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From coffee rings to coffee eyest

Yanshen Li,*” Cunjing Lv,*”¢ Zhaohan Li," David Quéré,** Quanshui
Zheng**"

We discuss how the stain left after evaporation of a suspension evolves as heating glass o
plastic on which the liquid has been deposited. As increasing the substrate temperature, it is
found that the stain gradually changes from the usually observed ring to an “eye”, that is, 2
combination of thick central stain and thin outer ring. Both the size and relative volume of the
central stain increase with the substrate temperature. The main mechanism for thit
phenomenon is proposed to be an enhanced Marangoni recirculation flow on hot substrat
These findings can be exploited to continuously tune the morphology of coffee stains, with
potential applications in self-assembly and ink-jet printing.

Introduction

A sessile droplet containing dispersed insoluble
particles forms a ring after its evaporation in ambient
condition. This so-called “coffee ring” effect”* has been
intensively studied due to its wide applications in fabrication
of micro-arrays” * or devices,” ® coatings, " ink-jet
printing,'" " biosensors'* ' and particles self-assembly.'® It
has been established that coffee rings appear on two main
conditions:' (1) a faster evaporation near the solid-liquid-
vapour contact line than in the central liquid-vapour
interfacial area; (2) a pinning of the contact line during most
(or even all) of the evaporation process. These conditions
lead to the onset of an outward radial flow from the bulk to
the edge, which continuously feeds the contact line with
particles as liquid evaporates, until leaving an annular stain.
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Other morphologies for the final deposit also attractea
attention. It was found that minimizing contact angle
hysteresis can lead to the formation of a central stain, rather
than a ring.'”" Particles that spontaneously adsorb at the
substrate” or migrate at the liquid-vapour interface® also
oppose the coffee ring effect. Even in the presence of
pinning, the ring formation can be impeded by the presence
of a reverse (i.e. inward) flow during evaporation,” ** which
can be caused by temperature-driven or surfactant-induced
Marangoni effect.”* %

We discuss here how heating the substrate can modify
the stain. In a phenomenon where evaporation plays a major
role, the substrate temperature is a natural parameter that
should influence the kinetics of the process and possibly the
pattern of the ring, which, to our knowledge, was
surprisingly not considered in the literature. We report that
“eye-like stains” appear when drying colloidal drops on
heated substrates of low thermal conductivity.
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Experimental setup & results

Water drops with uniformly dispersed polystyrene (PS)
spheres of diameter ~100 nm and concentration 2.5 mg/mL
are deposited on a glass slide itself placed on an electronic
heater. If not specified, the initial volume of drops is 2.5 +
0.1 pL. Experiments are carried out in ambient air, and air
temperature and relative humidity are fixed to 24 = 1°C and
55 = 1%. The substrate is first ultrasonically cleaned in
isopropanol for 15 minutes, then in de-ionized water for
another 15 minutes, and dried with compressed dry nitrogen.
Probing a randomly picked area of 100 um x 100 um by an
atomic force microscope (AFM) (NTEGRA Aura, NT-
MDT, Russia) in tapping mode provides a RMS roughness
of 3.4 nm. Advancing and receding contact angles of water
on the cleaned substrate are measured and found to be 49.1 +
1.5° and 6.6 + 2.4°, respectively. The corresponding angle
hysteresis is large enough to pin the drop edges, so that the
diameter of the stain left after evaporation (3.5-4 mm) is the
same as the initial diameter of the drop. The substrate

temperature 7 is controlled and kept constant during each
experiment at preset values ranging from 30 to 80°C. For
each experiment, the temperature of the substrate is
measured with a resistance thermal detector (RTD) Pt100
(PTFN, Sensotherm, Germany) of size 5Smm X 1.6mm X
1.1mm. Once stabilized, temperature is recorded at the
corners of the substrate and at its centre, at a distance of
4mm from drops’ edges: its variation within the heated are~
is found to be £1°C (see Supplemental Information for more
details about the samples and temperature measurements 7).

