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ABSTRACT: A liquid spreading over another is a universal physical process in the
nature, which was investigated by the scaling law to reveal the underlying mechanical
mechanism over the decades. However, scaling laws are restricted to piecewise
physical stages, respectively. It is a challenge to present a full physical picture for a
dynamic spreading process covering a wide-spectrum speed. We propose a general
wall-confined spreading dynamics (WCSD) model originating from molecular
kinetic theory (MKT). It creatively illustrates the order and domination between
driving energy and energy dissipation (or transfer) using a phase diagram according -
to theory and experiments. This work reveals the deep mechanical mechanism of &
WCSD which provides an indirect guidance on the solution processing methods of

two-dimensional molecular crystals (2DMCs) growth.

ince Benjamin Franklin's wave-stilling experiment on

water, oil spreading on the aqueous surface has attracted
extensive attention. Recently, there has been renewed interest
in wetting or spreading phenomena involving an ordered
pattern,'~* Marangoni flow,” droplet evaporation®™” and
bouncing'”"" as well as applications in the gas cavity,'”
biological droplet rectifiers,” alignment of a 2D nanosheet,"*
thin-film synthesis in flexible electronics,” and 2DMCs
growth.'*™"® A large number of investigations about spreading
dynamics have indicated that a spreading process is self-similar
and scale-invariant, where its scaling law (e.g,, spreading radius
R ~ ") can effectively reveal the mechanical mechanism in the
view of hydrodynamics and MKT."

The scaling law in hydrodynamics is established by
mechanical balance and boundary conditions with viscous
dissipation.”® For spreading on deep liquid support, the
boundary layer approximation applies with typical power laws
including gravity-inertial (R ~ t'/2), gravity-viscous (R ~ t'/4),
and surface tension-viscous regimes (R ~ £/*).*"** Among
them, (R ~ £/*) is the most common one which has been
verified several times in experiments.”’~>> High-Reynolds-
number flow occurs, and there is viscous dissipation within the
viscous boundary layer.”® For spreading on thin support, the
lubrication approximation applies. The fixed bottom surface
restricts the flow and low-Reynolds-number viscous flow
occurs in the entire support’” with R ~ t/2 for Marangoni-
viscous spreading.”® In addition, the scaling law also depends
on the spatial distribution dimension of spreading substances.
The surface tension-viscous balance on thin support leads to R
~ 12 for a front (1D),*® R ~ /3 for a planar strip (2D),”” and
R ~ t'* for an axisymmetric droplet (3D).”" In the same way, a
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similar conclusion R(f) ~ £/2"?) for deep support can be
obtained:*’ R ~ #/* (n = 0) for constant-concentration line
source (1D);** R ~ /2 (n = 1) for strip with fixed mass
(2D);** R ~ £/® for axisymmetric droplet (3D).”® Moreover, a
series of scaling laws can be derived for complex interfacial
topology (e.g., the spreading of oil by condensed water drops
with R ~ #2 for constant thickness, R ~ #/* for constant
volume, and R ~ t"/¢ for thin film flow).”> The power law is
relevant to the concentration boundary condition at the origin
as well.>*’

MKT is a statistical physical method originating from
absolute rate theory, which establishes the connection between
molecular motion and macroscopic flow.”” It emphasizes
molecular-scale friction dissipation near the contact line rather
than viscous dissipation in the bulk.’® Gravity-viscous
spreading for 3D follows R ~ t'/*** and R ~ #'/1° for 3D
capillary-viscous regime (Tanner’s law),>> while R ~ /7 for
capillary-friction regime (3D) in MKT°"** as well as R ~ ¢/
(2D).**

However, a general physical model to match the spreading
process with a wide-spectrum speed is still lacking,’” and
physical significance is not clear sometimes due to the coupling
of multiple interactions. In this paper, we propose a general
physical model that unifies and connects these discrete stages
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instead of conventional piecewise scaling laws. WCSD process
is recognized combining theories and experiments. We propose
divisional phase diagram of WCSD to illustrate corresponding
physical significance. This work reveals the deep mechanical
mechanism of WCSD with indirect applications in solution
processing method of 2DMCs growth involving in solution
epitaxy,'® space-confined self-assembly,'” layer-defined solu-
tion self-assembly strategy,'® etc.

