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Topology-dominated dynamic wetting of the
precursor chain in a hydrophilic interior corner
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The topology-dominated dynamic wetting of a droplet in a hydrophilic interior corner was
explored using molecular dynamics simulations and molecular kinetic theory. A wetting
transition in the interior corner of a single-file water-molecule precursor chain (PC),
which eliminated the stress singularity and advanced much faster than the precursor
film, was controlled by the interior angle. Owing to the confinement in the interior corner,
the potential surface is lower and smoother. The one-dimensional hydrogen-bond chain
transferred the disjoining pressure to drive the PC to slip-like ice. As an example, a stable
and long metallic monatomic chain was formed using the unique transport properties of
the PC for the first time. Our results may help in understanding the topology-dominated
dynamic wetting in a hydrophilic interior corner, expand ‘Taylor conjecture’ to nanoscale
and develop new applications at nanoscale.
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1. Introduction

The dynamic wetting properties of topologically structured surfaces are great
concerns of both science (Rascén & Parry 2000; Herminghaus et al. 2008; Bonn
et al. 2009) and applications (Gleiche et al. 2000; Kwon et al. 2009; Patra et al.
2009). When placed on a hydrophilic surface, a droplet is driven by the surface
tension to spread until its dynamic contact angle reaches an equilibrium value
6y, known as the Young equation (Young 1805). If the droplet is placed in a
hydrophilic interior corner with interior angle 2«, what will happen when the
two contact lines of the droplet on wedge surfaces encounter at the corner? This
conjecture can be traced back to Taylor (1712). Fastening two pieces of glass
together, he found that the water would automatically rise in the hydrophilic
interior corner with opening angle of 2.5°. Taylor conjectured the upper surface
of the water in the interior corner to be hyperbola.

Then, in 1969 the Concus—Finn condition was mathematically introduced
(Concus & Finn 1969): (i) for 6y > m/2 — «, the droplet wets in part the interior
corner; (ii) for y < m/2 — a, the droplet completely wets the interior corner. Using

*Author for correspondence (yzhao@imech.ac.cn).

Electronic supplementary material is available at http://dx.doi.org/10.1098 /rspa.2011.0305 or via
http://rspa.royalsocietypublishing.org.

Received 16 May 2011
Accepted 1 August 2011 310 This journal is © 2011 The Royal Society


mailto:yzhao@imech.ac.cn
http://dx.doi.org/10.1098/rspa.2011.0305
http://rspa.royalsocietypublishing.org
http://rspa.royalsocietypublishing.org/

Downloaded from rspa.royalsocietypublishing.org on December 24, 2011

Precursor chain in an interior corner 311

hydrodynamics, an exact solution for the spreading drop in an interior corner
along with experimental verification was obtained (Weislogel & Lichter 1996).
The topological structure of the interior corner leads to significant changes in the
dynamic wetting properties (Weislogel & Lichter 1998; Chen et al. 2006).

The stress singularity in continuum theory is the seed for a new micro/nano
structure. Owing to the no-slip boundary condition, Huh & Scriven (1971) pointed
out that there would be a stress singularity at the moving contact line when a
droplet spreads, and hence ‘not even Herakles could sink a solid’. When viewed
at the atomic level, a very thin precursor film (PF), usually a single molecular
layer propagating ahead of the nominal contact line, is a crucial part in the
dynamic wetting process (De Gennes 1985; Wang et al. 2009). PFs, which could
eliminate the contact line singularity, are one of the answers to the Huh—Scriven
paradox (Huh & Scriven 1971). Both experiments (Kavehpour et al. 2003) and
simulations (mesoscopic: hydrokinetic lattice Boltzmann (LB) method (Chibbaro
et al. 2008) and nanoscopic: molecular dynamics (MD) simulations (Webb et al.
2003) confirm the existence of PFs. In a hydrophilic interior corner, there is also
a stress singularity adopting the continuum approach (Weislogel & Lichter 1998).
And what happens if the two PFs meet with high speed at the interior corner
ahead of the nominal contact line?

