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Fig. 2 Surfactant-free evaporating droplet: (a) Surface Shear stress τ vs the distance to the center of the drop r, as calculated from the velocity

profiles in Fig. 1, at different time steps t/t f . (b) Temperature difference, obtained by integration of the surface tension gradient field. Note that the

reference ∆T = 0 has been set at r/R = 1. Given the already low initial contact angles, the gradient along the droplet’s surface can be represented with

the radial coordinate r with good accuracy.

However, the surface flow has remained unexplored experimen-

tally mainly due to the difficulty of performing velocimetry close

to a continuously-changing free surface. Using APTV, it is possible

to accurately measure the thermally-induced Marangoni flow that

develops spontaneously at the droplet’s free surface. A typical ve-

locity profile is depicted in Fig. 1b. Three important remarks need

to be done about these results: (1) The surface Marangoni flow

is directed towards the center of the droplet, with its maximum

located close to the contact line, and decays to zero at the center

of the drop. (2) Contrary to what has been predicted by mod-

els and simulations,5,7 the Marangoni flow increases during the

whole evaporating process (see video in the supplementary infor-

mation). (3) It is well-known that the capillary-driven bulk flow

scales linearly with the droplet radius.2 Interestingly, the same

trend is observed for the surface Marangoni flow, which seem to

scale linearly with the droplet radius. A typical velocity profile

for surfactant-free droplets is plotted in Fig. 1b. The black thick

lines correspond to polynomial fittings of the dimensionless radial

component of the particle velocity vr(z)/vo performed along rings

separated by a radial distance δ r = 0.1R from each other. The ra-

dial velocity values are normalized with vo = D∆C/Rρl , where D

is the vapor diffusivity, ∆C = C∞ −CS is the vapor concentration

difference, R is the droplet radius and ρl the liquid density. The

choice of such scale comes from the fact that bulk velocity is di-

rectly proportional to the droplet’s evaporation rate. Blue arrows

depict the maximum of the bulk flow on each radial position, and

red arrows the maximum value of the surface flow on each radial

position. In order to choose the values of surface and bulk velocity

at each radial position, an algorithm fits the velocity profile vr(z)

to a third order polynomial and finds the local maxima/minima

of the velocity profile close to the droplet’s surface (if it is already

within the measurement volume) and that closer to the substrate.

The largest source of error comes from the determination of the

particles z-position (±1µm) and from the particle’s Brownian mo-

tion. In order to minimize such errors, only long particle trajecto-

ries are taken into account and the velocity profiles are obtained

with thousands of particles. As a result vr(z) is given with an es-

timated margin of error of 15 %, which results in 20%-30% error

in the calculated velocity gradient values ∂zvr(z) .

The main advantage of employing a three-dimensional tracking

technique in such a system is the possibility of calculating the

shear at the surface. In the case at hand, any stress that occurs at

the surface is originated by a surface tension gradient, i.e. we can

define the surface stress τ as

τ = µ∂zvr|z=h(r) = ∂rγ. (1)

Which gives us a direct relationship between the experimen-

tally measured velocity gradients ∂zvr|z=h(r) and the surface ten-

sion gradient ∂rγ. Note that in the following we will assume low

contact angles and lubrication approximation such that the gra-

dient along the surface can be calculated using r. This is indeed

the case for most experiments, in which the contact angle drops

below 10◦ typically at t > 0.25t f . In Fig. 2(a) we show the mea-

sured surface shear stress as a function of the radial distance from

the center at different times of the process: (1) Shear decreases

as we approach to the center of the droplet, as expected by radial

symmetry. (2) It reaches a maximum value close to the contact

line, with an almost linear trend at early times, and non-linear at

late times. (3) Surface shear stress is directed towards the center

of the drop (τ < 0) at almost all times. Only at very late times

(t > 0.9t f ) and very close to the contact line (|r−rcl|< 100 µm), a

sudden change of sign of the shear occurs with significantly high

and positive values. In order to interpret these values, we cal-

culate the surface tension difference responsible for such thermal

Marangoni stress by integrating Eq. 1 in the available range of

r. Furthermore, assuming that the source of the surface stress is

purely thermal, we can also calculate the temperature difference

by simply taking into account the chain rule

dγ

dr
=

dγ

dT

dT

dr
, (2)

where dγ/dT = −0.1657 mN/m ·K has been taken from the lit-

erature.18 By integrating equation 2, we can obtain values for
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been chosen (R ≈ 2.5 - 3 mm). Since the evaporation rate scales

linearly with the droplet radius,26 it is also observed that larger

droplets yield larger values of the Marangoni flow. Therefore, in

order to have a more notorious decrease of surface and bulk mo-

tion, larger droplets have been chosen for this set of experiments.

Note also that the velocity reduction cannot be due to an increase

of viscosity in the droplet since the CMC in the surfactant P80 is

achieved at very low concentrations (0.012 mM).

