier B.V. All rights reserved.
PACS: 68.45.G; 68.35.M
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1. Introduction
During cold periods, ice and snow build-up on power
network equipments, such as cables, towers and insulators, sometimes causes serious problems. While
efforts to develop mechanical ice removal techniques
have received the most attention [1], few studies have
focused on understanding the basic mechanisms of ice
adhesion and the development of icephobic surfaces
from the very fundamental standpoints [2–6]. Most
of the recent studies indicate that there are no solid
passive coatings that are able to completely prevent ice
adhesion. Ideally, such a coating/material would be
*
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solid, with a long-lasting life, easy to apply, and
available at a low price [1].
For ice to adhere to a surface, it is necessary for liquid
water to wet the surface, i.e., to replace the existing
surface–air interface with a surface–water interface. It
is impossible to completely avoid surface wetting by
water and to achieve a contact angle of 1808 for a sessile
water droplet on a surface, because the London dispersion forces would still act across any interface, and
hydrophilic sites are invariably present on any practical
hydrophobic surface [3]. Thus, it is not possible to
produce a surface which would not be wetted by water
at all and to which ice would not adhere.
The major strategies to reduce ice–surface adhesion
previously proposed in the literature are: (i) to find
low-energy surfaces or coatings; (ii) to introduce air
between the ice and substrate; and (iii) to achieve an
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optimum degree of roughness, which may stimulate
the formation and propagation of cracks in the ice
[1,3–5].
Self-assembled organic monolayers (SAMs) on
solid substrates provide an interesting approach to
tailor-designed surfaces with controlled physical
and chemical properties [7–12]. A class of widely
used SAMs is based on n-alkyltrichlorosilane precursor molecules [10,13–15], which, through hydrolysis
and polymerization, produce self-assembled alkylsiloxane films with low free surface energy (Fig. 1).
Hydrophilic surfaces can be made hydrophobic
through the self-assembly of molecules with hydrophobic ‘‘tail groups’’ such as n-alkyltrichlorosilanes.
Octadecyltrichlorosilane (OTS), as the most common
model compound, self-assembles into a robust monolayer on almost any high-energy surface [10,13,14].
By virtue of their hydrolysable functional groups,
OTS molecules can be covalently bound to substrate
hydroxyl groups, as well as cross-linked within the
octadecylsiloxane layer (Fig. 1a).
In their experimental work, Somlo and Gupta have
shown that ice adhesion decreases when a SAM of
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dimethyl-n-octadecilchlorosilane is formed on an Al
alloy surface [6]. More recently, Petrenko and Peng
have applied mixtures of self-assembling 1-dodecanethiol and 11-hydroxylundecane-1-thiol with various
degrees of hydrophobicity/hydrophilicity on Au surfaces and have shown a good correlation between the
contact angle of water and the ice adhesion strength
[5]. However, there is still a lack of systematic knowledge on how the microstructure and surface chemistry
of SAMs influence their hydrophobic and, in particular, icephobic properties.
A correlation between wettability and interfacial
strength between solid surfaces and ice has been
shown in a few previous studies [3–5]. As wetting,
in most cases, is the first stage of an icing event,
wetting behavior of hydrophobic n-alkylchlorosilane
SAM coatings with various degrees of order/disorder
is theoretically considered in this work. The analysis is
done on the basis of the Israelachvili–Gee (and/or the
Cassie) approach [16,17] and the Wenzel equation
[18], which consider chemically heterogeneous and
rough surfaces, respectively. The sliding angle is also
qualitatively evaluated as a function of self-assembly
order in an alkylsiloxane monolayer.

2. Modeling of wetting behavior

Fig. 1. Schematic representation of: (a) silanization process of
alkyltrichlorosilane molecules on a substrate covered with an oxide
layer and formation of an alkylsiloxane monolayer and (b) welloriented (or close-packed) SAM molecules, pore, collapsed
molecules and lying down monomers.