Liquid transport in the interior corner is a crucial requirement in a variety
of application fields, such as aerospace (Wang et al. 2010), micro/nanofluidics
(Khare et al. 2007), biology (Seemann et al. 2005), fuel cell (Spernjak et al. 2007),
etc. It is of great interest to improve the transport velocity and work efficiency
in these application fields. In addition, metallic monatomic chains (MACs) have
received considerable attention for their ultimate miniaturization and novel funct-
ionality in electron transport properties in the last decade (Ohnishi et al. 1998;
Tang et al. 2010). But, the formation of a stable and long MAC is still a chall-
enging problem for nano-machining. Moreover, the enhanced flow in nanotubes
is well known for its outstanding transport properties (Whitby & Quirke 2007).
Is there a candidate in nanofluidics other than the enhanced flow in nanotube?

The answer to the earlier-mentioned theoretical puzzles and the application
problems may be a new molecular structure: the precursor chain (PC).

We first employed MD simulations to explore the atomic details of a water
droplet in a hydrophilic gold interior corner with different interior angles in
dynamic wetting. Our results showed that the wetting transition is governed
by the interior angle 2. In the case of 2a < 135°, a PC completely wetted the
interior corner; in the case of 2a > 135°, no apparent PC was observed; and the
PF wetted in part the interior corner. The existence of the PC imports atomic
details to eliminate the stress singularity in the interior corner. Then, molecular
kinetic theory (MKT) was adopted to investigate the transport properties of
the PC and found that: (i) the PC was driven by the disjoining pressure, whose
energy could be obtained from theoretical derivations and MD results; (ii) because
water molecules were confined in the interior corner, the potential surface near
the interior corner is lower and smoother when compared with that on the bare
surface, and quickly decayed in a distance of about a water molecule. Hence, the
PC could generate, exist stably and propagate fast. In the PC, a one-dimensional
hydrogen-bond (H-bond) chain transferred pressure to drive the PC to slip-like
ice. With an increase in 2«, the potential surface near the interior corner became
high and rough. The transport properties of the PC gradually tended to be the

Proc. R. Soc. A (2012)


http://rspa.royalsocietypublishing.org/

Downloaded from rspa.royalsocietypublishing.org on December 24, 2011

312 Q. Yuan and Y.-P. Zhao

same as those of the PF. In order to show the important role and applications of
the PC as an example, for the first time, we used the unique transport properties
of the PC to generate a MAC, which has received considerable attention for its
ultimate miniaturization and novel functionality in electron transport properties
in the last decade (Ohnishi et al. 1998; Tang et al. 2010). Our results may help
in understanding the topology-dominated dynamic wetting, expanding ‘Taylor
conjecture’ to nanoscale and developing new applications at nanoscale.

2. Computational methods

MD simulations implemented in a large-scale atomic/molecular massively parallel
simulator (LAMMPS) (Plimpton 1995) were carried out under a constant
temperature of 300 K for 0.1 us to explore the transport properties of the PC
in a gold interior corner. The simulation domain is shown in figure 1a,b. The
interior angle 2« varied from 26.6°, 45°, 63.4°, 90°, 116.6° to 135°.

The extended simple point charge (SPC/E) water model (Berendsen et al.
1987) was used. The SPC/E model is a slight reparametrization of the simple
point charge (SPC) model, with a modified value of go (charge on oxygen atoms)
and ¢ (charge on hydrogen atoms), in order to add an average polarization
correction to the potential energy function. Both the oxygen atoms and
hydrogen atoms in the SPC/E model were modelled as charged Lennard—Jones
(LJ) particles with o,—,=0.3166nm, &5—o=0.650kJmol™, go=—0.8476¢
for oxygen atoms and oy_y=0.0nm, ey_y=0.0kJmol™!, gy=0.4238¢ for
hydrogen atoms. Compared with SPC, transferable intermolecular potential 3
point (TIP3P) and transferable intermolecular potential 4 point (TIP4P) models,
the SPC/E model can obtain a better diffusion coefficient (Mark & Nilsson
2001), surface tension (Vega & De Miguel 2007) and viscosity (Gonzalez &
Abascal 2010), which control the spreading process, but without increasing the
computational cost.

