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The coalescence of droplets is an everyday natural process, wherein raindrops com-
bine as they descend, forming larger raindrops. Alternatively, they may unite upon the
surface of a leaf, crafting a picturesque dew on a crisp early autumn morning. Further-
more, this phenomenon has numerous applications. For instance, in inkjet printing,
achieving high-quality prints depends on the flawless coalescence of color drops on
the paper’s surface. In microfluidics, encapsulating bio-particles within droplets be-
come feasible by adding surfactants to hinder coalescence. Numerous studies have
attempted to explain coalescence through numerical and experimental approaches.
However, these methods often suffer from a lack of resolution, particularly in the initial
stages of coalescence, known as the “pinching stage’. This stage remains inaccessible in
terms of both length and time scales in continuum and experimental studies. It is where
molecular dynamics can play a role by offering extremely fine resolution in time and
space to capture the initial pinching. Following pinching, the formation of a bridge be-
tween two droplets occurs. The growth dynamics of this bridge takes place within dif-
ferent regimes, and various controversial explanations have been proposed about these
different regimes involved in this process. Furthermore, describing the mass transport
mechanism of surfactant molecules during coalescence presents another challenge. In
continuum simulations, researchers can investigate the convection and diffusion of sur-
factants as a result of capillary forces, primarily arising from the curved interface of the
bridge between two droplets. Additionally, Marangoni effects come into play, generat-
ing surface flows due to surface tension gradients in the presence of surfactants. The
mathematical description of these processes involves various equations, each based on
specific assumptions. However, a knowledge gap persists in the detailed description of
surfactant mass transport with molecular resolution, particularly concerning the bridge
and the initial stages of coalescence. In the case of coalescence of sessile droplets, much
less is known, despite its relevance for microfluidics and coating technologies. Differ-
ent types of substrate ranging from non-wettable to wettable substrate can affect the
coalescence process and bridge growth dynamics.
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The objective of this thesis is to offer a comprehensive explanation of droplet coa-
lescence by utilizing the Molecular Dynamics method. This investigation encompasses
three distinct types of surfactants and various concentrations. Additionally, polymer
droplets with different chain lengths are taken into consideration. The presence of two
distinct regimes within the dynamics of bridge growth has been observed in this study:
the Thermal and Inertial regimes. Notably, it has been demonstrated that the transition
between these two regimes becomes more pronounced when the surfactant concen-
tration is well above the Critical Aggregation Concentration (CAC). Furthermore, a
second objective of this thesis is to provide a comprehensive explanation of the mass
transport mechanism. Here, the mass transport mechanism during coalescence is com-
pared and investigated for surfactant concentrations both below and above the CAC,
considering three different surfactants. The findings reveal that the coalescence pro-
cess is initiated by surfactant pinching, followed by the formation of a surfactant film
between the two droplets. In cases where the concentration exceeds the CAC, this film
becomes continuous, thereby hindering the participation of water in the initial stages of
coalescence. Moreover, large-scale molecular dynamics simulations are utilized to in-
vestigate the coalescence of surfactant-laden sessile droplets on substrates with varying
wettability. Noteworthy, similarities are observed between the coalescence of sessile
droplets with equilibrium contact angles exceeding 90° and that of freely suspended
droplets. A significant shift in bridge dynamics and the mass transport mechanism be-
comes apparent below the 90° contact angle, where the initial contact point transforms
into a small, line-like structure, exerting a pronounced influence on various aspects of
the coalescence process. This configuration allows water to actively participate in the
coalescence from the outset. Finally, the coalescence of sessile polymer droplets with
different chain lengths is studied, considering the effects of substrate wettability and
droplet viscosity on coalescence and bridge growth dynamics. The study reveals that
the presence of the substrate and its wettability significantly influence bridge dynam-
ics. In general, increasing the polymer chain length results in a reduction in the bridge
growth rate and coalescence speed.

Thus, we anticipate that the present thesis provides a comprehensive account of
droplet coalescence, which can play an important role in various applications requir-
ing a detailed understanding of droplet coalescence behavior. This pertains to both
freely suspended and sessile droplets, making it of primary interest. Additionally, this
study has the potential to create new opportunities, such as advances in droplet re-
search. For instance, it can offer innovative solutions in cases where both numerical
and experimental methods face challenges in capturing minute scales, be it at the nano,
micro, or smaller levels.



Streszczenie pracy doktorskiej pt
Symulacja dynamiki molekularnej koalescencji
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Koalescencja kropelek jest codziennym, naturalnym procesem, podczas ktérego kro-
ple deszczu tacza sie podczas opadania, tworzac wieksze krople deszczu. Alternaty-
wnie moga zjednoczy¢ sie na powierzchni liScia, tworzac malownicza rose w rzeski
wczesny jesienny poranek. Co wiecej, zjawisko to znajduje liczne zastosowania. Na
przyktad w druku atramentowym uzyskanie wysokiej jakosci wydrukéw zalezy od
precyzyjnej koalescencji kropel farby na powierzchni papieru. W mikrofluidyce kap-
sutkowanie bioczastek w kropelkach staje sie mozliwe poprzez dodanie surfaktan-
tow utrudniajacych koalescencje. W licznych badaniach prébowano wyjaénié¢ koales-
cencje zar6wno metodami numerycznymi, jak i eksperymentalnymi. Jednakze metody
te czesto charakteryzuja sie staba rozdzielczoscia, szczegélnie w poczatkowym sta-
dium koalescencji, znanym jako ,etap szczypniecia”. Etap ten pozostaje niedostepny
zaréwno pod wzgledem rozdzielczosci przestrzennych i czasowych, w symulacjach
metoda kontinuum i eksperymentalnych. To wtasnie tu role moze odegra¢ dynamika
molekularna, ktéra zapewnia odpowiednio wysoka rozdzielczo$¢ w czasie i przestrzeni,
aby uchwyci¢ poczatkowa faze szczypniecia. Po szczypnieciu nastepuje utworzenie
mostu pomiedzy dwiema kropelkami. Dynamika wzrostu tego pomostu odbywa sie
w ramach réznych reziméw; zaproponowano dotychczas rézne sporne wyjasnienia
dotyczace tego zjawiska. Ponadto opisanie mechanizmu transportu masy czasteczek
surfaktantu podczas koalescencji stanowi kolejne wyzwanie. W symulacjach ciagtych
mozliwe jest zbadanie konwekdji i dyfuzji surfaktantéw pod wptywem sit kapilarnych,
wynikajacych gléwnie z zakrzywionej powierzchni styku miedzy dwiema kropelkami.
Dodatkowo w gre wchodza efekty Marangoniego, generujace przeptywy powierzch-
niowe w wyniku gradientéw napiecia powierzchniowego w obecnosci surfaktantu.
Matematyczny opis tych proceséw obejmuje rézne réwnania, kazde oparte na okre-
§lonych zatozeniach.

Jednakze niejasne pozostaja szczegdty opisu transportu masy surfaktantéw w skali
molekularnej, szczegélnie w odniesieniu do pomostu i poczatkowych etapéw koales-
cencji. W przypadku koalescengji kropelek osiadtych wiadomo jeszcze znacznie mniej,
pomimo znaczenia tego przypadku dla mikroprzeptywéw i technologii powlekania.
Rézne rodzaje podloza, od niezwilzalnego do zwilzalnego, moga wptywac na proces
koalescencji i dynamike wzrostu mostka.



Celem tej pracy jest kompleksowe wyjasnienie koalescencji kropel z wykorzys-
taniem metod dynamiki molekularnej. Badanie to obejmuje trzy rézne typy surfaktan-
tow i rézne stezenia. Dodatkowo brane sa pod uwage kropelki polimeréw o réznych
dtugosciach taricucha. W niniejszej pracy zaobserwowano obecnos$¢ dwaéch odrebnych
reziméw w dynamice wzrostu mostéw: rezim termiczny i inercyjny. W szczeg6lnosci
wykazano, ze przej$cie miedzy tymi dwoma rezimami staje sie bardziej wyrazne, gdy
stezenie surfaktantu znacznie przekracza CAC (krytyczne stezenie agregacji). Ponadto
drugim celem tej pracy jest kompleksowe wyjasnienie mechanizmu transportu ma-
sowego. Tutaj poréwnany zostaje mechanizm transportu masy podczas koalescencji
pod katem stezen surfaktantu zaréwno ponizej, jak i powyzej CAC, obejmujac trzy
rézne gatunki surfaktantu. Wyniki pokazuja, ze proces koalescencji rozpoczyna sie od
lokalnego wzrostu koncentracji surfaktantu, po czym nastepuje utworzenie warstwy
pomiedzy dwiema kropelkami. W przypadkach, gdy stezenie przekracza CAC, film
ten staje sie ciagly, utrudniajac tym samym udzial wody w poczatkowych etapach ko-
alescengji. Ponadto wielkoskalowe symulacje dynamiki molekularnej sa wykorzysty-
wane do badania koalescencji kropelek pokrytych surfaktantem, osadzonych na po-
wierzchniach o réznej zwilzalnoséci. Na uwage zasluguja podobieristwa ktére obser-
wuje sie pomiedzy koalescencja kropelek osadzonych o réwnowagowych katach zwilza-
nia przekraczajacych 90° a swobodnie zawieszonymi kropelkami. Znaczaca zmiana
dynamiki mostu i mechanizmu transportu masy nastepuje ponizej kata zwilzania 90°,
gdy poczatkowy punkt styku przeksztalca sie w mata, liniowa strukture, wywierajaca
wyrazny wplyw na rézne aspekty procesu koalescencji. Taka konfiguracja pozwala
wodzie aktywnie uczestniczyé w koalescencji od samego poczatku. W koricu zbadano
koalescencje osadzonych kropelek polimeru o réznych dlugosciach taricucha, biorac
pod uwage wplyw zwilzalnosci podtoza i lepkosci kropel na dynamike koalescencji
i wzrostu mostka. Z przeprowadzonych badan wynika, ze obecnoé¢ podtoza i jego
zwilzalno$¢ maja istotny wplyw na dynamike pomostu. Ogolnie rzecz biorac, zwiek-
szenie dlugosci taricucha polimeru powoduje zmniejszenie szybko$ci wzrostu pomostu
i szybkosci koalescencji.

Podsumowujac, niniejsza praca oferuje kompleksowy opis koalescencji kropel, co
moze odegra¢ wazna role w réznych zastosowaniach, w ktérych szczegétowe zrozu-
mienie zachowania koalescencji kropel, zaré6wno swobodnie zawieszonych jak i znaj-
dujacych sie na powierzchniach (siedzacych), jest przedmiotem zainteresowania. Pon-
adto badania te moga na rézny sposéb przyczyni¢ sie do rozwoju dziedziny. Moga na
przyktad zaoferowaé nowe rozwiazania w przypadkach, gdzie dotychczasowe metody
numeryczne lub eksperymentalne nie umozliwiaja badania zjawisk na odpowiednio

matej skali, czy to na poziomie mikro, nano, czy mniejszym.
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Chapter 1

Introduction

1.1 Motivation

The coalescence of droplets is a common natural process found throughout nature
and it plays a crucial role in processes like understanding how raindrops (Fig. 1.1)
come together and their rate of merging [14, 19]. Furthermore, coalescence has numer-
ous practical applications such as inkjet printing, microfluidics, and the purification
of water in the separation of crude oil and natural gas [22, 89]. Adding surfactants to
droplets can significantly influence coalescence behavior and is essential in various ap-
plications. Surfactants can be employed to enhance the stability of droplet boundaries,
preventing the merging of tiny droplets and affect the droplet fusion and mixing in
microfluidic devices. Furthermore, they can improve the compatibility of the system
in biological contexts [12]. Despite considerable research efforts in this area, there are
numerous aspects of this process that require further exploration. Until now, investiga-
tions involving the coalescence of droplets, whether through experimental, theoretical,
or numerical approaches, have predominantly centered on scenarios where pure water
or polymer droplets are present [1, 24, 39, 63, 68, 97].

From the perspective of continuum simulations, they have provided primarily ex-
planations and representations of the overall and evolving characteristics of coales-
cence. However, they often suffer from a lack of adequate resolution at the initial con-
tact point between two droplets, which is also referred to as the ‘pinching point” [84].
At the pinching point, the dynamics of bridge and mass transport mechanisms have
remained unexplored in numerical methods, primarily due to a singularity that poses
challenges for standard numerical approaches. When it comes to experimental meth-
ods, high-speed imaging and particle-image velocimetry [21, 40, 61] have been utilized
to study the coalescence of surfactant-laden droplets. These techniques have primarily
concentrated on portraying the overall characteristics of this phenomenon, similar to
numerical simulations. However, due to equipment constraints, capturing the initial
stages of coalescence with great precision is a significant obstacle. Both experiments
and continuum modeling cannot provide a detailed account of the molecular-level

mass transport mechanism and bridge growth dynamics.
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Hence, the main goal of this thesis is addressing such issues by using the molecu-
lar dynamics method. In particular, we employed a high-fidelity coarse-grained (CG)
force-field enabling us to simulate with molecular dynamics the coalescence of surfactant-
laden droplets. Coarse-grained molecular dynamics enable us to target larger systems
than All-Atom (AA) models, where one attempts to account for every single atom in
simulations and which become highly computationally demanding when dealing with
droplets and their macroscopic characteristics. Here, the CG methods come into play.
In CG methods, each "bead" represents multiple atoms, making simulations computa-
tionally efficient compared to those using other MD methods, such as AA models, and
allowing the consideration of larger droplets. The use of larger droplets enables the
observation of mass transport mechanisms, while minimizing the effects attributable
to the finite size of the system. However, the use of CG methods comes with a trade-
off, involving the sacrifice of some degrees of freedom and details. For example, in
CG models where water molecules (H;O) are considered, a single bead typically repre-
sents one or even more water molecules (depending on the CG method). Consequently,
studying hydrogen bonds between individual water molecules becomes impossible in
such CG models. Therefore, it’s essential to exercise caution when selecting a force field
that accurately represents important macroscopic properties. When it comes to droplet
coalescence, it is crucial for a suitable CG force field to provide precise surface tension
values and accurately depict the phase-behaviour of surfactant concentration. In this
context, our chosen CG force field (SAFTy-Mie CG force field) has undergone rigorous
testing and has shown remarkable results [9, 10, 57, 58].

We investigate specific aspects, such as the bridge growth dynamics, mass trans-
port, and water flow, during the coalescence of freely suspended droplets and sessile
droplets at each phase of the process. This exploration involves contrasting systems
with different types and concentrations of surfactant. Additionally, molecular dynam-
ics methods allow for tracking the movement of each individual particle throughout
the coalescence process. This offers exceptional resolution, especially when the bridge
formation is observed in the early stages of coalescence, and it provides a comprehen-
sive explanation of the mechanisms involved in mass transport. The investigation of
the coalescence of sessile droplets containing surfactants, both below and above the
CAC, is another aim of this research. Substrate wettability can have a significant im-
pact on bridge dynamics and mass transport mechanisms. Coalescence on substrates
holds substantial industrial applications, and our research aims to provide insights into
various aspects of this phenomenon that have remained unclear and unexplored in the

existing literature.

In another system, we conducted a study on the coalescence behaviour of polymer
droplets with varying chain lengths on substrates that exhibit diverse degrees of wet-
tability. The rationale for exploring different chain lengths is rooted in the fact that an
increase in the polymer chain length results in higher viscosity. Therefore, we exam-
ined droplets with different chain lengths to investigate the impact of viscosity on the
coalescence of sessile droplets.
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Figure 1.1: Coalescence of raindrops on a glass surface.

1.2 Thesis Organization

The content of the subsequent chapters is structured as follows:

Chapter 2: Background; In this section, a review of the literature is conducted on the
growth dynamics of bridge and the mass transport mechanism during the coalescence
of freely suspended and sessile droplets.

