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ABSTRACT: We monitor the dissolution of arrayed picoliter-size sessile microdroplets of aqueous phase in
oil, generated using a recently developed fluidic device. Initial pinning of the microdroplet perimeter leads to
a nearly constant contact diameter; thus contraction proceeds via microdroplet (micrometer diameter) height
and contact angle reductions. This confirms that picoliter microdroplets contraction or dissolution due to
selective diffusion of water in oil has comparable dynamics with microliter droplets evaporation in air. We
observe a constant microdroplet dissolution rate in different aqueous solutions. The application of this simple
model to solvent-diffusion-driven crystallization experiments in confined volumes, for instance, would allow
us to precisely determine the concentration in the microdroplet during an experiment and particularly at

nucleation.

INTRODUCTION

Numerous applications involve reducing droplet volume with time : drying of colloidal suspension', drying
of human blood drops for diagnostic purposes’, coffee ring deposition on solid surfaces’, efficacy and

efficiency of pesticide application®, meteorology and air-conditioning °, nanoscale pipetting for confined
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chemistry®, detection of molecules and biomarkers below picomolar concentration’, deterioration of building
materials®” (due to salt crystallization in the pores), ink-jet-based direct writing technology'’, crystallization
of protein ', and crystallization in confined environments'*". Understanding how droplet volume can be
reduced means looking at the dynamics of droplet evaporation, drying, dissolution or contraction for
geometries ranging from aerosol to sessile and sizes ranging from millimeter to micrometer. Sessile droplet
evolution can be characterized by monitoring over time the contact angle of the droplet with the substrate,
the droplet height and the contact diameter. Thus, evaporation of a sessile droplet in the microliter range is
known to proceed through different modes: constant contact angle, constant contact area and mixed mode,
depending on surface roughness and chemical nature, atmospheric conditions and droplet size'*"” It is
although of interest to consider picoliter droplets (micrometer diameter), to check model validity at this
scale, there is little references to this in the literature'®>'. Most experiments are performed with microliter
droplets (millimeter diameter), mainly due to the rapid evaporation of such small microdroplets, rendering
quantitative measurements difficult. In this context, it has proved challenging to perform quantitative
monitoring of droplet dynamics in the micrometer range: the smaller the droplet, the faster the dynamics.
While fast imaging may have potential, there are still limitations regarding accuracy of measurement of the
first instants of these droplet dynamical. In this letter we use the term "microdroplets" for droplets in the

micrometer range and "droplets" for droplets in the millimeter range.

Recently, we presented a simply-constructed and easy-to-use fluidic device that generates arrayed aqueous
phase microdroplets under oil (sessile geometry), with volumes ranging from nanoliter to femtoliter, without
surfactant™. In subnanoliter experiments performed with this fluidic device, we observed contraction of
NaCl microdroplets™ due to selective diffusion of water into oil**, which acts as a buffer to slow down the
diffusion rate. This process generates an increment of solute concentration and thus, supersaturation,
ensuring crystallization. This application illustrates the potential of this technology in the field of particle
generation, where small volume systems offer promising properties'>"*. Microdroplets were observed under
an inverted optical microscope and the solute concentration was qualitatively monitored through the
evolution of the optical contrast between the droplet and the continuous phase. For a more precise and

quantitative determination of the solute concentration during the diffusion process, it should be possible to
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monitor the droplet volume. This was performed, for instance, by image analysis of dispersed aqueous salt
solutions in silicone 0il****, but not for sessile microdroplets.

Here, in order to measure solute concentration, we perform experiments in which the contraction of sessile
microdroplets of aqueous phase into oil is observed using an optical microscope. Contact angle of the
microdroplet with the substrate, microdroplet height and contact diameter are monitored during diffusion of
water into oil and, using simple trigonometry presented in the APPENDIX, microdroplet volumes are
computed. We observe a constant microdroplet dissolution rate whatever the microdroplet composition. In
this letter, we show that this microdroplet contraction or dissolution due to selective diffusion of water in oil
is equivalent to the evaporation of a droplet in air in a stationary diffusion-controlled evaporation with local

equilibrium at the drop interface'®.

EXPERIMENTAL

Microdroplets are generated™ under an optical microscope (Zeiss Axio Observer D1) by a microinjector
(Femtojet, Eppendorf) on a plastic coverslip (22x22mm SPI) covered with approximately 100uL of paraffin
oil (HR3-421) and inserted in a home-made plastic cell with vertical walls for side observation using an
optical microscope. The cell is, then, transferred and observed under a side-view microscope (Olympus
BXFM focusing module equipped with a home-made holder) (figure 1). Here the solution is a 2.71M NaCl
aqueous solution, half the solubility of NaCl in water at 20°C*, see Supplementary File for solution

preparation.