The gold atoms were modelled as uncharged LJ particles with o, _,, =
0.2637nm, eru_ay =42.5723kJmol™! and ¢qa, =0.0e. The values of ¢ and &
between them were calculated according to the Lorentz—Berthelot rule: ox_y =
(0x_x +0oy_y)/2 and ex_y = (ex_x X ey_y)"/?, where X and Y represent the
types of atoms. So 05—y =0.1583, oau—n=0.1319, 0a,—0=0.2902nm and
eog—p = 0.0, eau—n = 0.0, eau—0 =5.2604 kJ mol~!. The total potential energy Ej;
between two atoms ¢ and j separated by r;; is the sum of LJ potential energy and
Coulombic pairwise interaction

12 6
%Z%H,C*ﬂ —C*q t g B (2.1)
Tij T Tij

where ¢ is the depth of the potential well, ¢ is the zero-crossing distance for the
potential, k = 8.988 x 10° N m? C~2 is the Coulomb constant and ¢ is the charge
on the atom. The cut-off length for both LJ potential and Coulombic interaction
is 1 nm.

The NVT ensemble (constant number of atoms, volume and temperature)
was used. The Nosé—Hoover thermostat with a time-step of 1fs was employed
to regulate the temperature at 300 K. We specified a H-bond between water
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Figure 1. (a) Oblique view. (b) Cross section of the simulation domain. (¢) Oblique view. (d) Cross
section of the simulation result. The orange, red and white balls represent gold, oxygen and
hydrogen atoms, respectively. (e) The propagation length of the PC with respect to the time
(points: the molecular dynamics simulations; lines: the fit lines obeying the power law). The PC:
red (26.6°), green (45°), blue (63.4°), cyan (90°) and purple (116.6°). The PF: black. The X and
Y coordinates, which correspond to those in figures 3 and 4, locate on gold [100] surface. (Online
version in colour.)

molecules if the O—O distance was less than 3.5 A, and simultaneously, the angle
O—H...O was greater than 100°.

The droplet was pulled along the bisector of the interior angle towards the
interior corner by the attractive van der Waals (vdW) force F. Then, the
droplet spreads on the substrate driven by the disjoining pressure. According
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to the MD results, the wetting transition is controlled by the interior angle.
In the case of 2a < 135°, an apparent PC advanced along the interior corner,
whereas the PF advanced on the wedge surface, as shown in figure l¢,d for
20 = 45°. Obviously, the PC propagated much faster than the PF and completely
wetted the interior corner. In the case of 2a > 135°, only the PF was observed
and it wetted in part the interior corner, whereas no apparent PC could
be found (see electronic supplementary material). The propagation length of
the PC with respect to the time for different interior angle was plotted in
figure le, which was fitted by the power law, similar to the treatment of the
PF in the literature (Yuan & Zhao 2010). The velocity of PC vpc, the slope of
the length-time curve, is about 10~ ms~!, which is one order of magnitude higher
than vpp ~ 1072 ms™!. When 2« is small (2a = 26.6°, 45°), the propagation length
initially remained zero for a characteristic time of about 10 ns, during which the
droplet was pulled to the interior corner.

FEmploying both mesoscopic LB and atomscopic MD methods, Chibbaro et al.
(2008) simulate the capillary filling of highly wetting fluids in nanochannels and
provide clear evidence of the formation of the PF, which obeys a square-root
scaling law. In our simulations, the propagation of the PF and PC is confined
by the finite volume of the droplet and driven by the disjoining pressure; so the
PF advanced slower compared with Chibbaro et al.’s work and the PC’s velocity
decreased with an increase in the interior angle.

