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Fingering inside the coffee ring
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Colloidal droplets including micro- and nanoparticles generally leave a ringlike stain, called the “coffee ring,”
after evaporation. We show that fingering emerges during evaporation inside the coffee ring, resulting from a
bidispersed colloidal mixture of micro- and nanoparticles. Microscopic observations suggest that finger formation
is driven by competition between the coffee-ring and Marangoni effects, especially when the inward Marangoni
flow is overwhelmed by the outward coffee-ring flow. This finding could help to understand the variety of the

final deposition patterns of colloidal droplets.
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I. INTRODUCTION

When a drop of colloidal fluid, such as coffee or a colloidal
suspension, dries on a solid surface, the evaporating liquid
pushes the suspended colloids to the drop edge, concentrating
them and leaving a ringlike deposit. The coffee ring is usually
induced by edgeward capillary flows [1-3]. The evaporating
liquid is cooled by heat loss, resulting in temperature or surface
tension gradients along the liquid surface. These gradients
lead to surface-tension-induced flows in what is known as
the Marangoni effect [4-6]. In addition, the motion of the
edgeward colloids can be halted if the colloids come in contact
with the liquid surface because a net capillary force can push
the colloids to the drop center as the contact angle decreases
over time [7]. The Marangoni and capillary force effects can
effectively reverse the coffee-ring effect and influence the final
deposition patterns, which are important in applications such
as self-assembly [7] and ink-jet printing [8]. The suppression
of the coffee-ring effect is an important technological issue
[9,10]. However, the competitive and cooperative interactions
between the coffee-ring effect and the Marangoni and/or
capillary force effects are not fully understood.

This paper shows an unexpected fingering inside the coffee
ring. We found fingerlike patterns inside the ringlike stains dur-
ing the evaporation of colloidal drops of a bidispersed mixture
of micro- and nanoparticles. Real-time confocal microscopic
observations suggest that finger formation is driven by the
interaction between the coffee-ring and Marangoni effects.
This finding has implications for predicting the final deposition
patterns of colloidal fluids and for improving inkjet printing
[8,11,12], particle separation [7,13,14], and drying-mediated
self-assembly technologies [15,16].

To understand the variety of the final deposition patterns,
it would be better to consider feasible variations of particle
motion induced by contact-line evaporation as illustrated in
Fig. 1(a). The coffee-ring flow is directed outward and the
reversal flows caused by the Marangoni and capillary force
effects are directed inward. The Marangoni flow is directed
inward along the liquid surface if the thermal conductivity
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ratio between the substrate and the liquid (kg) is greater than
2 [5], and the capillary force effect induces inward particle
movement by the droplet geometry [7]. Decalin droplets
deposited on glass slides have a kg value =10, indicating
the possibility of interactions among the three effects.

II. EXPERIMENTAL METHODS

The decalin/glass configuration is useful for studying the
Marangoni effect because it shows an inward Marangoni flow
along the liquid/air interface resulting from kg = kg/k; > 2,
the ratio of the thermal conductivities of the substrate and
liquid [5]. The ki of decalin on glass is 10 (kgec =
0.14 W/mK [17] and kgjass = 1.38 W/mK [6]) [Fig. 1(a)],
which is comparable to the value for octane on glass (kg ~ 8)
[4,5]. As a result of the slow evaporation kinetics of de-
calin, the humidity effect can be disregarded because of
a small vapor pressure p, = 120 Pa, which is equivalent
to the saturation vapor density c, ~ 6.5 g/m> [18]. The
material properties of decalin at room temperature are as
follows: density p & 897 kg/m> [7,19], dynamic viscosity
n ~ 3 x 1073 Pas[18], temperature dependence of the surface
tension B = —dy/dT ~ 1 x 10~* N/(m-K) [18], latent heat
of vaporization L ~ 300 J/g [20], and vapor diffusivity in air
D =5 x 107 m?/s [21].

Decalin-based colloidal fluids have been extensively stud-
ied as model hard-sphere systems [18]. In this study, the
poly(methyl methacrylate) (PMMA) colloids were stabilized
by a thin (10-20 nm) grafted layer of poly(12-hydroxystearic
acid) (PHSA), synthesized by Schofield [22]. The colloid
radii were rg = 0.1 um (nanospheres) and r;, = 1 um (mi-
crospheres) with ~5% polydispersity in size, as determined
by dynamic light scattering (ALV 5000, 532 nm laser, 90°
scattering angle). This bidispersed mixture is useful for
studying different coffee stains [13]. The PMMA colloids
(density ppmma = 1190 kg/m3; refractive index npyma =
1.49) were evenly suspended in decalin (a mixture of cis-
and trans-decalin, pgec = 897 kg/m3 and nge. = 1.48) [7].

