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Molecular Desorption by a Moving Contact Line
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The interaction of the contact line with topographical or chemical defects at the nanometer scale sets the
macroscopic wetting properties of a liquid on a solid substrate. Based on specific atomic force microscopy
(AFM) experiments, we demonstrate that molecules physically sorbed on a surface are removed by a
dynamic contact line. The mechanism of molecules desorption is directly determined by the capillary force
exerted at the contact line on the molecules. We also emphasize the potential of AFM to clearly decorrelate
the effects of topographical and chemical defects and monitor, with a subsecond time resolution, the

dynamics of molecules adsorption on a surface.

DOI: 10.1103/PhysRevLett.127.065501

It is remarkable that the contact angle of a macroscopic
sessile drop depends on the surface properties at the
molecular scale [1,2]. Both the topography and the chemi-
cal nature of the substrate largely influence its wetting
properties [3,4]. For example, nanometric asperities can
make a surface superhydrophilic or superhydrophobic
[5,6], whereas a molecule monolayer [7,8] or an atomic
thick coating [9] modifies the wettability of the underlying
substrate. Such surface nanostructuration or functionaliza-
tion is ubiquitous in natural systems and industrial proc-
esses [10,11] but can also result from the detrimental
contamination by particles or chemical species [12,13].
The contact line is extremely sensitive to both types of
defects at nanometric scale, leading to the poorly under-
stood contact angle hysteresis issue [14—17]. We address
here the fundamental question of a possible action of the
contact line on the surface at molecular scale. We want to
know if molecules adsorbed at the surface can be desorbed
by the contact line in motion. This mechanism may be
universal since the molecules physisorption energy and the
capillary energy are both of the order of a few kz7, where
kg is the Boltzmann constant and 7' the temperature. It is
known that the capillary force at the contact line can deform
a soft solid [18], move particles [19-21], or align DNA
[22], but this issue has never been addressed experimentally
at the molecular scale.

To answer this question, we use atomic force microscopy
(AFM). Dipping nano- or microfibers attached to an AFM
cantilever into a liquid while monitoring the capillary force
allows measurement of surface energy [23], pinning on
individual defects [24,25], and friction at the contact line
[26]. Here, we develop specific AFM experiments where a
nanoneedle contaminated in air for different time periods is
repeatedly dipped into a droplet. We demonstrate that the
meniscus which sweeps the needle surface can induce, at
the contact line, the local desorption of contaminants and
modify the wetting properties of the surface. We also
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emphasize the potential of AFM to clearly decorrelate the
effects of topographical and chemical defects and monitor,
with a subsecond time resolution, the dynamics of adsorp-
tion of airborne contaminants on a surface.

The experiment is sketched in Fig. 1 and detailed in the
Supplemental Material [27]. An AFM tip with a nano-
needle on the end is dipped in and withdrawn from a liquid
sessile droplet (4 mm in diameter). This “dipping” cycle is
realized at constant velocity V, and the deflection of the
cantilever is measured using a Nanowizard 3 JPK AFM.
The measured capillary force F is related to the contact
angle 0 through F = 2zRy cos 0, where R is the radius of
the tip and y the liquid surface tension. Two types of tips
are used: a commercial NaugaNeedle tip made in Ag,Ga
alloy [Fig. 1(a)] and homemade tips carved at the end of
conventional silicon AFM probes (OLTESPA, Bruker)
using a FIB [25] [Fig. 1(b)]. The nanofibers have a radius
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FIG. 1. Scanning electron microscopy images of (a) a Nauga-

Needle tip and (b) a silicon tip. (c) Scheme of the setup. Inset:
enlargement of the nanomeniscus.
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of between 60 and 500 nm, a length of several microns,
and the velocity varies from 3 to 200 gm/s. Six liquids of
different chemical natures are used to assess the effects of
surface tension, viscosity, and volatility: water, ethylene
glycol, tetracthylene glycol, glycerol, undecanol, and
hexadecane.