3. Results and discussion

How could the PC exist stably? Why could the PC propagate fast? To answer
these questions, we adopt Eyring’s MKT (Gladstone et al. 1941), to explain
the mechanism behind these phenomena. The surfaces sites are separated by
a distance A (A=4.08 A for gold [100] surface). When the water molecules jump
between surface sites with potential well of H in height, the equilibrium frequency
ko= (kg T/h)exp(—H /kgT), where kg and h are the Boltzmann and the Planck
constant, respectively. When the water molecules are driven by the external
driving work per unit area w, the advancing velocity of the water molecule

. w ks T —-H\ . w
v =2kpAsinh (ang T) =21 <T) exp <m) sinh <2nk]3 T) (3.1)

where n is the number density of sites on the surface (n = A72). In equation (3.1),
w and H are variables and can be obtained from theoretical derivations or MD
results; the others are all constants.

In our cases, w arises from the attractive vdW forces between the substrate
and water molecules, namely the disjoining pressure (Derjaguin et al. 1987) and
could be estimated theoretically. According to Philip’s theoretical work (Philip
1977), using the polar coordinates (r, ) as shown in figure 2a, the pressure P in
the interior corner is

Aru—Water _ 0 -0 0 -0
P(r,ﬁ)=%r 3<3cota—2i_ +3cotaT+cot3%+cot3a2 )
(3.2)
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Figure 2. (@) The interior corner in polar coordinates (r,6). § = —a, § = a is the wedge line. The

region 0 < —«a and 6> —a occupied by the gold and —a <6 <« occupied by water. Line 6§ =0
represents the bisector of the interior angle. (b) The relationship between the driving work per
unit area w along # =0 and the interior angle 2. (Online version in colour.)

Table 1. The relationship between the interior angle 2« and the averaged driving work per unit
area w from molecular dynamics results.

20(°) 26.6 45 63.4 90 116.6 135
w (Jm=2) 0.0630 0.0920 0.1095 0.1342 0.1485 0.0943

where Apu_water 18 the Hamaker constant between the gold substrate and
the water (Hamaker 1937). Axy_water = 472 AufWater”gu—water/’ AuPWater = 4.0698 x

107 J, where exu_water =5.2604kJmol™" and oay_water = 0.2902nm are from
the LJ potential, p is the number density (pa, = 5.9058 x 102 m™? and pwater =
3.3456 x 10*® m~3). There exists a singularity of P~ r~3 when r approaches 0.
However, this singularity in disjoining pressure is artificial, because it does not
take account of the discontinuous nature of the corner and short-range force at the
contact line (Yi & Wong 2007). The PC could import atomic details to eliminate
this singularity in the disjoining pressure. Considering a special case along the
angular bisector, # =0, the work performed by the disjoining pressure is

T sec o A —Water
w(a) =J ZAuWater -3 (3 cot + cot? E>dr
rseca 24 2 2

Apu-—Water . a (4% _ _
=—er sin® & (3 cot 5 + cot? 5) (7% =y 2). (3.3)
Because of the existence of the PC, 7 could not reach 0, but equals
O Au—Water <K T2; SO w is not sensitive to r,. We adopted 7 =5nm (the width
of the interior corner). Then, the relationship between w and 2a was obtained
in figure 2b. The theoretical derivations do not take account of the structure
component of the disjoining pressure (Derjaguin & Churaev 1974). We also
statistically obtained w from the MD results as shown in table 1. In our cases,
both the theoretical and MD results confirmed w~ 107! Jm~2, the same order of
the surface tension of water (y =0.072Jm™2, at 298 K).