Figure.1. Image of the experimental setup for side observation, (1) microscope and (2) plastic cell.
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Figure 2 presents top and side views of a part of an array of 2.71M NaCl microdroplets in oil. In a previous
paper, we showed the monodispersity of the droplet size at the pixel resolution®. For instance, the volume of

the 4 microdroplets in figure 2b is 151£7pL (details of the calculation are given in APPENDIX).

Figure 2. (a) Top view and (b) side view of 2.71M NaCl microdroplets (151pL) in oil. The scale bar

represents S50um.

RESULTS AND DISCUSSIONS

The sequence in figure 3 presents the 2.71M NaCl microdroplet contraction by diffusion of water into oil.
During contraction, the solution becomes increasingly concentrated. At the end of the process, when the
concentration reached instability, the microdroplets collapse due to the nucleation and growth of one single
crystal per microdroplet in accordance with our theoretical prediction’”. One example of an application this
phenomenon is its use to deposit a solute in a confined region ’.

In practice, because of the microdroplet size, we can assume there is no shape distortion due to gravity; this
is confirmed by the value of the Bond number of 3.7 10 for a microdroplet of 100pm diameter®. Thus
microdroplet profiles can be fitted to a segment of a circle'* '®. Thus contact angle of the microdroplet with
the substrate, microdroplet height and contact diameter can be easily extracted from this experiment (fig. 4
and in supplementary file at URL ).

Contact angle (fig.4a): Evaporation of a sessile droplet is known to proceed through different modes as
mentioned above. Figure 4a shows a continuous decrease of the contact angle, 6. The initial contact angle

can be identified as an advancing angle (6,), which decreases until it reaches the receding angle (6r), thus :

0,>0>0x (D
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This decrease is the "stage II" described by Bourgés-Monnier and Shanahan'’, where height and contact
angle decrease, while contact diameter remains constant (also known in the literature as the constant contact
diameter mode or CCD mode). At the end of the stage II, the contact angle is Ox and should remain constant,

although this is not observed here because nucleation has already occurred (fig.3f-1).

Figure.3. Time sequence showing the side view of 2.71M NaCl microdroplets (151pL) contraction in oil, (a)
t=0Omin, (b) t=60.05min, (¢) t=130.12min, (d) t=190.18min, (e) t=260.25min, (f) t=330.32min (g)
t=360.32min, (h) t=380.32min and (i) t=740.31min. Arrows in (f), (g) and (h) show crystals. See

Supplementary material for a movie of this process.

Height and contact diameter (fig.4b): The evolution of these parameters confirms that the process is in
stage II. An initial pinning of the perimeter leads to a nearly constant contact diameter (respectively area),
thus contraction proceeds via microdroplet height and contact angle reductions'®. These results confirm that

evaporation of picoliter microdroplets is comparable to that of microliter droplets. Moreover, the rapid
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decrease in 0 in the first stage due to rapid evaporation in air observed by Taylor et al."® is not observed,
because the oil acts as a buffer. As stated by Duncan and Needham®, compared to pure gas-liquid systems
(air-water), pure liquid-liquid (oil-water) systems have higher densities (~1000X), lower diffusion constants
(~10X), lower solubility-limit concentrations (~100X); therefore dissolution lifetime can vary from seconds
to hours. For instance, in previous experiments presented by Furuta'®, evaporation of a 800pL droplet in air

takes about 8s, whereas here, evaporation takes several hours.
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Figure 4: (a) Contact angle of the microdroplets with the substrate and (b) microdroplet height and contact

Time (min)

diameter. The line is a guide to the eyes and microdroplet are from figure 3.

Volume contraction (fig.5): Figure 5 presents the evolution of NaCl-, water-, Na,COs3- and CaCl,-

microdroplet volumes with time; lines are linear fits of the data corresponding to a constant microdroplet

dissolution rate (equation (2)).

| 4
—=(l-axt
- ( )

0

with ¥} and V the initial and time t microdroplet volumes respectively and « the normalized dissolution rate;

ais a linear function of the saturation fraction of water in 0il”’. A semi-log plot is used in figure 5b and d to
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illustrate the apparent final acceleration in the evaporation, which is not due to an increase in the evaporation
rate but to the fact that there is less matter to evaporate.

