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ABSTRACT

Evaporation-induced self-assembly of colloids or suspensions has received increasing attention.
Given its critical applications in many fields of science and industry, we report deposition patterns
constructed by the evaporation of the restricted aqueous suspension with polystyrene particles at
different substrate temperatures and geometric container dimensions. With the temperature
increases, the deposition patterns transition from honeycomb to multi-ring to island, which is
attributed to the competition between the particle depositionrate U, and the contact line velocity
U, - And the dimension of the geometric container has an effect on the characteristics of patterns.
In this paper, the formation of ordered multi-ring pattern is mainly focused on as a result of U,
can keep up with U, , so that the entire contact line can be pinned, that is, the periodic stick-slip
motion of the contact line and the particle sedimentation. Moreover, based on the Onsager
principle, we develop a theoretical model to reveal the physical mechanisms behind the multi-ring
phenomena. The position and spacing of rings are measured, which shows that the theoretical
prediction agrees well with experiments. We also find that the ring spacing decays exponentially
from center to edge experimentally and theoretically. This may not only help to understand the
formation of the deposition patterns, but also assist future design and control in practical

applications.
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INTRODUCTION

How to construct various deposition patterns has received increasing attention in scientific
research [1, 2], due to its important applications in the fields of phononics [3], optical devices [4],
components separation [5], bioscience [6, 7], crystallization [8], etc. Hence, kinds of methods have
been developed, such as polymer-demixed [9], surface wrinkling [10], excimer laser processing
[11]. Besides, as an important technology, evaporation-induced self-assembly has been studied
extensively and has played a great role in many practical applications, such as spray cooling [12],
printing [13] and self-assembly of particles [14]. More importantly, evaporation-induced self-
assembly is easy to operate and low-cost, which is used to construct deposition patterns. For
example, Deegan et al. studied the pattern of coffee-ring (i.e. a ring-like deposition left on the
substrate after a coffee droplet evaporates) using a physical model during the evaporation of
colloidal suspension droplet [ 15, 16]. They attributed the formation of coffee-ring to capillary flow,
a supplemental flow from center to edge induced by the intense evaporation loss at the triple phase
contact line (TPCL) of droplet. Later, Hu et al. found that the condition for forming the coffee-
ring pattern is that Marangoni flow at the liquid-vapor interface needs to be suppressed [17]. The
formation of ring-like deposition is due to the pinning of TPCL and the intense evaporation loss at
the vicinity of TPCL [18]. Therefore, the formation of multi-ring pattern needs to meet the
condition, periodic motion of pinning and depinning of the TPCL, i.e. the stick-slip motion.
However, the depinning of TPCL depends on miscellaneous factors, such as the size and the
concentration of solute [19, 20], the property of substrate [21, 22]. Weon et al. used 20 pm

diameter polystyrene particles dispersed in a water drop to construct a central deposition pattern
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[23]. The dendritic patterns were obtained by evaporating a droplet containing a mixture of NaCl
solute and colloids [24]. And Yunker et al. used elliptical particles in a water drop to construct
uniform deposition [2]. In these cases, the stick-slip motion of TPCL does not occur. The multi-
ring pattern was obtained by evaporation of a sessile droplet of DNA solution [25]. In addition, by
fixing the lower plate and controlling the sliding speed of the upper plate precisely, the polymer
solution in two parallel plates could evaporate and form parallel stripes [26]. Restricting droplet to
geometric container which controls the motion of the contact line helps to obtain ordered
deposition patterns [27, 28]. Liquid evaporation in geometric container, which provides a new path
for construction of deposition patterns, has received increasing attention. However, as far as we
are concerned, little work has been done to study the dimension effect of the geometric container
and the temperature effect of the substrate on the formation of the deposition patterns. In addition,
due to the combined effects of internal flow field, contact line motion and solute transport,

theoretical modeling of restricted liquid evaporation remains a challenge.

In this paper, deposition patterns formed by the evaporation of restricted liquid have been studied.

Experiments were carried out under different temperatures (7' = 293 K - 383 K), inner diameters
(D=2.5,4.5 and 6.5 mm) and heights (L = 2, 4, 6 and 8 mm), generating five types of patterns
which are honeycomb, multi-ring, island and two kinds of transition patterns, respectively. A
dimensionless parameter which can represent the competition between the particle deposition rate
and the contact line velocity was used to analyze the formation of deposition patterns. The multi-
ring pattern as an ordered structure is mainly focused on and based on the Onsager principle, the

mechanism of multi-ring formation was explained. The position and spacing of rings were also
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analyzed experimentally and theoretically. Our findings not only give an uncomplex and low-cost

method but also provide guidance for construction of deposition patterns.

