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In this paper, evaporation of sessile water droplets containing fluorescent polystyrene (PS) microparticles on polydimethylsiloxane
(PDMS) surfaces with different curing ratios was studied experimentally using laser confocal microscopy. At the beginning, there
were some microparticles located at the contact line and some microparticles moved towards the line. Due to contact angle
hysteresis, at first both the contact line and the microparticles were pinned. With the depinning contact line, the microparticles
moved together spontaneously. Using the software ImagelJ, the location of contact lines at different time were acquired and the
circle centers and radii of the contact lines were obtained via the least square method. Then the average distance of two neighbor
contact lines at a certain time interval was obtained to characterize the motion of the contact line. Fitting the distance-time curve
at the depinning contact line stage with polynomials and differentiating the polynomials with time, we obtained the velocity and
acceleration of both the contact line and the microparticles located at the line. The velocity and the maximum acceleration were,
respectively, of the orders of 1 um/s and 20-200 nm/s?, indicating that the motion of the microparticles located at the depinning
contact line was quasi-static. Finally, we presented a theoretical model to describe the quasi-static process, which may help in
understanding both self-pinning and depinning of microparticles.
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1 Introduction

When droplets of colloidal suspensions and solutions of
nonvolatile species evaporate on a solid surface, ring-like
solid residues will usually be left after evaporation, which is
commonly known as coffee-ring phenomenon. Deegan et al.
[1] pointed out that it is the pinning of the three-phase contact
line that induces the formation of the coffee stain. Later,
Hu and Larson [2] conducted evaporation of octane droplets
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containing polymethyl methacrylate (PMMA) particles on
glass surface and found that suppression of Marangoni flow
is also necessary for the formation of the coffee ring. This
coffee-ring effect (reviewed in [3,4]) will limit the applica-
tion of droplet evaporation in many fields such as printing,
biology and complex assembly. To obtain a uniform evapo-
ration stain, a lot of methods have been proposed such as by
changing the shape of microparticles [5], using electrowet-
ting [6,7], adding surfactants [8] or hydrosoluble polymers
[9], promoting particle adsorption and long-range interaction
[10], changing the evaporation environment [11] and using
contact angle hysteresis [12].
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To better apply evaporative-induced self-assembly [13],
understanding the mechanism of self-pinning is necessary.
During the latest years, a lot of researchers focused on this
problem. Weon et al. [14] studied evaporation of liquid
suspension of colloidal particles with different radii and
found that capillary force will repel the coffee-ring effect.
Jung et al. [15] compared the magnitudes of various forces
including the drag, electrostatic, van der Waals, and capillary
forces using the scaling analysis to elucidate the impact of
these forces on the particle motion. They found that 1) the
motion of a single particle suspended in liquid is mostly
affected by drag force when the contact line is pinned, and
ii) later, with the incidence of the contact line recession, the
capillary force takes over the control of the single particle
motion. Wong et al. [16] elucidated the physics of particle
separation during coffee-ring formation, which is based on a
particle-size selection mechanism near the contact line of an
evaporating droplet. In 2011, based on the studies by Jung
et al. [15] and Wong et al. [16], Chhasatia and Sun [17] set
up a self-pinning mechanism (note that in this paper, they
regarded that the velocity of water in evaporating drop was
0.2 m/s. However, at room temperature, the velocity is of
the order of 1 um/s [18]). Later, Weon and Je [18] studied
the differences in spreading and drying behaviors of pure
and colloidal droplets using optical and confocal imaging
methods, and proposed a self-pinning mechanism based on
spreading inhibition by colloids. Bhardwaj et al. [19] found
that the pH of the solution influences the dried deposit
pattern, explained the transition between these patterns
by considering how Derjaguin-Landau-Verwey-Overbeek
(DLVO) interactions such as the electrostatic and van der
Waals forces modify the particle deposition process, and
proposed a phase diagram to describe the influence of flow
patterns on the shape of a colloidal deposit. Yuan et al.
[20,21] elegantly proposed a combined theoretical frame-
work in which both viscous resistance and molecular friction
in the triple-phase region take place. The energy dissipation
near the contact line might be a significant factor for self-pin-
ning of microparticles. Using molecular dynamic simulation,
Li et al. [22] predicted three styles of contact line motion
including complete slipping, alternate pinning-depinning,
and complete pinning. Different from Jung et al. [15], Wong
et al. [16], Weon et al. [18] and Chhasatia and Sun [17],
the capillary force is supposed to act on the particle along
a declined redirection rather than parallel to the solid-liquid
interface [23,24]. Combining all the above studies, we aim at
setting up a novel self-pinning mechanism. Besides, moving
contact line problem [25,26] is an important issue of droplet
evaporation and it consists of 7-8 length and time scales from
the atomistic to the continuum. In the microscale region,
both the van der Waals interactions and nanoscale viscous
dissipation play important roles [27].
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To set up the new mechanism, we experimentally stud-
ied evaporation of liquid suspension of fluorescent polysty-
rene (PS) microparticles on polydimethylsiloxane (PDMS)
surfaces. PDMS has been widely used in micro- and nano-
systems due to its good biocompatibility, nontoxicity, opti-
cal transparency and ease of fabrication. Recently, researches
on wettability of PDMS surface [28-33] have been reported,
indicating that the substrate elasticity has a significant influ-
ence on wetting and evaporation characteristics as well as the
formation of evaporation stains. In this paper, using particle
tracking velocimetry technique (PTV) [34], we focused on
the evolution of contact line and the microparticles located at
the line. We found that at first there were some microparticles
located at the contact line, which are self-pinned at the pinned
line, and then they moved spontaneously with the depinning
contact line. Using the least square method, we calculated the
moving distance of the depinning contact line and obtained
its velocity and acceleration. The velocity and maximum
acceleration were, respectively, of the order of 1 um/s and
20-200 nm/s?, indicating that the motion of microparticles lo-
cated at the depinning contact line was quasi-static. Later, a
novel mechanism for the quasi-static process was proposed
from the view of force equilibrium.

