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Abstract: Higher contact angles or amplified wettability observed on surfaces of rough solid mate-
rials are typically expressed as a function of a physical dimension (roughness factor). Herein, we
present a simple experimental approach that demonstrates that roughness may only magnify the
inherent surface chemistry that seems to have direct influence on surface wettability. We investigate
gradual change in surface chemistry (hydrophobisation) of rough and smooth glass surfaces, from a
very low concentration (10~7 M) of dichlorodimethylsilane, DCDMS through various intermediate
hydrophilic/hydrophobic states to when the surfaces are maximally hydrophobised with DCDMS
at 0.1 M. The wettability of the modified glasses was studied by water contact angle measurements
using drop shape analysis system (DSA). The data obtained indicate a deviation from Wenzel model,
with the functionalized rough glass surfaces showing higher reactivity towards DCDMS when com-
pared to the smooth glass surfaces, indicating that the two surfaces are not chemically identical.
Our study reveals that just like transforming a solid material to powder, a well-divided glass (rough)
surface may not only exhibit a greater surface area than the smooth counterpart as rightly predicted
by the Wenzel model, but seems to be bloated with functional groups (-OH or -CH3) that can amplify
surface interaction when such functional species dominate the solid surface.
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1. Introduction

The behaviour of solids at the solid-water interface has been a subject of immense
research interest and is widely reported [1-3]. The reports reveal that surface texture and
surface energy play significant roles in determining the extent of surface wettability [4-6].
However, surface energy is directly related to surface chemistry and depends on the type
of chemical bonds on the material’s surface [7]. Though direct measurement of the surface
energy of solid materials is difficult, it may be indirectly determined through measurement
of the contact angle of liquid droplets on the solid materials [8,9]. Contact angles of
liquid droplets on solid materials have been employed in the prediction of wettability and
surface energies of different materials. In particular, materials with high surface energy
are hydrophilic and water droplets over their surfaces exhibit contact angles below 90°.
On the other hand, materials with low surface energy tend to be hydrophobic, where the
contact angles of water droplets on their surfaces are greater than 90°. Apart from the
materials composition, nature of the liquid, pH of the liquid and the temperature of the
surface and/or the liquid can also influence the contact angle [10-12].
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Following several investigations on wetting phenomena, the Young’s model, denoted
by the equation in Figure 1a [13] appears to be the fundamental model that provides good
description of the wettability of solids. The model relies on the solid-air interfacial tension
(7s4) and its relationship with the solid-liquid interfacial tension (s;) and surface tension
or liquid -air interfacial tension (v 4). The model further assumes that the parameters all
act at the interface of a liquid droplet on an ideally smooth, nonreactive, non-deformed
solid surface and air. Though such surfaces are difficult to attain, relatively smooth surfaces
are commonly used in wetting studies. Experimental studies on smooth surfaces reveal
that the contact angle of water droplets on such surfaces may be up to 120°, where higher
contact angles are only possible on real surfaces with different levels of heterogeneity [14].
Notably, the leaves of some plants such as lotus and desert beetle have been shown to
exhibit rough or micro-textured surfaces of various designs [15]. The unique features of
these organisms allow them to exhibit adaptable and extreme wetting behaviours.
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Figure 1. Illustration of the Young (a) Wenzel (b) Cassie-Baxter (c) wetting models. The arrows represent forces, solid-air

interfacial tension (g 4), solid-liquid interfacial tension (7ysy) and surface tension of liquid (71 4) acting on the three-phase

contact line of a liquid drop on a smooth solid surface in air. 6 is the Young equilibrium contact angle, g5 and (1 — ¢g) are

the fractions of the solid surface in contact with the liquid and the fraction of air in contact with the liquid on Cassie-Baxter

surface, respectively. 0, is the contact angle of the air portion and 6y represents the Wenzel apparent contact angle and r is

the roughness factor (the ratio of the true surface area of the solid to its horizontal projection).