Chapter 3: Methodology; A summary of the Molecular Dynamics method, with a par-
ticular focus on the Coarse-Grained method is provided.

Chapter 4: Results: Summary of Publications; In this section the published papers are
presented and key findings of each paper are highlighted.

Chapter 5: Conclusions and Future Work

ISource: Photo by Soheil Arbabi on Unsplash https://unsplash.com/photos/JjTh_9AcVhg and https:
//unsplash.com/@soheil_rb
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Chapter 2

Background

2.1 Coalescence Mechanisms and Bridge Growth Dynam-
ics
Coalescence of droplets mainly takes place in three different stages:

1. Droplet Approach (Figs 2.1a,b): In the initial phase, two distinct droplets ap-
proach each other, coming close enough where they start experiencing inter-molecular

forces.

2. Bridge Growth (Fig. 2.1c): Once the two droplets are positioned close enough,
a thin liquid bridge forms between them. Surface tension is responsible for reducing
the surface area and thus lowering the overall energy of the system. During the growth
phase of the bridge, the liquid bridge passes through various growth regimes. Indeed,
the rate of coalescence depends on the dynamics of bridge growth. An explanation of
these regimes is one of the main goals of this research. Based on the development of
the bridge radius (denoted as b), different regimes will be discussed in detail.

3. Final Reshaping Towards Equilibrium (Fig. 2.1d): In the final stage, the two
droplets merge to form a single, larger droplet. Surface tension forces work to decrease
the surface area. Gradually, the system reaches a state of equilibrium, achieving mini-

mization of surface energy.

2.1.1 Bridge Growth Dynamics During Coalescence of Freely Sus-
pended Droplets

When two droplets come into close contact without any relative velocity, the primary
attractive forces between them are Van der Waals (VDW) forces and electrostatic forces.
The VDW forces are the result of fluctuations in electron distributions and tend to bring
the droplets closer together, whereas electrostatic forces can also influence their inter-
action, either attracting or repelling them depending on their charge distribution.
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Figure 2.1: Stages of coalescence of water droplets with equal size. (a) Initial configu-
ration; (b) Beginning of the bridge formation (Pinching); (c) Bridge growth. The bridge
is indicated with a dashed rectangle and a magnified bridge picture with radius b is
shown. (d) Final equilibrium configuration after reshaping is completed; The snap-
shots of the systems were obtained using Ovito software [86].

Viscous forces act as resistance to the coalescence of two liquid droplets at the
very beginning of coalescence. Moreover, since the bridge is a highly curved menis-
cus it creates a capillary pressure gradient where higher pressure in the drop induces
a flow towards the bridge. Capillary pressure will be discussed in more detail later
in this chapter. Moreover, surface tension effectively maintains the smallest possible
liquid-liquid interface between the droplets. The interplay between these attractive
and repulsive forces can result in various outcomes, including coalescence, partial coa-
lescence, or even rebounding and separation (in case of droplet collision). The specific
behavior observed depends on the unique conditions and parameters of the system.
In the context of coalescence, the emergence of a bridge between two droplets occurs
within distinct regimes, each under the influence of physical forces and conditions.

The majority of studies on coalescence of droplets have been done on freely sus-
pended droplets in vacuum, air, oil or other liquids [8, 34, 71]. When two droplets are
floating inside another fluid in the initial stage of head-on coalescence, a film is created
between the two droplets. Once the film thickness decreases to a critical point, VDW
forces destabilize the film, leading to film rupture and drainage. The thinning rate de-
pends on the radial pressure gradient within the film, where the Laplace pressure in
the film is 2% , v is surface tension and R is the droplet radius. After the rupture, a
bridge connecting two droplets will emerge and grows following a specific power-law
scaling, which will be discussed later in this thesis [35]. The dynamic interplay between
the various forces involved contributes to the formation of the bridge. Consequently,
we will review various studies that have been conducted to explain the dynamics of
bridge growth.
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Initial Thermal Regime: Molecular studies offer high resolution both in time and
space, enabling the revelation of an initial regime primarily governed by the thermal
fluctuations of molecules. However, this particular regime remains beyond the reach
of experimental and continuum studies. Perumanath et al. [68] studied coalescence of
two water droplets using an all-atom MD method, and have revealed the emergence
of several preliminary bridges due to thermal fluctuations occurring on the droplet’s
surface. These initial bridges establish connections between the droplets and subse-
quently expand, thereby highlighting the presence of a thermal phase at the beginning
of the coalescence process. In fact, inside the bridge there is a competition between
hydrodynamic effects and molecular fluctuation at the pinching stage. Initially, the
dominant effect is the thermal motion of molecules. Once a specific point is reached,
where the size of the developing bridge exceeds a characteristic thermal length scale,
It =~ (kgT/ 'y)l/ 4R61/ 2, with Ry denoting the initial drop radius, the hydrodynamic
regime is recovered. The authors also found that after this initial linear thermal regime,
there is a power-law scaling of b « % for the entire bridge growth process.

In our studies [4-7], the presence of this initial thermal regime has been identified
and characterized not only for pure water droplets, but, also, in the case of surfactant-
laden droplets. While Perumanath et al. [68] used an all-atom model to study coa-
lescence of 2D (cylindrical water droplets), we have used a CG model to simulate 3D
(spherical-cap droplets) water droplets with and without surfactant, which provides
further confidence that this regime is indeed present in the coalescence. However, we
were unable to observe linear behavior [68] within this regime, especially in the pres-
ence of surfactant [5, 6]. This may be attributed to the complexity introduced by consid-
ering 3D droplets, the used CG model, as well as the addition of surfactant molecules.

The Viscous Regime: This stage of coalescence corresponds to the Stokes-flow
limit, where the dominant forces are macroscopic flows that draw the two droplets to-
gether. Gross et al. [28] mentioned that this regime is characterized by the competition
between viscous forces and surface tension. To quantify the characteristic velocity in
this regime, the parameter 1, = /7 is introduced, where 7 represents surface tension
and 7 is the viscosity of the fluid. The dimensionless Reynolds number, Re, is defined
as Re = pucb/n = pyb/y?, where p is the fluid density, and b is the bridge radius. In
the early stages of the process, the radius of the bridge, b, is exceedingly small, leading
to a very low Reynolds number (Re < 1). This condition holds regardless of the spe-
cific values of y and 7. In summary, since Reynolds number is the ratio of inertial forces
to viscous forces, when it is less than one, viscous forces play the main role and that
is why this regime is called the viscous regime which can be described by the Stokes
equations, in contrast to the inertial regime, Re > 1, where the Euler equations are
valid [28].

However, there is an ongoing debate in the scientific community regarding the va-
lidity and significance of viscous regime. Hopper [32] provided an analytical solution
for the process of two cylindrical droplets coalescing during viscous sintering. While
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sintering may differ from liquid droplets, it can still offer certain understanding. In par-
ticular, they revealed that the change in the radius, b, of the connecting bridge between
the droplets can be approximated by the relation t ~ —bInb*, where b* is defined as
b/ Rg with Rg being the initial radius of cylindrical droplets. Eggers et al. [24] focused
on viscous-dominated coalescence of 3D droplets and obtained b* ~ —t*Int* where
b* < 0.03 and t* = t/7, where T, = uR(/7 and for larger initial droplet radius (Ry)
[94].

On the other hand, in experimental studies, a linear scaling is mostly suggested.
For example, Thoroddsen et al. [90] found that the viscous behavior in their experi-
ments could be accurately predicted by the linear relationship between the bridge ra-
dius (b) and time (), expressed as b ~ t. Paulsen et al. [64, 65] provided a detailed
examination of the coalescence process of droplets containing mixtures of glycerol, wa-
ter, and NaCl. They employed an ultra-fast electrical method along with a high-speed
camera to capture the coalescence events. In their research, they introduced a previ-
ously unaccounted-for phase referred to as the inertially limited viscous regime (ILV).
They discovered that the initial stages of coalescence cannot be solely described by the
traditional Stokes-flow limit. This is because, at the outset of coalescence, the inertia
of the droplets plays a significant role and cannot be ignored. This deviation from the
traditional Stokes-flow limit' occurs when the radius of the bridge is small. However,
as the bridge expands, it eventually enters the Stokes regime. The authors highlighted
that even when the bridge radius is small and the viscosity is finite (even if it’s rela-
tively low), the surface tension force, which is responsible for pulling the two droplets
together, is not strong enough to overcome the inertia of the droplets. This observation
led them to propose the existence of ILV regime to explain the initial stage of droplet
bridging. In the ILV regime, various factors including surface tension, viscous forces,
inertia, and the bridge radius was empirically observed to follow a linear scaling with
time (b ~ t). Burton et al. [16, 94] suggested a crossover length scale from viscous to in-
ertial regime b, = u(Ro/p7y)"?, which is confirmed by Paulsen and coworkers [63-66,
94], who also found a crossover time-scale as t. = u?(Ro/p7>)%°.

The Inertial Regime: During this phase, the dynamics are characterized by lo-
cal deformations occurring near the growing bridge. Eggers et al. [24] argued that
for b/Ry > 0.03 the bridge flow goes beyond the viscous regime to the inertial and
they considered balance between interfacial stress (7R /b?) and dynamic pressure (ov?),
which leads to a power law of b ~ (t/7;)%°, where 7; = (pR3 /)% [24, 94].

Aarts et al. [1] conducted a study on droplet coalescence within a molecular sys-
tem characterized by variable viscosity and a colloid-polymer mixture with remark-
ably low surface tension. Their research challenged the notion that both viscous and
inertial regimes are present in all liquids. Specifically, they successfully observed a
phenomenon known as purely viscous coalescence, where the radius of the bridge be-

tween merging droplets increased linearly with time (b ~ t). They also mentioned that,

IStokes flow also referred to as creeping flow, characterizes a fluid flow in which the influence of advective
inertial forces are small compared to viscous forces.
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in the studied range, no signs of logarithmic correction were observed, as opposed to
Hopper et al. [32]. Their findings revealed that the viscous regime characterized by a
linear relationship (b ~ t) is observable when the Reynolds number is less than one
(Re = ‘%b < 1). Conversely, when Re exceeds 1, only the inertial regime (b ~ £95) is
detectable. As a result, by defining a crossover at Re = 1, tzhey establishsed characteristic
length and time scales, experimentally verified as R, = % and t; = p”?. Using typical
values for pure water, these scales are estimated as R, = 15nm and t;, = 10~ 1%. This
analysis underscores that, in the case of water, observing the viscous regime is unlikely
due to its small characteristic length and time scales. Consequently, the study suggests
that witnessing both the viscous and inertial regimes is not a universal phenomenon
and may not occur under all conditions in any given liquid.

Nowak et al. [60] studied the coalescence of a surfactant-laden droplet and a wa-
ter droplet inside silicone oil of various viscosities. In all cases, the bridge growth was
characterized by a power law with an exponent of approximately 0.5, and the specific
pre-factors varied depending on surfactant concentration and the viscosity of the sur-
rounding liquid. They found that a linear regime (viscous regime) can be observed
in experiments only for highly viscous fluids, where the bridge grows linearly with
time, represented as b ~ v /nt. However, in low-viscosity fluids like water, only the
inertial regime is observable, and the bridge growth follows a power law given by

b~ (%)1/ 4¢1/2 They also showed that when coalescence happens inside the viscous
Ry \1/441/2

Pout ) t

where p,y; is the density of the surrounding fluid, while in the case that the inertia of

3
the outer fluid is important, it can be written as b ~ (% )1/241/2

outer fluid (not in air or vacuum) this equation should be replaced by b ~ (

where 1oy is viscosity
of surrounding fluid.

We were unable to identify any intermediate linear viscous regime in our studies
[4-7]. However, adding surfactant leads to more pronounced transition from thermal
regime to inertial regime and inertial regime is generally characterized by a power-law
behavior with an exponent of 0.5. This transition was observed in all three surfactant
types and at various concentrations, which will be presented in more detail in the re-
sults section (Chapter 4).

2.1.2 Bridge Growth Dynamics of Sessile Droplets

When a liquid droplet is placed on a flat substrate a contact angle, 6s, is measured,
which is the angle between the substrate and the tangent line to the droplet surface.
From a macroscopic point of view (Fig. 2.2), force balance at equilibrium is given by
the Young-Laplace equation:

Ysg = Yig COS Os + Ysl 2.1)

which means:

cos s = Jog — ¥l (2.2)

Yig
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Figure 2.2: Schematic of a liquid droplet on a substrate at equilibrium. Contact angle
(65) is shown and all three interfacial forces involving the solid (s), liquid (/) and gas (g)
are illustrated.

where 7, is surface tension between liquid and gas phases; s, is the surface tension
between substrate and gas, and v is the surface tension between substrate and liquid
and they are all usually in the unit of mN/m. Measuring contact angles plays a vital
role in the examination of wetting phenomena and how surfaces interact with liquids.
The nature of the interaction between a liquid and a surface influences the contact angle
and it can be categorized based on wettability as follows:

1. Non-Wettable: When the equilibrium contact angle exceeds 90° (Fig. 2.3a), in
this scenario, the liquid has a tendency to gather into small ‘spherical’ shapes on the

surface, and the substrate is less prone to being wetted by the liquid.

2. Intermediate Wettability: In this thesis in the context of the sessile droplets, we
define intermediate wettability substrates as those on which the equilibrium contact
angle of the droplet is about 90° (Fig. 2.3b).

3. Wettable: When the equilibrium contact angle is less than 90° (Fig. 2.3¢c). In
this case, the liquid tends to spread out and wet the surface, forming a liquid film-like
structure.

Droplet coalescence on a substrate also follows three main stages, much like what
occurs with freely suspended droplets. However, the specific outcomes can vary de-
pending on the substrate’s wetting properties. In instances where the substrate is non-
wettable by the liquid medium, the formation of a bridge between droplets begins at
some distance from the substrate (as illustrated in Fig. 2.3a). In such cases, the dy-
namics of bridge growth closely resemble the coalescence of suspended droplets. For
example, it is shown that the rate of change in the angle of the bridge (6)) over time
(Fig. 2.3a) in the case of §; ~ 140° follows the same dynamics as that of the freely
suspended droplets [4].

On the contrary, when the substrate is intermediately or highly wettable (as seen
in Figs 2.3b and c), the pinching process initiates directly on the substrate. This leads to
a distinct coalescence dynamics that is influenced by the presence of the substrate.

Itis widely acknowledged that the growth dynamics of bridge width (w in Fig. 2.3c)
follows a power-law relationship with an exponent of 0.5, expressed as w ~ % [4, 45,
59, 73]. For instance Ristenpart et al. [73] studied experimentally and theoretically the
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Figure 2.3: Bridge formation during coalescence of water droplets on substrates of dif-
ferent wettabilities. (a) Non-wettable substrate (6s > 90°); (b) Intermediate substrate
(6s =~ 90°); (c) Wettable substrate (6s < 90°) and top view of the droplets on wettable
substrate. b represents bridge height, w is the bridge width, 6, is the angle formed at
the bridge and X is the distance between the centers of mass of the two droplets. The
snapshot of the systems were obtained using Ovito software [86].
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coalescence dynamics of two droplets on a highly wettable substrate. They showed that
the width of the bridge scales as w ~ t'/2. However, when it comes to bridge height (b
in Fig. 2.3), there are varying arguments [26, 73].

When it comes to sessile water droplets, Eddi et al. [23] experimentally studied
the coalescence of water drops on substrates with different wettabilities. They demon-
strated that on a wettable substrate (f; < 90°), the bridge height is characterized by
b « t2/3, However, on intermediate or non-wettable substrates 6s > 90°), the dy-
namics shift to b « t1/2, resembling the behavior of suspended droplets. The bridge
dynamics in our MD study [4] on coalescence of sessile water droplets and surfactant-

laden droplets is in very good agreement with this experimental study.