First, we are going to discuss the theoretical model of an oil
droplet spreading dynamics on surfactant aqueous surface in a
confined vessel. In the view of MKT, the speed of moving
contact line (MCL) v depends on the difference between
forward k" and backward fluctuating frequencies x~ of oil
molecular displacements from one adsorption site to another.
The equation of MCL dynamics can be expressed as’”

w
2nkgT (1)

where w is driving work, k° equilibrium frequency, kg the
Boltzmann constant, T absolute temperature, 4 jump length,
and n adsorption sites number (nA* = 1).

In classical thermodynamics, the Helmholtz free energy F
includes the following forms of energy transfer in an isotherm
surface system (dT = 0),

dF =y dA, + p, dN,

v=Ak" - k) = 2% sinh[

)

where y the interface energy, A the interface area, u the
chemical potential, and N the number of particles entering the
system. The gravity potential ¢ and the pair of surface stress—
strain (0j,€};) are introduced into the system with its free
energy per unit area

dF
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where gravity potential ¢ works for a capillary-scale droplet
spreading. Equation 3 is the surface Gibbs—Duhem equation
specialized for the surfactant system in this paper. The surface

6”5
L can be expressed by surface energy

. ., oyd
strain energy density A
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WA S; — AII, where S, S, and II represent the

final, initial spreading coeflicient, and surface pressure,
respectively.

Hence, the driving work w in MKT comes from three
contributions corresponding to eq 3, including gravity
potential, chemical potential, and surface energy (spreading
coefficient). First, the driving work of the gravity potential can
be expressed as™’

using

L 2
We = @ = —pge
G @ ng ( 4)
where e is the thickness of the spreading oil. The initial
spreading coeflicient

ws=si=ywv_}/ov_yow

(s)

drives spreading initially, where y,,, 7., and y,,, represent the
water-vapor, oil-vapor, and oil-water interface energies,
respectively. With the increasing amount of oil molecules
transferring from its bulk phase into interfacial layer, it is worth
noting that chemical potential Ay is another driving work that
should be considered and Ay keeps accumulating with
spreading until it reaches maximum p, (when t > 7, Ay ~ ),
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de —t/T
Wﬂ = A,Lt = /’tkﬁ = luo(l — € ) (6)
where 7 is the characteristic time of molecular diffusion. Here
the ratio of driving work w = wg + w, + w; to thermal energy
kT is of the order of 0.01—0.1 (w ~ sinh(w/(2nkzT));

therefore, eq 1 can be simplified to

—_ - =0, zz
w—v{ [v C)

ks T
where { = #
K

(7)

represents the friction coeflicient per unit

length. Equation 7 is established by the balance between
driving work w and energy dissipation D¢ = v-{ at the molecular
scale.

Besides, it should be noticed that some of the system energy
would be converted into surface pressure I (also known as
surface elastic energy) due to the compressed surfactant
monolayer in a confined area.*’ The surface pressure IT of
adsorbed surfactant pushes outward along the air—solution
interface, acting to increase the surface area.”” Based on the
Volmer isotherm model, considering finite molecule size lateral
interactions, the increment in surface pressure follows™*

A = _kTT kT,
1-T/T, 1-T I,

(8)

where I' = N/z(r* — R?) the surface excess concentration; N
number of surfactant molecules on the water surface; r the
inner radius of container; R the spreading radius (defined by
nominal contact line on the observation scale). After taking
these factors into account, eq 7 can be modified to

wg +w,+w, — Dy — Al =0 (9)
After every item is substituted into eq 9, it becomes
2
%pg(%] + S+ p(1 =) = v
~ [ KIT  kTT,
1-I'/I, 1-Iy/T,
=0 (10)

Equations 9 and 10 are established by the balance between
driving work w = wg + w + w,, and friction dissipation Dy at the
molecular scale as well as surface pressure AIL

According to eq 9, spreading dynamics here can be
considered as the coupling and linear superposition of several
effects including gravity, surface energy, chemical potential,
friction dissipation, and surface pressure, etc. We are going to
evaluate each factor separately next. The initial spreading stage
should be driven by gravity because body force dominates the
spreading near the capillary scale as shown in Figure 1a, where
surfactants molecules are sparsely distributed on the aqueous
surface in Figure 1d. In the next stage, uneven distribution of
the spreading substance on the aqueous surface leads to a
surface tension gradient and the growth of chemical potential
with a thinner oil layer (thickness < capillary scale) as shown
in Figure 1b but retarded by surface pressure in the end in
Figurelc. The surface pressure is generated by the compressed
surfactant monolayer ahead of the nominal contact line during
spreading in a confined vessel as shown in Figure le. As a
result, kinetic energy transfers into surface elastic energy, and
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Figure 1. Several possible forces in different stages and the
corresponding state of surfactant monolayer in a spreading process:
the spreading driven by gravity (a) and the sparse distribution of
surfactant molecules on an aqueous surface (d); the spreading driven
by surface energy and chemical potential along the aqueous surface
(b); the spreading retarded by surface pressure leading to an quasi-
equilibrium state (c) and the dense distribution of surfactant
monolayer on a compressed aqueous surface (e).

spreading is balanced by the surface pressure AIL As the
spreading rates decays, the friction-elasticity transition may
occur.

