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Flowerlike Spreading of Micellar Films during Emulsion Drop Evaporation
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We investigated the film spreading during the evaporation of submillimeter oil-in-water emulsion
droplets on a solid surface, and observed a novel phenomenon where the film follows a two-layer
spreading. In combination with the instability at the film front, the spreading front acquires a flowerlike
pattern. The emergence of the two-layer structure is attributed to micelles within the oil film that yield an
oscillating disjoining pressure. By considering both the slipping condition and the disjoining pressure, a
scaling analysis is carried out that agrees well with the observed film spreading dynamics. The film
spreading follows Tanner’s law initially, while it becomes faster at a later stage, where the film radius
follows r ~ t'/2 for weak slip and r ~ #3/8 for strong slip conditions.
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Evaporation of sessile drops has been extensively stud-
ied. Prominent discoveries include the shrinkage regimes
and diffusive models that describe the contact angle
dependence of the evaporation rate [1-5]. Also well-known
is the ‘coffee ring’ phenomenon, which is associated with
the convective flow within the drops [6,7]. Drop spreading
and evaporation is ubiquitous among processes such as
inkjet printing [8], spray cooling [9], and agrochemical
applications [10,11] where drops often consist of complex
formulations. Recently, there has been an increasing
interest in the evaporation of colloidal drops with solid
particles dispersed in them [5,12-16]. In contrast, the
understanding of the emulsion drops evaporation remains
limited. The few available studies mainly report spatial
distributions and size evolution of the dispersed droplets
during the evaporation of emulsion drops or films [17-20].
A recent study reported that the accumulated droplets tend
to coalesce, forming a continuous film that spreads out;
however, no in-depth analysis was carried out on the
spreading dynamics [21].
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In this Letter, we report intriguing phenomena observed
during the evaporation of oil-in-water emulsion drops. We
found that the oil droplets brought into the vicinity of the
contact line by convection coalesce to yield a continuous
film that spreads beyond the initial contact area. The film
spreads maintaining two well-defined layers, forming
flowerlike patterns. After an initial stage, the spreading
rates of both layers are found to be much faster than
Tanner’s law predicted [22].

The emulsion is prepared by mixing the 5 ¢St silicone oil
(10% w/w) that contains Span 80 (2% w/w), an oil-
soluble surfactant, within continuous deionized water
(88% w/w). The mixture was homogenized in a Pulse
150 instrument for 5 min, resulting in most dispersed drop
sizes lower than 1 pm, as shown in Fig. 1(a). VWR®
microscope glass slides that yield a contact angle of 30°
for water drops were selected as the solid surface. The glass
slides were immersed in ethanol and deionized water for
20 min each, and then dried by compressed nitrogen. Drops
of submillimeter sizes were deposited on the glass surface
using a needle (id = 0.15 mm). The evaporation was
observed with a Zeiss® microscope with the observation
area covered by a lid whose size is much larger than the
drop to prevent disturbances from the surroundings
[Fig. 1(b)]. The local temperature is set 25°C and the
humidity is around 33% for all the evaporation tests.

After deposition, the drops take a few milliseconds to
open from a round shape to a sessile state on the solid
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FIG. 1. (a) Size distribution of the dispersed droplets in 10%
silicone oil emulsion. (b) Experimental setup for drop evapora-
tion. 6,4, 6,4, and o,,, indicate the tension along water-gas, oil-
gas and water-oil interfaces. (c) Convection current in the drop
with white arrows indicating the direction. (d) Reconstruction of
the consecutive images of the spreading film.

surface; as we do not focus on this stage, we start the
recording at around 1 s afterwards. As shown in Fig. 1(c)
and Movie 1, strong convection currents appear in the bulk
of the drop due to uneven evaporation rate along the drop
surface, the Marangoni effect along the water-oil interface,
and natural convection [7,12,23]. The Marangoni effect is
weak as the convective velocity is of the order of pm/s (see
Supplemental Material (SM) [24] for more details). Driven
by the convection currents, the dispersed droplets are
transported from the drop bulk toward the constrained
region where no strong convection is seen. The dispersed
droplets in the constrained region coalesce at the periphery
to form a thin film of oil that spreads outwards (see Movie 2
in SM [24]). The film thickness was measured with light
interference, using blue light with wavelength A = 475 nm,
as illustrated in Fig. 1(b). Driven by the surface tension
difference ~(o,,, — 06,, — 0,,) at the water-oil-air contact
line, the drop is partially cloaked with the thin oil film
[39-42] (Movie 2 [24]). As cloaking eventually occurs far
from the front line, the outward spreading is not influenced
significantly by the cloaking phenomenon.