EXPERIMENT

In our experiments, the monodispersed polystyrene (PS) latex microsphere aqueous suspension
(0.5 pm, 2.5 wt%, Alfa Aesar Chemical Co., Ltd, China) was diluted in deionized water to
provide aqueous suspension. The aqueous PS suspension was selected in our experiments since it
tends to deposit to form stable structures which is easy to observe [29 - 31]. The glass slides
(25x75x1.2 mm?®) and the hollow cylindrical tubes of various dimensions (D = 2.5, 4.5, 6.5
mm, L =2, 4, 6, 8 mm, thickness: 1 mm) are made of the same material, indicating the same
wettability. Besides, they were cleaned ultrasonically with alcohol for twenty minutes and then
left to rest for 3 minutes to ensure that the residual alcohol on the surface volatilizes completely.
Figure 1 schematically shows the experimental setup. Cylindrical glass tube was vertically bonded
to the glass slide by UV glue. To ensure that the distance from center of the concave liquid surface
to substrate surface is a constant value under all experimental conditions as shown in Figure 1b,
the volume of droplet was precisely controlled by pipette. The droplet volume was 6.0 uL for
the diameter of 2.5 mm, 19.5 uL for the diameter of 4.5 mm, and 40.6 pL for the diameter of
6.5 mm. The temperature was set to span a large range from 293 K to 383 K controlled by
thermostatic heating plate. The evaporation process of restricted liquid was captured by a high-

speed camera and the deposition patterns were photographed with a microscope.
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RESULTS AND DISCUSSION
The transition of deposition patterns

Figure 2a summarizes the deposition patterns formed by the evaporation of the restricted
aqueous PS suspension at different substrate temperatures (7= 293 K - 383 K) and geometric
container dimensions (D = 2.5, 4.5, 6.5 mm and L =2, 4, 6, 8§ mm). Obviously, there are five types
of deposition patterns, honeycomb, multi-ring, island and two transition patterns. Note that
temperature 7 plays a decisive role in the formation of deposition patterns, which determines the
evaporating rate in our experiments. The evaporating rate directly affects the particle deposition
and the motion of contact line. The competition between the receding contact line and the particle
deposition at the contact line is introduced to explain the formation of deposition patterns [32, 33].
Here, a dimensionless parameter, &=U,/U. , where U, and U_ represent the particle
deposition rate and the contact line velocity, respectively, is used to analyze the formation of
patterns [32]. Figure 3, which is a schematic illustration based on the experimental analysis, shows
how ¢ wvaries with 7, using the case of D =2.5 mm as an example. Obviously, it can be seen that
the competition between U, and U, is not monotonous as 7 increases, which is the result of
the joint action of the size and the concentration of solute, interaction between solutes and substrate,
the porosity and number of layers of the deposition [32].

From 293 K to 308 K, the deposition pattern is honeycombed. The low deposition rate leads to
the decrease of solute density near the contact line. Hence, the resistance acting on the contact line

is not large enough to pin the entire contact line [34]. The unpinned contact line continues to
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receding, eventually causing the contact line to bend. Eventually, the particles deposit along the
contact line, forming honeycomb pattern after repetition many times.

From 323 K to 338 K, the deposition pattern presents multi-ring which is mainly focused on in
this paper. Within this temperature range, the particle deposition rate U, can keep up with the
contact line velocity U, , so that the entire contact line can be pinned. Then, the particles deposit
near the entire contact line, forming a single ring pattern. Finally, the multi-ring pattern is formed
after periodic stick-slip motion of the contact line and particle sedimentation. The stick-slip motion
of the contact line on the substrate and tube wall was observed in experiments, as shown in Figure
4. However, the contact line on the substrate is the focus of this paper. At time t, the contact line
on the tube wall is pinned, and due to the loss of the liquid volume during evaporation, a flow
which is the combination of the Marangoni convection along the liquid-vapor interface and the
capillary convection along the tube wall generates inside the liquid, as shown in Figure 1b. As
evaporation proceeds, a thin film forms on the substrate and then breaks. A new contact line on
the substrate appears and is pinned, as shown at time t,. At this moment, another flow which is
the combination of the radical supplementary flow (capillary convection) along the substrate from
edge to center and the Marangoni convection along the liquid-vapor interface appears inside the
liquid due to the loss of the liquid volume is intense at the contact line [16]. And this flow carries
PS particles to the contact line on the substrate and PS particles deposit at the vicinity of the pinned
contact line. The pinning of contact line on the substrate and the loss of liquid volume flatten the

