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A series of mixed monolayers formed by self-assembly of alkanethiols
on gold exhibits complementary wetting behavior for hexadecane and
water that allowed us to independently assess how strongly the
contact-angle hysteresis and work of adhesion of contacting liquid
droplets influence their sliding angles on these surfaces. Near-
constant values of advancing contact angle, and thus work of adhe-
sion, for droplets of water across this series enabled the study of the
relationship between the contact-angle hysteresis and the sliding
angle. The same surfaces exhibited near-constant hysteresis, but
varying values of work of adhesion, with hexadecane as the wetting
liquid. These complementary studies confirmed a correlation between
droplet sliding angle and hysteresis, with the work of adhesion playing
little or no role.

The tilt angle of a planar substrate at which a droplet of liquid
begins to move is known as the “roll-off” or ‘“sliding” angle.
The forces that govern this property have been the subject of a
long history of theoretical study, culminating in an increasingly
detailed description,"® and Tadmor has recently provided a
review of developments in this area.'” The macroscopic
mechanics described in these descriptions are a balance of
opposing forces, the component of gravitation directed along
the downward tilt, and the drag introduced by pinning at the
leading and trailing edges of the drop. Throughout the itera-
tions of development, the magnitude of the latter force
(fy)—static friction prior to droplet motion—is treated as pro-
portional to the hysteresis in the contact angle at the two drop
edges (cos 0, - cos 0,), which provides a macroscopic measure
of the collective effect of local molecular-level pinning
(eqn (1)).'®' These treatments have indicated no influence of
the work of adhesion (W,q), expressed here as the idealized
Young-Dupré equation (eqn (2)),">

fi o< (cos 6, - cosb,) (1)
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The relative importance of contact-angle
hysteresis and work of adhesion on droplet
“roll-off"” or sliding angles
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Wad =Y (1 + cos Ha) (2)

where 7}, represents the interfacial tension at the liquid-vapor
boundary. Nonetheless, suggestions to the contrary have
appeared in the literature, and the current study is intended
to provide some experimental clarity on the issue.

The development of a theoretical framework for understand-
ing sliding angles has been accompanied by extensive research
on the use of engineered surfaces to enhance performance by
tuning sliding angles, for example, in microfluidics,"® food
packaging,’® biomedical,”® electronic devices with fluid-
repellent surfaces,'® self-cleaning,’” and anti-icing.'® Several
studies have linked droplet sliding or pinning events to the
contact-angle hysteresis,'® local defects,?® and the forces acting
on a droplet when placed on a tilted surface.'®*"

In our previous paper investigating a series of single-
component self-assembled monolayers (SAMs) on silicon,*?
we found that the sliding angle of hexadecane had little or no
dependence on the work of adhesion (eqn (2)) for substrates
with approximately the same contact-angle hysteresis. In the
current publication, we expand and extend those studies with a
series of two-component SAMs on gold that allow us to inde-
pendently assess both the influence of the contact-angle hyster-
esis and the work of adhesion by using two different droplet
liquids. We have used one polar and one purely dispersive
liquid, water and hexadecane, and leveraged their complemen-
tary wetting behaviors on mixed monolayers to address these
questions systematically.

In early studies, Bain and Whitesides found that SAMs
adsorbed from ethanol solutions containing mixtures of two
n-alkanethiols of different lengths displayed uniquely different
wetting behavior with water and hexadecane.”*** In particular,
the advancing contact angles of water (and hence W,4) on mixed
SAMs adsorbed from solutions containing CH3(CH,);;SH and
CHj3(CH,),;SH were relatively insensitive to the concentrations of
the two components, whereas the hysteresis in the contact angle
varied significantly. The wetting behavior was reversed for hexa-
decane: the hysteresis in the contact angle was relatively
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Fig. 1 Advancing contact angles (cosf, and 0,) and contact-angle hysteresis for water (red) and hexadecane (blue) as a function of the ratio of
adsorbate concentrations in solutions used to form the substrate monolayers. (A) and (B) [CH3(CH2)11SHIsol/ICH3(CH2)21SHIso. (C) and (D)
[CH3(CH2)11SHIsol/[CH3(CH2)17SHIso1. The x-coordinates in all figures are plotted on a logarithmic scale, and the lines connecting data points are simply

guides for the eye.