The dissolution rate of a water microdroplet into an infinite medium is known to be constant. In our
experiments, water microdroplets of 64.6pL (£1.2) are formed in an immiscible medium having a volume of
~100 pL (6 orders of magnitude larger than the microdroplets), which means that the water droplet is in an
effectively infinite dilution regime, as confirmed by the constant value of & obtained in our experiments in
pure water (fig.5a). Moreover, when a salt is added to water the rate of solvent dissolution will be constant

for a dilute solution if the activity of water is not greatly affected by the presence of salt. In their paper,

. . . . .V
Talreja et al.’® assumed a constant evaporation rate for protein and salt solutions until — = 0.15. In our
0

experiments with 2.71M NacCl solutions (fig.5a and b) the dissolution rate is constant until nucleation occurs

| 4 . . . . . .
for— > 0.4, in agreement with Talreja et al. Moreover, the dissolution rate is also constant for Na,COs- and
0

CaCl,-microdroplets dissolution.

It is well-known that a constant total evaporation rate and a volume decreasing linearly with time at constant
contact diameter is observed for the evaporation of a sessile droplet in quiescent open air in partial wetting, if
the contact line is pinned® '* '® ', This is the case in our experiments. Therefore, the overall behavior of
microdroplet dissolution is identical to that of a stationary diffusion-controlled evaporation with local
equilibrium at the drop interface'®. Note that at the very end of the process, for V/V0<0.1 in the case of water
microdroplets (fig.5a and b and fig. S2 in supplementary file at URL), this simple model no longer works.
Lastly, we tested the modified model of Picknett and Bexon'* by McHale et al.** for CCD mode with
diffusion-controlled evaporation (equation 20 in reference’ and supplementary file at URL). This model,
valid only for 6>90° as in our experiments, gives the diffusion constant —concentration difference product

estimation in agreement with the literature (supplementary file at URL).
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Figure 5: Volume contraction in linear and semi-log plots (a) and (b) for the 2.71M NaCl and water

microdroplets of initial volume of 151pL (£7) and 64.6pL (+1.2) respectively and (c) and (d) for 60mM

Na,CO; and CaCl, microdroplets of initial volume of 655pL (£24) and 42.2pL (15.5) respectively. NaCl

microdroplets are from figure 3; lines are linear fits of the data.

In conclusion, we present experiments in which the contraction of sessile microdroplets of aqueous phase in

oil is monitored using a recently developed” fluidic device that generates arrayed aqueous phase

microdroplets in oil. An initial pinning of the microdroplet perimeter leads to a nearly constant contact

diameter; thus contraction proceeds via microdroplet height and contact angle reductions. This confirms the

process to be the stage 1T described by Bourgés-Monnier and Shanahan'® for evaporation of a sessile droplet
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corresponding to a stationary diffusion-controlled evaporation with local equilibrium at the drop interface'®.
Thus, microdroplets (micrometer diameter) behave like droplets. We observed a constant dissolution rate of

the microdroplet for pure water and in different salts. The application of this simple model to solvent-

©CoO~NOUTA,WNPE

diffusion-driven crystallization experiments in confined volumes, for instance, would allow us to precisely

11 determine the concentration in the microdroplet during an experiment and particularly at nucleation.
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Video showing the side view of 2.71M NaCl microdroplets contraction in oil.
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Isaac Rodriguez-Ruiz, Zoubida Hammadi, Romain Grossier, Jaime Gomez-Morales and

Stéphane Veesler

Reagents and solutions

Sodium chloride (NaCl, ACS reagent, > 99,0 % purity), calcium chloride dihydrate
(CaCl2-2H20, Bioxtra, > 99,0 % purity) and sodium carbonate monohydrate (Na2CO3-H2O,
ACS reagent, 99.5% purity) were supplied by Sigma-Aldrich.Sodium. Paraffin oil was
supplied by Hampton Research. Density of 2.64M NaCl and of Paraffin oil are 1100.9kg/m’
and 860 kg/m? respectively at 20°C.

Ultrapure water (0.18 uS, 25 °C, MilliQ©, Millipore) was used to prepare all the solutions.

Solutions were filtered by using 0.22 um Millipore filters.



Contact angle, height and contact diameter for water microdroplets of initial volume of

64.6pL (£1.2)
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Figure S1: Time evolution of water microdroplets of initial volume of 64.6pL (+1.2)
respectively (a) Contact angle of the microdroplets with the substrate and (b) microdroplet

height and contact diameter. The line is a guide to the eyes.