restricted liquid and create a force that causes contact line on the substrate to recede and be pinned
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to the next position, as shown at time t;. So does the motion of the contact line on the tube wall.
The periodic stick-slip motion of the contact line on the substrate and particles deposit at the pinned
contact line generate the multi-ring pattern. Furthermore, it is found that the contact line on the
substrate and tube wall moves alternately, as shown in Figure 4b. We think this decoupling
behavior is caused by the asymmetry of the temperature distribution and the geometry. The contact
line on the substrate moves faster than it on the tube wall during the entire event, which results in
the motion on the tube wall is in equilibrium with respect to the motion on the substrate.
Fortunately, this finding provides strong evidence for the establishment of our theoretical model.
Another thing to note that during each receding of the contact line on the substrate, the contact
angle gradually increases to a fixed value, thus entering the next stick state. And the fixed value
corresponding to each new stick state is greater than the last one, which is due to the existence of
wall.

The spacing between neighboring rings is also measured, showing the form of exponential decay
from center to edge. The multi-ring patterns under four different conditions are analyzed: 7= 323
K,D=45mm,L=2mm; 7=338K,D=45mm,L=4mm; T=308K, D=6.5mm, L =2 mm
and 7= 323 K, D = 6.5 mm, L =4 mm. Figure 5a shows the variation of positions of the rings
from center to edge. If we use the centesimal system to indicate the regions of rings, the first ring
is about 50%, the second ring is about 70%, the third ring is about 80%, the fourth ring is about
90% and the fifth ring is about 98%. Besides, the spacing between neighboring rings gradually

decreases exponentially from center to edge, as shown in Figure 5b.
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When T = 383 K, the temperature exceeds the boiling point of the solvent makes the solvent
evaporate quickly and triggers multiple eddies inside the liquid [35]. In this case, the contact line
velocity U, is much greater than the particle deposition rate U, resulting in partial contact
line being pinned. During the receding process of the contact line, when it encounters the particles,
deposition may occur near the contact line. Eventually, island pattern forms.

The remaining two deposition patterns, we define them as transition states. Obviously, these two
transition states have opposite patterns from center to edge. In these cases, both entire and partial
pinning of the contact line occur, resulting in the combination of radial spokes and ring.

Similar deposition pattern transitions are observed at D = 4.5 mm and D = 6.5 mm, which can
be seen from Figure 2a. Differently, there is no honeycomb pattern in both cases. And the ring-
like pattern becomes smooth and ordered as L decreases. L affects the vapor pressure inside the
container, which is an important factor in the generation of instability according to de Gennes’s
work [36]. It can be concluded that the instability near the contact line decreases as L decreases.
Besides, the multi-ring pattern is easier to form at D = 4.5 mm under L set in the paper. We think
that D/L, which affects the vapor pressure, may have an optimal range to form a stable pattern,
such as multi-ring.

Theoretical framework for multi-ring pattern

As is known to all, stable deposition patterns can play an important role in many fields. In order

to analyze the mechanisms of the formation of multi-ring pattern, a theoretical model is proposed

to explain the evaporation process of the restricted liquid, including the motion of the contact line
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on the substrate, the evolution of the contact angle of the restricted liquid, etc. The schematic
diagram of the theoretical model is shown in Figure 6.

The contact angle is small by using the lubrication approximation. Hence, the liquid-vapor
interface profile of the restricted liquid is given by h(r,t)=H (t)[r2 IR*(t) —1] , where H (t)
is the height of the extension of the parabola at the center of the substrate, and R (t) is the radius

of the contact line. Then, the contact angle € is given by

4RV

a_ﬁ(Rz—Rg)z’ M

where V is the volume of the restricted liquid. It’s worth noting that as R approaches R,, 6
approaches infinity, that is, there is singularity. In our actual calculation, the calculation will be
stopped when the volume V is very small, to avoid this situation.

The analytic solution of Y, (t) can be obtained by solving the diffusion equation. Related
studies [37, 38] have shown that V (t) is proportional to the radius of the contact line in the

sessile droplet. Furthermore, due to the existence of geometric constraints surface, we assume

[RE-ROP

Ry

; 2)

where VO (< 0) is the initial rate of volume change, determined by the initial solid-liquid contact

area and the environment. The evaporation flux, i.e. the rate of the evaporating volume, is given

by

I(t)=- T 3)
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Meanwhile, Eq. (3) indicates that the evaporating rate increases with the evaporation of restricted
liquid.

