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Abstract

The occurrence of concentration and
temperature gradients in saline microdroplets
evaporating directly in air makes them
unsuitable for nucleation studies where
homogeneous composition is required. This

can be addressed by immersing the droplet in

oil under regulated humidity and reducing the oil
volume to the picoliter range. However, the : ‘ time ,
evaporation dynamics of such a system is not \ | /
well understood. In this work, we present

evaporation models applicable for arrays of " NaCl(ag)  NaCl(ag)

sessile microdroplets with dissolved solute o R a
submerged in a thin layer of oil. Our model
accounts for the variable diffusion distance due to the presence of the oil film separating the
droplet and air, the variation of the solution density and water activity due to the evolving solute
concentration, as well as the diffusive interaction between neighboring droplets. Our model shows
excellent agreement with experimental data for both pure water and NaCl solution. With this
model, we demonstrate that assuming a constant evaporation rate and neglecting the diffusive
interactions can lead to severe inaccuracies in the measurement of droplet concentration
particularly during nucleation experiments. Given the significance of droplet evaporation in a wide
array of scientific and industrial applications, the models and insights presented herein would be
of great value to many fields of interest.
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INTRODUCTION

Droplet evaporation on surfaces is ubiquitous in nature and plays a key role in a wide range of
industrial and scientific applications! such as inkjet printing?, nanostructure fabrication®, DNA chip
manufacturing®, crystallization studies®, biomedical diagnostics®, as well as virus spreading’ and
testing®. However, this seemingly “simple” process is governed by the complex interplay of many
physical phenomena such as evaporative mass transfer®, heat conduction and convection,
thermal-hydrodynamic instabilities, viscous and inertial flows, surface-tension-driven flows,
contact-line pinning and depinning, buoyancy effects, and other effects.°

Given its complexity and practical significance, numerous experimental and theoretical
investigations have been devoted to better understand the underlying physics of sessile droplet
evaporation!®. Many of these studies dealt with the evaporation of either pure liquid droplets!!*2
or those with suspended colloidal particles which can lead to the so-called “coffee-ring effect™*
14 However, the evaporation of droplets containing dissolved salts has been rarely investigated.
For instance, Takistov et al.*>, Shin et. al.’®, Zhang et. al.?’, and Zhong et. al.*® showed that the
resulting patterns and morphologies of the dried salt droplets depend on the wettability of the



surface, i.e. crystal rings would form on hydrophilic surfaces while single crystals at the center of
the droplet are likely to form on hydrophobic surfaces. This suggests that surrounding salt droplets
with hydrophobic liquid is a promising approach for studying nucleation inside the droplet without
interaction with the hydrophobic liquid, i.e. homogeneous primary nucleation.

In the context of crystallization studies, we need to ensure spatial homogeneity of droplet
temperature and composition. However, in microliter droplets, it has been shown that various
internal and Marangoni flows can lead to temperature and concentration gradients'®?°, To
address this, we reduce the droplet size down to picoliter range?! and we reduce the evaporation
rate by immersing the droplet in oil under regulated humidity.??> The oil bath also serves as a
thermal buffer which minimizes temperature gradients due to evaporation. To extract nucleation
parameters from such experiments?, it is crucial to determine how the volume, and so
supersaturation of microdroplets, evolve with time. In modeling the evaporation rate, Soulié et.
al.?* reported that the droplet volume varies linearly with time within the early stages of
evaporation. Given that the later stages of evaporation are crucial for the analysis of nucleation,
we need a model that works even for the later stages. Since we are dealing with arrays of
concentrated salt microdroplets immersed in a film of oil, there are additional phenomena that
need to be accounted for. First, the variable diffusion distance due to the presence of oil film
separating the microdroplet and air must be taken as an additional parameter. Second, the density
of the microdroplet changes as water evaporates. Third, the equilibrium concentration at the
interface varies with time because water activity decreases as solute concentration increases
(Raoult's law).?® Fourth, the diffusive interactions due to the presence of neighboring
microdroplets must be accounted for.?® In this work, we derive expressions describing the
evaporation dynamics that account for these four additional phenomena based on well-
established mass transfer equations. We then validate our model with experimental data?’.
Moreover, we highlight that (1) surprisingly, different contact-line behavior such as constant
contact angle (CCA), constant contact radius (CCR), and stick-slide (SS) leads to comparable
evolution of microdroplet volume within the time of nucleation, and (2) failure to account for
diffusive interactions between microdroplets nor the changes in colligative properties can lead to
significant overestimation of their concentration. The objective of the model presented here, is to
extract the supersaturation ratio at nucleation from the simultaneous observation of hundreds of
microdroplets.
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