White light interferometry (AEP Technology, USA)
was chosen to determine the 3D-configuration of the stain
pattern. Stains are coated in a vacuum evaporation chamber
with a 7~8 nm-thick Pt layer. White light interferometry
makes use of two waves of same frequency, and the
resulting interference figure provides the profile of the stain.
This technique widely studied ***° has a remarkable
precision, down to 0.1 nm in the z-direction.
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Figure 1. Final stain after evaporation of a suspension, as a function of the substrate temperature 7. (a) First and second rows show top vier
and corresponding cross-sections measured by interferometry along the red lines. Temperature of the glass substrate is 30, 50, 65 and 80" "
Droplets, of initial volume 2.5 pL, are made of water containing 2.5 mg/mL of 100 nm-PS spheres. A central stain gradually appears as
increasing the substrate temperature 7, and the ring consequently thins. (b) Proportion of particles in the central stain (red), as deduced fron
cross-section profiles, and proportion of particles in the ring (black). (¢) Diameter (red) and center position (black) of the central stain, ana
diameter of the ring (blue) as functions of 7. Each point is an average on 20 experiments, and bars indicate the standard deviation of data.
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Figure 1 shows how the pattern adopted by the particles Interpretation
after evaporation depends on the substrate temperature. We
display in Figure 1a a top view of the pattern together with
its profile provided by interferometry. While a single ring
(of typical height 12.0 + 1.0 pm and width 0.10 = 0.01 mm)
is observed at 7= 30°C, a combination of central stain and
thinner ring appears as increasing the substrate temperature.
At T'=50°C, for instance, the central stain has a height of
1.9 um and width of 1.6 mm. As shown in Figure 1b, the
relative volume of the central stain can be extracted from the
profiles, which makes clear the continuous growth of this
stain with 7. The central deposit is often slightly off-centred,

The flow in an evaporating sessile droplet can be more
complex than just a radial motion. On substrates warmer
than the surrounding atmosphere, the surface temperature of
the droplet should decrease as going away from contact line,
which generates a temperature gradient along the liquid-
vapour interface. The corresponding gradient in surface
tension induces an inward Marangoni flow from the hot
region (the drop periphery) toward the cool one (the drop
apex). 2> 2* 1% When the heat conductivity of the substrate
compares to that of the liquid, recent models®® and
experiments®’ have shown that the maximum surface
temperature is not at the contact line, but close to it: a higher
evaporation rate at the line causes larger cooling effects
despite smaller thermal resistance. This generates a shift of

a consequence of the liquid reorganisation after the
asymmetric breaking of the film. Figure lc gives a statistics
of its diameter and centre location: each point is an average
on 20 experiments, and the bar indicates the standard
deviation of data. These results confirm the increase of size
of the central stain with 7, and also exhibit a slight decrease
of off-centring, a natural consequence of the weaker
mobility of larger stains.

maximum temperature from the line to an inner stagnation
point,’>**3% above which the liquid surface is entrained
toward the apex of the drop (Figure 2a).

(b)

—— radial flo
e

d (pm)
—_ [} w Yy W
=} [=] o == (=)
%
S
¥, (um/s)

substralej '