To identify the colloidal particle motions with confocal
microscopy, we used fluorescently labeled colloids suspended
in unlabeled decalin. The motions of the fluorescently labeled
PMMA colloids in decalin drops on precleaned micro cover
glass (VWR, 22 x 30 mm?, No. 1.5) were clearly visualized in
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FIG. 1. (Color online) (a) The coffee-ring flow is induced by the divergence of the vapor flux J, where J, is the flux at the drop center.
The Marangoni flow is induced by evaporative cooling and is directed inward along the liquid surface [kg ~ 10 (the thermal conductivity ratio
between the substrate and the liquid) for decalin on glass [26]. The capillary force effect is induced by contact between the outermost colloids
and the liquid surface. The outermost particle position (xp) and the stagnation point (x,,), where the direction of the Marangoni flow is inverted,
are important for identifying the particle size effect. (b) Representative confocal microscopy images (911 x 911 um?) of the final deposition
patterns from 0.5 u1 drops of colloidal fluids on glass. Small colloids with rg = 0.1 um and volume fractions ¢s = 0.1%—1% tended to form
edge rings (Movies S1 and S2 [26]), whereas large colloids with r, = 1.0 um and ¢, = 0.1%—1% formed bumps (Movies S3 and S4 [26]).
Fingers were observed for bidispersed colloids (¢s = 0.05% and ¢, ~ 1%). (c) Cross-sectional confocal image for a single finger, showing a

finger thickness of ~20 pum.

real time by a confocal microscope (Leica TCS SP5) [7] with
an oil immersion objective of 100 x 1.4 numerical aperture,
an Ar+ laser excitation of 488 nm, and a TD488/543/633
detector with a PMT1 of 500—570 nm. The typical image size
was 512 x 512 pixels, corresponding to 911 x 911 um?.

III. EVAPORATION-INDUCED EFFECTS

The coffee-ring effect is relevant to the evaporative vapor
flux divergence at the drop edge. The vapor flux J diffusing
from the free surface of the liquid to the air diverges
significantly at the thin edge [1-3] and can be described as
J = Jo(x/R)™* with A = (w — 20)/(2m — 20), where x is the
radial position from the contact line of a drop with a radius
R and a contact angle 6 and A is the characteristic angular
function. Note that A depends slightly on 6. The prefactor
Jo, which indicates the vapor flux at the drop center, depends
on the vapor diffusivity into the air D, the saturation vapor
density difference Ac from the liquid surface (cy) to infinity
(ceo) (for weak volatile liquids, Ac =~ ¢; and cx ~ 0), and
the droplet geometry (i.e., R and 0) [3]. The diverged flux
causes the fluid to carry the suspended colloidal particles
toward the edge, forming the ring deposits [1]. Conversely,

the particles’ outward motion stops at a position xp where
the particle diameter 2r is equal to the height of the liquid
surface, xptanf [7,13,14,23]. The capillary force effect is
more important for larger particles and is mainly governed
by the outermost particle position xp, and thus the vapor flux
J/Jo = (xp/R)~* [modified from [1] with J ~ (R — r)™* and
Jo~ R™; xp = (R —r), where r is the distance from the
edge].