The study of coalescence behavior extends beyond water droplets to encompass
various other materials, as explored in the literature. For example, Sivasankar et al.
[80, 81] conducted a study on the coalescence of microscopic polymeric drops with a
density of 1250 kg/m® on a wettable substrate characterized by 6; = 25°. They em-
ployed a direct numerical simulation (DNS) approach to investigate the collision of
droplets and its outcomes under different Weber numbers. The Weber number, de-
noted as We, serves as a dimensionless parameter for assessing the relative significance
of inertial forces compared to surface tension forces in fluid systems. In the context of
the collision of two droplets, the Weber number is calculated as We = @, where V
represents the relative velocity of the droplets during impact. The study examined var-
ious Weber numbers, specifically We values of 0, 0.1, and 1, and identified two distinct
regimes governing the growth dynamics of the bridge height during coalescence: an
early stage and a late stage. In the early stage, the authors reported power-law scaling
with exponents of 1/2,2/3, and 3/1 for We values of 0, 0.1, and 1, respectively. In the
late stage of coalescence, a consistent power-law exponent of 1/10 was observed across
all cases. Additionally, they observed that the growth of bridge width (w) also followed
a two-regime power-law pattern.

In another study by Lee et al. [45] , coalescence behavior of macroscopic sessile oil
droplets are studied. Authors experimentally studied coalescence of spherical drops
(silicone oil) within a diameter range of 100-240 pm. They considered varying contact
angles of 10°,24°,27°,56° and observed power-law scaling with corresponding expo-
nents of 0.5061, 0.6435, 0.6719, and 0.8612, respectively.

In the scope of coalescence of sessile droplets, we considered the effect of viscos-
ity and substrate on coalescence process. We studied coalescence of sessile polymer
droplets [7] and we have found that as the length of the polymer chains increases,
which indicates higher viscosity of polymer droplets, the coalescence process becomes
significantly slower. We can identify two distinct regimes: an initial thermal regime
and an inertial regime. Within the inertial regime, the growth of the bridge follows a
power law, but with an exponent that is less than 1/2 for non-wettable surfaces and
less than 2/3 for wettable surfaces. These exponents are different from those reported

for the coalescence of water or surfactant-laden droplets [4].
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Furthermore, in our study of bridge dynamics during the coalescence of sessile
surfactant-laden droplets [4], we have confirmed a scaling law with an exponent of
approximately 0.5 for bridge width (w =~ t%°) for both water and surfactant-laden ses-
sile droplets. It is demonstrated that the wettability of the substrate does not affect the
growth dynamics of the bridge width. Regarding the bridge height (b), the results of
our simulations indicate the presence of a power-law scaling relationship, which is in-
fluenced by the wettability of the substrate. Specifically, we observe a power-law with
an exponent of about 0.5 for non-wettable and intermediate substrates, while for wet-
table substrates, our results reveal an exponent of 2/3 ~ 0.7. In Table. 2.1 our findings

[4-7] on bridge dynamics for sessile and suspended droplets are summarized.

Table 2.1: Summary of bridge growth dynamics within inertial regime in suspended
and sessile droplets in our Studies [4-7].

System Bridge width (w) | Bridge height (b)
Suspended water and surfactant-laden droplets [5, 6] w ~ t05-06 b ~ $0-5-06
Sessile water and surfactant-laden droplets (s > 90°) [4] w ~ $05-06 b ~ t05-0.6
Sessile water and surfactant-laden droplets (s < 90°) [4] w ~ t05-06 b ~ 0608
Sessile polymer droplets (s > 90°) [7] Not studied b ~ 028038
Sessile polymer droplets (65 < 90°) [7] Not studied b ~ t0-29-045

2.2 Mass Transport Mechanism of Surfactant Molecules

During Coalescence of Surfactant-Laden Droplets

In this section, we will review some studies on the mass transport mechanism dur-
ing coalescence, primarily focusing on continuum and experimental methods. Among
these studies, Marangoni flow, arising from the gradient of surface tension caused by
the presence of surfactants, and capillary flow, predominantly driven by bridge curva-
ture, emerge as the main flows within coalescence. In our studies [4-6], with molecular-
level resolution, we track each individual molecule across various regions, including
the bulk and surface of each droplet and the bridge between them. By employing this
approach, we can elucidate the mass transport mechanism with a very high resolution.
Further details on these findings will be discussed in the results section of this thesis.

It is well-established that the addition of surfactants to droplets leads to a reduc-
tion in interfacial surface tension and, consequently, delay in the coalescence process
[33, 42]. When surfactant is added to a water droplet, the hydrophobic part tends to po-
sition toward the droplet’s surface. In turn, the surface of the droplet becomes coated
with surfactant molecules as depicted in Fig. 2.4b. It is energetically preferable for

surfactant to be on the droplet’s surface, with some surfactant existing in the form of
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Figure 2.4: (a) Schematic of an non-ionic surfactant. Red beads represent the hydropho-
bic part and yellow beads represent the hydrophilic part; (b) Two surfactant-laden
droplets with concentration below CAC; (c) Two surfactant-laden droplets with con-
centration above CAC; (d) A surfactant monomer on the surface of a droplet; (e) A
surfactant aggregate inside the droplet. The snapshot of the systems were obtained us-
ing Ovito software [86].

monomers in the bulk of the droplet as well (Fig. 2.4b). Then, when concentration in-
creases and the droplet surface is fully covered, the CAC is reached. At this moment,
the surfactant at the surface and the bulk are in a dynamic equilibrium and there is not
sufficient space on surface to accommodate a higher amount of surfactant molecules.
In such cases, after covering the surface, the remaining surfactant molecules within the
bulk of the droplet aggregate together. The aggregation process entails the hydropho-
bic beads coming together to form a hydrophobic core. In this core, hydrophobic beads
try to escape from water, leaving exposed the hydrophilic part of the surfactant (as
illustrated in Fig. 2.4e).

While the methodology employed in this study is molecular dynamics, effective
forces that are mainly in the scope of continuum methods are summarized below for an
overall picture. Nevertheless, even within the continuum framework, accurately quan-
tifying the impact of these effects and characterizing their relative importance alongside
surface tension remains a challenge [26], while the mass transport mechanism during
coalescence is often influenced by various flows.

Coalescence in this context involves two primary flows: Marangoni and capillary.
Both Marangoni flow and capillary flow contribute to the mass transport mechanism
during coalescence, influencing the dynamics and behavior of the merging droplets.
Below, we will review these main flows and, subsequently, we will examine some ex-
perimental studies that visualized and studied the mass transport mechanism during

coalescence.

Capillary Effect: In the early stages of coalescence, the curvature of the interface under-
goes changes as two droplets merge. This alteration in curvature gives rise to capillary
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pressure (Ap). This phenomenon is driven by the Laplace pressure, a pressure jump
induced by the curvature of the interface (R;). Consequently, as the droplets approach
each other, the radius of bridge curvature decreases, and AP becomes more negative,
leading to a capillary attraction force between them. the Laplace pressure is described
below as follows:

2
Ap = Ri: 2.3)

or in the case that the curvature radii of the merging droplets (1 and 2) are different:

Ap=1y <R1 + 1) (2.4)

a  Re

Surfactant-Induced Marangoni Stresses: Coalescence of surfactant-laden droplets in-
volves a crucial phenomenon known as the Marangoni effect, driven by gradients in
surface tension along the interface. When two such droplets come into contact, the pres-
ence of surfactants on their surfaces works to reduce the surface tension. However, the
non-uniform distribution of surfactants creates a gradient in surface tension. This vari-
ation in tension induces tangential stresses on the liquid interfaces called Marangoni
stresses.

During the coalescence process, surfactant molecules diffuse in the bulk, and they
subsequently adsorb onto the surfaces. Continuum methods are unable to study the
molecular-level diffusion of surfactants. However, they can generally explain flow and
diffusion using the Advection-Diffusion equation as follows:

ac
p(g +u-Ve)=V-(pDVc) (2.5)
where D is the diffusion coefficient and c the concentration of the solute. This equation
considers both convection (transport due to bulk fluid motion) and surfactant diffusion.

In summary, coalescence results in two distinct types of flow: Marangoni flow,
which is driven by the gradient of interfacial tension between the droplets at the pinch-
ing point and the surface, and bulk flow toward the bridge, which originates from the
difference in capillary pressure between the droplet and the curvature of the bridge.
The following section will provide a concise summary of key findings from various
relevant MD and experimental research papers.

2.2.1 MD Study on Mass Transport Mechanisms in the Coalescence
of Freely-Suspended and Sessile Surfactant-Laden Droplets

In our studies, using the MD method [4-6], we have investigated the mass transport
mechanism of surfactant molecules during the coalescence of surfactant-laden droplets,
including both freely suspended droplets and sessile droplets. In the case of freely
suspended droplets (Fig. 2.5a, b) [5, 6], pinching starts with surfactant beads, and in
concentrations above CAC, a surfactant film between two droplets is created (Fig. 2.5a).
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Figure 2.5: Mass transport of surfactant molecules of freely suspended droplets (a-
b) and sessile droplets (c-f). In all figures a larger arrow-end indicates the dominant
direction of surfactant transport and magnified views of the bridge and its cross section
on the y—z plane (only hydrophobic beads of surfactant) are shown beside and above
each figure (In panels e and f such snapshots are placed beside and below). (a,c,e)
Initial stage during coalescence of freely suspended droplets, sessile droplets on a non-
wettable, and sessile droplets on a wettable substrate, respectively. (b,d,f) Developed
bridge of coalescence of freely suspended droplets, sessile droplets on a non-wettable
substrate, and sessile droplets on a wettable substrate, respectively.

The dominant movement of surfactant molecules is from the bulk of the bridge towards
the surface of the bridge. However, since there is not enough space on the liquid-
gas (LG) surface of the bridge, the bridge surface cannot accommodate all surfactant

molecules, resulting in the creation of new aggregates inside the bridge bulk (Fig. 2.5b).

Moreover, our study on sessile droplets [4] reveals that the wettability of the sub-
strate has a significant influence on the mass transport mechanism. When the substrate
is non-wettable (65 > 90°), pinching starts far from the substrate (Fig. 2.5¢c), and the co-
alescence dynamics are very similar to those of suspended droplets. Due to the limited
space at the LG interface of the merged droplets (Fig. 2.5d), surfactant from the newly
formed aggregates in the bridge bulk cannot be accommodated at the LG interface. Ad-
ditionally, we observe surfactant transport away from the bridge from the solid-liquid
(SL) interface toward the LG surface through the contact line.

The case s < 90° (Fig. 2.5e) shows a different behavior. The transport toward the
LG surface is more pronounced as compared to cases where 65 > 90°. Unlike the pre-
ceding instances, the coalescence process does not lead to the formation of new aggre-
gates. This can be ascribed to several factors. Firstly, the smaller amount of surfactant
at the bridge in the case of 6; < 90° is due to the higher curvature of the droplets. In
this scenario, only a small portion of the droplet surfaces come into contact at the con-
tact line. In contrast, for non-wettable substrates, a substantial portion of the surfaces
of the two droplets comes into contact, forming a film. Secondly, there is considerably
less space in the bridge for aggregates to form from any excess surfactant that does not
originate at the bridge’s LG surface.

In the results section of this thesis, various features of the coalescence of sessile
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droplets will be discussed, including the velocity of approach measured by tracking
the distance between the centers of mass of two droplets over time (Fig. 2.3b). Addi-
tionally, detailed discussions on bridge dynamics and the mass transport mechanism
of surfactants will be presented.

2.2.2 Experimental Studies on Mass Transport Mechanism During
Coalescence of Droplets

Hack et al. [29] studied coalescence and collision of two droplets with different sur-
face tensions numerically and experimentally. They demonstrated that when the sur-
face tensions of droplets differ, the process of merging droplets exhibits pronounced
shape asymmetry in their shape evolution. They propose that capillary waves play a
significant role in driving this distinctive shape behavior. Capillary waves are small
amplitude, high-frequency oscillations that occur at the interface between two fluids
due to surface tension effects. Furthermore, it has been observed that this asymme-
try increases as the differences in surface tension between the droplets become more
pronounced. In fact, the primary cause of this asymmetry lies in the variations in the
amplitudes of the capillary waves on each individual droplet. It is worth noting that
they have found that the Marangoni effect can dampen the capillary waves and conse-
quently reduce the overall asymmetry of the merged droplets. This means that when
the average surface tension of the droplets is lower, one can expect less asymmetry in
the merging process. However, when the surface tension of both droplets are equal
(identical droplets), the shape of the merging droplets remains symmetric because the
amplitudes and propagation dynamics of the capillary waves on both droplets are iden-
tical.

Novak et al. [60, 61] conducted experimental research on the merging of droplets
containing both surfactants and water within silicone oils of diverse viscosities. In one
study [60], they reported interfacial Marangoni flows and a strong convective flow in
case of the coalescence of a surfactant-laden and a surfactant-free water drop. They
used dye in water droplet to visualize the bulk motion during the coalescence and
the considerable bulk flow is only observed when droplets have different surface ten-
sions. When water droplet is in contact with surfactant-laden droplets due to higher
capillary pressure in water droplet the pressure difference drives bulk flow from wa-
ter droplet to surfactant-laden droplet and at the same time Marangoni flow develops
from surfactant-laden droplet to water droplet. The Marangoni flow moves surfactant
from surface of surfactant-laden drop to the surface of water drop. Since there is no
surfactant in the bulk of the water drop then surfactant will be absorbed from the sur-
face of the water drop to its bulk. Simultaneously, they observed a convection flow that
replenishes the surface of a surfactant-covered droplet with surfactant from the bulk
of the surfactant-laden droplet. Furthermore, they examined how the viscosity of the

surrounding fluid impacts the interfacial flow and confirmed that when a more viscous
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Figure 2.6: Coalescence of surfactant-laden droplet and surfactant-free droplet un-
der confinement [40]. (a) Penetration of surfactant-free droplet into surfactant laden
droplet due to gradient of capillary pressure which causes asymmetric coalescence. (b)
Moreover due to no slip boundary condition on channel walls two vortices are cre-
ated inside the surfactant-free droplet. The figure is reproduced from Nina M. Ko-
valchuk and co-workers [40], which investigated the coalescence of surfactant-laden
and surfactant-free drops in a microfluidic channel. Reproduced with permission of
the publisher, Americal Chemical Society (https://pubs.acs.org/doi/10.1021/acs.
langmuir.9b00843#). Further permission related to the material excerpted should be
directed to the ACS.

surrounding fluid is present, the interfacial flow proceeds at a slower rate. Moreover,
in case of two similar droplets no evidence of Marangoni flow was reported.

In a comparable investigation, Kovalchuk et al. [40] conducted experimental re-
search on the mass transport mechanism during coalescence of a droplet containing
surfactant and a pure water droplet within a microfluidic channel (Fig. 2.6). Their find-
ings demonstrate that the surfactant-free droplet penetrates into the surfactant-laden
droplet due to capillary pressure-driven flow, which is directed from the water droplet
into the surfactant-laden droplet, with a maximum velocity along the axis connecting
their centers. In addition, Marangoni flow is generated on the surface. The combina-
tion of these flows leads to formation of a film of surfactant-laden liquid spreading over
the surfactant-free droplet. It is shown that the rate of penetration depends on various
parameters such as drop order penetration inside the tube, where better penetration
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is observed when surfactant-laden droplet goes first inside the tube. Moreover, the
rate of penetration is enhanced by increasing the interfacial tension difference between
the two droplets. They demonstrated that increasing the surfactant concentration from
0.5xCAC to 1xCAC results in an interfacial tension difference ranging from 12 to 22
mN/m, leading to faster and deeper penetration. Due to the no-slip boundary condi-
tion on the channel wall, vortices are generated as depicted in Fig. 2.6b. When similar
droplets, whether they are both water or both surfactant-laden, coalesce, both droplets
equally contribute to the bridge formation. Consequently, four symmetrical convective
vortices are generated. This symmetric configuration prevents any exchange of mass
between them due to presence of vorticities. In the case of coalescence between droplets
with different interfacial tensions, the outcome is influenced by the difference in sur-
face tension and capillary pressure between them. The droplet with the higher capillary
pressure or interfacial tension tends to occupy more space within the bridge and can
even penetrate into the second droplet (Fig. 2.6). This leads to the formation of only
two convective vortices. Notably, these two vortices are consistently located within the
water droplet, as observed in the study. However, when the surfactant concentration
exceeds the CAC, even transitioning from 1xCAC to 5xCAC does not significantly
affect the kinetics of penetration. This is because the saturation of surfactant at the
surface with the rest of surfactant remaining in the bulk as monomers and aggregates
causes the surface tension to plateau with increasing surfactant concentration.