Young’s assumption did not consider surface roughness which informs the inability
of his model equation to provide a good description of wetting behaviours on rough
surfaces. On the other hand, early studies on the wettability of rough solid surfaces
were reported by Wenzel [16] and Cassie-Baxter [17]. Nevertheless, the model equations
propounded by Wenzel and Cassie-Baxter were achieved by modification of the Young’s
equation to accommodate roughness or heterogeneity on real surfaces. Wenzel model, on
the other hand, considers homogeneous wetting in which the liquid wets a rough surface
and maintains intimate contact with the top and the hollow portions of the rough solid
material [18] (see Figure 1b).

In Wenzel equation, the roughness factor r, which is the ratio of the real surface area
of the solid to the projected surface area, is greater than 1 (i.e., r > 1). Thus, the precise
interpretation of Wenzel model reveals that for a hydrophilic surface of the same material
where 6 is less than 90°, a rough surface exhibits contact angle (6yy) smaller than the contact
angle of a flat surface (6 ). On the other hand, for a hydrophobic flat surface with 6 greater
than 90°, Oy becomes greater than 0 [19]. The r in Wenzel equation represents only the
physical dimension of the surface, otherwise a change in surface energy arising from the
increased surface area would accompany the r [20].

In Cassie-Baxter theory, liquid droplets sit on heterogeneous interfaces and bridges
across the top structural features of the rough surface such that the droplets rest on top while
the grooves are occupied by other material(s) like air. In an air-trapped Cassie-Baxter solid
surface, water sits on both the solid and air to create liquid-air and solid-liquid composite
interfaces (see Figure 1c). However, this paper is more interested in Wenzel surface.

Although Wenzel mode of wetting provides useful insight into wetting studies, the
validity of the model has been disputed [20-26]. As earlier described by the Wenzel model,
enhanced wettability observed on rough solid surfaces is based on a geometry (roughness
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factor) which is a physical dimension. Contrary to this basic idea, Quere [20] predicted
in his analysis that roughness should increase both the geometry and the solid energies.
However, based on the literature review, there is no reported experimental finding that has
clearly linked the amplified wettability of the rough surfaces to their surface chemistry (or
energy). In this study, to further throw more light on the wettability of rough surfaces, we
simultaneously study the hydrophobisation and wettability of smooth and rough surfaces
of a particular glass material using different concentrations of dichlorodimethylsilane
(DCDMS) and contact angle measurements, respectively. In particular, we investigate
gradual changes in the chemistry of the glass surfaces from their natural hydrophilic states
through various intermediate hydrophilic/hydrophobic states to when the surfaces are
maximally hydrophobised. Evaluation of the surface modifications in terms of wettability
allowed us to carefully elucidate the effect of roughness on surface chemistry and the
possible cause of the amplified wettability on rough surfaces. The work does not aim
to challenge the existing wetting models; however, it aims at revealing new ways of
evaluating rough surface wettability. The study will contribute to a greater understanding
of the wettability of rough surfaces in the following ways:

(i)  highlighting the effects of surface chemistry of the materials in elucidation of the
differences between the wettability of smooth solid surface and fractal solid surfaces;

(ii) evaluating the effectiveness of surface roughness in enhancing solid surface dimension
as well as inherent surface chemistry.

2. Materials and Methods
2.1. Materials

Deionised water with pH 6.7 was obtained from Milli-Q reverse osmosis unit (Mil-
lipore). The surface tension of the water (25 °C) was 72.5 £ 0.3 mN/m. The surface
tension was measured using a pendant drop method (Kruss Drop shape analyser DSA
10, Hamburg, Germany). Measurements were performed by producing a pendant drop
(top-to-bottom) of water from a Hamilton syringe (needle diameter 1.649 mm), recording
the drop shape with a CCD camera and then fitting the Young-Laplace equation to the drop
image. The water was used for cleaning and as a probe liquid in wetting tests. Absolute
ethanol (analytical grade), chloroform and potassium hydroxide (analytical grade) were
obtained from Fisher Scientific, Loughborough, UK. Ethanol was used for the termination
of the hydrophobisation reactions and surface cleaning. Alcoholic potassium hydroxide
(prepared by dissolving 200 g of KOH in 3 dm? of ethanol) was used for the cleaning of
the glass slides, glassware and Teflon tubes (hydrophobisation vessels). DCDMS (99.5%)
was purchased from Sigma-Aldrich, Gillingham, UK and used for the hydrophobisation of
glass slides. Anhydrous toluene (99.85%, extra dry over molecular sieve, Acros Organics)
was purchased from Fisher Scientific, Gillingham, UK. It was used for preparing differ-
ent concentrations of DCDMS. Microscope glass slides were premium pathology grades
and were purchased as smooth hydrophilic slides from Heathrow Scientific, Nottingham,
United Kingdom. Apart from smooth glasses, the surfaces of some of these glasses were
roughened prior to use.