The analysis of literature shows that both continuous growth (or formation of disordered, liquid-like
submonolayer species) and island-type growth (or
formation of organized aggregates with vertically
aligned alkyl chains) are involved in the formation
of alkylsilane SAMs [10,13–15]. The relative contributions of these two mechanisms depend strongly on
the experimental parameters used for film preparation
[10,13–15]. In Fig. 1b, disordered species and a part of
a well-organized aggregate are shown on the right and
on the left, respectively. Another structural defect
detected on SAMs, a pinhole or a pore with no
SAM molecules adsorbed onto the surface, is also
shown in Fig. 1b. It should be added that self-assembly
is not the only reaction possible between alkyltrichlorosilanes and surfaces; covalent attachment and vertical polymerization of oligomers are also possible
under certain conditions [19].
Taking into account the above, a model of wetting
behavior for n-alkylsilane–SAM coatings is proposed
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as follows. (i) We consider alkylsilane–SAM-grafted
surfaces with surface coverage close to 1.0 (impact
of pores in coatings is negligible). (ii) The distribution of the heterogeneities is assumed to be
uniform over the surface, irrespective of whether
they are of geometrical or chemical character. (iii)
We assume that the wettability of a smooth alkylsilane-grafted surface is defined by relative contributions of methyl (CH3) and methylene (CH2) groups.
Well-organized aggregates are terminated by methyl
groups, whereas methylene groups start to be exposed
as the degree of self-assembly disorder increases
(Fig. 1b).
For the simplest cases of smooth and chemically
inhomogeneous surfaces terminated with CH3 and CH2
groups, the wettability can be evaluated using the
contact angle given by the Israelachvili–Gee Eq. (1)
[16] and the Cassie Eq. (2) [17]. Eq. (1) is replaced by
Eq. (2) when the surface is composed of well separated
and distinct domains terminated by either CH3 or CH2
groups. The relation (1) replaces the Cassie equation whenever the size of chemically heterogeneous
domains approaches molecular dimensions. Such inhomogeneity has been demonstrated, e.g., for OTS on
Si and mica surfaces, when some of SAM islands
formed, depending on process parameters, are smaller
than 1 mm in size [10,13–15].
ð1 þ cos yÞ2 ¼ f3 ð1 þ cos y3 Þ2 þ f2 ð1 þ cos y2 Þ2

(1)

cos y ¼ f3 cos y3 þ f2 cos y2

(2)

where y is the equilibrium contact angle of a chemically heterogeneous and ideally smooth surface;
y3 ¼ 110 contact angle for pure homogeneous surfaces of CH3 groups [8,19]; y2 ¼ 94 contact angle for
pure surfaces of CH2 groups [8,19,20]; and f3 and f2
are area fractions of methyl and methylene groups
(f3 þ f2 ¼ 1), respectively.
Using Eq. (1), Almanza-Workman et al. estimated
the degree of disorder of highly hydrophobic coatings
deposited from water dispersible organosilanes onto
pre-oxidized Si wafers. It was shown that the area
fraction of methyl-terminated domains f3 can reach
0.95 [8].
When a solid surface is rough (Fig. 2 (bottom)),
Eqs. (1) and (2) are modified into the Wenzel Eq. (3)
cos yr ¼ r cos y

(3)

Fig. 2. Schematic representation of wetting of hydrophobic solid
surfaces with various roughness. Air is entrapped beneath the water
drop on the surfaces after certain increased roughness. Surface on
the top is a schematic illustration of the surface model composed of
a series of uniform needles which is used for the sliding-angle
calculations.

where r is a roughness factor, a coefficient giving the
ratio of the actual area of a rough surface to the
projected area, and yr the contact angle on a rough
surface [12,18,21,22].
Another effect of a rough hydrophobic surface with
high enough value of roughness factor is air inclusion
[12,23–26]. When the roughness of a solid surface
increases over a certain level, the system enters a
regime in which the liquid does not penetrate into
the troughs (see Fig. 2) [12,23–26]. Surfaces such as
these are referred to as composite surfaces, since the
intersection of the water droplet with the surface
consists of a composite mixture of water–solid interface area and water–air interface area. The wettability
of such surfaces is described by Eq. (4)
cos yc ¼ f w cos y  f a