As shown in figure 3a, when a layer of water molecules covers the gold
substrate, the most possible position of these water molecules locates at dy=
2.575 A from the substrate. Then, the potential surfaces, whose position were
labelled by blue lines in figure 3b-d at a distance of dy=2.575A above the
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Figure 3. (a) A layer of water molecules on gold surface. The most possible distance dy of water
from the surface is 2.575 A. (b) For 2a =45°, (¢) 2a = 90° and (d) 2a = 135°, the potential surface
at a distance of dy=2.575 A from the surface. The blue line label the position of the potential

surface and the direction of X coordinate. Y coordinate is the direction along the interior corner,
as shown in figure 1a. (Online version in colour.)

substrate with different 2o (=45°, 90° and 135°), were scanned to obtain H
as shown in figure 3b—d. The colour represents the height of the potential energy:
the red colour represents high energy, whereas the blue colour represents low
energy. Because of the crystal lattice of the gold surface, the potential surface
is periodically repeated along Y direction. As the PC and PF propagated along
the interior corner (Y direction), we made a projection of the potential surface
on X-energy plane and obtained as shown in figure 4. The colour corresponds
to that in figure 3. For the region away from the interior corner, where the PF
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Figure 4. (a) For 2a =45°, (b) 2a=90° and (c¢) 2a = 135°, the X-energy projection of the potential
surface. The red and blue lines on 2.75 A in length represent the regions where the precursor chain
and the precursor film, respectively, are located. (Online version in colour.)

(the blue line in figure 4) is located, the potential surface is periodic owing to the
face-centred cubic lattice of the gold [100] surface. The PC propagated on the
interior corner region, whose potential surface is lower and smoother. The widths
of these regions were chosen to be 2.75A (the diameter of a water molecule).
Because water molecules were confined in the interior corner, the total vdW
interactions between the two wedge surfaces reduce the potential energy at the
interior corner. Hence, the adhesion energy of the PC is higher than that of the
PF, which means the PC is more stable than the PF and hard to diffuse out
of the corner. The confinement effect at the interior corner quickly decays in a
distance of about a water molecule; so only one single-file water molecule PC
was observed. The generation and stable existence of the PC could therefore be
comprehended. With the increase of 2a, the energy difference between the PC
and PF regions gradually vanishes. We estimated the average of the height of the
potential wells in the PC and PF regions, respectively. Furthermore, we calculated
the averaged velocity using equation (3.1) and produced table 2. In accord with
the observation in MD simulations, vpc is 0.1309ms™! in the case of 2« = 45°,
while vpp is 0.0216 ms~!. With the increase of 2w, vpc decreases. In the case of
200 =135°, vpc = 0.0297 ms~! is nearly the same as vpp, which makes PC invisible
in MD simulations. For w < 2nkg T, equation (3.1) could be written as v~ w/{,
where { = kg T/ KoA* = (h/A*) exp(H / kg T) represents a friction coefficient, in Pas
units. Although w~2nkgT ~0.1Jm™2 in our cases, we calculated the order of
magnitude of { to understand the channel of the energy dissipation in these
systems. {pc ~ 1 Pas increases with the increase of 2a, while {pp ~ 10 Pas. The
PC possesses less friction and dissipates less energy compared with the PF; so
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Figure 5. Side view of two transient moments (a) t; (b) tz, when the PC advanced. The blue lines
between water molecules represent the hydrogen bonds. (Online version in colour.)

Table 2. The average height H of the potential well, the averaged velocity v and the dynamic
friction coefficient { in the precursor chain and the precursor film region.

the precursor

the precursor chain region film region
2a (°) 45 90 135
H (10720]) 4.8462 5.3820 5.4806 5.7206
v (ms™1) 0.1309 0.0856 0.0297 0.0216
¢ (Pas) 1.1766 4.2899 5.4429 9.7157

the PC advances faster than the PF. In reality, the friction area A(t) varied
complicatedly with the time t. Because A(t) ~1nm?, we estimated A(t) to be
I1nm? in the earlier-mentioned calculations.