The film counterintuitively spreads as two layers, with a
sharp difference in thickness between the two as shown in
Figs. 1(d) and 2(a) (Movie 3 [24]). To the best of our
knowledge, this phenomenon has not been reported pre-
viously. A two-layer pattern also appears in the spreading
of Span 80-laden silicon oil drops at ¢ = 0.2, which is
much larger than the critical micelle concentration (CMC),
as shown in Fig. 2(b) and Movie 4 [24]. In contrast, the two
layers are not observed during the spreading of pure
silicone oil drops or silicone oil drops with Span 80 at
¢$=2x 10, a concentration lower than the CMC; in
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FIG. 2. Film evolution for drops of (a) 10% emulsion,
(b) silicone oil at ¢ = 0.2, and (c) pure silicone oil at ¢ = 0.
The radius r is normalized with the initial radius of the drop and
the height % is normalized with the maximum height at each time
instant. Representative interference images at a later stage of the
spreading corresponding cases (a), (b), and (c) are shown in (d),

(e), and (f).

these cases, a smooth transition exists from the bulk to the
film front and only small bulges are present due to the
perturbations in the transverse direction [43-45] [see
Fig. 2(c) and Movie 5 [24] ]. Even if the bottom layer is
regarded as a precursor film, there should not be a sharp
increase in the thickness [46—48]. Because of this, the two-
layer spreading is not attributed to the coalescence of the
dispersed oil droplets that supply the fluid in the film.
It is worth noting that the silicone oils with Span 80 at the
two concentrations below and above CMC are Newtonian
fluids [24]. Fingering patterns are seen at the edge of the
spreading film for all cases due to the contact line
instability, which helps the flowerlike spreading. Here,
we do not focus on the fingers in particular as the instability
does not grow under our experimental conditions (see
SM [24] for more details).

As the thickness of the film layer reduces to ~100 nm or
less for all the cases shown in Fig. 2, the disjoining pressure
becomes important and drives the film spread. The dis-
joining pressure arises from long-range Van der Waals,
short-range steric, and electrostatic forces [49]. The com-
bined effect induces an oscillating pressure, which gives
rise to the formation of layering [50,51]. Notably, for
simple liquids, this layering diminishes as the oscillations
are gradually damped when the film thickness increases to
approximately 10 times the molecular size and above
[49,52,53]. For colloidal and micellar systems, however,
experimental measurements show distinct oscillatory
forces are still pronounced at film thicknesses exceeding
50 nm [54-61]. Our atomic force microscopy measure-
ments indicate that the micelles generated in the silicone oil
at ¢ = 0.2, which are expected to be of ~30 nm in
diameter, sustain the oscillations of the disjoining pressure
in thicker films (see SM [24] for more details).
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Hereafter, we analyze the spreading dynamics of the thin
film, where lubrication theory applies as the film thickness
h is much smaller than the spreading radius r. Span 80 was
found to only decrease the water-oil interfacial tension but
it did not affect the oil-air surface tension. Thus, Marangoni
effects are not expected to affect the oil spreading. A fourth-
order nonlinear equation can be used to describe the film
spreading [25,62-64],

oh 1 PR, 3
5 = 3ﬂV [6h’NVN/*h — pgh”V h]

+ V- [D(h)Vh). (1)

The first term on the right side of Eq. (1) corresponds to the
capillary force and the gravity force, while the second term
is related to the disjoining pressure I, where D(h) is the
diffusion coefficient given by [25,62]

D(h) = -5 ©

The first term on the right of Eq. (1) has self-similar solu-
tion A(r,t) = t~2*H(rt~*) considering constant volume of
spreading film V = [2zrh(r,t)dr. If the capillary force
dominates, the radius follows r~ /10 as Tanner’s law
predicts [22,25,62], while for gravity-driven spreading, the
film radius follows r~ /8 [65-67]. Gravity can be
neglected as the size of the droplet is way smaller than

the capillary length [, = \/64i1/poing- Tanner’s law has been
found to successfully predict many experimental findings
not only with simple liquids but also polymers and liquid
crystals [25,68,69]. Our results show that for micellar films,
Tanner’s law is only followed in the initial spreading stage
of both the bottom and the second layer of the film for all
fluids studied. We attribute this to the disjoining pressure
that is not considered in Tanner’s theory [22].