To investigate the interaction between a dynamic menis-
cus and molecules which are physically sorbed at the
needle surface, we first performed a series of 100 con-
secutive dipping cycles at constant V with a needle which
was left in ambient air for at least 1 h. The time during
which the tip is out of the liquid between two cycles is very
short (from typically 15 ms at 200 gm/s to 1 s at 3 um/s),
thereby limiting the contamination by airborne molecules
between cycles. The initial force curve measured during the
first dipping event with a NaugaNeedle tip in tetracthylene
glycol is shown in dark blue in Fig. 2, where the capillary
force is plotted as a function of the immersion depth & (see
Fig. 1). Once the meniscus is created at & = 0, the capillary
force fluctuates around a value F' ~ 70 nN, which corre-
sponds to an advancing contact angle 6 ~ 60°. As the tip
motion is reversed (h ~3 pum), the force first increases
while the contact line remains pinned by defects, then
fluctuates around F ~ 110 nN (6 ~ 35°) as the contact line
recedes. The meniscus breaks when the contact line reaches
the extremity of the tip (h ~ —2 um). The similar fluctua-
tions observed in the advancing and receding branches,
with linear parts with the same slope followed by jumps,
are a strong indication that the observed contact angle
hysteresis is due to the presence of nanometric topographi-
cal defects [14,23-25].

The results of 100 consecutive dipping experiments for a
NaugaNeedle tip in tetraethylene glycol at V = 50 um/s
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FIG. 2. Overlaid force curves obtained during successive
dipping cycles (from dark blue to red) of a NaugaNeedle tip
(R ~430 nm) in tetracthylene glycol at V =50 pm/s. Inset:
evolution of the force measured on a topographical defect of the
advancing branch as a function of the number of cycles N.

are reported in Fig. 2. The number N of wetting cycles
increases as the force curves change from blue to red.
Compared to the initial curve, we observe a global
enhancement of the capillary force in both the advancing
and receding branches when N increases. In the example in
Fig. 2, the corresponding contact angles decrease from 60°
to 55° for the advancing branch and from 35° to 25° for the
receding one. Interestingly, the details of the advancing and
receding curves do not show any evolution. Hence, the
observed evolution when N increases is due to a change of
the tip chemical properties of the needle surface without
any modification of its topography. This evolution is
followed quantitatively by plotting the force F' associated
with one peak as a function of N (see an example for the
advancing branch in the inset of Fig. 2). The force increases
with N from an initial value F = F|, to a stationary constant
value F = F,. Similar trends are observed for all series
performed for different tips and velocities in water, glyc-
erol, glycols, and undecanol. For hexadecane, no measur-
able evolution is observed: the force curve remains
unchanged after a large series of dipping cycles. These
results rule out any evaporation or viscosity effects since
the saturation vapor pressure varies over 5 decades and the
viscosity over 3 dec for the six liquids (see Ref. [27]).
We first want to prove that the change in the wetting
properties of the needle surface between the first and the
last dipping event of a series is due to the removal of
airborne contaminants previously adsorbed on the surface.
With that aim, we performed ten successive dipping series
similar to the one described above but with a variable
waiting time 7, between each series. During 7,, the tip
remains out of the liquid and surface contamination by
airborne molecules is possible. The results of a typical
experiment are reported in Fig. 3, where the characteristic
force of one defect is plotted as a function of N for ten
successive series of 100 cycles and a waiting time 7,
varying from 1 to 30 s. The figure shows that the stationary
value F,, reached after 100 cycles remains unchanged.
Conversely, the initial value Fy strongly decreases when 7,
increases. The relative amplitude € = (F, — F)/F Vs 1,
characterizes this effect for both advancing and receding
branches (inset of Fig. 3). The variation of ¢ indicates that,
when left in contact with air, the needle is contaminated by
airborne molecules which are adsorbed with a characteristic
time z of the order of 10 s. These results have been
confirmed for all the needles and polar liquids and show a
remarkable reversibility. The fact that when left in contact
with air a surface becomes more “hydrophobic” has been
reported numerous times in the literature. Common sources
of such unintentional contamination are short hydrocarbons
(propane, butane) in ambient air [13,30,31] and CO, at high
gas pressure [32]. Both types of volatile organic com-
pounds are known to increase the hydrophobicity of
surfaces. In our experimental conditions (atmospheric
pressure), it is reasonable to consider that the more likely
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FIG. 3. Evolution of the characteristic force of one peak with the

number of wetting cycles for a NaugaNeedle tip (R ~ 430 nm) in
tetraethylene glycol at V = 100 um/s. The delay time ¢, between
series is increased from 1 to 30 s. Inset: relative change of the force
¢ as a function of the delay time ¢, for the advancing and receding
branches. The error bars correspond to a 95% confidence interval.

contaminants are short hydrocarbon chains. This is con-
firmed indirectly by the fact that hexadecane, which exhibits
a chemical nature similar to that of the contaminants, has no
effect on the surface properties.