(4)

where yc is the contact angle of liquid on a rough surface
with air inclusion; fw the fraction of water–solid; and
fa the fraction of water–air interface area.
When a small amount of water is on a rough
hydrophobic surface with air inclusion, the surface
is only partly covered with water, Eq. (2) may be
further modified into Eq. (5)
cos y ¼ f3 cos y3 þ ð1  f3 Þ cos y2

(5)

where ‘‘’’ denotes a partially air-covered surface. As
will be shown below (Fig. 3), Eqs. (1) and (2) predict
very close values of contact angles, therefore, for
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wettability, which is described by means of the sliding
angle of a water droplet, is also very important and
should be taken into account [23–26]. To evaluate the
sliding angle of rough SAM-grafted surfaces as a
function of the CH3 fraction f3 (order/disorder degree
of self-assembly), Eq. (9) is used. Eq. (9) was proposed
by Miwa et al. [26] to describe sliding angles of water
droplets on rough surfaces, which are composed of a
series of uniform needles, as illustrated in Fig. 2 (top).
sin a ¼

Fig. 3. Contact angle of alkylsilane–SAM-grafted surfaces as a
function of the fraction f3 of CH3 groups exposed. For comparison,
a series of curves for a smooth (r ¼ 1:0) and rough surfaces
(r ¼ 1:2, 1.4, 1.6) are given. Results for nano- and micro-sized
domains are shown by solid and dashed lines, respectively.

simplicity, Eq. (5) considers the chemically nonhomogeneous surface with micro-sized domains.
Then, the surfaces of both CH3- and CH2-terminated
domains may be divided into two parts, one being
covered with water and the other with air with the
area ratios f3w : f3a and f2w : f2a , respectively. Here,
fiw þ fia ¼ 1 (i ¼ 2; 3) and superscripts ‘‘w’’ and
‘‘a’’ denote water and air, respectively. Thus, taking
Eq. (4) into consideration, cos y3 and cosy2 may be
expressed as follows:
cos y3 ¼ f3w cos y3 þ f3a cos 180 ¼ f3w ð1 þ cos y3 Þ  1

2Rk sin y ðcos y þ 1Þ
gðR cos y þ 1Þ
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3p2
3

m2 rð2  3 cos y þ cos3 y

(9)

where a is the minimum angle of surface tilt at which a
droplet will spontaneously move; R the ratio of the
side area to the bottom area of the needle, which is
defined by the ratio a/b in Fig. 2 (top); y and y are
contact angles on flat and rough surfaces (determined
from Eqs. (2) and (8)), respectively; m and r the mass
and specific weight of the liquid droplet, respectively;
g is the gravitational acceleration; and k a constant
with a dimension of mJ/m2, which was related by
Murase and Fujibayashi to the interaction energy
between solid and liquid [27].

3. Results and discussion
3.1. Effect of assembly order/disorder and
surface roughness

(6)
and
cos y2 ¼ f2w cos y2 þ f2a cos 180 ¼ f2w ð1 þ cos y2 Þ  1
(7)
Combining Eqs. (5)–(7) leads to Eq. (8), which can
be used to evaluate the equilibrium contact angle on
rough chemically inhomogeneous surfaces with air
pockets
cos y ¼ f3 ðf3w ð1 þ cos y3 Þ  1Þ
þ ð1  f3 Þðf2w ð1 þ cos y2 Þ  1Þ

(8)

In a few recent studies, it has been proposed that the
static contact angle itself is not sufficient to completely characterize a water-repellent surface; dynamic