insensitive to the adsorbate composition, whereas the advancing
contact angles varied significantly. The authors suggested that
this behavior may reflect differences in interfacial entropy at
interfaces between these liquids and the disordered surfaces of
the mixed hydrocarbon monolayers. These properties were ide-
ally suited to enable our current study of sliding angle, by
allowing us to measure the effects of two potential variables—
contact-angle hysteresis and advancing contact angle (and
thus the Young-Dupré work of adhesion)—independently. Our
studies focused on SAMs formed from CH;3(CH,);;SH/
CHj3(CH,),1SH solution mixtures, as well as those from analo-
gous CH;(CH,);;SH/CH;(CH,);,SH mixtures for comparison. We
examined the wetting and droplet-sliding behavior on SAMs
adsorbed from solutions with molar ratios, [CH3(CH,);;SH]/
[CH,(CH,),SH], of 0, 0.5, 1, 3, 5, 10, 30, 50, 100, and infinity
(pure CH3(CH,);1SH), where n equals 17 or 21. Our SAMs were
prepared under slightly different conditions from ref. 24, as
described in the SL

The wettability measurements, shown graphically in Fig. 1 for
both types of mixed SAM, are generally consistent with the
literature values.”>** The advancing contact angle of water (0, or
cos 0,) remained almost constant, to within 4°, over the range of
composition for both sets of mixed monolayer (Fig. 1A and C). The
hysteresis (Acos 6, i.e., cos 6, — cos 6,) in the contact angle of water,
however, showed a pronounced dependence on composition
(Fig. 1B and D). The contrasting wetting behavior of hexadecane

This journal is © The Royal Society of Chemistry 2025

on these surfaces also confirmed the earlier results for mixed
SAMs adsorbed from CH;(CH,);,SH and CH;(CH,),,SH.>* The
advancing contact angle of hexadecane varied significantly over
the composition range, with maximum values for the pure
monolayers and a minimum value between solution ratios of
10 and 30. In contrast, the hysteresis in the contact angle of
hexadecane on these surfaces was insensitive to composition.
Decreasing the difference in chain length between two thiols
generally muted the variations in the advancing contact angle
of water and hysteresis of hexadecane, as a function of the ratio
of adsorbate solution concentrations. The extrema in the plots
in Fig. 1 are also shifted toward lower adsorbate ratios for the
samples with a smaller difference in chain length. For example,
the hysteresis was higher for the mixed SAMs than for the pure
SAMs and was largest for a solution ratio of 30 for the
CHj;3(CH,);1SH/CH;3(CH,),,SH system and between 5-10 for
the CH;3(CH,);;SH/CH3(CH,);,SH system.

The sliding angles for liquid droplets on these surfaces were
determined by placing a ~10 pL droplet from a blunt-tipped
needle onto a horizontal surface and slowly inclining the stage
in 1° increments until the onset of droplet motion. The needle
was positioned just above the surface to minimize the kinetic
energy imparted to the droplet. The onset, or lack, of motion
along the inclined surface was tracked visually in real time
using a CCD camera with a software interface. A consistent
droplet volume was used for all the measurements to minimize
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Fig. 2 Sliding angles (sin o and o) of water as a function of: (A) the ratio of solution adsorbate concentrations, [CH3(CH>)11SHIso/ [CH3(CH>),SHlso, Where
n = 21 (red) or 17 (black); and (B) and (C) the contact-angle hysteresis (Acosf) on monolayers adsorbed from mixtures of CH3z(CH);;SH and
CH=(CH,)21SH, or of CH3(CH,)1:SH and CH3(CH»)17SH. The lines connecting the data points in 2A serve as visual aids. Error bars in 2B and 2C indicate the
maximum-minimum range of sliding angle measurements for four droplets per sample.

any influences related to differences in gravitational force and
droplet size.