2.3 Summary

In this section, continuum and experimental representative highlights are discussed.
Generally, such methods are unable to provide a detailed view of surfactant mass trans-
port and bridge growth dynamics during the coalescence of surfactant-laden droplets.
In Chapter 4 of this thesis, we will study the bridge growth dynamics and mass trans-
port of surfactant during the coalescence of suspended and sessile droplets in great
detail using the MD method [4-6].
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Chapter 3

Methodology

3.1 Computer Simulation Methods

To describe a fluid system, various approaches are available, covering a range of time
and length scales. Table. 3.1 provides an overview of typical length and time scales for
these methods at the time of writing. The time and length scales presented in this table
are not strict boundaries. They serve as a general outline, typically reflecting common
scenarios found in various studies. In practice, the achievable time and length scales
can exhibit significant variability. It is important to recognize that as the size of the
system under simulation increases, the computational demands also increase signifi-
cantly. Consequently, researchers should carefully select the appropriate method, level
of detail (electronic states, atomic-level detail, molecular interactions, coarse-grained
models, mesoscale and macroscale) and length scale based on their scientific objec-
tives and available computational resources. Moreover, there are combined methods,
for example, coupling different methodologies offers a means to leverage the strengths
of both methods. For example, Smith and Theodorakis [82] provided a perspective
on multiscale simulation by combining Molecular Dynamics and Computational Fluid
Dynamics (CFD) with a focus on the domain decomposition coupling approach. Each
method is applied to a specific segment of the simulation domain in the case of domain
decomposition coupling. This approach guarantees the inclusion of molecular detail

only where it is essential.

In the case of ab initio methods, a complete electronic quantum mechanical de-
scription of matter is achieved by solving the wave equations associated with wave
mechanics, such as Schrodinger’s. However, it is crucial to acknowledge that an es-
sentially exact numerical solution of the Schrodinger equation exists only for systems
with a few number of atoms due to the complexity of the many-body wave function.
Consequently, this method is impractical for describing the behavior of large droplets.
By considering some simplifications, quantum Density Functional Theory (DFT) can
provide reasonably accurate simulations for systems containing hundreds of atoms on
standard computers or even thousands on large supercomputers. Nevertheless, DFT
does have limitations when it comes to accurately describing Van Der Waals (VDW)
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forces [18]. This limitation makes it an unsuitable choice even for small droplets, as
VDW forces play a pivotal role in coalescence processes. Continuum methods, on the
other hand, offer valuable tools for describing the macroscopic behavior of droplets.
However, despite numerous fruitful studies, they encounter limitations, particularly in
the initial stages of coalescence and the detailed analysis of mass transport mechanisms
during coalescence, due to their limited resolution. These limitations which are men-
tioned in Chapter. 1 encouraged us to consider MD methods, which offer molecular-
level resolution of the initial stages of coalescence and can explain the mass transport
mechanism of surfactant, which is indispensable in understanding the coalescence of
surfactant-laden droplets.

Table 3.1: Different computer simulation methods with their typical time and length
scales to describe a fluid system.

Method ‘ Time ‘ length
Ab initio fs-ps | pm-nm
DFT fs-ps A-nm
AAMD ps-ns | nm-um
CGMD ps-s | nm-mm
Continuum methods | > ms > pm

In this chapter, we provide a brief review of various molecular dynamics methods,
with a specific focus on the chosen CG model, namely, the SAFTy-Mie CG force field.
Further technical details of the selected force field, such as the parameters, interactions,
and bonds, will be provided in the results section (Chapter 4) of this thesis.

3.2 Molecular Dynamics Method

By defining the intermolecular interactions, one can calculate the forces acting between
every pair of molecules within the system. This force field, in turn, allows for the simu-
lation of the system’s dynamic evolution with time. Such simulations provide valuable
insights into the structural and thermodynamic characteristics of the system, which
enhances our understanding of its behavior. A ubiquitous example of intermolecular
interactions is the Lennard-Jones potential Eq. (3.1) [36]

U(ry) = 4e [(‘:)u - (‘;)6] ) (3.1)

where r is the distance between the center of mass of each molecule and ¢ and € are pa-
rameters that represent the length scales and energy of the pair interaction, respectively.
The force can be obtained through the negative derivative of potential (L] potential in
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1.120

Figure 3.1: (a) Lennard-Jones potential. U(r) is the potential energy between two par-
ticles at a distance 7, ¢ is the distance at which the potential energy is zero, € is the
depth of the potential energy well, which characterizes the strength of the attractive
interaction between particles. The cutoff determines the distance beyond which pair-
wise interactions between particles are truncated to reduce computational expense. (b)
Schematic of a system of particles and forces acting between every pair of them (forces
on particle 5 are shown as well as the counter-force on each of the other particles due
to the presence of particle 5).

this case) w.r.t. the distance , which is (Eq. 3.2):

F(r) = 2 [2 (2)"- (0)7} (32)

g r r

In molecular dynamics simulations, the cutoff serves as a significant parameter in the
force-field parametrization. Particularly when dealing with non-bonded interactions
like the Lennard-Jones potential. The cutoff for the potential is a parameter that de-
fines the distance beyond which pairwise interactions between particles are truncated
to accelerate calculations and reduce computational expense. In general, the choice of
the cutoff is made as short as possible to minimize computational costs, as it involves
considering a smaller number of nearest neighbor interactions.

3.2.1 All-Atom Modeling

In all-atom (AA) or atomistic modeling, each atom is generally considered as a point
particle. The parameterization of these force fields based on different particle types
involves defining the atom types, their masses, charges, and the potential energy func-
tions that describe their interactions. All of these parameters, including atomic masses,
charges, bond parameters, and non-bonded interactions, are collectively referred to as
the force field. Several AA force fields exist, such as AMBER [20] which includes vari-
ous versions such as AMBER94, AMBER96, AMBER99, AMBER14, etc., each with dif-
ferent parameters and refinements for simulating the behavior of amino acids and pro-
teins, as well as CHARMM [15] which includes various versions, such as CHARMM?22,
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CHARMM?27, CHARMMS36, and more, each with different parameter sets and im-
provements to simulate the behavior of biomolecules and other chemical systems. Oth-
ers include the GROMOS [72] and OPLS [30] family of force fields, which have been
developed with their own parameter sets for various types of applications and molec-
ular systems.

Each force field in molecular simulations employs its own unique parameteriza-
tion method. However, researchers often rely on experimental data to inform the devel-
opment of force field parameters. These data typically encompass a wide range of in-
formation, including structural details, bond lengths, bond angles, and dihedral angles.
These experimental findings serve as a foundational basis for calibrating and refining
force field parameters to ensure that the simulation accurately represents the behavior
of molecules and materials in the real world. Moreover, from finer methods like other
AA models, DFT or ab initio calculations they obtain accurate energy profiles and elec-
tronic properties of molecules and molecular interactions or even for calibrating bonds
and angles. This approach provides a rich description of the physics at molecular level.
However, several hydrodynamics related topics can hardly be captured by small time
and length scales of all-atom models. Furthermore, it introduces numerous intricacies
that are likely superfluous when studying the coalescence of droplets. For example,
representing each water molecule with three beads (two hydrogen and one oxygen)
leads to an abundance of water-water interactions that are not relevant for our research
focus. Such unnecessary details can significantly increase computational complexity

and impede our ability to simulate large droplets effectively.

3.2.2 Coarse Grained Modeling

The complete thermodynamic behavior of a system can be obtained once the Helmholtz
free energy, A, of the system is determined. There is a direct relation between Helmholtz
free energy and intermolecular interaction as it is shown in Eq. 3.3 [9].

exp(—BA) = C/Vexp(—ﬁll(r))dr (3.3)

U(r) is intermolecular potential and p represents 1/kgT, kg is the Boltzmann constant,
T is temperature, and C is a constant that incorporates the kinetic contribution. The
goal of coarse-graining is to reduce the phase space of r to smaller one (rcg) in such a
way to be able to find an optimal solution to Eq.3.3 in a reduced phase space as Eq.3.4

[9]:

exp(—pA) ~C' /VEXP[—,BUCG(V)]EZVCG (3.4)

By removing certain details in all-atom modeling, we realise a smaller number of cal-

culations, which allows us to access larger time scales and system size. Coarse-grained
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modeling can be very helpful in large macromolecules, polymer chains, complex flu-
ids, and surfactants. The choice of the model is also influenced by the length and time
scales of the phenomena we aim to study. For instance, in the case of coalescence, one
could employ AA models; however, using such models would require waiting much
longer than with CG models to observe a complete coalescence. Moreover, when large
time scales are required, such as when studying the self-assembly of soft matter, the
use of CG methods is crucial [79].

Within CG models, intermolecular potentials and parameterization are established
by either adjusting them to data derived from molecular dynamics simulations involv-
ing AA, DFT or in general models at a higher level of theory in the case of simulations
or from experimental observations. There are several examples of CG models, such
as MARTINI [51, 83], which is widely used for the simulation of complex biomolecular
systems, SAFT [9, 10, 41, 47, 55-57, 88] which is a CG force-field primarily used for sim-
ulating complex fluids, which can contain, for example, polymers and colloids. SPICA
[38, 78, 95] which is an empirical CG force-field, was created with the specific aim of ac-
curately replicating thermodynamic properties, including surface tension, density, and
distribution functions. SPICA achieves this by drawing insights from all-atom molecu-
lar simulations rooted in the CHARMM force-field.

The process of developing a coarse-grained model consists of four key elements
[77]: 1. Selecting the model’s level of detail (how coarse it should be); 2. Determining
the arrangement of CG sites based on the geometry/architecture of the molecules; 3.
Specifying the types of interactions to be incorporated; 4. Fine-tuning these interac-
tions to properly capture selected system properties. Typically, there are two primary
approaches to incorporate information into a CG model: Bottom-Up and Top-Down

approaches. In the following sections, these approaches will be briefly discussed.

Bottom-Up Approaches:

In these approaches, information is passed from any higher resolution model (such as
AA, DFT, or ab initio methods) to the CG model. In such methods, a standard procedure
for coarse-graining involves several key steps. It begins with the collection of data
through system sampling; in most cases, coarse-graining requires sampling a reference
(high-resolution) system. Subsequently, the collected data is analyzed using a coarse-
graining method, resulting in the derivation of coarse-grained potentials. For iterative
methods, additional steps may include running coarse-grained simulations and further

refining the coarse-grained potentials through successive iterations.

Boltzmann inversion is a commonly applied technique for non-bonded and bonded
interactions like bonds, angles, and torsions in molecular simulations. It relies on the
structural information of the system and only necessitates the positions of the atoms.
The idea in this approach comes from the fact that in canonical ensemble independent
degrees of freedom obey the Boltzmann distribution (Eq.3.5) [75].
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P(q) = Z " exp [-BU(q)] (3.5)

The symbol Z represents the partition function, which involves a sum or integral
over all possible states of the system. Having known P(q), where q is the microscopic
state of the system, coarse-grained potential can be defined by inverting the proba-
bility distribution of variable q denoted as P(q). The Boltzmann inversion formula is
a method used to determine a potential energy function for CG models. It involves
relating the potential energy to a desired distribution of a specific structural variable
(order parameter, s), such as a bond length, bond angle, or torsion angle. The formula
is generally expressed as Eq.3.6.

U(s) = —kgT1In(P(s)) (3.6)

where normalization factor, Z, would enter the CG potential.

The Iterative Boltzmann Inversion (IBI) method [11, 13] represents a logical pro-
gression from the Boltzmann inversion technique. The primary objective of a coarse-
grained model is to faithfully replicate distribution functions, such as the spatial dis-
tribution of particles, radial distribution functions, or other structural and thermody-
namic properties of a reference system. This reference system is often a more detailed
or atomistic model, serving as a benchmark for the properties we aim to capture with
the coarse-grained model. Through this objective, a systematic enhancement of coarse-
grained potentials becomes possible, achieved through an iterative numerical approach
[75]. For instance Moore et al. [54] used the standard IBI method to match radial dis-
tribution function (RDF of centres of masses of molecules) to derive coarse-grained
potentials.

Another approach that can be used in parameterizing a CG model is force match-
ing [75]. In this method the primary goal is not to replicate a variety of distribution
functions but rather to achieve a very close match of forces acting on coarse-grained
components. This method does not involve iterations, making it computationally less
intensive. First, we assume that forces on beads depend on M parameters that can be
prefactors of analytical functions, tabulated values of the interaction potentials, or co-
efficients of splines used to describe these potentials. Then, we assume that the forces
acting on the CG beads can be determined by appropriately adjusting the forces acting
on individual atoms through a process of reweighting [75].

A7 =M [Z wf“] (3.7)

7 Ma

where M; is the mass of the bead and a denotes number of atoms belonging to that
bead and f; is the force acting on the atom 4. w, are mapping coefficients used to ob-
tain the position of the coarse-grained bead (R; = X;w,7;). By running simulations

for a sufficiently extended duration, equations of the form fiCG (1,82, 83, 8M) = firgf
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are obtained for each run and this set of equations can be solved using a least-squares
approach. fl-ref represents force on bead i and g; are parameters of this function that
describe the interactions. They can be pre-factors of analytical functions or tabulated
values of the interaction potentials. f-© is CG representation of this force. Through val-
idation and comparison, a set of forces acting on beads are obtained, which constitute
the CG force-field.

Top-Down Approaches:

In these approaches, we consider macroscopic properties and we try to figure out what
is the intermolocular potential that can produce these properties. While top-down ap-
proaches can be used for the intermolecular interactions, these can be combined with
bottom-up approaches to determine intramolecular potentials for bonds and angles, as
for example in the case of the MARTINI force-field [51, 83].

MARTINI Force-Field

MARTINI [51, 83] employs a top-down method involving thorough adjustment of the
non-bonded interactions among chemical components based on experimental informa-
tion, especially thermodynamic data like oil-to-water partitioning coefficients [52]. The
mapping in MARTINI model in general is based on four-to-one approach where on
average four heavy atoms and associated hydrogen atoms are represented as a unit
interaction center (bead). Non-bonded interactions between beads in MARTINI are
described by the Lennard-Jones (LJ) 12-6 potential (Eq.3.1).

This involves calculating the free energy of hydration, the free energy of vapor-
ization, and the partitioning free energies between water and various organic phases
for all 18 distinct coarse-grained particle types in MARTINI2 and 29 distinct coarse-
grained particle types in MARTINI3 [83]. The MARTINI model for specific systems
accurately replicates the expected patterns in free energies of hydration and vaporiza-
tion [52]. Moreover, the MARTINI model particularly has been validated for several
different lipids [50], peptides and proteins [27, 37, 53, 67], polymers [44, 74], sugars
[93], DNA [91], RNA [96], various solvent [92] , carbohydrates [49] and a wide range of

other types of materials (mostly bio-materials).