To check whether the disjoining pressure is involved in
spreading, we track the evolution of the contact angle 6 at
the film edge. Previous researchers, as summarized by
Tanner [22], attributed the advancing of the contact line to
the balance between the surface tension and the viscous
forces 6,,(1 — cos @) ~ uUR/h, where U is the film spread-
ing velocity and R is the length over which the film is
straight and 42 = Rtan @ is valid, as shown in Fig. 3(a). For
small contact angles, we obtain 6 ~ Ca'’3 [22,69], where
Ca = pU/o, is the capillary number. Other researchers
rescaled the viscous term to be ~uUR/A by considering a
strong Navier slip condition [70,71], where 4 is the slip
length as shown in Fig. 3(b). The relation then
becomes 6 ~ Ca'/>(R/2)"/2.

We extracted 6 at the front of the spreading film by
measuring the spatial distance at a height difference
corresponding to the first couple of fringes in the inter-
ference pattern. As shown in Fig. 3(d), for all three cases,
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FIG. 3. Schematics of the contact line moving models consid-

ering (a) nonslip condition, (b) slip condition, and (c) disjoining
pressure. (d) Evolution of the contact angle 0 against the capillary
number Ca for the bottom layer; the inset illustrates how the
contact angle 6 is measured.

the contact angle follows 6 ~ Ca, which is larger than
0 ~ Ca'/? and larger than Tanner’s law @ ~ Ca'/3. Tt is
worth noting that for the emulsion drop and the silicone oil
drop with surfactant at ¢p = 0.2, there are deviations from
0 ~ Ca at the initial stage corresponding to a large value of
0 as the bottom layer has not been established yet. This
provides evidence that the disjoining pressure IT contributes
to the observed phenomena, as discussed below. The
disjoining pressure is defined as IT1 = A/6zh> when only
the long-range Van der Waals force is considered, where A
is the Hamaker constant [44,49,72]. However, in the current
experiments, the spreading of the film is analogous to the
spreading of nematic liquid crystals, building on the
observations by Poulard and Cazabat [73]. This is perhaps
due to the assembly of the micelles in the oil film. The
similarity does not only include the layering of the spread-
ing film but also the contact angle relation and the
spreading law, which will be discussed later. Following
Poulard and Cazabat [73], we defined the disjoining
pressure as I1 = 0.5K5%/h*, where K is the bend-splay
elastic constant and ¢ is the angle related to the assembly of
the crystals.

If we consider 0.5K&> constant and introduce a length
scale a = K&*/20, the disjoining pressure becomes
I1 = ac/h?>. Balancing the disjoining pressure and the
viscous resistance at the film edge and considering a strong
slip condition, we obtain ca(hi! — h3') ~ uUR /A, where
R, is the distance between positions at the thickness of &,
and h,, as shown in Fig. 3(c). For weak slip conditions,
we define an average film thickness h, = (h; + h,)/2,
and the balance between the capillary and the viscous
term becomes ca(hy' —h3') ~uUR,/h,. Considering
0~ (hy —hy)/R;, the contact angle relation 6~
Cahhya/ A for strong slip and 6 ~ Cah,h,a/h, for weak
slip. Both relations lead to & ~ Ca, given that the heights
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FIG. 4. Film radius evolution during the spreading of (a) 10%
emulsion drop, (b) silicone oil drop at ¢p = 0.2, and (c) silicone
oil drop at ¢ < CMC. The inset in (a) indicates the change of &
against Ca at the edge of the second layer. In (c), saline surfaces
increase the contact angle of water to approximately 90°
compared to bare surfaces.

are independent of @ in the current experiments. It is worth
noting that, for simple liquids without micelles where
I1 = A/6xh?, the relation @ ~ Ca is again valid when the
disjoining pressure is important, as shown by the blue
circles for the pure silicone oil drop in Fig. 3(d).

As illustrated in Fig. 4(a), the film radius r only
follows Tanner’s law (r ~ ¢'/19) in the short beginning of
the spreading for both the bottom and the second layer. A
new spreading law r ~ r'/2 then appears for the bottom
layer. Note that for IT = 0.5K8%/h?, the coefficient D(h)
becomes constant, making Eq. (1) a purely diffusive
equation when the disjoining pressure dominates [62].
Accordingly, the film radius follows r~ ¢'/2. If this is
the reason, the scaling law of r ~ t!/2 should persist till the
end; however, at a later stage, the spreading of the bottom
layer deviates, as shown in Fig. 4(a). Thus, we need to
analyze the spreading laws r ~ ¢" in general, where n is the
exponent shown in Fig. 4. For convenience, Eq. (1) is
reorganized using the continuous equation 0h/dt = —UH/,