The near-constant advancing contact angle (and thus
Young-Dupré work of adhesion) of water as a function of
composition, across both sets of mixed SAMs (Fig. 1A and C),
enabled us to isolate the dependence of the sliding angle of
water droplets on contact-angle hysteresis alone. Fig. 2 shows
the sine of the sliding angle for water droplets over the range
of SAM composition (Fig. 2A) and as a function of the
corresponding contact-angle hysteresis (Acos 0, Fig. 2B) for
both sets of mixed SAMs. The values of sin o are used rather
than o itself because sino is directly proportional to the
frictional force opposing droplet motion (fj, eqn (1))."® For
comparison, plots of the sliding angles (o) directly are
provided in Fig. 2C; the similarities reflect the near linearity
of the sine function with the angles in this range. The shapes
of the plots in Fig. 1B and 2A (red, n = 21) are strikingly
similar, consistent with the expected linear relationship
between sina and Acos 0, with both plots reaching a max-
imum value of the dependent variable at a molar solution
ratio of 30 (CH3(CH,),1SH/CH;3(CH,),,SH). The full range of
sina was 0.16-0.45 (o, 10-27°; Fig. 2C). The linear relation-
ship between sin« and Acos 0 is confirmed in the direct plot
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in Fig. 2B. The system with a smaller difference in alkyl-chain
length, CHj3(CH,);1SH/[CH;3(CH,);,SH, showed analogous
similarities between Fig. 1D and 2A (black, n = 17), with less
pronounced changes relative to the other system, as
expected. The full range of sina in this case was 0.20-0.37
(o, 12-22°; Fig. 2C). The linear relationship between sin o and
Acos 0 is confirmed in this case as well, over the smaller
change in Acos 6.

In contrast to the behavior of water on these surfaces,
hexadecane exhibited a dramatic decrease in advancing con-
tact angle for the mixed SAMs, falling by almost half from
the value found for a pure C,,H,;sSH monolayer in the
CH3(CH,);:SH/CH;(CH,),1SH system (Fig. 1A). The drop in
advancing angle is much more modest in Fig. 1C for the
mixed SAMs with a smaller difference in chain lengths
(CH3(CH,);1SH/CH3(CH,),,SH). The hysteresis in the contact
angle of hexadecane, however, is nearly constant with only a
2°-3° variation across the range of composition (Fig. 1B and D).
This nearly constant hysteresis effectively removes it as a variable
and allows us to assess the dependence of sliding angles on the
advancing contact angle, and hence on the work of adhesion
(eqn (2)) for the same set of samples. The sliding angle, mea-
sured with four different droplets of hexadecane on each type of
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Fig. 3 Sine of sliding angles (sina) of hexadecane is plotted against the work of adhesion on mixed monolayers. (A) [CH3(CH2)1;SHIso and
[CH3(CH3)21SHIsor (B) [CH3(CH2)11SHIsor and [CH3(CH,)17SHIso1. Error bars represent the maximum-—minimum range of sliding angle measurements on

four droplets per sample.
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mixed monolayer, shows little or no discernible correlation with
the work of adhesion (assuming a surface tension of 27.5 mJ m >
for hexadecane) across the range of ~45-52 mJ m~ 2 in either set
of thiol mixture (Fig. 3).

In summary, we have examined the sliding angles of dro-
plets of a polar liquid (water) and of a non-polar liquid
(hexadecane) on the same mixed SAMs on gold, prepared by
adsorption from solutions containing binary mixtures of dif-
ferent alkanethiols. The wetting behavior—advancing contact
angle (and thus work of adhesion) and hysteresis in the contact
angle—of these two liquids differed in a complementary way
across the range of relative concentrations used to prepare the
mixed SAMs. This complementarity allowed us to indepen-
dently study the importance of these variables in determining
droplet sliding angles on a common set of surfaces. We found a
strong dependence of the sliding angle on contact-angle hyster-
esis, but little or no dependence on the work of adhesion. Both
results are consistent with current theoretical predictions and
older semi-empirical descriptions.
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