At even higher concentration values of P80 (larger than 100

CMC) a more complex behavior has been observed where the flow

actually inverts its direction: the surface flow is directed outwards

and the bulk flow inwards. This is exactly the opposite behavior

as reported by Sempels et al.9 with standard video microscopy

footage using the same surfactant. The most likely explanation

is a misinterpretation of their particles’ z-position due to the lack

of 3D information. We noted that at such concentrations also de-

posits of precipitated surfactant are observed at the contact lines,

leading to gelation and deforming the droplet’s shape. The pro-

cesses in those cases of extreme concentrations and gel-like de-

posits are even more complicated to study and interpret21,27,28

and will not be considered.

5 Droplets with surfactant SDS

The addition of ionic surfactant SDS below the CMC has little ef-

fect on the observed flow, but a clear transition is observed above

the CMC. A typical velocity profile of a droplet saturated of SDS

is shown in Fig. 1d: Both the surface flow and the bulk flow

are significantly enhanced close to the contact line, with similar

characteristics as in the case of surfactant-free droplets. The main

difference with surfactant-free droplets is that the radial flow in-

verts in an area close to the droplet’s center, generating an inter-

nal recirculating pattern with opposite vorticity as the “external”

one (also visible in Fig. 1d). Interestingly enough, this recircula-

tion patterns do have a very homogeneous strength and therefore,

particles are seen to recirculate back and forth in these loops (in

contrast with those generated by thermal gradients). The value

of the bulk velocities found is approximately ten times larger than

the case without surfactant, and twenty times larger for the sur-

face velocity flow. Such a behavior is only observed for concen-

trations spanning from 1 to 100 CMC. Similar behavior has pre-

viously been described by other authors,9,10 although the data

given was based on the apparent size of the vortices or on pro-

jected motion of bacteria. Note that droplets with smaller radius

(R ≈ 1 mm) have been used in this set of experiments. It is worth

mentioning that in the absence of surfactant, the surface ther-

mal Marangoni flow is to weak to be discerned from the particle

Brownian motion in such small droplets. Only by observing the

coherent motion of the particles at longer time scales it is possi-

ble to perform measurements and quantify such a flow. Probably

for this reason, some authors have often reported the absence of

thermal Marangoni flows in evaporating capillary water droplets

at room conditions. As expected, the addition of P80 in such small

droplets only makes the system even less dynamic.

6 Discussion

By integrating the surface shear stress in the case of surfactant-

laden droplets, we can compute the surface tension difference.

This is done for the different surfactant concentrations explored,

and for one single time interval close to the end of the evaporation

process, when the motion inside the droplet is the highest. Figure

4 shows the measured surface tension differences, relative to the

center of the drop r/R = 0.

First, the addition of surfactant P80 on large droplets tends to

reduce the shear caused by the temperature gradients. When the

concentration reaches the CMC, the surface shear is hardly mea-

surable. On the other hand, the addition of SDS in small droplets

tends to increase the surface shear moderately below the CMC

(Fig. 4), but a transition clearly occurs above circa 2 CMC: sur-

face tension drops dramatically at the contact line, increasing the

motion in its vicinity, but at the same time surface tension seems

to increase slightly with respect to the drop’s center at r/R ≈ 0.2,

creating an internal counter-rotating loop. Note that although

the maximum surface tension gradient is extremely low (1 µN/m

per mm), they are able to generate a reproducible surface flow in

the range of 10 µm/s. This value is consistent with experiments

on film formation29 or by forcing surface tension gradients,30 in

which the typical velocity scale found is in the order of 1 mm/s

for surface tension differences of 1 mN/m.

The results shown are unprecedented and raise a number of

questions. The first one being: Why is the behavior among dif-

ferent surfactants so remarkably different? This must necessar-

ily be related with the different nature of the two surfactants:

P80 is a large and non-ionic surfactant, and its surface pressure

reaches equilibrium typically within the time of evaporation (15-

20 minutes) at the CMC.31 Research on the adsorption of soluble

non-ionic surfactants at interfaces32 shows that the surface ten-

sion decay follows a mixed diffusion-activation adsorption mech-

anism. Early times are typically dominated by a faster diffusion,

specially on those surfactants as P80 with a low CMC value. Com-

bined with the fact that surfactant monolayers of P80 have a rel-

atively high compaction at the CMC and almost negligible elas-

tic effects,33 we can conclude that P80 forms a stable and rigid

monolayer in the early instants of evaporation, therefore reduc-

ing the shear stress on the surface and the flow motion within

the droplet. Such surfactant-induced increase of surface rigidity

is also responsible for the enhancement in soap film formation.29

It should be noted that, due to the cylindrical symmetry of the

flow and the system itself, the surface is actually being more com-

pressed than sheared, and therefore the most relevant surface mi-

crorheological variables are rather dilatational than shear viscos-

ity and elasticity.34

On the other hand, SDS is known to break the rigidity of

surfaces stabilized by proteins and enhance foam drainage.35,36

Even when the surface is covered by surfactant, it is able to

remain mobile37 and consequently concentration gradients can

easily be generated. Such concentration gradients will become

larger as the surfactant concentration increases. Regarding the

direction of the gradient, SDS must preferentially be adsorbed

at the contact line due to both the higher surface-to-volume ra-
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edge fruitful discussions with Rune Barnkob.
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