2.2. Preparation of Glass Slides

Roughness was created on the glass surfaces by sandblasting one side of the glasses
with F320 alumina sandblasting grit (average grain size: 29 £ 2 um) using Guyson cabinet
sandblasting machine. The glasses were cut to 12.5 x 7.5 mm? and cleaned with alcoholic
potassium hydroxide for 30 min in an ultrasonic bath. The cleaning was repeated twice
using copious amount of milli-Q water for 10 min and then dried at ambient conditions.

2.3. Hydrophobisation Process

The Microscope glass slides were hydrophobised using six different concentrations
of DCDMS (ranging from 10~7 M to 0.1 M) in anhydrous toluene. To avoid interference
during the hydrophobisation reaction, the glass volumetric flask used for the preparation
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of the silane was pre-treated overnight with 0.5 mL DCDMS and subsequently washed
with chloroform and ethanol to remove excess DCDMS. The glass slides were introduced
into each of the six reaction vessels (40 cm® Teflon centrifuge tubes, Oak Ridge, TN, USA)
containing various concentrations of DCDMS. The vessels were placed in an air-tight
box, fitted with gas inlet and outlet. The box was placed on multipoint stirrers (Thermo
Electron, Cheshire, United Kingdom) and saturated with dry nitrogen gas. The set-up was
monitored for one hour with intermittent flushing using nitrogen gas (15 min interval)
to ensure a negligible increase in humidity. The chemical reactions were terminated by
adding 0.5 mL of ethanol to each vessel and then washed with chloroform and ethanol for
10 min before storage in desiccators.

2.4. Surface Morphology

The morphology the glasses were examined using an Olympus BX 51 optical mi-
croscope (Olympus, Tokyo, Japan) with phase contrast objectives and the images were
captured with a DP 70 Olympus digital camera (Japan) using Image Pro Plus Software
(Rockville, MD, USA).

2.5. Contact Angle Measurement

Contact angles of sessile water droplets on the prepared surfaces were determined
using a drop shape analysis instrument (Kruss DSA 10, Hamburg, Germany). Water drops
were dispensed and withdrawn from the surfaces of the sample on the sample stage of the
instrument using a syringe pump (NE1000, New Era Pump Systems Inc., New York, NY,
USA) fitted with Teflon tubing and a needle. A small sessile drop of about 4 puL was initially
dispensed on the substrate and the droplet inflated by gradual pumping more liquid at the
rate of 0.2 pL/s. Increasing the drop volume resulted in contact line advancing outward
and consecutive contact angles of the drop during the advancement were recorded until a
maximum of 15 uL drop was dispensed. After a stable drop was formed, the syringe pump
was reversed and water withdrawn from the inflated drop at the same rate to obtained
series of receding contact angles. Each reported contact angle measurement was an average
reading from six droplets on three replicate samples.

3. Results
3.1. Surface Morphology of Glass Surfaces

Images of the smooth and rough glasses are shown in Figure 2. As can be estimated
from the scale bars, the glass was mildly roughened to ensure Wenzel regime of wetting
at hydrophilic and hydrophobic states. Very rough hydrophobic solids can change to
Cassie-Baxter surface (i.e., when r > 1) [20].

Figure 2. Microscope images of the smooth glass (left) and rough glass at different magnifications (middle and right),

respectively. Scale bars (from left to right) represent 100, 200 and 100 pm.