3Ca

2ah’
h* 4+ 31h

h/// — h3 ,

(3)

where ' = 0/0r is the space derivative. In Eq. (3) gravity is
neglected and the Navier slip condition is taken into

account. The film thickness 4 and the spreading radius r
are normalized as H = h/3A and £ = r/R. The dimension-
less term H indicates the slipping extent and R represents a
length where the film remains straight from the contact
point. Accordingly, Eq. (3) becomes

3a 2pH'
H*+H H

" __

4)

The term on the left is the capillary term, and the first term on
the right is the viscous term where a = Ca(R/3A)*. The
second term indicates the disjoining pressure where
B = aR?/(31)3. The balance between the capillary term
~H/E and the disjoining pressure ~f/H*¢ yields
H ~ (BE*)'/3, or h* ~ ar? in a dimensional form. For strong
slip conditions where H < 1, the viscous term is ~a/H.
Balancing it to the capillary term, we have H” ~aé’,
and the dimensional relation r~ (316;,/u)¥3a'/*/8 is
derived considering h* ~ ar?. The viscous term becomes
~a/H? for weak slip where H > 1. Balancing it to the
capillary term, H> ~a&®, and the dimensional form is
r~ (ac/u)"/?t'/2. This explains well the spreading of the
bottom layer in the evaporation of 10% emulsion drop. At
the intermediate stage of the bottom film spreading, the film
thickness H > 1 that r ~ t'/2, while at a later stage, the
spreading shifts to  ~ /3 when the film thickness reduces
to H < 1. For the drop of silicone oil at ¢p = 0.2, the film
evolves into strong slip directly and the radius follows
r~t/% without an intermediate weak slip regime
[Fig. 4(b)].

For the second layer of the 10% emulsion drop, the film
spreading obeys r ~ 13/% and then shifts to r ~ ¢'/3. The
spreading of the second layer follows r~ /8 initially
while it differs from the dynamics of the bottom layer and
remains to be explored. As for the spreading law of r ~ ¢'/°
observed in the final stage for both the 10% emulsion drop
and the silicone oil drop at ¢p = 0.2, we believe that gravity
plays a role. When gravity dominates, the self-similar
solution of Eq. (1) predicts »~¢'/> in the context of
two-dimensional spreading [51]. In this stage, the film
radius r > [, and the influence of the capillary force
compared to gravity is reduced. Additionally, the second
layer becomes sufficiently thick, causing disjoining pres-
sure to diminish. This is also seen in the evolution of the
contact angle at the front of the second layer, which shows
0 ~ Ca'/? rather than @ ~ Ca in the inset in Fig. 4(a).

The spreading law changes little when the disjoining
pressure takes the form of IT = A/6xh?, resulting in r ~
1'/3 for strong slip and r ~ r*/> for weak slip. This is seen in
the spreading of silicone oil at ¢ < CMC where no micelles
are generated. As shown in Fig. 4(c), the law of r ~ /3 fits
well the fast spreading in such conditions. As shown in
SM [24], this law is applicable not only to the spreading of
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low-viscosity silicone oils but to other liquids such as those
used by Mouat et al. [26] and Baumgartner et al. [27].
In conclusion, we experimentally investigated the simul-
taneous spread and evaporation of submillimeter emulsion
drops. The coalescence of the dispersed oil produces a
continuous phase that spreads out under the emulsion drop.
A two-layer spreading mechanism, which is analogous to
the blooming of flowers, is observed. A similar behavior is
also seen in the spreading of drops of silicone oil with Span
80 at a concentration much higher than the CMC, while
only a single layer is seen for silicone oil drops with a
surfactant concentration below the CMC. This implies that
the two-layer spreading is likely due to the micelles
in the oil, which produce oscillating disjoining pressure
profiles [49,55,62]. When the disjoining pressure and the
slip length are both involved, the spreading follows a new
law given by r~t'/? for weak slip and r~ /% for
strong slip, which is much faster than predicted by
Tanner’s law [22]. The spreading of the second layer
follows r ~ t'/° in the later stage driven by gravity. Our
work reports novel phenomena and reveals new spreading
mechanisms of micellar liquids that have previously
remained unexplored. It offers fundamental insights into
the structured forces in thin-layer supramolecular systems.
The results acquired are expected to offer new knowledge
for processes like inkjet printing [8], spreading of agro-
chemicals [10], film coating [74], and spray cooling [75].
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