A general spreading experiment is carried out, and 9 uL of n-
hexadecane droplet is deposited on the surface of sodium
dodecyl sulfate (SDS) aqueous solution (depth of 2.5 mm).
Here we investigated quasi-equilibrium states for different
aqueous solution concentrations including 0.5, 1, 1.5, and 2
times the critical micelle concentration (CMC) in different-
sized vessels. The schematic diagram of the experimental setup
is shown in Figure 2a. It is observed that the maximum
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Figure 2. (a) Schematic representation of the experimental setup
composed of telecentric lens and coaxial lighting source. (b) Top view
of maximum spreading area of 9 uL of n-hexadecane droplet on SDS
solution (2CMC) in different-sized vessels. (c) Relation between
maximum spreading radius R and vessel radius r in different
concentrations of base solution (including 0.5CMC, 1CMC,
1.5CMC, 2CMC).

spreading radius is proportional to the vessel radius as shown
in Figure 2b,c. According to the generalized isotherm of a
monolayer, its state follows IT = kyTT' (Henry model).” It

leads to R/r= /1 —II,/I1 (see S1 in the Supporting

Information for details) which is consistent with every
experimental group that the data points are linearly distributed
along the fitting lines at a concentration from 0.5CMC to
2CMC as shown in Figure 2c. The slope R/r of fitting line
relates to the surface pressure or surface excess. According to
the slope R/r of the fitting line in Figure 2c, it comes a
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conclusion that there is a higher surface pressure at a higher
solution concentration. Therefore, both the quasi-equilibrium
state and spreading dynamic process depend on the surface
pressure as well as the state of the surfactant monolayer.
However, driving energy, energy transfer, and dissipation are
usually coupled with each other in a WCSD. Here, a valid
manner is proposed to decouple them by combing fitting and
numerical solution. The fitting curve of the numerical solution
of eq 10 matches well with experimental result (2CMC) of
spreading radius over time in Figure 3a where the parameters
are selected as follows: r = 42.5 mm, { = 0.27 Pa s, S, = 2.6
mN/m, py = 1.7 X 107 J/mol, T’y = 8.782 X 1077 mol/m? (see
S2 in the Supporting Information for details). It can be
observed that a general spreading usually involves several
stages of accelerating first, then decelerating, and balancing in
Figure 3a. In order to reveal the physical mechanism in each
stage, we have considered each term in eq 9 separately in
numerical method. When the gravity term w, is ignored, the
fitting curve deviates from the experimental results at the first
three data points in the yellow block in Figure 3b, but it is still
consistent with other experimental data. The separation point
of gravity (SPG) occurs almost in the same time scale (~40
ms) for the spreading in different-sized vessels. It illustrates
that gravity only works in the initial stage and has nothing to
do with the size of the vessels (see S3 in the Supporting
Information for details). When the surface pressure AIl in eq 9
is ignored, the fitting curve will detach from the experimental
results from the separation point of elasticity (SPE) in the
green block and oil would continue to spread far beyond its
quasi-equilibrium state as the red curve shows in Figure 3c (see
similar results for other-sized vessels in S4 of the Supporting
Information for details). It indicates that the surface
compressive elasticity will dominate the resistance from SPE.
Though the physical mechanism is partially revealed above,
there is still strong coupling. So what are the order and
magnitude of the driving energy, friction dissipation, as well as
surface elasticity in an entire spreading process? In further
exploration, we divide these dynamic spreading processes into
several areas in a normalized phase diagram (Figure 3d) to
illustrate corresponding physical significance clearly. The initial
radius of the droplet before spreading is almost the same for
every group, as the line shows at the starting point in Figure
3d. Considering the gravity effect, the area below the line of
SPG can be considered as a gravity area marked as (I) in
Figure 3d. With the droplet collapsing and thinning, the
surface tension gradient dominates and the chemical potential
gradually accumulates until saturation as expressed in eq 10.
The area between the line of saturation points and SPG is the
chemical potential (and surface tension) area marked as (II).
For the spreading processes after stage (II), the driving energy
keeps almost constant so that the resistance becomes the main
factor for spreading. The surfactant monolayer on the aqueous
surface is continuously compressed with oil spreading so that
surface pressure replaces friction dissipation gradually.
Comparing the friction dissipation and surface elasticity, the
dashed line in Figure 3d representing the equality of the two
(AII = v-{) is taken as the reference for the area division. The
area below the dashed line can be considered as the friction
dissipation area marked as (III), while the area above it is
dominated by surface elasticity marked as (IV). The top area
above SPE marked as (V) in Figure 3d represents a quasi-
equilibrium state with a constant surface pressure correspond-
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(a) full-process fitting
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(c) ignoring elasticity
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Figure 3. Experimental data is represented by green pentagons where R is the spreading radius of the droplet in 42.5 mm-radius vessel. (a) The full-
process fitting curve (in red) originating from a numerical solution in eq 10. (b) The fitting ignoring gravity with a yellow block corresponding to
the gravity region (from the initial point to the separation point of gravity (SPG)). (c) The fitting ignoring surface elasticity with a light green block
corresponding to the elasticity region (from the separation point of elasticity (SPE) to the end). (d) The phase diagram illustrating the physical
process of spreading in different-sized vessels with corresponding partitions (where r* = r/r, ., R* = R/R,.). (e) The physical picture of a