The Marangoni effect is induced by evaporative cooling.
The vapor flux contributes to the heat loss rate per unit
area at the drop center, Qevap = JoL, where L is the latent
heat of vaporization [24]. The heat loss is balanced with the
heat flux through the liquid layer, with the drop height A
at the drop center and a liquid thermal conductivity of &,
as given by Qcona = kr ATy/ ho [24], where the temperature
difference ATy at the drop center from the liquid surface to
the substrate is assumed to be equal to the local temperature
difference AT, along the liquid surface from the center to
the edge [5,6]. Here, ATy = AT... = JoLho/kr, which is
obtained by setting Qecyap = Qcond, alters the liquid surface
tension y, as described by the temperature dependence of
the surface tension 8 = —dy /dT, where dy /dT is negative
for most liquids [5,6]. The surface tension change induces the
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Marangoni stress, which leads to Marangoni flow from a warm
region to a cooler region [5,6]. The reversal of the Marangoni
flow is determined not only by the thermal conductivity ratio
between the substrate and the liquid but also by the local
film thickness [5]. At a stagnation point, denoted by x,,, the
direction of the Marangoni flow can be locally changed when
the local temperature difference AT along the liquid surface
is at a local minimum as dAT/dx — 0, corresponding to
dy/(Bdx) =0 or dy/dx =0 because 8§ = —dy/dT. This
local point is given as xy = [21/(2 — A)(h s R;)]'/? (taken
from [25]), where £ is the thickness of the adsorbed liquid
film and R/ is the radius of the liquid surface adjacent to the
flat adsorbed film [25]. By adopting values of 2y ~ 100 nm
and Ry~ 1 mm for water [25], the stagnation point for
decalin is assumed to be at x); = 10 um, which is almost
independent of the droplet geometry (A or 8) and the particle
deposition.

IV. RESULTS

We observed the evaporation dynamics of decalin drops on
a clean glass substrate using confocal microscopy [26]. The
drops contained uniformly distributed poly(methyl methacry-
late) colloidal particles that were labeled with a fluorescent
dye. Once the drops were pinned by particle accumulation
[27], the contact angles decreased linearly with time during
the evaporation process [28]. The typical deposition patterns
[Fig. 1(b)], which include the ring, bump, and finger patterns,
depend on the particle volume fractions (¢) and combinations
of small or large colloids (¢s or ¢, = 0%—1%). The initial
drop volume was 0.5 ul, resulting from the initial contact
radius Ry~ 1.4 mm and the initial contact angle 6y ~ 15°
for monodispersed (small or large) colloids. For bidispersed
colloids, the values were Ry~ 1.2 mm and 6, ~ 20° [26].
Given a high size ratio (r./rs =~ 10), small colloids easily
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pass through the interstices of large colloids. We observed
that small colloids preferentially moved to the edge, leaving
edgeward rings (Movie S1 for ¢5 = 0.1% and Movie S2 for
¢s = 1% [26]), while large colloids left centerward bumps
(Movie S3 for ¢; = 0.1% and Movie S4 for ¢; = 1% [26]).
For monodispersed colloids, a larger volume fraction and a
smaller particle radius favor contact-line pinning and, thus,
ring formation [29]. The edge rings made of colloids are
closely packed and the rigidness of the rings is reinforced
by particle accumulation [2], jamming [27], or crystallization
[30]. For a specific condition of bidispersed colloids (¢5 =
0.05% and ¢; ~ 1%), we observed fingerlike patterns, as
clearly shown in Fig. 1(b). Each finger has a thickness of
~20 pm [Fig. 1(c)]. Therefore, the mixing of small and large
colloids must be important to fingering pattern formation.

The sequential snapshots (Fig. 2; Movie S5 [26]) with real-
time confocal microscopic observations show that small col-
loids formed the outer ring, whereas large colloids formed the
inner ring. The inner ring position, measured by averaging the
front and rear positions, scales as xp (um) ~ 432.6(¢/ty) —
174.1, where the complete evaporation time 7 (2465 s) was
measured with confocal imaging. This linear scaling is quite
different from the (1 —¢/t7)~' scaling resulting from the
capillary force effect [7]. Interestingly, we observed that
fingering appeared at t/t; ~ 0.6 when the droplet contact
angle became as small as 6 =~ 8.1° (Fig. 2).

Once a finger formed at t/ty ~ 0.6, the finger height
increased with ring width. The measured front positions, taken
from Fig. 2, increased with time as shown in Fig. 3(a), whereas
the rear positions were approximately fixed after 1380 s
(t/ty ~ 0.56). The fixation of the rear position was attributed
to the rigid packing of large colloids. The growth of the inner
ring widths at 1440 s (¢/ty ~ 0.6) [Fig. 3(b)], taken from
the difference between the front and rear positions [Fig. 3(a)],
matched the growth of the finger heights [Fig. 3(b)], taken from
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FIG. 2. (Color online) For bidispersed colloids (¢s &~ 0.05% and ¢, =~ 1%; Movie S5 [26]), sequential confocal images of a 0.5 1 decalin
drop (Rp ~ 1.2 mm and 6, = 20°) on glass show that the small colloids formed the outer ring, whereas the large colloids formed the inner
ring. The inner ring position (xp), which is the average of the front and rear positions, gradually shifted to the center. Once the fingers were
generated after t/t; > 0.6 (6. = 8.1°), they grew as the inner ring width increased by coffee-ring-driven particle deposition.
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FIG. 3. (Color online) (a) The evolutions of the front and rear
positions of the inner ring show that the front grew continually
whereas the rear halted after 1380 s (t/¢; ~ 0.56, t; = 2465 s). The
ring width was defined as the difference between the front and rear
positions. (b) The correlation between the ring width and the finger
height suggests that the finger growth originated from the ring width,
driven by the coffee-ring effect.