The evolution of the wetting properties observed during
one series of dipping events would then be associated with
the desorption by the liquid of airborne contaminant
molecules adsorbed on the tip surface. We perform specific
additional experiments to identify whether desorption is
associated with dissolution of molecules in the liquid,
helped by the shear stress at the needle wall [33] or with a
specific force interaction with the contact line [19,21]. This
can be achieved by successive dipping of a predefined part
of a needle a large number of times and compare the force
curves on the whole tip before and after this particular
series. As a first example, a force curve is first recorded
[green curve in Fig. 4(a)] by dipping the tip about 2 ym into
a polar liquid. A series of 1000 dipping events is then
performed by limiting the extension of the tip motion to
1 pum. A full force curve is then immediately recorded [red
curve in Fig. 4(a)] to evidence the changes that occurred at
the tip surface. This experiment confirms that the modifi-
cation of the tip surface occurs only on the part which was
in contact with the liquid a large number of times. The
portion of the tip corresponding to a height greater than
1 ym remains strictly identical, whereas the portion which
has been immersed 1000 times in the liquid becomes more
“hydrophilic.” The enlargement in the inset shows that the
transition zone is very well defined and that the very fine
details of the curves associated with nanosize defects
remains mostly unchanged during the process, again going
for a change of chemical properties of the tip. To discrimi-
nate whether the desorption of the contaminating molecules
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FIG. 4. Force curves before and after 1000 partial dipping for
two different homemade tips (R~ 60 nm) and V = 50 um/s
with glycerol. (a) Only the extremity of the tip is dipped into the
liquid. (b) Only the intermediate zone between i ~ 1 ym and
h ~2 um is swept by the contact line. The dotted line indicates
the limits of these zones.

is due to an effect of debonding by shear under the meniscus
or by the tension at the contact line, we repeat the same
procedure by changing the surface which is dipped a large
number of times: we perform 1000 cycles with & varying
between 1 and 2 um. The result is reported in Fig. 4(b) and
shows that the only zone with & between ~1 and 2 ym is
modified and made more hydrophilic. This zone is the only
one which was swept 1000 times by the contact line. The
extremity of the fiber, with /& between ~0 and 1 pm, remains
unchanged, whereas it was in contact with the liquid but not
with the contact line. This experiment unambiguously
demonstrates the action of the contact line in the desorption
of contaminating molecules on the surface.

The F(N) curves associated with the desorption of
contaminating molecules (inset of Fig. 2) are fitted using
an exponential decay function F = F, + (Fo—F)e /N,
We extract from this procedure the characteristic number
N* of cycles to reach a stationary force and therefore to
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TABLE 1. Results table for four liquids. €}1,, is obtained from
experiments and €, is calculated from the values of 6, (AFM
measurements) and 6, (from literature) and @, = 0.07. E,, is
calculated from Ref. [14].

60 (deg) gd (deg) egllax(%) €lmax(%) ECap/kT
Water 84+3 1101 34422 301 70+1.0
Glycerol 734+£3  97+£1 32+10 102 7.0+£1.0
4gly * 563 801 44421 48402 75+1.0
Undecanol 174+3 36+1 05+0.1 1.0+02 75+1.0

*Tetraethylene glycol.

desorb the molecules. The ¢ parameter reflects the relative
amplitude of this change. The adsorption mechanism is
studied through the €(t,) curves (inset of Fig. 3), which are

fited by an exponential function € = €y (1 — /%),
where 7 and €,,,, are the characteristic time and maximum
amplitude of the effect, respectively. The same procedure is
repeated for several tips, liquids, and velocities. For each
experiment, we extract the values of N*, 7, and €,,,. We
checked that these values are independent of the peak
chosen in the force curves within 6% for N* and 15% for =
and €.