3.2. Hydrophobisation Reactions of Glass Surfaces

Silanes are known to react with the silanol groups (=SiOH) from glass and other
hydroxylated surfaces to form Si-O-5i bonds [27,28]. The reaction is possible because, in
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addition to organic active groups, silanes also contain inorganic functional groups (e.g.,
—Cl) that can allow bonding with the hydroxyl groups (-OH) on glass surface. DCDMS can
self-assemble into very stable siloxane coatings and is recommended for the modification of
hydroxylated oxide surfaces like silica or glass [28,29]. Interaction of the silane or DCDMS
with the glass surface allows hydroxyl groups on the surface of the hydrophilic glass to be
replaced with non-polar alkyl groups of the silane and, as a result, creating a hydrophobic
surface (cf. Scheme 1) [30-32]. The hydrophobisation in this case modifies the surface
chemistry of the glass and therefore alters its surface energy. In line with the procedure in
this work, the degree of surface modification can be controlled by varying the concentration
of silane [32-34].

CH,  CH,
S
Cty S OIH OIH (TH O,H Ci“ ‘l{? Ci” + 2HC
si
o Na T e |

DCDMS Hydrophilic glass Hydrophobised glass

Scheme 1. The schematic illustration of hydrophobisation reactions of glass surface using DCDMS.

3.3. Wettability of the Smooth and Rough Glass Surfaces

Modification of glass surfaces was characterised by water contact angle measure-
ments. Results of the contact angles of water droplets on surfaces produced at various
levels of hydrophobisation are presented graphically in Figure 3. Figure 3 clearly shows
that hydrophobisation of the smooth and rough glass surfaces increase with increasing
concentration of DCDMS as expected. However, the rough glass exhibits higher degree of
hydrophobisation in all the media studied. In addition, significantly, the wettability trend
on the hydrophobised rough surfaces does not strictly follow Wenzel model. For instance,
the untreated rough glass slide (at 0 M DCDMS) is more hydrophilic than the untreated
smooth ones, showing contact angle of about 22° for the smooth and 7° for the rough glass.
These initial results seem to be in agreement with the Wenzel model but the contact angle
results obtained from the mildly hydrophobised rough glasses (at 10~7 to 10~* M DCDMS)
do not comply with Wenzel model. The contact angles of the smooth surfaces against the
rough glass are 30°:32°, 39°:50°, 61°:71° and 85°:99°. It should be noted that the smooth
glass surfaces are all hydrophilic at these levels of modifications (8 < 90°). According to
the Wenzel model, roughness should have amplified the hydrophilicity, perhaps like the
inserted imaginary (dashed) line in Figure 3. As the name implies, the imaginary line is
just inserted to illustrate the Wenzel mode of wetting which allows the hydrophilic rough
surface to become more hydrophilic at contact angles below 90°, or more hydrophobic
for contact angle above 90°. At higher degree of surface modification (1073 M to 0.1 M
DCDMS), the rough surfaces maintain a steady amplification of hydrophobicity over the
smooth glass and conforms to the Wenzel model. A careful analysis of the plots reveals
that the wettability of the untreated and highly hydrophilic rough glasses will lead to
Wenzel model. However, the choice of the gradual hydrophobisation process from very
low concentrations allowed us to carefully trace and uncover the hidden wetting properties
of the rough surface. This further confirms the sensitivity of structured surfaces and how
they can respond to little changes that may not be observed on smooth surfaces [35].

What could be the cause of higher reactivity or hydrophilicity observed on the surface
of untreated rough glass slide? According to the collision theory, when solid material is
transformed to a powder or a finely divided solid (roughened surface), its reactivity is
bound to increase due to an increases in the total surface area of the solid which in turn
increases the number of active sites leading to greater chances of collision and reactiv-
ity [36-39]. Recently, rough materials (ultrafine jagged platinum nanowires) have been
proven to provide additional sites for ultrahigh energy-generating (oxygen reduction)
reactions [40] and hydrogen evolution reactions [36]. Thus, we assume that besides the
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increased surface area created by the roughening of the glass slides, an increase in the
number of active surface functional groups (or bonding sites) on the rough surface should
be considered (cf. Figure 4).

140

120

100
2 80
Py
g 60
= -@-Smooth glass
‘E 10 -O—-Rough glass
& --- Imaginary line

20

0 . . . .