Fig. 2. This correlation between the ring widths and the finger
heights suggests that finger growth is related to ring growth,
which results from the interaction between the coffee-ring and
Marangoni flows.

The schematic phase diagram in Fig. 4 illustrates possible
phase spaces for the ring, bump, and finger formations
for particle volume fractions corresponding to large and
small colloids (¢, and ¢y, respectively). For small (large)
colloids, ring (bump) patterns increase with ¢g (¢ ). At high
concentrations, ¢r = ¢s + ¢, a strong ring is expected. The
fingering in decalin is attributed to competition between the
coffee-ring and Marangoni effects intermediate between ¢g
and ¢, respectively, consistent with the images in Fig. 1(b).
Multiple rings may form given a mixture of conditions and the
formation mechanism of multiple rings is related to particle
separation by size [7].

V. DISCUSSION

The outward coffee-ring flow, which is initially independent
of the inward Marangoni flow, becomes competitive with the
Marangoni flow when the droplet contact angle is sufficiently
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FIG. 4. (Color online) Schematic phase diagram guides us to
possible phase spaces for the ring, bump, and finger formations, with
the particle volume fractions corresponding to large and small colloids
(¢1 and ¢y, respectively) for a fixed droplet radius.
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lower than a critical angle. To understand the competition
between the capillary and Marangoni flows, it would be useful
to compare their flow velocities. The coffee-ring velocity is
known to scale as V¢ = J/p, where J is the vapor flux
diffusing from the free surface of the liquid to the air and p is
the liquid density [31,32]. The Marangoni velocity is known
to scale as Vy = (1/32)B6%ATy/n, where 6 is the droplet
contact angle, B = —dy/dT is the temperature dependence
of the surface tension, ATy is the temperature difference at the
drop center from the liquid surface to the substrate, and 7 is
the liquid dynamic viscosity [31,32]. The velocity ratio of the
two flows can be expressed as

Ve ! Vi = o (J/J0)/ (60 h).

Here w = 32nk;/(BpL) is a characteristic length (e.g.,
w ~ 493 nm for decalin and w ~ 112 nm for octane; Table I)
associated only with the liquid properties [, k; (the thermal
conductivity), B, p, and L (the latent heat of vaporization)];
J/Jy = (R/xp)* [modified from [1] with J ~ (R — r)™* and
Jo ~ R™; xp=(R—r)] is a function of the droplet
contact radius R, the outermost particle position xp, and
A= —20)/2r — 260); and 02h, is the geometric factor
with the droplet height £ at the droplet center. The w value
is important to evaluate the possibility of transition from
Marangoni dominance to coffee-ring dominance. At a given
w value, there is a critical angle 6, = [(w/ho)(J/Jo)]'/? for
a condition of V¢ = V). The critical angle would usefully
imply that when the droplet contact angle decreases below 6,
during evaporation, the coffee-ring effect can dominate over
the Marangoni effect.

We note that most water-based experiments do not report
fingering pattern formation. For water on glass, the deposition
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TABLE 1. Estimation of @ values. The w = 32nk, /(BpL) value is a characteristic length constant, associated only with
the liquid properties (the dynamic viscosity 7, the thermal conductivity k, , the temperature dependence of the surface tension
B = —dy/dT,theliquid density p, and the latent heat of vaporization L). This characteristic value determines the critical contact
angle 0, = [(w/ ho)(J/Jy)]"/* between the coffee-ring dominance and the Marangoni dominance (V¢ = V). The estimation
results for typical liquids are based on liquid properties from the literature.