Surprisingly, we did not notice any evolution of N* with
the system studied or the velocity. We found that
N* =14 £ 5 (see the Supplemental Material [27]). This
rules out any temporal process, such as, for example, a
diffusive desorption of species in the liquid or by viscous
stress at the wall, and is consistent with the picture of a
process dominated by the tension at the contact line. Note
that, in the case of particle removal, no or a weak influence
of the contact line velocity is also observed [19,21]. If we
now consider the 7 value characterizing the contamination
of the needle, we find a constant value 7 =7 %4 s,
independent of the tip, liquid, and velocity used. This is
not surprising, because, during the waiting time 7, between
two series, the tip is simply left in the air.

To model our experimental results, we consider a surface
with contact angle 6, partially covered by contaminant
molecules acting as chemical heterogeneities. We first
note that the value of ¢,,,, strongly depends on the nature
of the liquid (Table 1), from €,,,, ~ 0.5% for undecanol to
€max > 30% for glycerol and water. These values are
used to estimate the maximum fraction ®_, of the
surface covered by molecules after long contamination.
If we name 0, the contact angle of the liquid on the
chemical defect, a Cassie-Baxter approach [34] leads to
€max = Pmax[(€0s Oy — cos b,)/ cosby]. Using advancing
contact angles measured from the experimental force
curves in the stationary state for 6, and values of advancing
contact angles on paraffin wax (to mimic hydrocarbons)
from the literature for 6, [35-38], we show in Table I
that the experimental and calculated values of e,
agree reasonably for @, = 0.07. Assuming dominant

contaminant molecules as short hydrocarbon chains [30]
with size d ~ 0.25 nm, we estimate the maximum coverage
to about one molecule per nm” of the surface. This is about
the density of single silanol groups which are strong
adsorption sites on a silica surface [39].

In a second time, we discuss more in detail the
mechanism of molecules desorption. If we consider a short
alkane (propane, butane) molecule physically sorbed on the
surface, its adsorption energy E, g4 is of the order of 10 kT
[40,41], a value too large to allow desorption by thermal
energy. The experiment reported in Fig. 4(b) demonstrates
that the desorption process occurs at the contact line and
that the viscous stress at the wall does not have any effect.
This fact is confirmed by the fact that the capillary number
Ca=nV/y ~107* - 107 is small in our experimental
conditions and justifies the important result that the contact
line velocity has no effect on the desorption. We estimate
the capillary energy by considering that sorbed molecules
act as chemical defects spaced by a distance £~ 1 nm.
Then the local (weak) heterogeneity leads to a capillary
energy per molecule E,, = y&%[(cos 8, — cos 6y)/26,]* x
In(L/&) [14], where L is the perimeter of the fiber.
We report in Table I the values of E,, obtained for the
four liquids. We obtain capillary energies ranging from
Ep ~7TkT and E,, ~7.5kT for water, glycerol, tetra-
ethylene glycol, and undecanol. The capillary energy is
of the order of the adsorption energy and may allow
the removal of molecules from the surface. It is also
consistent with the fact that no influence of the liquid
used is observed in the experiments despite the large variety
of liquid properties.

In conclusion, our results clearly establish that a contact
line is able to desorb molecules physically bonded to a
surface. We show that the mechanism of desorption at the
molecular scale is linked to the force exerted at the triple
line on the molecules. This work is based on a very large
number of delicate AFM experiments (more than 30 000
dipping cycles for each tip), which points out the robust-
ness and the excellent reproducibility of the results. The
great sensitivity of the force measurements enables to
measure minute changes of contaminants surface coverage
and sheds light on the dynamics of adsorption and
desorption of molecules and their consequences on wetting
with a 10 ms time resolution. This can explain the
variability often observed when one performs contact angle
measurements. Another important advance of our Letter
is that the detailed analysis of the force curves during
consecutive dipping cycles allows one to decorrelate the
effects of topography and chemistry, an issue to understand
contact angle hysteresis. This Letter paves the way for a
better understanding of contact line dynamics through its
coupling with molecular processes at the surface. The
active role of the contact line also provides a way for a
controlled design of surface properties at nanometer
scale. It extends the notion of capillary cleaning usually

065501-4



PHYSICAL REVIEW LETTERS 127, 065501 (2021)

considered for solid particles [19,20] and shows that
ultraclean surfaces at the molecular scale could be obtained
by sweeping a meniscus of polar liquids. Our Letter should
stimulate theoretical studies or simulations such as molecu-
lar dynamics [42] to understand the capillary desorption
effect and its consequences on wetting.
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