In coalescence of droplets, surface tension plays a significant role that is why we
compared the surface tension of pure water in MARTINI versions 2 and 3, and, also,
explored the effect of the potential cutoff on the surface tension (Table. 3.2). In general,
CG models tend to underestimate surface tension compared to all-atom and experi-
mental measurements, primarily due to a smaller number of interactions. As a result,
increasing the cutoff leads to larger surface tension. Our results (Table. 3.2) indicate
that MARTINI version 2, using a cut-off of 354, closely approximates the experimental
surface tension of water (71.99 & 0.05) at room temperature (25°C) [62]. However, the
MARTINI force-field could not provide a satisfactory agreement with the experimental
phase behavior of our selected surfactants. That is why we have opted to consider the
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SAFT v-Mie force-field, which has undergone evaluation for various properties, such

as surface tension and phase behavior of our selected surfactants.

Table 3.2: Comparison of MARTINI versions 2.2 and 3.0, examining their surface ten-
sion on pure water under various cut-offs. The surface tension of water—air at 25° is
71.99+0.05 [62].

’ MARTINI version ‘ Cut-off (A) ‘ Surface Tension (mN/m) ‘

3.0 11 27.11£0.81
3.0 25 50.20 £0.80
3.0 35 50.49 £0.78
2.2 11 31.02 £ 0.79
2.2 25 56.04 £ 0.84
22 35 85.80 £ 0.84

SAFT -y-Mie Force-Field

SAFT is a CG force field that maps the size, energy, and range of beads to expected
macroscopic properties (it matches to macroscopic properties, first and also second
derivatives of the free energy). It is a top-down approach where a molecular-based
equation of state is employed to get an effective coarse-grained intermolecular poten-
tial that reproduces macroscopic thermodynamical properties [9, 10]. SAFT deals with
the classical idea how to build an equation of state. The SAFT equation of state [17]
is employed in the field of thermodynamics and the modeling of fluid phases to antic-
ipate the actions of fluids, including polymers, colloids, and molecules that associate
with one another. Moreover, SAFT also employs a more general L] potential form,
known as the Mie potential (Eq. 3.8), as it provides a greater number of parameters.
This allows for a more effective fitting of the equation of state (EoS) to experimental
data. In this approach, essentially, there is a cyclic process involving theory (Equation
of State), experimental data, and simulations (MD or Monte Carlo), which is used to
parameterize the Mie potential and refine the SAFT coarse-grained force field.

In the SAFT-y Mie approach [9, 10, 56-58] interactions between two spherical seg-
ments can be represented with the Mie potential (Eq.3.8) [46].

e[ (2)" - (2] o3

where A, and A, are the exponents of the potential. A, is constant but A, is used as a
fitting parameter and C is defined as follows:

Aa
o /\r /\r Ar=Aa
=75 (AJ (3.9)



3.2. Molecular Dynamics Method 29

aq  Water (AA) b Water (SAFT - ) c  Water (CG MARTINI)
L

B

d C10ES8 (AA) e C10E8 (CG SAFT)

0 )(e0/0 feo o) (e0/ eo)eo)
! iy

-CH,-CH,-CH,- -CH,-0-CH,-

Figure 3.2: (a) All-atom representation of a water molecule; (b) Coarse-grained repre-
sentation of two water molecules by one SAFT bead; (c) Coarse-grained representation
of four (MARTINI) water molecules; (d) All-atom representation of a C10E8 molecule
[Source: Chemical Compounds Deep Data Source (CCDDS; https://www.molinstincts. com)
based on 41 patented SQN and QN technology commercialized into Mol-Instincts database and
ChemRTP, ChemEssen, Inc (2022)]; (e) Coarse-grained representation of a C10E8 molecule in
SAFT force-field. A hydrophobic alkane CG ‘C’ bead represents a —CH; — CH, — CHy— group
of atoms while a hydrophilic CG "EO’ bead represents —CH, — O — CH, group.

To parameterize the SAFT-vy force field, there are different parameters that are ad-
justable including the level of coarse-graining (how many atoms should represent each
bead), €, 0, A; and A, set to 6 (which is because this is a physical exponent that de-
scribes the dispersion interactions between particles). For this parameterization pro-
cess, macroscopic data such as vapor-liquid densities and vapor pressures are com-
monly utilized, although other macroscopic properties can also be considered. By uti-
lizing this macroscopic data, one can determine the parameters necessary for the EoS
and the force field. Moreover, the validity of the force-field is checked in practice in the
simulations and when the simulations are able to reproduce the target properties, then,

the theory is in practice validated.

As mentioned, increasing the number of parameters in the Mie potential enhances
its versatility compared to the Lennard-Jones 12-6 potential, which is employed in the
MARTINI force field. The 12-6 L] potential has demonstrated remarkable success in
various applications, showcasing its outstanding versatility. In this thesis, for instance,
when examining sessile polymer droplets [7], we employed a 12-6 L] potential. We
utilized a physics-based CG force field for polymer chains, implementing a standard
bead-spring model. However, it is essential to acknowledge that, like any model, it
may encounter challenges. For instance, it is reported that it cannot simultaneously
reproduce saturated liquid densities and vapor pressure of n-alkanes [9, 69]. More-
over, it is mentioned that the Lennard-Jones 12-6 potential often struggles to accurately
represent fluid-phase equilibria and is known to provide poor representations of vapor-
pressure curves [85].

The force field selected for the study of surfactant-laden droplets in this thesis is
based on the SAFT-y Mie EoS, which has been demonstrated to provide convincing
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Figure 3.3: Surface tension isotherms as obtained by the simulations in the planar limit
for the (a) C10E4 and (b) C10E8 surfactants, using SAFT force field. The insets show
slab of water laden with surfactant (above CAC).

agreement with experimental results, including phase diagrams, surface tension of the
chosen surfactants, and other properties such as contact angles [87, 88]. In Figs 3.2 a-c,
we present a comparison between the water models in atomistic and CG systems of
MARTINI and SAFT. Additionally, we provide a comparison between the C10E8 sur-
factant in all-atom and SAFT models (Figs 3.2 d-e). C10E8 is a large molecule, and
considering an atomistic model for it, would be computationally extremely expensive
computationally. However, the SAFT CG model allows us to handle large systems
with good accuracy and lower computational costs. In Fig. 3.3, we present examples
of surface tension isotherms versus surface excess concentration (I' [mol/m?]), with
the latter being the area-related concentration of a surfactant at the surface or inter-
face for a liquid-vapor (LV) interface. These data demonstrate a close agreement with
experimental data [3, 43] and previously obtained simulation results [47, 48, 87, 88].
In addition, it has been demonstrated that the SAFT coarse-grained model is capable
of accurately replicating the complex phase behavior of several different surfactants
including C10E4, C10ES, Silwet-L77, spanning from extremely low concentrations to
the formation of aggregates, and even extending to the presence of lamellar phases at

higher concentrations.

3.3 Summary

In this section, we briefly reviewed CG MD methods and discussed different CG mod-

els. Using CG models make it possible to target large droplets to observe changes in
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shape of the droplet, avoiding effects that would be attributed to the small size of the
droplets, and, also, be able to track the motion of surfactants at adequately large con-
centrations. Moreover among several existing successful CG methods checking surface
tension and phase diagram of surfactant molecules convinced us that SAFT is the best
possible choice to study coalescence of surfactant-laden droplets. The SAFT force-field
has demonstrated successful testing not only in surface tension and surfactant phase
diagrams of non-ionic surfactants but also in various studies involving different liquid
and surface phenomena, as well as long-chain molecules and biomolecules. Examples
of its application include liquid crystals [70], polymers [25], cryogenic fluids [2], water-
oil interfacial tensions [31], super spreading surfactants [88]. Furthermore, it has been
shown that this force field reproduces well the contact angles of water [76, 88].
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Chapter 4

Results: Summary of

Publications

4.1 Coalescence of Surfactant-laden Droplets

41.1 Summary of Key Findings of This Publication:

In this work, we studied coalescence of freely suspended surfactant-laden droplets.
We considered a non-ionic surfactant (C10E4) with various concentrations below and
above CAC. We presented the mass transport mechanism, bridge growth dynamics,
and water flow during coalescence using molecular dynamics. The key findings of this
work are summarized as follows:

¢ Demonstrating the initiation of pinching involves hydrophobic beads within sur-
factant molecules. After pinching, a hydrophobic film will be created between

two droplets, which delays the participation of water molecules in the process.

¢ The dominant movement inside the bridge is the transport of surfactants from the
bridge bulk to the bridge surface. However, since coalescence is a dynamic pro-
cess there is not enough time and there is lack of enough space on bridge surfaces
for all surfactants, which mainly come from the droplets’ surfaces. Hence, some
surfactant, previously part of the surfaces of the droplets, creates new aggregates
inside the bridge bulk.

* The bridge initially undergoes growth within a Thermal Regime (TR), followed
by a subsequent inertial regime characterized by a power law with an exponent
of approximately 0.5. We have shown that higher concentration of surfactant
leads to larger TR and the transition between TR and intertial regime (IR) is more
pronounced in the presence of surfactant.

* Strong water flow towards the bridge is found in the case of coalescence of water

droplets, which is hindered by adding more surfactant.
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Coalescence of Surfactant-laden Droplets

Bridge

[ Time >

Figure 4.1: Stages of Coalescence of surfactant-laden droplets, Reproduced from [So-
heil Arbabi, Piotr Deuar, Mateusz Denys, Rachid Bennacer, Zhizhao Che, Panagiotis
E. Theodorakis, Coalescence of surfactant-laden droplets, Phys. Fluids., 35 063329 (2023)
https://doi.org/10.1063/5.0153676], with the permission of AIP Publishing.

4.1.2 Details of Publication

Coalescence of Surfactant-laden Droplets

PDF version of this publication is reproduced from [Soheil Arbabi, Piotr Deuar,
Mateusz Denys, Rachid Bennacer, Zhizhao Che, Panagiotis E. Theodorakis, Coales-
cence of surfactant-laden droplets, Phys. Fluids 35, 063329 (2023). https://doi.org/
10.1063/5.0153676], with the permission of AIP Publishing.
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ABSTRACT

Droplet coalescence is an important process in nature and various technologies (e.g., inkjet printing). Here, we unveil the surfactant mass
transport mechanism and report on several major differences in the coalescence of surfactant-laden droplets as compared to pure water
droplets by means of molecular dynamics simulation of a coarse-grained model. Large-scale changes to bridge growth dynamics are identi-
fied, such as the lack of multiple thermally excited precursors, attenuated collective excitations after contact, slowing down in the inertial
regime due to aggregate-induced rigidity and reduced water flow, and a slowing down in the coalescence rate (deceleration) when surfactant
concentration increases, while at the same time, we also confirm the existence of an initial thermal, and a power-law, inertial, regime of the
bridge growth dynamics in both the pure and the surfactant-laden droplets. Thus, we unveil the key mechanisms in one of the fundamental
topological processes of liquid droplets containing surfactant, which is crucial in relevant technologies.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0153676

. INTRODUCTION

Droplet coalescence plays an important role in many natural
phenomena, for example, determining the size distribution of droplet
rains,”” the dynamics of multiphase flows,”" and, also, in technological
applications, such as inkjet printing” or coating applications.” The coa-
lescence process depends on the interplay between viscous and inertial
forces and surface tension, with the minimization of the latter driving
this process. Experiments, theories, and simulations of the coalescence
of droplets without additives have provided great insight into its mech-
anisms,” ** but much less is known in the case of surfactant-laden
droplets"*** or droplets with other additives," *" despite their rele-
vance in many areas, such as cloud formation,” microfluidics,”” coat-
ing technologies,” and water treatment during crude oil and natural
gas separation.”” Based on high-speed imaging and particle image
velocimetry technology, experimental studies have investigated the
coalescence of surfactant-laden droplets, mainly providing macro-
scopic descriptions of the coalescence process.”””*"***** However,
the initial fast stages of the coalescence process are impossible to
observe in experiments due to device limitations.'” Moreover, conven-
tional hydrodynamic models are only applicable in the later stages of
coalescence,” °' while the singularity at the initial contact point of the
coalescing droplets continues to pose challenges for numerical

modeling despite progress in this area.'"'*”*** To address the latter

issue, for example, continuum modeling may consider either the for-
mation of a single body of fluid by an instant appearance of a liquid
bridge that smoothly connects the two droplets and then evolves as a
single body due to capillary forces, or a section of the free surface
trapped between the bulk phases that gradually disappears.”” In the
case of systems with surfactant, continuum simulation has suggested
that an uneven contraction of the interface due to a nonuniform distri-
bution of accumulating surfactant at the meniscus bridge that connects
the droplets is an important factor that modulates the surface tension,
which, in turn, drives the coalescence process.4 Still, numerical simula-
tion is unable to analyze the mechanism of coalescence after the drops
come into contact. Recent molecular-level simulations have clarified
important aspects, such as the role of thermal capillary waves at the
surface of water droplets,'” but the effect of surfactant on the physics
involved in the coalescence has remained overwhelmingly unexplored.
We know that surfactant effects must be large since they greatly
change the surface tension, so the research reported here set out to
clarify its role in the coalescence dynamics and other characteristics.

In this study, we report on large-scale MD simulations based on
a high-fidelity coarse-grained (CG) force field,”” °° which allows for
the faithful simulation of surfactant in water. With these, we uncover
the mass transport mechanism of surfactant during coalescence,
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elucidate the dynamics of the bridge growth process, resolve the flow,
and analyze how the above depend on surfactant distribution. We find
an unexpected lack of multiple thermally excited precursor bridges,
attenuated collective flow after contact, formation of new aggregates
inside the bridge from surfactant previously at the droplets’ surface,
and a slowing down in the inertial regime as surfactant concentration
increases. In the following, we provide some background information
in Sec. II. Then, we present our simulation model and methods in
Sec. Il and our results and relevant discussion in Sec. I'V. Finally, we
draw our conclusions and suggest possible directions for future work
in Sec. V.

1l. BACKGROUND

Droplet coalescence takes place in three different stages, namely,
the droplet approach, when the two droplets are positioned close
enough to “feel” intermolecular forces [Fig. 1(a)], the bridge growth
stage [Figs. 1(b) and 1(c)],"" and the final reshaping stage toward the
equilibrium spherical droplet [Fig. 1(d)]. In the case of droplets with-
out surfactant, the growth dynamics of the bridge has been investi-
gated and in general, two different regimes have been assumed from
the perspective of fluid dynamics:'"”® an initial viscous regime domi-
nated by macroscopic flows that pull the droplets together, and a sub-
sequent inertial regime, which involves the propagation of local
deformations with higher Reynolds number excited near the bridge as
it grows.

Even in the case without surfactant, the bridge growth dynamics
has been under intense debate. In the viscous regime (VR), a linear
scaling in time b o< t has been suggested for the bridge radius, b, as
well as logarithmic corrections ¢Int,'"”* while a scaling b o v/t has
been proposed for the inertial regime (IR).'"*° However, others have
suggested scaling regimes that depend on the ratio of characteristic
scales to the viscous length scale, including an additional inertially lim-
ited viscous (ILV) regime,(’g’m which, according to numerical simula-
tions, is only realized when the coalescing drops are initially separated

Surfactant aggregate

N %

Hydrophobic Hydrophilic

FIG. 1. Stages of coalescence of spherical surfactant-laden droplets with equal
size and surfactant concentration (3.2 CAC). (a) Initial configuration; (b) beginning
of the bridge formation; (c) bridge growth with a magnified view of the bridge region.
b is the radius of the bridge; (d) final equilibrium configuration after reshaping; (e)
coarse-grained representation of a C10E4 surfactant molecule. The surfactant's
hydrophobic beads are in red, hydrophilic ones in yellow. Each cyan bead repre-
sents two water molecules. External or cross section views are shown to highlight
the bulk, surface, and bridge structure of the droplets. Surrounding water vapor is
omitted for the sake of clarity. The snapshots of the system were obtained using
Ovito software.””
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by a finite distance.”’ Another idea put forward has been the charac-
terization of the viscous-inertia-regime transition via a modified
Ohnesorge number in the case of immiscible droplets.”" Despite the
advent of modern experimental techniques, such as electrical measure-
ments with the resolution of a few micrometers,”” the bridge growth
dynamics at the early stages still remains challenging for experimental
studies. Instead, molecular dynamics (MD) simulation of an all-atom
model for water droplets has provided insight into this initial stage of
coalescence, suggesting the formation of multiple precursor bridges at
the pinch point, due to thermal capillary waves at the droplet surfa-
ces.'” These multiple bridges expand linearly in time, due to collective
molecular jumps at the droplets’ interface, and the transition to the
classical hydrodynamics regime only takes place when the bridge
radius becomes larger than a thermal length, Iy ~ (ksT/7)"/*R/'/2,
assuming that fluctuations on one droplet are not affected by the other
and in the absence of instabilities.’ I;- describes the typical width of
the contact points at droplet’s interface at the initial stage of coales-
cence, kp is Boltzmann’s constant, T is the temperature, y is the
liquid-vapor (LV) surface tension, and R is the radius of the droplet.
Since I depends on surface tension, it is expected to grow with surfac-
tant concentration as  decreases, saturating to a value, [, above the
critical aggregation concentration (CAC) as y reaches its plateau value.