From the earlier-mentioned discussions about w, H, { and v, we can find that
the low energy and low friction at the interior corner leads to the formation,
stable existence and fast propagation of the PC. Next, we show the atomic details
of how the PC advances diffusively. As shown in figure 5, there were H-bonds
between every two adjacent water molecules in the PC, which transferred the
disjoining pressure to drive water molecules along the corner. The sequence of the
water molecules in the PC did not change during the whole process. To quantify
our observation, we evaluated the transport properties by computing the self-
diffusion coefficient D of water molecules in PC. As the PC was a single-file
water-molecule chain, we considered only water diffusion in the z direction. The
diffusion coefficient D is related to the slope of the mean-squared displacement
by the Einstein relation:
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Figure 6. (a) Cross section of the system to form a gold metallic monatomic chain (MAC)
in a tungsten interior corner. The orange and blue balls represent gold and tungsten atoms,
respectively. (b,c) Top view of transient moments of formation a gold MAC. (Online version
in colour.)

where |7(t) — 7(0)| is the distance travelled by molecule 7 over some time interval
of length At, in which the effect of any drift in the centre-of-mass is subtracted out
before the displacement of each molecule was calculated. The squared magnitude
of this value was averaged over many such time intervals. The averaged D =
(0.117 £ 0.002) x 10~ cm?s™! of the PC is one order of magnitude less than
D =2.246 x 10~ cm?s~! of bulk water and D=1.132 x 1079 cm?s~! of the PF
(Yuan & Zhao 2010), which indicates that the PC actually acted like ice. From
the atomic details, we found that (i) the disjoining pressure, transferred by one-
dimensional H-bond chain, drove the PC to propagate; (ii) the PC acted like ice
and slipped along the interior corner.

The PC has indeed many similar aspects as the water chain confined in
nanotubes (Hummer et al. 2001; Won & Aluru 2008). Possessing low and smooth
surface barriers (Falk et al. 2010), they both advance fast and are like ice
(Yuan & Zhao 2009). The unique H-bonds drive them to propagate. But the
differences are obvious: (i) concerning boundary condition, the PC is only confined
in part, while the water chain is completely confined in the nanotube, (ii)
concerning driving force, the disjoining pressure drives the PC to advance, while
an external pressure is necessary in the nanotube, and (iii) concerning geometric
configuration, the PC depends on the shape of the interior corner and is straight
in our case, while the water chain in the nanotube has a helical structure (Yuan &
Zhao 2009).

To show the possible applications of the PC, we use a melting metallic droplet
to form a MAC. MAC shows great potential for nanoscale electronics (Ohnishi
et al. 1998; Tang et al. 2010) for its ultimate one-dimensional structure with
unique physical properties, but is nowadays limited by its short life time and
short length (Yanson & Bollinger 1998; Sun et al. 2004). A possible solution to
form a stable and long MAC might be the PC. At a constant temperature of
2500 K, a melting gold droplet was placed on a tungsten interior corner, as shown
in figure 6a. The melting point of tungsten (3683 K) is much higher than that of
gold (1337K). Under the disjoining pressure, the gold molecules automatically
formed a MAC along the tungsten interior corner. Then, a quick cooling was
imposed. Using the unique transport properties of the PC, a stable and relative
long gold MAC formed in figure 6b,c.
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4. Conclusions

In conclusion, we performed MD simulations and MKT to explore the atomic
details and transport properties of the PC in the hydrophilic interior corner with
varying interior angles for the first time. A wetting transition of the PC in the
interior corner was governed by the interior angle. The advance of the PC was
one order of magnitude faster than the PF. Because of the confine effect in the
interior corner, the potential surface was lower and smoother, making the PC
propagate faster and more stably, while dissipating less energy than the PF. The
self-diffusion coefficient confirmed that the PC is like ice. The one-dimensional
H-bond chain made the transport properties of the PC unique. The PC could
eliminate the singularity at the interior corner. Also, the formation of a gold
MAC in a tungsten interior corner was simulated as an example to show the
importance and applications of the PC. It is expected that our findings will help
in understanding the topology-dominated dynamic wetting, expanding ‘Taylor
conjecture’ to, and developing new applications at, nanoscale.
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