spreading process on the surfactant aqueous surface.

ing to a green block in Figure 3c. (See more details about the
basis of classification in SS of the Supporting Information.)
Here, we divide the spreading process into several stages
from (I) to (V) with corresponding physical significance. In
stages (I) and (II), gravity, surface energy, and chemical
potential account for a higher proportion in a smaller vessel as
shown in Figure 3d. On the contrary, pure friction dissipation
(after chemical potential reaches saturated) in stage (III)
accounts for a larger proportion in larger vessels. However, it is
almost the same proportion for the surface elasticity in stages
(IV) and (V) in different vessels. It indicates that surface
elasticity dominates resistance when the surfactant monolayer
ahead of the contact line is compressed to the same relative
variation (R* ~ 0.8 in Figure 3d) with the same surface
pressure, which coincides with the linear “R—r” relation of the
quasi-equilibrium state in Figure 2c. The friction-elasticity
transition is found in the end of wall-confined spreading.
Hence, the spreading process can be separated into three
stages: gravity effect in the initial stage, surface energy and
chemical potential effect in the intermediate stage, and wall-
confined effect (surface elasticity) in the quasi-equilibrium
stage as shown in Figure 3e. It is worth noting that chemical
potential and surface energy play a major role not only in the
intermediate stage but in the entire spreading. When the
chemical potential is not considered, the fitted curve is no
longer reasonable and is far from the experimental results, even
for the case without considering the surface energy S; (see S6
in the Supporting Information for details). In addition, this
model is able to be simplified to derive a series of scaling laws
as follows. For a pancake-shaped droplet, gravity and friction
dominate the spreading in the initial stage with R ~ t'/°. As the
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droplet spreads, chemical potential replaces gravity gradually to
balance the friction with R ~ t. Specifically, for a spherical-cap-
shaped droplet, capillarity-friction dominates in the initial stage
leading to R ~ t'/7. The power exponent & derived from the
WCSD model (1/7 < a < 1) involves most of the current main
conclusions (see S7 in the Supporting Information for details).

In summary, a full physical picture of WCSD is revealed,
which unifies the discrete physical stages instead of the
conventional scaling law. A general confined spreading can be
separated into three stages: gravity stage, intermediate stage,
and quasi-equilibrium stage. Gravity participates in the initial
stage of spreading, and then surface tension and chemical
potential play an important role instead of gravity. In the
vicinity of the quasi-equilibrium stage, friction-elasticity
transition occurs and surface elasticity dominates. The time
scale of gravity action is independent of the vessel size in
experiments. According to numerical solutions, there is a larger
pure friction proportion in larger vessel, but the surface
elasticity acts in almost the same proportion for different vessel
sizes leading to the linear “R—r” relation. Therefore, the
spreading area and dynamic process can be tuned by selecting
the vessel size. This model is able to derive a series of scaling
laws which satisfies most of the previous conclusions. In
addition, the conclusion in this paper is not only limited to the
surfactant system but also applicable to other aqueous solution
systems satisfying the adsorption isotherms model. This work
brings about a deeper understanding to the mechanical
mechanism of WCSD and also provides an indirect guidance
on how to create an ideal circumstance for the solution
processing method of 2DMCs growth by tuning physical
property parameters.
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