Fig. 3 shows the influence of the degree of alkylsilane molecule self-assembly on the contact angle of a
sessile water droplet, as calculated from Eqs. (1) and
(2). As expected from Eqs. (1) and (2), for the same
values of y3, y2, f3, and f2, the Cassie equation always
predicts somewhat greater contact angles than those
obtained from Eq. (1) (dashed and solid lines in Fig. 3).
It should also be noted that when we go from molecular-sized domains (solid lines) to larger domains
(dashed lines), there should also be a progressive
increase in the contact angle hysteresis [16]. The
latter may play an important role in determining the
sliding angle of a water droplet on a tilted surface.
The constant increase of the contact angle as a function
of f3 (degree of self-assembling order) is observed,
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implying the importance of controlling this factor
when SAMs with improved water repellency are to
be produced.
It can also be observed in Fig. 3 that the water contact
angle of rough SAM-grafted surfaces, calculated using
Eq. (3) for r ¼ 1:2, 1.4, and 1.6, increases constantly
when compared to that on a flat surface (curves marked
with r ¼ 1:0). Thus, rougher substrates allow increasing static contact angle of water droplets. It should be
mentioned that surface roughness of hydrophobic
SAM-coated materials can be controlled, e.g., by
depositing a SiO2 (or Al2O3) underlayer with a desirable surface morphology [11], by means of substrate
patterning [12,28], by sol–gel technique [23], or by
plasma etching of the substrate before the SAM film is
formed [29].

3.2. Effect of air inclusion
The previous work has demonstrated that the air
trapped in the surface structure plays an important role
for a surface with a high hydrophobicity and/or low
sliding angle [12,22–26]. Fig. 4 presents the relation
between y, as calculated from Eq. (8), and f3 and f3w .
Three different cases of water coverage of methyleneterminated domains with f2w ¼ 0:2 (a), 0.5 (b), and 0.8
(c) are shown. It is clearly seen that the highest values
of y are attained when f3w and f2w are lower (more air
trapped in surface structure) and CH3 fraction f3 is
increased (higher assembly order of SAM molecules).
When water coverage of methylene-terminated
domains is increased (in Fig. 4(a–c), f2w ¼ 0:2, 0.5,
and 0.8, respectively), the contact angle y decreases,

Fig. 4. Contact angle of alkylsilane–SAM-grafted surfaces as a function of the fraction f3 of CH3 groups in a composite-surface wetting regime with
air entrapped. The cases of surface coverage of methylene-terminated phase with water equal to: (a) f2w ¼ 0:2; (b) f2w ¼ 0:5; and (c) f2w ¼ 0:8 are
presented. Curves for water coverage of methyl-terminated phase f3w ¼ 0, 0.25, 0.5, 0.75, and 1 are marked as 1, 2, 3, 4, and 5, respectively.
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Fig. 5. Contact angle of alkylsilane–SAM-grafted surfaces as a function of the fraction f3w of water-covered CH3 groups in a compositesurface wetting regime with air entrapped. The cases of surface coverage with methyl-terminated phase, f3, equal to: 0.1 (a); 0.5 (b); and 0.9 (c)
are presented. Curves for water coverage of methylene-terminated phase f2w ¼ 0, 0.25, 0.5, 0.75, and 1 are marked as 1, 2, 3, 4, and 5,
respectively.

however, its tendency, with respect to f3 and f3w ,
remains the same as for low values of f2w . It should
be added that situations when f2w f3w are hardly
expected in wetting of real heterogeneous surfaces,
since CH2-terminated domains are less hydrophobic
compared to CH3-terminated ones [30]. And therefore, materials described by the curves 2–5 in Fig. 4a;
curves 4 and 5 in Fig. 4b; and curve 5 in Fig. 4c cannot
be obtained in practice.
The same tendencies are also demonstrated in Fig. 5,
where the relation between y and f3w and f2w , also
obtained from Eq. (8), is given for three f3 ¼ 0:1 (a),
0.5 (b), and 0.9 (c). Again, larger fraction f3 and lower
water coverage of methyl-terminated (f3w ) and methylene-terminated (f2w ) domains lead to higher values of
apparent contact angle y on a rough alkylsilane-coated