In the presence of surfactant, there are many unknowns. Several
studies have suggested that its presence would actually delay the coa-
lescence process, due to the reduction in the surface tension,”””” while
smaller droplets tend to show much faster equilibration of surfactant
interfacial coverage.””” Moreover, it has been suggested that physical
regimes could also depend on the diffusion and adsorption time scales
of the surfactant, and their dependence on the surfactant concentra-
tion and the droplet size.”” In addition, it has been pointed out that
surfactant alters the properties of the droplets particularly in the bridge
area.” For example, hydrodynamic instabilities, such as dimples, have
been observed for concentrations larger than CAC," but surfactant
might actually have a more global effect by affecting the overall size of
the droplets."’ Certain experiments have also highlighted the role of
Marangoni flow that leads to local capillary pressure changes, which in
turn affect the coalescence kinetics and result in a delay of the pro-
cess.””® Despite these efforts, the mass transport mechanism of surfac-
tants, the resulting dynamics and structure of the bridge, and other
early time effects are not well understood. Molecular simulations allow
for tracking the individual molecules, which goes beyond the reach of
any continuum simulation or real experiment and is therefore crucial
for unraveling the mass transport mechanism of surfactant. At present,
the early time phenomena that are pivotal for the onset of coalescence
can only be investigated in adequate detail by molecular-scale
simulation.

11l. MODEL AND METHODOLOGY

Our investigation covers all stages of coalescence for droplets of
equal size and surfactant concentration. We have considered different
surfactants, such as C10E8 and C10E4,”’ and a range of surfactant
concentrations below/above CAC. The interactions between compo-
nents of the system are obtained by the Mie-y Statistical Associating
Fluid Theory (SAFT Mie—y).” 78 The MD simulations were carried
out in the canonical ensemble using LAMMPS software.””*’ After the
equilibration of each individual droplet, the droplets were placed next
to each other for initiating their coalescence as illustrated in Fig. 1(a).
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The force field has been validated for water-surfactant systems
with particular focus on accurately reproducing the most relevant
properties of the system, such as surface tension and phase behav-
ior.”” °*""% Interactions between various types of CG beads are
described via the Mie potential, which is mathematically expressed as

o a
Tjj i Tij i
U(ryj) = Ce; [(r) (5 , for ry <r, (1)
ij ij
)T ir\ T
c_ A A\ 5
- I3 a a .
Ay — /lij 5

Here, i and j are the bead types, o indicates the effective bead size, and
gj is the interaction strength between beads i and j. 4§ = 6 and /;
are Mie potential parameters, while r; is the distance between two CG
beads. A universal cutoff for all nonbonded interactions is set to
. = 4.583 ¢. Units are chosen for the length, o, energy, ¢, mass, m, and
time, 7, which in real units would roughly correspond to: ¢ = 0.436 35
nm, ¢/kg =492 K, m=44.0521amu, and 7 = a(m/s)o‘5 = 1.4062
ps. All simulations are carried out in the NVT ensemble by using the
Nosé-Hoover thermostat as implemented in the LAMMPS package’*"’
with an integration time step ¢ = 0.005 7. Moreover, simulations took
place at room temperature; therefore, kgT /e = 0.6057, which corre-
sponds to T=25°C.

Surfactants of type CnEm are considered, such as C10E8 and
Cl0E4. A hydrophobic alkane CG “C” bead represents a
—CH,—CH,—CH,— group of atoms, while a hydrophilic CG “EO”
bead represents an oxyethylene group —CH,—O — CH,. Finally, a
water CG “W” bead corresponds to two water molecules. In Table I,
the nonbonded interactions between the different CG beads are listed,
while the mass of each bead is reported in Table II.

Bonded interactions are taken into account via a harmonic
potential, i.e.,

where

V(Tij) = 0.5k(f’ij — O'ij)z, (2)
where k=295.33 ¢/02. Moreover, EO beads experience a harmonic
angle potential,

Vo(03) = 0.5ko (055 — 0o)°, (3)

where Oy is the angle between consecutive beads i, j, and k. kg = 4.32
¢/ rad®, while 0 = 2.75 rad is the equilibrium angle. Further discus-
sion on the model can be found in previous studies.”>®

TABLE |. Mie-potential interaction parameters between CG beads. )j =6 for all
cases.

i-j aii (0) & (e/kp) Af)

W-W 0.8584 0.8129 8.00
W-C 0.9292 0.5081 10.75
W-EO 0.8946 0.9756 11.94
C-C 1.0000 0.7000 15.00
C-EO 0.9653 0.7154 16.86
EO-EO 0.9307 0.8067 19.00

pubs.aip.org/aip/pof
TABLE II. Mass of CG beads.
Bead type Mass (m)
w 0.8179
C 0.9552
EO 1.0000

To prepare the initial configuration of each system, individual
droplets were first equilibrated in the NVT ensemble. The total num-
ber of beads in the simulations was 10° per initial droplet, with
approximately 5% evaporation into the gas. Droplet diameters were
~53 g, which is about 23 nm. Careful consideration was given during
the preparation not only to observing the energy of the system, but,
also, making sure that the distribution of clusters has reached a
dynamic equilibrium and that each cluster was able to diffuse a dis-
tance many times its size. After equilibration, the system size (volume
of the simulation box) was doubled and droplets were placed next to
each other in such a way to avoid interaction between mirror images
of the droplets that could potentially occur due to the presence of peri-
odic boundary conditions in all directions, if one was not careful. In
this way, the same thermodynamic conditions for the system were
approximately guaranteed in the system of a single droplet and in the
systems of two droplets used for coalescence. Figure 1(a) illustrates a
typical initial configuration of the system. Only the liquid state (drop-
lets) is shown, which is identified by a cluster analysis,”""” while the
surrounding vapor has been removed for the sake of clarity. Finally,
for our droplets, we have considered a range of different surfactant
concentrations below and above the CAC and up to about 6.1 CAC.
This covers the whole range of concentrations relevant for the mass
transport and other phenomena discussed here.

To quantify the mass transport of surfactant, first a grid with the
mesh size of 2 ¢ is defined and surfactant and water particles are
assigned to each grid cell. The grid size is chosen to guarantee adequate
accuracy in the position of the grid cell while avoiding excessive tech-
nical randomness due to having a mesh finer than the size of single
beads. Then, based on the density, one can identify the grid cells that
belong to the droplets surface or the bulk. By following the grid loca-
tions of the surfactant beads, we are able to track the transport of sur-
factant between the different parts of the droplets. The central bead in
a molecule determines whether it is counted as bulk or bridge, whereas
if any bead of a molecule enters a surface grid cell, the molecule is
counted as being on the surface.

To track the bridge growth, we need to define the bridge region.
In our case, this is a slab whose width in the X direction is recalcu-
lated at each snapshot. The left and right limits of the slab are deter-
mined by analyzing the grid points on the X-Z plane after droplets
have been aligned with the coordinate system as shown in Fig. 2. We
fit a circle around each droplet and note the surface grid positions at
the central X=0 position, shown by the red points in Fig. 2.
Horizontal lines are drawn in the X direction passing through these
red points to touch the fitted circles, thus defining the rectangle in
green. The vertical sides of the rectangle give the limits of the bridge
slab in the X direction and its width. All molecules with centers hav-
ing X coordinates inside these limits are labeled as belonging to the
bridge in a given snapshot.
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FIG. 2. Specifying the bridge (green rectangle). Orange and blue points are surface
grids on left and right droplets, respectively. Red points are the location of highest
and lowest beads on bridge. The solid black line is a best fit to the surface grid
positions following Ref. 6.

On the other hand, the bridge radius, b (Fig. 1), is calculated
using the distances between extrema of the positions of the beads
belonging to the grids located at X=0, i.e., this distance is first calcu-
lated separately for the Z coordinate to give a distance 2by, and then
for the Y coordinate to give 2by. The final bridge radius estimate is
then given by b = (b + by)/2.

IV. RESULTS AND DISCUSSION

The mass transport mechanism of surfactant molecules during
coalescence is fundamental to understanding the role of surfactant in
the dynamics of this process at all stages. Surfactant mass transfer
mechanisms have been investigated in various processes, for example,
superspreading,63 emulsion films,"” and foam stabilization in lubricat-
ing oils.”® For example, in the case of emulsion films, a fascinating

ARTICLE pubs.aip.org/aip/pof

cyclic phenomenon has been observed where new dimples sequentially
form with the surfactant redistribution driving this process through
coupling to an interfacial hydrodynamic motion inside the films."* In
our system, coalescence starts with the formation of the contact point
[Fig. 3(a)], where hydrophobic beads from the two droplets actively
move to aggregate due to the favorable attractive interaction. In the
case of surfactant-laden droplets, we have not observed the formation
of multiple contact points (bridge precursors) for any of the systems,
unlike what has been seen in pure water droplets.'’ In fact, water mol-
ecules do not participate at this earliest stage in the bridge formation.
The bridge growth process continues with the formation of a thin layer
of surfactant between the droplets [Fig. 3(b)], whose origin is mostly
from the initial surface coverage. To unveil these processes, we have
monitored the transport of surfactant between different parts of the
droplets, i.e., the interior, the bridge, and their surfaces, which sums
up to 36 possible surfactant transport processes. The supplemental
material (Table S3) provides the numbers for the probabilities of sur-
factant remaining at a certain place or moving to different parts of the
droplets for all cases considered in our study. At this stage, the still
small radius, b, of the bridge permits a high supply of surfactant at the
contact surface [Fig. 3(b)], which is central to the coalescence of
the droplets. However, as the bridge further grows, the surfactant from
the initial contact and inflow to the bridge perimeter is not enough to
fully supply the interior of the bridge with surfactant. The perimeter of
the bridge grows proportionally to b, while its area (cross section)
increases with b®. Therefore, the concentration of surfactant in the
bridge, initially very high, reduces proportionally to 1/b as the bridge
grows. Moreover, tracking the molecules shows that, as the bridge
forms, less molecules end up in the bridge bulk than were on the
approaching surfaces prior to contact. Surfactant transport toward the
surface is favorable energetically, and only surfactant that cannot

FIG. 3. Mass transport mechanism of surfactant (C10E4 4.7 CAC) during the coalescence process. (a) Droplet pinching (precursor bridge) taking place through the aggrega-
tion of surfactant at the first contact point of the droplets (t — t; = 6.25 7). Here, t; is the time of first contact; (b) main surfactant transfer processes during the initial stage of
coalescence as indicated by arrows on a droplet cross section in the x-y plane (t — t, = 32.5 7). A larger arrow end indicates the dominant direction of surfactant transport
between the different regions in the droplet. Magnified views of the bridge and its cross section on the y~z plane (only hydrophobic beads) are also shown above. At this stage,
the bridge is dominated by the presence of surfactant molecules. (c)—(f) At times t — &, = 76.25t,t — f, = 233.757,t — t, = 517.507,t — t, = 1358.75 7, respectively,
show evolution in the inertial regime. The snapshots of the system were obtained using Ovito software.”’
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escape to the exterior (surface) remains trapped in the interior of the
bridge region. As a result, the engulfed surfactant forms separated
aggregates within the bridge, especially for the cases above CAC [Fig.
3(d)]. These aggregates are characteristic of the bridge growth at later
stages [Figs. 3(c)-3(e)], and, as we will see later by the analysis of the
bridge growth, surfactant from the bulk can join the aggregates that
formed at the bridge as it grows.

The relevant surfactant transport processes during the bridge
growth that we have identified are the engulfment of surfactant from
the contact surface of the droplets into the interior of the bridge
(Tables S1 and S2 in the supplemental material give details), which
increases with surfactant concentration, and to a smaller extent the
transfer of surfactant in the bulk toward the bridge [Figs. 3(c) and
3(d)]. Coalescence is mainly affected by the transfer of surfactant in
the region close to the bridge from the interior to the surfaces, while,
in the other parts of the droplet, surfactant is rather in dynamic equi-
librium and does not affect the coalescence process. After the bridge
fully develops [Fig. 3(e)], a dynamic equilibrium of surfactant extends
throughout and no dominant directions of adsorption/desorption pro-
cesses remain, but only a slight surfactant transport from the surface
toward the bulk as the surface area of the droplet becomes smaller. At
this final stage, the droplet will reach its final spherical shape [Fig.
3(f)], driven by the surface tension. We have also verified that the new
aggregates emerging during the coalescence process consist of surfac-
tant that was previously on the contact area (surfaces) between the two
merging droplets. The latter observations are valid throughout a range
of different concentrations and surfactants below and above the CAC.
Data for other concentrations and surfactants than in Fig. 3 are
reported in the supplemental material and show the same mechanism,
while snapshots of the aggregate formation in the inertial regime are
presented in Fig. 4.

To identify the various regimes and better understand the bridge
growth dynamics, we have measured the bridge radius, b, over time
for droplets with different surfactant concentrations (Fig. 5 here for

FIG. 4. Droplet interiors in the inertial regime showing the presence of new aggre-
gates emerging during the coalescence process. Cross sections are shown at times
corresponding to Fig. 3(d) for surfactant in different concentrations of C10E4 above
the CAC: (a) 1.6 CAC, (b) 3.2 CAC, (c) 4.7 CAC, and (d) 6.1 CAC. The snapshot of
the systems was obtained using Ovito software.®”
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FIG. 5. Bridge growth dynamics (b, radius of the bridge) vs time, ¢, for droplets with
different surfactant concentrations (C10E4), as indicated in the legend. CAC ~7.5
wt%. Power law fits are also shown, tentatively identifying the inertial (IR,
b = bot?) regimes. The inset highlights the power law scaling in the inertial regime
and the initial TR regime. /,, is the thermal length for pure water droplets and /s for
surfactant-laden droplets above CAC according to Ref. 10. Data for C10E8 and
average growth rates are provided in the supplemental material.

CI0E4 and Fig. S1 for C10E8 in the supplemental material). The
regimes that follow after the initial bridge formation can be in princi-
ple identified by the bridge radius scaling. The inertial scaling with
power law b ~ +/t is generally most conspicuous, although we see an
apparent changeover from an initial thermal regime (TR) with little
bridge growth to the IR power law (see fits in Fig. 5 and Fig. S1 of the
supplemental material). Moreover, in Fig. 5, the values of the thermal
lengths are marked with the horizontal lines for the cases of pure water
and surfactant-laden droplets (above CAC) according to previous MD
predictions.'’ These values are of the same order as the TR regime
bridge size that we observe in our data and express the range of the
thermal length scale above which a persistent increase in the bridge
radius, b, takes place.