Figure 2. Flow field in an evaporating drop close to the contact line. (a) Sketch of the flow, made of an outward radial flow along the
substrate (accumulating particles at the line) and an inward Marangoni flow along the liquid-vapor interface, which produces a stagnatior
point at a distance d to the line. (b) Measured distance d and surface flow velocity V), as a function of the substrate temperature 7. Thc
velocity V), is measured at 0.5 mm from the contact line. d is averaged over 5 experiments and V), is averaged over 3 experiments. Error ba.,
indicate standard deviations of the data. (c) Snapshots pointing out the successive positions of one particle located close to the drop surface
The tracer bounces back as it approaches the contact line. The bar indicates 20 um. (d) Capture of five such trajectories. The distancc
between the (dotted) stagnation and (black) contact lines is the stagnation distance d. The bar indicates 20 pm.
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In order to evidence the surface flow, we used an
optical microscope (BX51, Olympus, Japan) connected to a
CCD camera (Fastcam SA3, Photron, USA), and observed
water droplets with large (1 um) and dilute (0.25 mg/mL)
dispersed polystyrene (PS) spheres. Figure 2¢ presents four
frames selected from movie 1-2 (see SIT) showing the
position of a PS sphere (circled in the figure) at 0, 0.3, 2.4
and 4.4s, for T = 30°C. The particle first moves toward the
contact line before reversing its direction, confirming the
existence of two opposite flows separated by a stagnation
line. Focusing on the stagnation line, the focus of the
microscope must be risen to keep track of the backward
moving particles. This implies that backward particles are
entrained along the droplet free surface, in agreement with
the nature of a Marangoni flow. By using this method, we
could identify the stagnation line, whose position is reported
with a dotted line in Figure 2d. The distance d between
stagnation and contact lines is typically 50 um at 7'=30°C
and it decreases with the substrate temperature 7, as shown
in Figure 2b. In the same plot, we also report typical surface
velocities V), “far” (at a fixed distance of 0.5 mm) from the
contact line, measured by following the motion of
polystyrene spheres under microscope. V), increases with T,
which suggests that Marangoni flows in the evaporating
drop are enhanced on hotter substrates.
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To understand in more details the impact of the inward
flow on the final stain, we observe the whole drying at the
drop scale for both low and high substrate temperatures.
Drops are illuminated from aside, so that pure water surface
is mostly dark due to mirror reflection. In contrast, particles
at the surface scatter the incident light and turn into white
(see SI Fig. S3t). Time 0 corresponds to the contact of the
drop, which first spreads on the substrate in 2 to 4 s.
Spreading stage is always much shorter than evaporation,
which allows us to ignore the effect of this initial flow.
Figure 3a shows six snapshots selected from movie 3 (see
SIt), for a substrate at 7= 30°C. The whole drying process
lasts 488 seconds and it can be divided into three stages. In
the first stage (0 — 337 s), the ring gradually builds up, as the
result of the strong evaporation-driven radial flow opposed
by a relatively weak inward surface flow. As time goes on,
the contact angle decreases and the film flattens (so that th~
temperature becomes homogeneous), which both enhance
the radial flow and makes the Marangoni flow vanish at the
surface: this defines phase II (337 — 471 s). In the third, final
stage (471 — 488 s), the thin flat remaining film cracks,
retracts and evaporates, leaving only a few particles behind
owing to its small volume. The film always breaks close to
the ring, whose porous structure sucks liquid, so that local
thinning (accelerated by evaporation) takes place in the ring
vicinity and leads to this localized crack.

dry pattern

; 4713 473s 4885
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Figure 3. Evaporation of a 2.5 uLL water droplet containing 2.5 mg/mL of 100 nm diameter PS spheres. Images are taken under microscope,
with white light illuminating from aside. (a & b) correspond to substrate temperature of 30 and 70°C, respectively. In Stage I, inward and
outward flows coexist and concentrate the particles: an evaporation-driven outward flow, dominant in a, and a surface temperature-driven
inward flow, dominant in b. These flows respectively lead to the formation of an outward ring or of an inward island. In Stage II, the film
becomes flat and thin, so that the surface Marangoni flow vanishes, leaving only the outward flow. In Stage III, the thin film of water breaks

close to the ring and disappears, which fixes the final pattern of the stain.
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Drying on hot substrates can be decomposed similarly,
but phases I and II are quite different. Figure 3b and movie 4
(see SIf) show evaporation on a substrate at 7= 70°C.
Drying takes place in only 42 seconds, that is, about 10
times quicker than at 7= 30°C. In the first stage (0 —35s), a
much stronger Marangoni flow efficiently brings inward a
large amount of particles that accumulate at the centre of the
drop and constitute a central island. Contrasting with low
temperature, the ring formation is marginal in this phase,
confirming the dominant role of the inward surface flow. In
phase II (35 — 39 s), the drop around the island becomes flat,
which switches off Marangoni effects and makes the
outward flow dominant: the island remains unchanged while
a thin ring builds at the drop periphery (movie 4). The third
stage (39 — 42 s) starts when the film cracks (again close to
the line), which disconnects the island from the ring. The
island itself dries, which leads to a partial reorganization of
the particles and to the formation of a thick ring around it.

Discussion

Temperature differences generate Marangoni flows, but
they could also drive a buoyant motion from the hot solid
surface to the cooler apex of the drop. Let us compare the
characteristics velocities ¥, and V3 of these two flows. On
the one hand, for a Marangoni flow and denoting § =
(0y/0T) the variation of surface tension y with temperature
T, we can balance the tangential stress dy/dx~BAT /R
arising from surface tension gradients at the scale R of the
droplet with the viscous stress nV,,/h, where # is the liquid
viscosity and % a typical liquid thickness. Hence we get a
Marangoni velocity ¥y, scaling as SATh/nR. On the other
hand, for a liquid of contact angle 8 and thermal expansion
a = (0p/0dT), the balance of buoyancy aAT gh6 with
viscous stress 7V /h yields a buoyancy velocity Vg scaling
as aATgh?0 /7. Interestingly, the ratio Vy,/Vj is
independent of the (unknown) temperature difference AT,
and found to scale as §/(aghR@), a quantity on the order of
10 at the beginning of evaporation and increasing later
(because 4 and 6 then decrease), always much larger than
unity: at the scale of a drop, Marangoni flows should
generally dominate gravity-driven flows of same physical
origin. This can be confirmed by turning upside down the
experimental platform at 7= 80°C, keeping unchanged other
parameters. After evaporation, the stain left by a suspension
(2.5 mg/mL) of dispersed PS spheres of diameter 100 nm is
found similar to the one left in normal gravity.