surface with air inclusions. As expected, the influence
of water coverage of CH2-terminated domains is the
strongest at low fraction of methyl-terminated domains
f3 (Fig. 5a), whereas it becomes negligible when the
surface SAM assembly order is improved (f3 ¼ 0:9 in
Fig. 5c). It is also shown in Figs. 4 and 5 that contact
angles of water of much more than 1108 (which is the
maximum possible for a smooth SAM-grafted surface
with f3 ¼ 1) can be achieved on rough surfaces with air
inclusion.
3.3. Sliding angle
It is commonly accepted that in the case of heterogeneous surfaces, it is domains with lower contact
angle that are preferably wetted rather than those with
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Fig. 6. Sliding angle of alkylsilane–SAM-grafted surfaces as a
function of the fraction f3 of CH3 groups in a composite-surface
wetting regime with air entrapped. Three series of curves for
f2w ¼ 0:3, 0.5, and 0.7 are given; curves for f3w ¼ 0:1, 0.2, and 0.3
are marked as 1, 2, and 3, respectively. Results were obtained for
the surfaces with R ¼ 1:2 and k ¼ 17:8 mJ/m2 and for a water
droplet with m ¼ 20 mg.

higher contact angle [30]. Since y3 > y2 , in Fig. 6 only
sliding angles for a few differently wetted SAMgrafted surfaces with f3w f2w are shown. The results
were obtained from Eq. (9) in combination with
Eqs. (2) and (8). Thus, as in the previous section,
rough alkylsilane-grafted surfaces with air pockets
and micro-sized CH3- and CH2-terminated domains
are considered.
Fig. 6 shows three sets of sliding-angle curves for
alkylsilane–SAM surfaces, where diverse regimes
of water coverage of methylene-terminated domains
are realized, i.e., f2w ¼ 0:3, 0.5, and 0.7, respectively.
For each f2w , three curves for various water coverage of
methyl-terminated domains f3w ¼ 0:1, 0.2, and 0.3
(marked as 1, 2, and 3, respectively) are presented.
The calculations were made for surfaces with R ¼ 1:2
in accordance with the surface model of Miwa et al.
[26], shown in Fig. 2 (top), and for a water droplet with
m ¼ 20 mg. For simplicity, the constant k was chosen
to be equal to 17.8 mJ/m2 and independent of SAMs’
order/disorder degree. This value was reported by