Our findings also indicate that the growth speed of the bridge
decreases as a function of surfactant concentration in both regimes.
Tracking the simulation trajectories, we observe that the surfactant
aggregates that are present in the bulk can slow the liquid flow and
obstruct the strong water-water interactions. Upon a significant
increase in the surfactant concentration far above CAC, aggregates
merge in the bulk leading to an increased rigidity of the droplet. This
then hinders the coalescence process by slowing down the rearrange-
ment of the droplet toward its equilibrium spherical shape. This is
explained by the interactions of water and hydrophobic beads (see
Table T), which indicate a larger W-W (W: water beads) than C-C (C:
hydrophobic surfactant beads) attraction and a strongly unfavorable
(less attractive) C-W interaction in comparison with the interactions
of all other components. The average bridge growth velocity, which
includes both the TR and IR regimes together as an overview of the
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TABLE Il Average velocity of bridge growth in units o /z.”

Concentration (CAC) 0.8 1.6 32 4.7 6.1
C10E4 0.2849 0.2204 0.1878 0.1605 0.1047
C10E8 0.2794 0.2319 0.1871 0.1530 0.1115
CAC=7.5wt%

“For pure water droplets in the viscous regime (result from simulation): 0.3675 ¢ /7.

overall speed of growth, is reported for each surfactant for a range of
concentrations in Table TII. It is calculated over the time interval
between the moment that the link between the droplets is established,
t,, at the beginning of the coalescence until the point at which the
bridge radius is equal to the radius of the droplets in the y direction
[for example, see Fig. 3(e)]. As surfactant concentration increases, the
bridge growth process slows down in comparison with the simulated
case of the pure water droplets. These data also show a slightly faster
bridge growth in the case of the C10E8 surfactant (see Fig. S1 in sup-
plemental material).

Furthermore, the flow field of water molecules during coalescence
exhibits differences between droplets with and without surfactant. In
Fig. 6, the color code indicates flow toward the bridge (red) and away
from the bridge (blue). In the case of the water droplets without surfac-
tant, the formation of the bridge at the very initial stages is accompanied
by fluctuations of internal collective flow in the direction of the coales-
cence axis (x direction), which encompass the entire droplets [Figs. 6(a)
and 6(b)]. This is due to the capillary waves produced by the energy
release from the initial rupture of the surface when the droplets first
touch.” The waves propagate and result in perturbations in the overall
shape of the droplets and the flow patterns illustrated in Figs. 6(a) and
6(b). These flow patterns disappear as the bridge grows further and a
robust contact between the two droplets establishes beyond the thermal
regime. Moreover, an overall flow toward the bridge as the droplets fur-
ther coalesce is observed [notice the dominance of red in Fig. 6(c)],
while at the final equilibrium, only random thermal fluid flow patterns
are seen [Fig. 6(d)]. We have not noticed any statistically significant
flow patterns or Marangoni flow”” (e.g, in the case of droplets with sur-
factant) toward any of the other directions (e.g., radial).

As surfactant is added to the droplets, the early time collective
flow patterns of Figs. 6(a) and 6(b) gradually disappear, especially for
all concentrations above the CAC (Fig. 7). Compare, for example, the
flow patterns in Figs. 6(b) and 6(f), for the same bridge size. The sup-
pression of the collective flow occurs through two routes: First, the sur-
factant at the surface reduces the surface tension (reducing energy
input from the initial rupture of the surface) and, also, reduces the
amplitude of thermal fluctuations, thus suppressing the formation of
multiple thermal bridges.'” Second, the presence of aggregates in the
bulk hinders the flow of the water molecules and disperses the
momentum transfer before it enters deeper into the droplets.

V. CONCLUSIONS

In this study, the fundamental processes involved in coalescence
of droplets containing surfactant have been described—including the
initial rupture and bridge growth, which occur on time and length
scales inaccessible to experiment. We have reported on the main
adsorption processes (surfactant transport mechanism), characterized

ARTICLE pubs.aip.org/aip/pof
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FIG. 6. Flow field of water (x velocity component, v,), in cross sections of droplets
without (a)—(d) and with (e)—(h) surfactant (C10E4) at 4.7 CAC concentration, at dif-
ferent stages of coalescence. Side by side times correspond to similar stages of
the coalescence process. Red reflects the intensity of flow (only water) motion
toward the bridge, and blue away from the bridge. Time labels based on contact
time (f;) are added. Note that white space between the water areas (e.g., in the
bridge) includes surfactant aggregates and surfactant on the surface. This can
cause an illusion of multiple contact points, such as in panel f, which are in fact sur-
rounded by surfactant forming an overall broad bridge.

the bridge growth dynamics of coalescence, and identified several
important differences to the case of pure water droplets and those with
surfactant. Notably, Fig. 5 suggests that if a slowdown of coalescence
processes is desired industrially, more surfactant should be added,
which confirms earlier suggestions.”””” Moreover, we have identified
early time collective flow patterns that are present in the case of aque-
ous droplets without surfactant, but are absent when appreciable sur-
factant is present. Surfactant also suppresses the multiple precursor
bridges that are important at early times for pure water.'” The last
appears to indicate that thermal fluctuations will be less important for
topological changes of surfactant-laden droplets generally (splitting,
merging, etc.). We anticipate that our results open new exploration
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FIG. 7. Water flow pattern for different concentrations [(a)—(f), 0-6.1 CAC] for
C10E4 at the initial pinching stage. Above CAC (c)—(f), there is no observable pat-
tern. Red color reflects the intensity of flow toward the bridge, while blue indicates
the intensity of flow away from the bridge. Like in Fig. 6, empty space within/
between the water in the droplets (e.g., in the bridge) includes surfactant, and the
contact point of the droplet surface is always single.

directions, which will be relevant for practical applications, and that
they suggest the kind of effects that will be seen in other as yet unex-
plored processes, such as droplet break up and coalescence on sub-
strates. An aspect that requires further consideration is the various
effects that might be attributed to a larger surface-area-to-volume ratio
as the size of the droplets decreases. For example, we saw that minor
redistribution of surfactants from surface to bulk or vice versa can
cause large fluctuations in the bulk, while such effects may become
negligible in macroscale systems.”® It would therefore be interesting to
explore larger systems in the future as more computational resources
become available, as well as employ a range of different simulation
models to explore droplet coalescence in the presence of surfactant.

SUPPLEMENTARY MATERIAL

See the supplementary material for the details of the probabilities
for the mass transport mechanism of surfactant molecules between the
different regions in the droplets that reflect the arrows in Fig. 3. It also
contains data on the bridge growth dynamics in the case of C10E8
surfactant.
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MASS TRANSPORT MECHANISM

Firstly, in this supplemental material, we provide data on the overall mass transport
of surfactant from the surface to the bulk. It is quantified by comparing the amount of
surfactant at the beginning of coalescence (e.g. Fig 1a) to the amounts at the very end e.g.
Fig. 1d). The data in Tables S1 and S2 indicate that although most of the molecules from
the surfaces of the droplets at the contact area will be transported to the emerging bridge
surface during coalescence, a certain amount of them will be trapped and will remain in the
bulk of the formed droplet (notice the increased count in the bulk).

The relative contributions from surfactant transport processes from one part of a droplet

to others over short time scales At’ are reported in Table S3 for two types of surfactant and a
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range of concentrations. The arrows drawn in Fig. 3 of the manuscript are a consequence and
illustrate the relative amount of mass transport during coalescence — in terms of absolute

numbers of molecules transported over time.

TABLE S1. Number of surfactant molecules (C10E4) before pinching (“Initial snapshot”, for
example, see Fig. 1a) and at the end (“Last snapshot”, for example, see Fig. 1d) of the coalescence
process in the bulk and at the surface of the droplets.

Concentration (CAC): 0.8 1.6 3.2 4.7 6.1
Initial snapshot (two droplets)

Bulk 0 202 2184 4096 5899
Surface 1428 2656 3530 4476 9529
Last snapshot (one droplet)

Bulk 10 234 2229 4329 6167
Surface 1418 2624 3485 4243 5261

TABLE S2. Number of surfactant molecules (C10ES8) before pinching (“Initial snapshot”, for
example see Fig. 1a) and at the end (“Last snapshot”, for example, see Fig. 1d) of the coalescence
process in the bulk and at the surface of the droplets.

Concentration (CAC): 0.8 1.6 3.2 4.7 6.1
Initial snapshot (two droplets)

Bulk 0 379 1429 2514 3579
Surface 910 1439 2207 2940 3693
Last snapshot (one droplet)

Bulk 11 400 1511 2603 3782

Surface 899 1418 2125 2851 3490




TABLE S3: Summary of the relative contributions from all relevant surfactant transport processes
in the coalescing droplets. The table lists the relative frequency of transport from one region to
another over a time interval At’ = 1.257 as a percentage of the mean number of surfactant molecules
in source regions. Data was averaged over consecutive snapshots made at At intervals during the
entire coalescence process which lasts O(1000 — 2000)7. CAC =~ 7.5 wt% for C10E4 and C10ES.

Probabilities
Concentration (CAC): 0.8 1.6 3.2 4.7 6.1
Remaining at bridge bulk
C10E4 0.8774 0.8098 0.8765 0.8647 0.8529
C10ES8 0.8728 0.8435 0.8693 0.8669 0.8741

Movement from bridge bulk to left surface
C10E4 0.0000 0.0000 0.0005 0.0003 0.0004
C10ES8 0.0000 0.0000 0.0001 0.0002 0.0004

Movement from bridge bulk to left bulk
C10E4 0.0066 0.0093 0.0648 0.0388 0.0388
C10E8 0.0075 0.0472 0.0460 0.0419 0.0403

Movement from bridge bulk to bridge surface
C10E4 0.1092 0.1542 0.0326 0.0575 0.0685
C10ES8 0.1081 0.0642 0.0424 0.0504 0.0428

Movement from bridge bulk to right surface
C10E4 0.0000 0.0008 9.7e-5 0.0004 0.0004
C10ES8 0.0000 0.0004 0.0004 9.7e-5 0.0007

Movement from bridge bulk to right bulk
C10E4 0.0066 0.0257 0.0252 0.0381 0.0388
C10E8 0.0113 0.0444 0.0413 0.0402 0.0413

Remaining at bridge surface
C10E4 0.9398 0.9284 0.9360 0.9244 0.9099
C10ES8 0.9284 0.9428 0.9352 0.9249 0.9251

Cont. next page. . .



Concentration (CAC): 0.8 1.6 3.2 4.7 6.1
Movement from bridge surface to left surface

C10E4 0.0275 0.0305 0.0260 0.0237 0.0259
C10ES8 0.0330 0.0256 0.0258 0.0278 0.0253
Movement from bridge surface to left bulk

C10E4 0.0001 0.0001 5.5e-5 0.0001 0.0003
C10ES8 0.0000 0.000 0.0001 0.0002 0.0003
Movement from bridge surface to bridge bulk

C10E4 0.0042 0.0103 0.0098 0.0262 0.0373
C10ES8 0.0057 0.0087 0.0129 0.0181 0.0235
Movement from bridge surface to right surface

C10E4 0.0281 0.0304 0.0279 0.0251 0.0261
C10ES8 0.0326 0.0226 0.0255 0.0284 0.0252
Movement from bridge surface to right bulk

C10E4 0.0000 2.5e-5 4.1le-5 0.0003 0.0002
CI10E8 8.7e-5 5.8e-5 0.0001 0.0002 0.0004
Remaining at left bulk

C10E4 0.9332 0.9849 0.9894 0.9877 0.9835
C10ES8 0.9074 0.9945 0.9870 0.9864 0.9803
Movement from left bulk to left surface

C10E4 0.0046 0.0092 0.0052 0.0092 0.0138
C10ES8 0.0092 0.0012 0.0095 0.0111 0.0158
Movement from left bulk to bulk bridge

C10E4 0.0000 0.00021 0.0031 0.0012 0.0011
C10ES8 0.0000 0.0019 0.0021 0.0008 0.0010
Movement from left bulk to surface bridge

C10E4 0.0000 0.0000 9.7e-6 4.9e-6 1.le-5
C10ES8 0.0000 0.0000 1.9e-5 9.8e-6 1.8e-5
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Concentration (CAC): 0.8 1.6 3.2 4.7 6.1
Movement from left bulk to right surface

C10E4 0.0000 0.0003 2.4e-5 3.5e-5 6.2e-H
C10ES8 0.0000 0.0002 2.4e-5 2.7e-5 2.7e-H
Movement from left bulk to right bulk

C10E4 0.0621 0.0052 0.0020 0.0018 0.0013
C10ES8 0.0833 0.0020 0.0011 0.0015 0.0026
Remaining at left surface

C10E4 0.9942 0.9922 0.9912 0.9863 0.9801
C10ES8 0.9931 0.9948 0.9887 0.9859 0.9788
Movement from left surface to left bulk

C10E4 2.1e-5 0.0008 0.0034 0.0094 0.0159
C10ES8 5.9e-5 0.0003 0.0067 0.0104 0.0168
Movement from left surface to bridge bulk

C10E4 0.0000 0.0000 1.6e-5 5.8e-6 1.4e-H
CI10E8 1.2e-5 0.0000 3.4e-6 9.1e-7 1.7e-5
Movement from left surface to bridge surface

C10E4 0.0032 0.0037 0.0029 0.0017 0.0018
C10ES8 0.0045 0.0027 0.0032 0.0015 0.0014
Movement from left surface to right surface

C10E4 0.0025 0.0031 0.0029 0.0024 0.0019
C10ES8 0.0022 0.0020 0.0012 0.0020 0.0028
Movement from left surface to right bulk

C10E4 0.0000 2.8e-5 1.le-5 3.2e-5 6.5e-5
C10ES8 1.2e-5 3.0e-b 2.4e-5 3.1le-5 1.7e-5
Remaining at right bulk

C10E4 0.9251 0.9831 0.9900 0.9875 0.9831
C10ES8 0.9103 0.9926 0.9871 0.9859 0.9808
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Concentration (CAC): 0.8 1.6 3.2 4.7 6.1
Movement from right bulk to right surface

C10E4 0.0000 0.0096 0.0068 0.0094 0.0142
C10ES8 0.0373 0.0033 0.0097 0.0116 0.0153
Movement from right bulk to bulk bridge

C10E4 0.0000 0.0018 0.0011 0.0011 0.0011
C10ES8 0.0000 0.0018 0.0019 0.0007 0.0010
Movement from right bulk to surface bridge

C10E4 0.0000 0.0000 2.4e-6 1.1e-5 1.4e-5
C10ES8 0.0000 0.0000 2.8e-5 7.9e-6 1.9e-5
Movement from right bulk to left surface

C10E4 0.0000 0.0001 1.9e-5 2.7e-5 5.0e-5
C10ES8 0.0014 0.0001 1.9e-5 2.9e-5 2.7e-5
Movement from right bulk to left bulk

C10E4 0.0748 0.0051 0.0019 0.0018 0.0013
CI10E8 0.0508 0.0019 0.0011 0.0015 0.0026
Remaining at right surface

C10E4 0.9940 0.9923 0.9898 0.9859 0.9795
C10ES8 0.9932 0.9946 0.9884 0.9856 0.9793
Movement from right surface to right bulk

C10E4 0.0000 0.0008 0.0045 0.0096 0.0165
C10ES8 0.0002 0.0010 0.0069 0.0107 0.0163
Movement from right surface to bridge bulk

C10E4 0.0000 0.0000 4.7e-6 9.9e-6 7.7e-6
C10ES8 0.0000 0.0000 1.4e-5 3.6e-6 1.9e-5
Movement from right surface to bridge surface

C10E4 0.0033 0.0036 0.0031 0.0019 0.0018
C10ES8 0.0043 0.0023 0.0032 0.0015 0.0013

Cont. next page. . .