0 10-¢ 10-4 10-2 1

DCDMS concentration/ M

Figure 3. Dynamic contact angle of water droplets on smooth (filled symbol) and rough (opened
symbol) surfaces glass slides before hydrophobisation with DCDMS (0 M) and when gradually
hydrophobised through serial concentrations of DCDMS. Imaginary (dashed) line shown in the plot
represents the hypothetical curve for Wenzel rough surface.

— ~108°
(b)

re s Hydrophobisation

N N O, 0 O sl
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Figure 4. DSA images showing the configuration of water drops on smooth glass slides in air before
hydrophobisation (a) and at maximum hydrophobisation (b); configuration of water drops on rough
glass slides in air before hydrophobisation (c) and at maximum hydrophobisation (d). Under each
image, the hypothetical distribution of reactive components of the respective surfaces is illustrated.
Although the smooth and the rough glasses share the same body (projected) length, the actual length
of the rough surface is larger because of its winding nature, thereby permitting more active sites
species (-OH or -CH3) on its surface. Consequently, rough surfaces become more concentrated with
—OH (or -CH3) within the projected plane leading to amplified hydrophilicity (c) or hydrophobicity
(d) compared to the smooth glass surfaces (a or b), respectively. All the scale bars represent 1 mm.
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In Figure 4, unlike the smooth surface (Figure 4a), it seems plausible to infer that the
roughness on the glass slides increased the surface area as well as the density of hydroxyl
groups (bonding site) on the rough glass surface (Figure 4c). It is also reasonable to admit
that the lower contact angle (or the amplified hydrophilicity) observed on the untreated
rough glass (before exposure to DCDMS) was due to the higher density of the -OH on
the rough surface, considering the affinity of water molecules to -OH groups [41-43]
and not due to increased surface area only. Consequently, amplified hydrophobicity was
observed during exposure of the rough glass slide to the DCDMS media because more
—CHj; groups were grafted on the rough surfaces (Figure 4d) due to the higher concentration
of active -OH groups on the rough glass surface. Therefore, a rough surface dominated
with hydrophilic (or hydrophobic) active chemical species (bonds) may become more
hydrophilic (or more hydrophobic) because the creation of roughness on its surface exposes
more reactive sites.

Interestingly, the many active sites on the rough glasses in Figure 4c,d tend to concen-
trate within a projected plane shared by the smooth surface of the same material. Thus, the
projected plane of a rough surface impacts more or reacts faster than the smooth counter-
part of the same length. This effect might become extremely pronounced on highly fractal
surfaces. Following the above description, if roughness can regenerates additional reactive
surfaces, it implies that the surface energy of rough materials will definitely change [20]
since the surface energy depends on the functionality of the surface of the material [44—46].
However, the role of this extra surface energy has not been properly addressed in the
model equations governing the wettability of rough surfaces; further investigations in this
direction are needed.

4. Conclusions

Hydrophobisation reactions and wettability of smooth and rough glass surfaces have
been studied. The aim of this study is not to challenge the existing wetting models at
this stage but rather to reveal new ways of evaluating the wettability of rough surfaces
through a facile experimental design. The result of the study shows that rough and smooth
solid surfaces of the same material (glass) appear to be chemically different under the
same conditions of hydrophobisation. Glass slides with rough surfaces exhibit higher rates
of hydrophobisation than the corresponding slides with smooth surfaces. In addition,
the result of the study highlights a deviation from the Wenzel mode of wetting by the
rough glass surfaces, where a steady amplification of surface hydrophobicity was observed
instead of hydrophilicity. It is also inferred that unlike the smooth glass surface, the
roughened glass slide has the tendency to increase the surface density of -OH groups.
Consequently, during exposure of the hydrophilic rough glass slide to the DCDMS media,
more —CHj3 groups are grafted onto the rough glass surfaces than on the smooth glass
surfaces because of the higher concentration of the replaceable -OH groups on the rough
glass surface. The Wenzel mode of wetting does not apply to the rough glass surfaces
because its modification from the Young’s equation is only based on physical dimension.
This study will encourage further studies that will provide a greater understanding of
quantitative and spatial distributions of functional or active species on rough solid surfaces
and the effect of such components on surface energy and wettability.
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