Next, the evolution equation of R(t) is derived based on the Onsager principle [39]. This
principle is equivalent to the minimum energy dissipation principle in Stokesian hydrodynamics,
which means that the evolution of the system is determined by the minimum of Rayleighian
defined by R=®d+F , where F is the time derivative of the free energy of the system, and
@ is the energy dissipation function.

The free energy F is a sum of the interfacial energy, defined by

F=y, Fjp dr2zry1+h" +7LSE(R§ - Rz)—ysvﬂ(Rg - RZ)
R

+7L527[R0h(R0)_75v2”R0h(R0)

) 4

where )y, 7 and )5 are the liquid-vapor, liquid-sloid and solid-vapor interface tension,
respectively. The first term represents the liquid-vapor interfacial energy. The second and third
terms represent the interfacial energy on the substrate of liquid-sloid and solid-vapor, respectively.
The fourth and fifth terms represent the interfacial energy on the tube wall of liquid-sloid and solid-
vapor, respectively.

As mentioned in the above experiment, the stick-slip motion of the contact line on the substrate
and the tube wall are decoupled. In addition, we focus on the stick-slip motion of the contact line

on the substrate. The energy dissipation function can be expressed as [40]

1% 3y ), 1 .
@:E.F[anrv(r,t) dr+227RER’, (5)
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the first term denotes viscous dissipation in the lubrication approximation, and the second term
denotes the extra dissipation of contact line movement on the substrate. Here, 77 is the viscosity
of the aqueous suspension, & is the molecular cut-off length of the order of 1 nm, which is
introduced to remove the divergence in the energy dissipation at the contact line [40]. And the
velocity v(r,t) in Eq. (5) is the height-average fluid velocity, calculated by the mass

conservation equation of the solvent

d 0 1| ! !
aiZﬂr h(r',t)dr' = —27zrv(r,t)h(r,t)—7z(r2 - RZ)J (t). (6)

Here, since the convection velocity is much faster than the diffusion velocity for macroscopic
droplet, the diffusion of the solute in radical direction is ignored [41]. The solute transports along
with the fluid, and then deposits on the substrate when it encounters the contact line.

By minimizing the Rayleighian R with respect to R, the evolution equation of R can be
obtained

R

(1+ky)R=- - ’
4RV 61,C

> o\, 2R; ., R 2
(ROZ—RZ)\/ ;/Lvé{(ﬁ —He)+?(9 + 00(6’9—2)} (7)

Where C=R2/(Rg—R2)+|n[(Rg—Rz)/zgR]—zRg|n(R0/R)/(R2—R§)2. And kcF%,
7

which is related to the substrate wetting properties, substrate defects, and surface-active solutes
[42, 43], denotes the importance of the extra friction constant &, of the contact line relative to

the normal hydrodynamic friction [44]. Hence, we assume that K, changes with the contact angle

[45] to mimic the stick-slip motion of the contact line:
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0 for 6<6, or 6>0,
o = (8)

100  for#>6, and <0.”

oNOYTULT D WN =

9 To simplify the equation, the following three quantities are defined,

Wl

11 \V;
12 Teov = - UVO Koy =—"% (9)

V 5 Tre: 33
13 0 7/LV0e

16 where z,, and 7, are respectively the characteristic time of evaporation and relaxation. K, is

19 the ratio of these two characteristic time. Therefore, Eq. (7) becomes

o’

RZ

1
! R
2 | (Rg_Rz)ivo_wo{(ez—ej)+ 92+R°0(95—2)’ (10)

” (I+ka) 7R = 4RRV 6Ck_&°

ev-e

Egs. (1), (2), (8) and (10) determine the shape of restricted liquid during the entire event. The
30 evolution equations of the system can be solved for given values of k,, 6, and 6, . The
equilibrium contact angle 6, =0.58 and the receding contact angle 6. =0.35 are used according
35 to our experiments. We adopt k,, to be the usual value of 0.01, which is proved in the previous
38 work [39, 46]. The restricted liquid shape evolution calculated from the theoretical model is shown
in Figure 7, revealing the mechanisms of the formation of multi-ring pattern.