Wolfram and Faust as the experimental constant
for the smooth water–polypropylene system [31].
We chose this datum as polypropylene surface is also
composed of CH2 and CH3 groups. The surfaces
represented in Fig. 6 by sliding-angle curves, demonstrate the water contact angles of 113–1388 at f3 ¼ 0:1,
125–1468 at f3 ¼ 0:5, and 139–1568 at f3 ¼ 0:9 (from
Eq. (8) and Fig. 5). Thus, sliding behavior is presented
for hydrophobic or highly hydrophobic SAM-grafted
surfaces.
It is apparent from Fig. 6 that low water sliding
angles may be attained on highly hydrophobic surfaces which are designed with the lowest possible
water-coverage fractions of both CH3- and CH2-terminated domains, f3w and f2w . Because of higher air
ratio at the solid–water interface, their sliding resistance is reduced, and lower sliding angles are attained
in this model. It is also seen that increasing f3 reduces
water sliding angles, thus improving both static
(see previous sections) and dynamic hydrophobicity.
Note that since ice and wet-snow accumulations, in
many cases, come from supercooled water droplets
and ice particles, materials with low sliding angles
may be very attractive as ice- and snow-repellent ones,
because water droplets are not easily pinned on their
surfaces.
Strictly speaking, the constant k, as being related
to the interaction energy between solid and liquid
[26,31], should depend on f3 (i.e., surface energy of
solid). In general, k should be larger for very low
values of f3 and lower for high f3, which is expected to
result in even greater sliding angles at low f3 and lower
ones at high f3 (see Eq. (9)). Thus, Fig. 6 shows only a
qualitative idea of sliding angle behavior for the
hydrophobic surfaces under consideration.
It should also be mentioned that the curves drawn in
Figs. 4 and 6 present surfaces with same wetting
parameters (constant f3w and f2w for each curve) rather
than with same geometrical topologies. The assumption of constant R should not necessarily be satisfied
for surfaces with same topologies but coated with
differently assembled SAMs. When f3 increases from
0 to 1, R is expected to slightly decrease, since coated
with more hydrophobic topmost CH3 groups surface
needles (Fig. 2, top) may tend to hold water only on
the extreme top portions. According to Ref. [26], R
may approach 1 for surfaces with very high water
contact angles. Thus, when f3 increases for surfaces
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with same geometrical topographies, both f3w and f2w
parameters are expected to slightly decrease, and thus,
both wetting and sliding behavior of the surfaces
should be described by corresponding curves with
lower values of f3w and f2w (see Figs. 4 and 6).
3.4. Critical notes
Based on the results obtained, the following ways to
enhance water repellency, and probably icephobicity,
of alkylsilane–SAM-grafted surfaces are proposed:
(i) Use of fluoroalkylsilane–SAMs with CF3 and
CF2 groups in alkyl chain [12,23,29,32–34].
This should result in additional decrease in free
surface energy and, consequently, water–solid
interface interaction.
(ii) Use of rough substrates [11,12,23,29]. As was
shown, higher contact angles and reduced sliding
angles can be attained with rough surfaces with
air inclusion.
(iii) Use of specially designed/patterned surfaces
to improve air inclusion [12,23–25,35,36]. The
topological nature of the surface roughness is
important in determining hydrophobicity; a
proper interval and height difference in the
microstructure are of prime importance to
provide both high contact angles and low sliding
angles for rough hydrophobic surfaces
[24,25,35]. According to the recent approach of
Öner and McCarthy [24,25], to decrease water
sliding angles, a properly designed surface is
expected to not allow continuous contact of a
liquid with the surface and to demonstrate little
or no difference in energy between different
metastable states. As a result, the liquid droplet
would not remain pinned in metastable state and
would move spontaneously on such a surface.
(iv) Formation of SAMs with the highest possible
assembly degree [8,10,13–15]. As was shown,
this increases water contact angles and reduces
sliding angles, thus improving both static and
dynamic water repellency. While in the literature
this parameter is often ignored [6,26,29], one of
the main objectives of this work was to stress out
the importance of control of the assembly degree
of SAM coatings, when the surface hydrophobicity (and probably icephobicity) is concerned.
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It has been shown by Saito et al. that the ice
adhesion to the rough polytetrafluoroethylene coatings
decreases with increasing water contact angles [37],
thus implying a direct relationship between hydrophobicity and icephobicity for certain rough materials
with low surface energy. As it is known, rough hydrophilic surfaces allow deep water penetration into the
surface, thus resulting in the anchor effect and larger
ice adhesion. In contrast, when a water-repellent surface becomes rougher, air pockets are formed (see
Fig. 2, top) [12,22,24–26]. As a result, the anchor
effect and adhesion strength between ice and such a
material can be much reduced. From this point of
view, properly designed/patterned rough SAM-grafted
surfaces with well-assembled alkylsilane molecules
are expected to be good candidates as icephobic
materials.
It should, however, be added that the approach used
in this study does not account for the geometry/topography of the surface under consideration. So far,
there has been only limited research on how surface
shapes and dimensions (rough topology) govern static
and/or dynamic hydrophobicity of rough surfaces
[12,24–26]. Thus, additional work, combining both
experimental and theoretical approaches, is needed to
further understand the wetting behavior of SAM-coated
surfaces with high roughness.

4. Conclusion
Wetting characteristics of alkylsilane self-assembling monolayer coatings, as potential snow- and icerepellent materials with low and controllable surface
energy, are theoretically investigated in a wide range
of both self-assembly degree and surface roughness.
The analysis is based on the Wenzel equation, which
takes into account surface roughness, and the Cassie or
Israelachvili–Gee equations that consider chemically
inhomogeneous surfaces. It is shown that both static
(determined by the contact angle) and dynamic water
repellency (determined by the sliding angle) of an
alkylsilane-grafted surface are strongly influenced by
the degree of self-assembly of alkylsilane molecules
and by water coverage of a rough surface, which
can trap air. Highly ordered coatings of alkylsilane
molecules and reduced solid–water contact area,
caused by a substrate roughness, lead to considerably
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enhanced hydrophobicity of the surface. Further systematic work, involving both experimental and theoretical approaches, is needed to develop alkylsilane–
SAM coatings with improved water- and ice-repellent
properties.
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