2 Experiments

We prepared PDMS (Sylgard 184, Dow Corning, USA)
membrane for studying droplet evaporation. PDMS (the
ratios of base to curing are, respectively, 5:1, 10:1 and
20:1) was stirred fully and degassed for 15 min, and then
spin-coated on clean glass at the speeds of 500 r/min for
20 s and then 1000 r/min for 30 s. Finally the samples were
heated on a hot-plate at 150°C for 30 min. To study the
characteristics of the depinning contact line of evaporating
droplets, 1.0 um-diameter Fluo-Max® fluorescent green PS
microparticle suspension (initial concentration: 1 wt.%) was
diluted to 6.25x10°* wt.% with deionized water. The diluted
suspension was ultrasonically stirred for 10 min to ensure
microparticles were homogenously dispersed. 0.6 pL sus-
pension was extracted using a micropipettor and then
deposited slightly on PDMS surfaces. Before deposition,
we adjusted the local confocal microscopy (Yokogawa
CSU-1, Japan) to emit a blue laser with a wavelength of
488 nm, which was used to cause the microparticles to
fluoresce at 508 nm. Once a droplet was deposited on
PDMS surfaces, the microscopy was adjusted to focus on the
solid-liquid interface and recorded the evaporation process at
5 fps, as shown in Figure 1. The environmental temperature
and relative humidity were, respectively, (24.6+1)°C and
37%+1%. To ensure the experiments reproducible, each
experiment was repeated six times.
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Figure 1 (Color online) Scheme of the set-up for sessile droplet evapora-
tion.

3 Result and discussion

Figure 2 shows the images of the solid-liquid interface of
evaporating droplets on PDMS surface (10:1) at different
time. Using the software Image], we obtained the pixel
values of the fluorescent microparticles at the contact lines
and converted them into values in unit of pm. Eight or nine
microparticles at each line were chosen and analyzed, as
shown in Figure 3. Theoretically, every contact line was a
circle-like arc. Therefore, we obtained the coordinates of
the circle centers and the radii using the least square method
[35], and found that the contact lines were all circle-like with
errors less than 0.6%. To determine the moving distance of
the contact line at a time interval, we calculated the distance
d; of each of the points at time # to the neighbor contact line

. . N\2 . N2 .
at time #i1 as d; = \/(x/f—xo ’”) +(y/. 5, ’“) — ™' where

(xj i Y i) was the coordinates of the j-th microparticle at

the contact line at time #, (x0 Ly, "”) and ' were the
coordinates of the center and radius of the line at time 71,
respectively. N was the total number of the selected points

at a contact line. The average distance between the i-th and
. . i 1 ul
(i+1)-th contact lines was obtained as d' = % Z} d;. Then the

=
distance between the initial contact line and the i-th contact
i—1

line was written as D = Z d’.