Factor Unit Decalin Dodecane Decane Octane Toluene Hexane Water
n mPas 3.0 1.34 0.92 0.54 0.56 0.294 0.894
kr J/smK 0.14 0.14 0.15 0.13 0.13 0.12 0.58
B mN/mK 0.1 0.0884 0.092 0.0951 0.119 0.102 0.168
P kg/m3 900 800 700 700 900 700 1000
L J/g 300 256 263 300 300 365 2400
w nm 493 351 246 112 76 48 41

patterns are either rings for small colloids [1] or bumps
for large colloids [7]. The lack of fingering in water can
be explained in terms of the suppression of the Marangoni
flow in water [1,4,25]. Comparison of octane and decalin is
more informative: fingering is not observed in octane [4] but
is observed in decalin. The difference between octane and
decalin can be explained by the characteristic length constant
(w) or the relevant critical contact angle (6,). For decalin,
the critical angle was estimated from the droplet height (k)
and the relative evaporative flux (J/Jy) at t/t; ~ 0.6. This
angle is high in decalin (6, ~ 8.3°) for bidispersed colloids
because of its high w value, implying coffee-ring dominance
and the creation of a variety of formations, such as bumps or
fingers. However, for octane and its low w values, no transition
from Marangoni dominance to coffee-ring dominance is
expected because of its small 6.. For an octane drop with
Ro = 2.0 mm and 6y = 50°, 6. =~ 0 [4]. Thus, the Marangoni
effect always overwhelms the coffee-ring effect for most drop
lifetimes. As a result, only bumps can be formed in octane
under Marangoni dominance [4,5]. Decalin’s characteristic
length constant of @ = 493 nm is much higher than that of
most other liquids, including octane (w = 112 nm) (Table I).
This consideration suggests that higher w values or higher
critical contact angles are more favorable for finger pattern
formation.

Small colloids primarily contributed to the edgeward rings
[Fig. 1(b)]. This trend provides an important insight into the
effect of particle size: the motion of small colloids is driven
mainly by the coffee-ring flow. This situation is plausible
given xp < xj7, where x) is the stagnation point for a local
minimum in the temperature difference, which results in a
high J/Jp ratio and V¢ > Vj,. This condition allows the
preferential segregation of small colloids at the edge [1,2,6].
For large colloids, the Marangoni or capillary force effect
can substantially reverse the coffee-ring effect, as illustrated
in Fig. 1(a). The sequential snapshots (Movie S6 [26]) of
large colloids (r; =1 um and ¢, = 0.1%) show that the
colloids initially moved to the edge and then returned to the
center. The temporal evolution of the ring position (xp), taken
from the outermost colloids, shows that the colloids moved
toward the center from /¢, > 0.3, matching the capillary
force scaling of xp = (2r/6y)(1 — t/tf)’1 [7]. This result
suggests that the capillary force effect can reverse the coffee-
ring effect if the Marangoni effect is disregarded.

The fingering inside the coffee ring occurs at a specific
mixture of micro- and nanoparticles and is quite different
from the particle segregation effect of colloidal droplets
[7,13,14,28,33]. The large particle motion may be different
from the small particle motion even under the same flow
velocities [13]. A more exact expression of the flow velocities
(e.g., [30]) would be helpful to identify the particle effects.
The fluorophore may act as a surfactant on the colloids used
for confocal microscopy [34], perhaps altering the Marangoni
effect with the particle concentration [35]. The particle pinning
at the contact line and the contact-line movement depend on the
particle size and concentration, influencing the particle motion
by inducing a net capillary force [36], where the particle/air
interfacial tension [37] may be important. The small particles
are easily packed at the contact line by the coffee-ring flow,
while the large particles are affected by the Marangoni flow.
The transition from the Marangoni effect to the coffee-ring
effect would be feasible in their mixture. Further study is
needed to understand the profound effects of the particle size
and concentration.

VI. CONCLUSION

In conclusion, modern printing technology with colloids
on a solid or flexible substrate requires a better understanding
of coffee-ring-related effects. The microscopic observations
suggest that the fingering for specific bidispersed colloids
is induced by the interaction between the coffee-ring and
Marangoni effects, when the inward Marangoni flow is
overwhelmed by the outward coffee-ring flow. The transition
from the Marangoni effect to the coffee-ring effect can
be evaluated by adopting a critical droplet contact angle.
The fingering inside the coffee ring is not general but
possible when the critical contact angle is high and in
a specific colloidal mixture. The physical constraints that
determine the final deposition patterns are important to control
the deposition patterns formed from evaporating colloidal
fluids.
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