Figure S2. Time sequence showing the side view of water microdroplets (64.6pL) contraction
in oil, (a) t=Omin, (b) t=70min, (c) t=140min, (d) t=210 min, (e) t=280min, (f) t=350min (g)
t=420min, (h) t=490min, (i) t=560min, (j) t=600min, (k) t=630min and (I) t=660min.



Test of constant contact radius mode with diffusion-controlled evaporation
Picknett and Bexon! gave an exact equation for the rate of mass loss of a sessile droplet of
radius R and volume V:

pLxZ—\::—4xanwaoxAfo(6) (S1)

with poL the liquid density, Dwo the diffusion coefficient of water in oil, Ac (=cs-cx) the
difference between the concentration at the interface (assumed to be equal to the saturation
concentration, ¢s) and the ambient value far removed from the surface (c«), and f(0) is a
function of the contact angle taking in consideration the presence of the substrate which
reduces the diffusion rate. McHale et al.? proposed an analytical form that is linear with time

in the case of constant contact radius mode (with diffusion-controlled evaporation) :

p.xD* xHpg(6) _
8

-D,,, xAcxt+Cte (S2)

with D the contact diameter and Hpg(0) the analytical function (see reference?) resulting of
the integration of f(0). Figure S3 shows the left hand term of (S2) in function of the time (t).
From the slope we obtain DwoAc= 1.3549 10! kg.m?.s?

Unfortunately, there is no data in the literature concerning the solubility and diffusivity of
water in paraffin oil (paraffin oil supplied by Hampton Research is a mixture of different
paraffin with carbon number, n, between 16 and 24). Therefore, we used the data of Satyro et
al.3 for the solubility of water in hexadecane (n=16) :cs= 8.6704 10™* water mole fraction at
20°C or 0.0531kg.m>. And data of Su et al.* for the diffusion coefficient of water in
hexadecane: Dwo=1.15 10 m?s’.

In the experiments presented here, we do not know the water concentration in oil (cx). We
thus need to estimate Ac for our experimental conditions, which is not obvious: here again
there is no data in the literature relating water content in oil in contact with ambient air in

function of relative humidity (%RH). Thus, dividing the experimental DwoAc obtained from



figure 3 by the Dwo from Satyro et al. gives us an estimation of Ac. We then found that
€0=0.0414 kg.m™ (41.4mgL™"), corresponding to a relative undersaturation of 78%. Link with
ambient air %RH still have to be made. However, this estimate of Ac is coherent with our

experimental condition, in which oil is in contact with ambient air at HR~50% and provides

confidence in our interpretation.
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Figure S3: Test of Constant contact radius mode with diffusion-controlled evaporation (eq.20

reference ?)



COMPUTING CONTACT ANGLE OF THE MICRODROPLET WITH THE
SUBSTRATE, MICRODROPLET HEIGHT, CONTACT DIAMETER AND
MICRODROPLET VOLUMES : In this section we compute contact angle of the
microdroplet with the substrate, microdroplet height, contact diameter and microdroplet
volumes. First, droplets are considered symmetric around a central vertical axis: i.e. whatever
direction the drop is viewed from.

Second, the contact area of the droplets with the substrate is considered as a circular surface.
Despite this, there are small differences in shape because droplets are generated while the tip
of the injector is moving (figure S4b). These fluctuations from a circular contact area are
supposed to have a negligible effect on contact angle and droplet volume. Lastly, we assume
there is no shape distortion due to gravity; thus microdroplet profiles can be fitted to a
segment of a circle.

Contact angle (6) and volume (V) of a droplet are estimated from the measurement of H
(microdroplet height), W (microdroplet width), D(contact diameter), R (microdroplet radius)
and h (defined in fig.Ac-d)

The volume of a sessile microdroplet having a contact angle 8 with the surface is given by:

nxR?

V= x (2 +€0s9) x (L—c0s0)? (S3)

1. Under non-wetting condition, when 6 >90° (fig.S4c), R :% , H=R+h and 0 is the

complementary angle of 8

(0 +6=m) thus cos® =cos(r —8) = —Cc0sd

with cosd = E
R

Finally 8 = arccos(—%) (S4)



when 0>90° the contact diameter is calculated from :

D=2x+R%—h? (S5)

2. Under wetting condition, when 6<90°, D=W and h=H(fig.S4d)

a’+h?
= S6
2xh (56)
With a= % and 0= arcsin(%) (S7)

Figure S4: (a) Side view and (b) top view of 2.71M NaCl microdroplets (151pL) in oil,
Schematic representation of a sessile droplet and its parameters for the model in two possible
cases: (c) H> R, 6>90° under non-wetting and (d) R>H, 6<90° under wetting conditions.
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