Figure 4 shows the mdlviong distance of the contact line ver-
sus time, indicating that evaporation proceeds with constant
contact radius mode due to contact angle hysteresis as well as
surface deformation induced by droplet, etc., and then with
the moving contact line. In this paper, we focus on the de-
pinning contact line and the motion of the microparticles lo-
cated at the line. Using the least square method, we fitted
the curves at the depinning contact line stage with polynomi-

N
als (Figure S) as D = Z a,t*, t € [t,t]. Differentiating the
=0
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Figure 2 Images of solid-liquid interface of evaporating droplet on 10:1
PDMS surface. (a) =0 s; (b) =52 s; (¢) =254 s; (d) =320 s.

polynomials with time, we obtained the velocity and the ac-
celeration of the line.

Figure 6 shows the velocity and acceleration of the con-
tact lines of evaporating droplets on different PDMS surfaces,
respectively. From the figures, we found that the velocity
and the maximum acceleration were of the order 1 pm/s and
20-200 nm/s?, respectively. Moreover, at the final stage, the
velocity increases more greatly for 10:1 and 20:1 than for 5:1,
and the acceleration for 5:1 increases slightly while that for
10:1 increases greatly and it changes from positive to nega-
tive for 20:1.

From Figure 2(c) and (d), we can find that at the depinning
contact line stage, there are one or several (no more than 3)
microparticles located at the contact line along the radial di-
rection. The density of the microparticle is 1050 kg/m?, then
the mass of a microparticle is mo=5.5%x107'¢ kg. Using New-
ton’s second law, the resultant force acting on the micropar-
ticles along the radial direction Y. F = nm a is of the order
(107°-107'° pN), here 7 is the number of microparticles at the
depinning contact line along radial direction.

Microparticles inside an evaporating droplet experience
several forces, viz., van der Waals force, electrostatic force,
drag force and capillary force. The van der Waals force
between a microparticle and the substrate in a fluid medium
is given by [15-17,36]:

24, R’

F :$’ 1
wps 3Z2(Z+2R)2 ( )

where 4, = (./A11 —J45 )(./A22 - ./A33)is the Hamaker
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Figure 4 (Color online) Distance between the initial and current contact
lines.

constant, the subscripts 1, 2 and 3 denote the microparticle,
the substrate and the fluid medium, respectively. A; is the
Hamaker constant of two bodies of material i. z is the par-
ticle-substrate separation distance. R is the radius of a mi-
croparticle. When z is far less than R, the force can be sim-
plified as:

F — AISZR

S 2
s 6z

2)

(Color online) Contact line of evaporating droplet on PDMS surfaces. (a) 5:1; (b) 10:1; (c) 20:1.
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Figure 5 (Color online) Fitting of moving distance of contact line.

The van der Waals force between microparticles in a fluid
is given by [15-17,36]:
— Al}lR

12z,° ’

W 3)
where 4,,, = (4, - .[4,, )2 is the Hamaker constant be-
tween microparticles in a fluid, and z, is the particle-particle
separation distance.

The electrostatic force between a microparticle and the sub-
strate in a fluid is given by [15-17,37]:
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Figure 6 (Color online) Motion characteristics of depinning contact line. (a) Velocity; (b) acceleration.

[6,746,°2¢,¢,exp(x2))
T e -1
where ¢ is the fluid permittivity, x is the reciprocal of Debye
length, ¢, and ¢, are the surface potentials for microparticles
and for the substrate, respectively.

The electrostatic force between microparticles in a fluid is
given by [15-17,37]:

“4)

2Rexd,’
exp(kz)+1°

€pp

®)

The drag force acting on a microparticle is given by [15-17]

F,= 6mRnv, (6)
where 7 is the dynamic viscosity of the fluid and v is the ve-
locity of the evaporative flow.

Table 1 lists the parameters for force calculation and the
values of some interaction forces acting on microparticles.
Most of them are of orders of several or hundred piconew-
ton, which are 8-12 orders higher than that of the inertial
force ZF , indicating that microparticles at the contact line
are nearly in force equilibrium. To ensure such a quasi-static
process, we suppose that microparticles near the liquid-vapor
interface experience a capillary force, Fs, given by [3,23,24]