43 Figure 7a shows that the motion of the contact line is similar to a staircase pattern, i.e. the typical
stick-slip motion and the contact angle € oscillates between the receding contact angle 6, and
48 another large one. The horizontal part of the staircase pattern means that the contact line is pinned,
51 1.e. the stick state and the inclined part of the staircase pattern means that the contact line is

depinned, i.e. the slip state. At the beginning, the contact line recedes and is pinned until &
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increases to greater than 6. . Then, when @ decreases to 0, the contact line begins to recede
again until the next pinned state begins. After periodic stick-slip motion of contact line, multi-ring
pattern forms. It’s worth noting that the oscillation frequency of the contact angle increases and
the pinning and depinning time of the contact line decrease with the evaporation proceeds. It shows
that the evaporating rate increases with the reduction of liquid volume which is consistent with Eq.
(3) indicating. Another thing to note that the contact angle when the contact line is pinned is not a
constant, increasing with the evaporation proceeds. This change of contact angle is consistent with
what is observed in the experiment, which is caused by the existence of the geometric container.
The position and spacing of rings are also analyzed. The theoretical prediction of ring positions
agrees with the experimental results, as shown in Figure 7a. And Figure 7b shows that the ring
spacing decreases exponentially with the ring radius from center to edge, which is quite consistent

with the experimental results.

CONCLUSION

In this paper, the temperature effect of the substrate and the dimension effect of the geometric
container on the formation of deposition patterns have been reported. We find that deposition
patterns transition from honeycomb to multi-ring to island with 7 increases and the dimension of
the geometric container has an effect on the characteristics of patterns, that is, D/L has an optimal
range to form stable pattern and the ring-like pattern becomes more ordered and smoother as L

decreases. The mechanism controlling the formation of deposition patterns is the competition
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between U, and U , and it is found that the competition between the two quantities is not

monotonous as 7 increases. The formation of the multi-ring pattern, which is mainly discussed in

oNOYTULT D WN =

9 this paper, is attributed to the periodic stick-slip motion of the contact line and the particle
12 sedimentation. And the spacing between neighboring rings decreases exponentially from center to
edge. Moreover, considering the effects of internal flow field, the motion of contact line, and the
17 solute transport, we develop a theoretical model based on the Onsager principle to reveal the
20 physical mechanisms behind the multi-ring pattern phenomena. The theoretical predictions are in
good agreement with the experiments. This may not only help to understand the formation of

25 deposition patterns, but also assist future design and control in practical applications.
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Figure 1. (a) Schematic of the experimental setup, (b) side view of the restricted liquid.
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Figure 2. (a) Summary of the types of the deposition patterns formed with various geometric
container dimensions, D =2.5, 4.5, 6.5 mm and L = 2, 4, 6, 8 mm, and substrate temperatures, 7 =
293 - 383 K. Optical imagines of deposition patterns (b) - (f) corresponds to honeycomb, transition

1, multi-ring, transition 2 and island. The scale bars are 0.5 mm in (b) - (f).
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Figure 3. Deposition patterns transition in the case of D = 2.5 mm as a function of 7 and a

dimensionless parameter, £=U_, /U , where U, and U_ are the deposition rate of particles
and the contact line velocity, respectively. Note that Figure 3 is a schematic diagram of the

transition of deposition patterns based on the experimental analysis. The scale bars are 0.1 mm.
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Figure 4. The evaporation process of restricted droplet. (a) The position of liquid-vapor interface

at four transient time, t <t, <t; <t,. Color solid lines and white dotted line represent liquid-vapor
interface at different time and the highest position of liquid-vapor interface at the initial moment,

respectively. (b) Schematic of the stick-slip motion on the substrate and tube wall based on (a).
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Solid line: Exponential fitting
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19 Figure 5. The experimental results for the typical multi-ring patterns at four different conditions.
22 The variation of position (a) and spacing of rings (b) from center to edge. The data are fitted by an
exponential function, y~e™, x and y represent dimensionless position and spacing of rings,
27 respectively, showing that ring spacing decreases exponentially from center to edge. The

30 innermost (whether solid or hollow) and outmost deposition are not included.
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Figure 6. Schematic of the theoretical model. R (t), h(r,t) , 8, Ry and H (t) are the radius
of the contact line, the profile of liquid-vapor interface, the contact angle, the radius of the tube

and the height of the extension of the parabola at the center of the substrate, respectively.
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19 Figure 7. (a) The theoretical results for the evolution of the contact line and the contact angle
22 during the evaporation process. The red solid and blue dash-dot lines represent the change of the
contact line R(t)/ R, and the contact angle @ with time t/7,,, respectively. (b) The variation
27 of ring spacing from center to edge and the red solid line is an exponential fitting curve of the
theoretical results. The parameters are k, =0.01, 6.=0.35, 6,=0.58 and ,=0.02. The
32 black square is the experimental results based on the condition of 7=308 K, D =6.5 mm, L =2

35 mm, indicating the (a) position and (b) spacing of rings.
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