In order to test the universality of the “coffee eye”
phenomenon, we carried out series of experiments on

This journal is © The Royal Society of Chemistry 2012
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substrates of various thickness and thermal conductivity:
glass (0.2mm, 1mm or 3mm thick), polystyrene (1mm thick)
and PMMA (Smm thick) of respective conductivity 0.85
W/mK, 0.3 W/mK and 0.2 W/mK all comparable to that of
water (0.6 W/mK). Polysterene and PMMA are less
hydrophilic than glass with measured advancing and
receding angles of 94+1° and 39+3°, and 86+1° and 47+3°.
These large hysteresis might arise from the significant RMS
roughness found by AFM to be 20 nm and 12 nm,
respectively. Despite the differences between substrates, eye
stains appear on all of them heated at 70°C, without
significant modification from the last image of Figure 1a
(see SI Fig. S47). In contrast, we only observe simple rings
on aluminium, copper and silicon (between 30 and 80°C), ot
thermal conductivity 100 to 1000 higher. Following tracers
under microscope, we see that there is indeed no inward
flow in these situations. A conductive solid may erase
temperature fluctuations in the liquid, and thus maximize
edge evaporation and minimize Marangoni transport. This
experiment anyway confirms the correlation between the
existence of inward flows and the formation of central
stains.

We can finally look at the influence of size and charge
of the particles (see SI Fig. S5F). (i) Droplets with 1 pm
diameter particles at a concentration of 2.5 mg/mL (same
concentration as for smaller particles) on glass at 7= 70°C
generate an eye stain comparable (yet slightly larger) to
what was found earlier. (ii) PS colloids in water are charged.
which explains the stability of the dispersion. This might be
due to end groups™® or to the use of potassium persulphate as
an initiator of polymerization®. We tested the influence of
charged additives by dissolving KOH (0.01M) in a solution
(2.5 mg/mL) of 100nm-particles. Drops then dry in a similar
manner: particles caught at the surface concentrate inward,
which leads to a large eye-pattern (see SI Fig. S5bt), with a
central bright spot believed to be KOH left at the end of the
evaporation process. According to Bhardwaj,* the presence
of potassium hydroxide increases the charge of the particles,
which strengthens the repulsive force between particles anc
might participate to the formation of larger central stains.

Conclusions

We investigated the effect of substrate temperature orn
the morphology of coffee stains left after evaporation of
aqueous suspensions. On substrates of low thermal
conductivity (such as glass and polystyrene) hotter than
ambient temperature (7> 40°C), we found that the well-
known ring pattern drastically changes into an eye pattern,

J. Name., 2012, 00, 1-3 | 5
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that is, a combination of large central dot and thin ring. This
pattern builds due to an efficient inward flow at the surface,
which was interpreted as a Marangoni flow arising from
temperature differences between drop edge and apex. This
flow builds an island of particles at the drop centre and it
impedes the formation of a ring, until the liquid film
becomes flat enough to extinguish Marangoni effects,
allowing a thin ring to form. This phenomenon can be
exploited for tuning the shape of the pattern left after
evaporation of a suspension such as ink: increasing the
substrate temperature leads to a more homogeneous
deposition, a situation of obvious interest if one looks at a
regular appearance for ink spots. Conversely, these findings
suggest that in model experiments where we try to accelerate
aging processes (here, drying) by tuning a parameter (here,
temperature), we can modify the physics of the underlying
phenomena, and generate patterns that are not observed
following a slower route. It would finally be interesting to
study how a drop dries on a substrate with a gradient of
temperature, which might help to control even further the
design of the remaining stain.
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The morphology of the deposit after evaporation of a suspension
changes from a ring shape to an eye shape, that is, a
combination of central stain and thinner ring, when increasing
the substrate temperature.
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