Table 1 Parameters used in force calculations and interaction forces acting on microparticles
Symbol Physical Parameter Value Unit
An Hamaker constant of PS microparticle 6.3 x 107 [38] J
Axn Hamaker constant of PDMS 44 %107 [38] J
Az Hamaker constant of water 3.7 x 107 [39] J
A Hamaker constant betweer.l the PS microparticle 0.10 x 1020 7
and PDMS in water
A Hamaker constant .between PS microparticles 0.34 x 102 J
In water
"y surface tension of water 0.072 N/m
z minimum separation distance 0.4 %107 [16] m
3 permittivity of water 7x10 " F/m
¢1 surface potential of PS —59.5 [40] mV
¢2 surface potential of PDMS —45 [41] mV
n dynamic viscosity of water 0.0009 Pa-s
v velocity of water in evaporating droplet 1 pum/s
K reciprocal of the Debye length 430 x 107°)7! [16] m’!
F, wps microparticle-substrate van der Waals fore 520.83 pN
Fos microparticle-substrate electrostatic fore —179.44 pN
F drag force 8.48x 10~ pN
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F,=2nRy, cosg, @) 90.00
where y,, is the liquid-vapor interfacial tension, ¢ is a pa- I
89.98
L

rameter to be determined and (n —2¢) is the angle of the lig-
uid layer covering the outmost microparticle, as shown in
Figure 7. The vertical component of this force will result in a
positive or negative addition to normal force when the contact
angle is less or larger than 90°. And the parallel component
of this force will pull the microparticle towards the center of
the solid-liquid interface.

Thus the total resultant force acting between the outmost
microparticle and the substrate due to van der Waals and elec-
trostatic interactions can be calculated by summing up the van
der Waals, electrostatic, net gravitation and capillary forces:

F; = prs+F;ps+Fé+FSCOSH’ (8)

where £ is the net gravitational force and 6 is the contact an-
gle. Because the density of PS microparticle is slightly larger
than that of water, the net gravitational force can be ignored.
The attractive force acting between the inner microparticle
near the outmost one and the substrate can be written as:

F,=F,+F, (€))

eps”

The angle ¢ was determined by balancing all the forces
along the radial direction as:

eps

Fsin ~[f (Ficos0 + nF, +nF,,) +nF| = 0, (10)

where fis the kinetic friction between the microparticles and
the substrate in a fluid. The first term in eq. (10) and all the
terms in the square brackets are the driving and resistance
forces, respectively.

As our earlier studies [28,30] showed, the angle 6 ranges
from nearly 90° to about 50° at the depinning contact line
stage. Based on the above analysis and supposing that the
friction coefficient f'is 0.1, the critical angle ¢ in different
cases is calculated, as shown in Figure 8, indicating that 1)
there is only a very thin liquid layer acting on these micropar-
ticles because the angle (180°—2¢..) is far less than 1°, ii)
both contact angle and the number of microparticles at the

Figure 7 (Color online) Schematic of forces acting on microparticles near
the contact line.
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Figure 8 (Color online) Dependence of critical angle ¢, on contact angle
and microparticle number.

contact line along the radial direction have little influence on
¢, iii) since all the above forces are ~ KR (K is a parameter
of the unit of N/m and independent of R), the critical angle
¢ will be independent of the radius of microparticle, iv) the
actual angle ¢ can only be slightly different from the critical
value, if not, the acceleration of the microparticles would be
very large, which did not consist with the experimental obser-
vation. Moreover, if the actual angle is slightly smaller than
¢ .. then there will be a resulting force acting on the micropar-
ticles and pulling them towards the droplet. If the actual angle
is slightly larger than ¢, then there will be a resulting force
acting on the microparticles and driving them away from the
droplet. Besides, when microparticles are self-pinned at the
pinned contact line, eq. (9) is still valid, and it should be noted
that the friction coefficient fis no more than that of static fric-
tion.

Besides, since the inner microparticles near the outmost one
are also quasi-static, the force balance can be given as:

(n—i+ \F,~F, ~F, =0, (11)

where i denotes the i-th microparticle located near the con-
tact line along the radial direction. i=1 denotes the outmost
microparticle. Combining eq. (11) with egs. (3), (5), and (9),
we can obtain the minimum separation distance between mi-
croparticles.

4 Conclusions

Evaporation of sessile water droplets containing fluorescent
PS microparticles was studied using PTV technique. It was
found that some microparticles moved towards the contact
line and were pinned at the pinned contact line, and later the
microparticles located at the line moved together with the
depinning contact line. Using the least square method, the
moving distance of the contact line was obtained and then
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the motion characteristics of both the depinning contact line
and microparticles located at the line were revealed. The re-
sults showed that the velocity and the maximum accelera-
tion of these microparticles were, respectively, of the order
of 1 um/s and 20-200 nm/s?, indicating their quasi-static mo-
tion. Finally, from the view of force equilibrium, we set up a
new self-pinning mechanism of microparticles confined at a
contact line and find that there is only a very thin liquid layer
acting on these microparticles.
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