Concentration (CAC): 0.8 1.6 3.2 4.7 6.1
Movement from right surface to left surface

C10E4 0.0025 0.0031 0.0024 0.0024 0.0019
C10ES8 0.0021 0.0019 0.0013 0.0020 0.0028
Movement from right surface to left bulk

C10E4 0.0000 2.2e-5 1.4e-5 3.3e-5 7.5e-H
C10ES8 1.1e-5 3.6e-5 1.7e-5 2.5e-5 3.4e-5




BRIDGE GROWTH DYNAMICS
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FIG. S1. Bridge growth dynamics (b, radius of the bridge) vs. time for droplets with different
surfactant (C10ES8) concentrations, as indicated in the legend. CAC ~ 7.5 wt%. Power law fits
are also shown, tentatively identifying the inertial (IR, b = bot?) regime (. is the time that the
permanent contact between the droplets is established). [, is the thermal length for pure water
droplets and [s for surfactant-laden droplets above CAC according to Ref. [1] (see main text for
further details). The inset highlights the power law scaling in the inertial regime.

Figure S1 illustrates the bridge growth dynamics and gives the fit coefficients for the
inertial regime (IR) for the C10E8 surfactant.

[1] S. Perumanath, M. K. Borg, M. V. Chubynsky, J. E. Sprittles, and J. M. Reese, Phys. Rev.
Lett. 122, 104501 (2019).
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4.2 Molecular Dynamics Simulation of the Coalescence

of Surfactant-Laden Droplets

4.2.1 Summary of Key Findings of this Publication:

In this work, we studied coalescence of freely suspended surfactant-laden droplets.
Considering three types of surfactant (C10E4 and C10E8 and Silwet-L77) in order to as-
sess the effect of different surfactant types and concentrations on the coalescence pro-
cess. These surfactants—C10ES8, C10E4, and Silwet-L77—are all non-ionic. C10ES8 is
similar to C10E4 in its hydrophobic part but has a longer hydrophilic tail. Silwet-L77,
known as a superspreading surfactant, has a hydrophilic part with the same number
of beads as C10E8. However, it stands out due to variations in hydrophobic chemical
units and overall molecular structure. We compared the mass transport mechanisms
of all three types of surfactants at various concentrations. Additionally, in this study,
we examined the mass transport mechanisms both below and above the CAC. Fur-
thermore, we investigated the velocity of approach between two droplets and explored
other geometric features of the system, such as its asphericity. The key findings of this

work are summarized as follows:

* We demonstrated that pinching begins with the hydrophobic beads, and the main
motion within the bridge occurs from the bulk of the bridge toward the bridge’s
surface. In this study, we have reaffirmed this observation for two additional
types of surfactants at various concentrations. Through a comparative analysis
of different surfactants, we have revealed that Silwet-L77 exhibits lower aggre-
gate density, leading to slight variations in bridge dynamics and mass transport

mechanisms.

¢ In scenarios with surfactant concentrations below the CAC, pinching still begins
with the aggregation of hydrophobic beads. However, there is no continuous film
present between the coalescing droplets, and we do not observe the formation of
new aggregates inside the bridge due to the low surfactant concentration.

® The presence of both the thermal and inertial regimes is observed in all three
types of surfactants. When surfactant is introduced into the system, it generally
slows down the growth process. Furthermore, the transition from the thermal to
the inertial regime takes longer in the case of surfactant-laden droplets compared
to pure water droplets. We have also conducted a comparison of surfactants and
demonstrated that above the CAC, the growth rate of the bridge is slower in the
case of Silwet-L77 compared to other types.

* We elucidated the velocity of approach between two droplets during the coales-
cence process by measuring the system length along the axis that passes through
the centre of mass of each droplet over time and calculated its derivative, which
represents the velocity of approach. As the surfactant concentration increases, the

velocity of approach decreases, and droplets containing surfactant consistently
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exhibit a smaller maximum speed. Silwet-L77 displayed significantly slower

growth in all aspects, particularly with a lower maximum velocity.
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Droplet Approach Bridge Growth Final Droplet

Time

Figure 4.2: Stages of Coalescence of surfactant-laden droplets, Reprinted from [Soheil
Arbabi, Piotr Deuar, Mateusz Denys, Rachid Bennacer, Zhizhao Che, and Panagio-
tis E. Theodorakis, Molecular Dynamics Simulation of the Coalescence of Surfactant-Laden
Droplets, Soft Matter, 19, 8070-8080 (2023) https://doi.org/10.1039/D3SM01046E].

4.2.2 Details of publication
Molecular Dynamics Simulation of the Coalescence of Surfactant-Laden Droplets

PDF of this publication is reproduced from [Soheil Arbabi, Piotr Deuar, Mateusz
Denys, Rachid Bennacer, Zhizhao Che, and Panagiotis E. Theodorakis, Molecular Dy-
namics Simulation of the Coalescence of Surfactant-Laden Droplets, Soft Matter, 19, 8070-
8080 (2023). https://doi.org/10.1039/D3SM01046E]. According to the website of
publisher: “If you are the author of this article, you do not need to request permis-
sion to reproduce figures and diagrams provided correct acknowledgement is given. If
you want to reproduce the whole article in a third-party publication (excluding your
thesis/dissertation for which permission is not required)”.
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We investigate the coalescence of surfactant-laden water droplets by using several different surfactant
types and a wide range of concentrations by means of a coarse-grained model obtained by the
statistical associating fluid theory. Our results demonstrate in detail a universal mass transport
mechanism of surfactant across many concentrations and several surfactant types during the process.
Coalescence initiation is seen to occur via a single pinch due to aggregation of surface surfactant, and
its remnants tend to become engulfed in part inside the forming bridge. Across the board we confirm
the existence of an initial thermal regime with constant bridge width followed by a later inertial regime
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with bridge width scaling roughly as the square root of time, but see no evidence of an intermediate
viscous regime. Coalescence becomes slower as surfactant concentration grows, and we see evidence
of the appearance of a further slowdown of a different nature for several times the critical
concentration. We anticipate that our results provide further insights in the mechanisms of coalescence
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rsc.li/soft-matter-journal of surfactant-laden droplets.

1 Introduction

While ubiquitous in nature, droplet coalescence is also an
important process in various industrial applications, where
the rate of coalescence can determine their performance. For
example, in the context of bio-related microfluidic techno-
logies, slowing down coalescence in bio-particle encapsulation
on lab-on-chip devices is often desirable, and can be achieved
by using various additives, such as surfactants."” In contrast,
speeding up the rate of coalescence by adding surfactant
could be advantageous in applications, such as coatings® and
superspreading.*”

Experimental, theoretical, and numerical studies of coales-
cing droplets have thus far mainly focused on cases without
additives, e.g. water or polymer droplets.®° From the point of
view of numerical simulations, these have by and large pro-
vided descriptions of the macroscopic and dynamic properties
of coalescence,””®?%72%31733 put they generally continue to suffer
from inadequate resolution at the pinching point between
droplets at the initial stage of coalescence, despite progress
in this area.’” Moreover, a detailed molecular-level description
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of the mass transport mechanism of surfactant is beyond the
reach of any continuum model.****

Various attempts have been made to tackle this challenge.
For example, numerical models based on advection-diffusion
equations and chemical kinetic fluxes attempt to incorporate
the mass transport of surfactant into the equations,* but these
are only as good as the assumptions put into the model, while
a detailed molecular description still remains out of reach
for continuum simulation. When it comes to experimental
techniques,®?®** high-speed imaging and particle-image
velocimetry have been applied in investigating coalescence
of surfactant-laden droplets, and have mainly focused on the
macroscopic description of this phenomenon, much as in
the case of numerical simulation. Due to device limitations,
capturing with high resolution the early stages of coalescence
during experiments poses a major challenge. Both experiments
and continuum modelling are unable to provide a detailed
description of the mass transport mechanism at the molecular
level. In the case of molecular simulations, all-atom molecular
dynamics (MD) has explained different microscopic aspects of
coalescence, such as the role of the capillary waves on droplets’
surface, but these have only been in the context of pure water
droplets,® except for one recent study which considered a few
cases.”®

On the whole, though, the effect of surfactant in droplet
coalescence has largely remained unexplored, with implica-
tions actually reaching beyond this, for example, in the context
of surfactant-laden coalescence between micelle and bilayer.*®

This journal is © The Royal Society of Chemistry 2023
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The initial work® suggests that it plays an important role,
e.g. affecting the coalescence rate and dampening internal
droplet dynamics. Reduction of the surface tension at the
liquid-gas (LG) interface is usually expected, but the type of
surfactant (e.g., chemical groups and molecular architecture)
and its concentration are also anticipated to differently affect
the coalescence process. Differences are expected even when
the concentration is higher than the critical aggregation
concentration (CAC) and surface tension at the LG interface
is expected to remain constant.””>' On that account, unveiling
the details of this phenomenon from a molecular-level perspec-
tive is key for fundamentally understanding the underlying
mechanisms that can lead to tailor-made surfactant designs
for applications.

Here we report on a more detailed and robust study of
droplet coalescence using the methods of ref. 45, and a broader
range of surfactants and their concentrations. We employed
a high-fidelity coarse-grained force-field enabling us to simu-
late with MD the coalescence of surfactant-laden droplets.
We discuss the details of coalescence at each stage of the
process by comparing systems with different surfactant type
and concentration. Our data indicate that the underlying
mechanisms of coalescence are consistent between the differ-
ent cases, which point to universal features of surfactant
transport and droplet dynamics for the coalescence of
water droplets with surfactant. Differences in the behaviour
of different surfactants are also highlighted when relevant. The
dynamic and static characteristics are unveiled by discussing
both macroscopic- and molecular-level quantities, such as the
bridge growth dynamics and the velocity of droplet approach,
as well as describing the molecular transport of surfactant
within the liquid phase. Thus, we anticipate that the present
study lays a comprehensive account of the coalescence of
surfactant-laden droplets.

In the following section, we provide background informa-
tion for droplet coalescence. Then, Section 3 gives details on
our model and methodology, while Section 4 presents and
discusses the results of the coalescence simulations. Section 5,
draws some broader conclusions.

2 Background

A macroscopic description of the droplet coalescence can
generally be divided into three stages (see Fig. 1). The approach
of the droplets, which leads to the initiation of the phenomenon
(pinching) as a result of the inter-molecular interactions; the
subsequent growth of the bridge formed between the droplets;
and the final stage towards equilibrium, which manifests itself by
the formation of a single spherical droplet. The system is driven
towards the equilibrium state as it seeks to minimise the free-
energy associated with the surface tension at the droplet boundary.
Hence, on the coarsest level, the formation of larger droplets is
energetically favourable. In particular, for a droplet with N beads,
the droplet radius behaves as R, o« N** (Fig. 1a) since the volume
scales as N, while surface tension force as oc N*°.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Soft Matter

a tﬁf}:}-é;\u\ y k_yvate{) bead b A_(‘f:am_ v
hrit T Lt
2% .“,53‘\ ‘ o Hydrophilic § "'7"‘;"?"654; J e
S5 “%& h o R s{;%b T s
Ry =¥ - - Hydrophobic g 8 WL TR |

Buyyouid

0 Surfactant”aggregate

& - i Po

Fig. 1 Coalescence of droplets with C10E4 surfactant at low concen-
tration (6.25 wt%, top of each panel) below CAC = 7.5 wt% and concen-
trations above CAC (24.18 wt%, bottom of each panel). Snapshots show
the initial approach of the droplets (a), their pinching and initial formation
of the bridge (b), see also ESI,{ for a movie showing the pinching of the
droplets, configurations with a partially (c) and fully (d) developed bridge,
and the final equilibrium state (e). External or cross-section views are
shown to highlight the bulk, surface, and bridge structure of the droplets.
Magnified views of a micelle, a surfactant molecule, and a water bead are
shown in panel (a). Water vapour surrounding the droplets is not shown for
the sake of clarity.

The rate of bridge growth after the initial contact is key for
characterising the coalescence process and can generally be
described from the point of view of fluid dynamics by two
successive regimes, namely the viscous regime (VR) and the
inertial regime (IR).>>> Moreover, recent MD simulations have
uncovered the existence of a third, thermal regime (TR) during
the droplet pinching at the very initial stage of the coalescence
process,”** which will be discussed later in more detail. The
characteristic velocity in the VR can be defined as v, = y/3, where
y is the surface tension and # the viscosity, which suggests that
the capillary number Ca = yv,/y ~ 1, with the characteristic
time scale for droplet-sized effects being ¢, = Roj/y,'® with R, the
droplet radius as in Fig. 1. As coalescence proceeds to the
subsequent IR, the bridge flow can be characterised by
the Weber number, namely We = pvRo/y ~ 1 indicating the
limit that inertia effects will take over the surface tension
effects, while p is the density of the fluid. The bridge velocity
is found to scale as v; ~ 1/7/pRy, and thus the characteristic
time scale is #; = \/pR¢’ /7. For many purposes, especially in the
VR, the more relevant length scale is the radius of the bridge,
b (Fig. 1), and the corresponding Reynolds number can be
defined as Re = pb/n, which in the VR is pyb/n*. On the one
hand, since the bridge radius is very small in the initial stage,
the viscous forces are dominant regardless of the values of y
and 7 and Re « 1. On the other hand, Re > 1 reflects the IR.>’
Hence, it can be taken that the crossover between the viscous
and the inertial regimes would take place for Ca ~ 1 or Re ~ 1.
Taking the IR expression v; ~ +/y/bp using bridge size, we
obtain an estimate of the crossover bridge-radius, b. = #%/py,
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and a characteristic time ¢, = #*/py?, which for water droplets
would roughly correspond to b. ~ 15 nm and ¢ = 0.1 ns,
highlighting the fast time scales of coalescence."*

In the VR, where inter-molecular forces are playing a domi-
nant role in pulling the droplets together, a linear scaling has
been proposed for the growth of the bridge radius with time,
ie. b o t, as well as logarithmic corrections, b oc tInt.'***
In the case of the IR, a power-law scaling law has been
suggested for the bridge, namely b x /2.'%** Experimental
studies on the coalescence of water droplets are consistent
with this and have shown that 0.7 ns after the first contact of
the droplets, drag forces give way to the inertial ones and the
bridge radius has been reported to scale with time as b oc
(Roy/p)Y*t"* where R, is the initial droplet radius.'®*»%%>*
Other works have proposed scaling regimes that depend on
the ratio of characteristic scales to the viscous length scale
I, = n%/py.**>® Moreover, it is argued that the inertia of the
droplets cannot be neglected at the initial stage of coalescence.
Then, the initial stage would be better described as inertially
limited viscous (ILV) regime and a linear scaling with time for
the bridge radius has been proposed, which, according to
numerical simulations, is only realised when the coalescing
drops are initially separated by a finite distance.>’ In the case of
miscible and immiscible droplets, a similar viscous dominated
regime has been suggested, but immiscible droplets seem to
develop a bridge slower.>®

All-atom molecular dynamics simulations of pure two-
dimensional (cylindrical) water droplets have found that multi-
ple precursor bridges develop via thermal fluctuations at the
droplet’s surface, which initially connect the droplets and then
grow, thus identifying a thermal regime at the onset of
coalescence.® After a certain threshold, when the radius of
the growing bridge becomes larger than a thermal length scale,
Ir ~ (ksT/y)"*Ry/"?, the hydrodynamic regime is recovered,
continuum models can describe the process, and one expects
VR, IR, or ILV scaling. kg is Boltzmann’s constant and 7T the
temperature. Since surface tension appears in the denominator,
the addition of surfactant, which lowers the surface tension, is
expected to lead to the increase of the thermal length, /1, towards
an upper limit that is attained above the CAC. Moreover, these
all-atom MD simulations have found that, in the TR, the bridge
radius expands linearly in time with a velocity much faster than
the viscous—capillary regime due to the thermal, molecular
‘jumps’ at the droplets’ surface where multiple bridges are
formed.’ The initial thermal regime has also been recently
observed in the case of coarse-grained models for pure and
surfactant-laden three-dimensional (spherical) droplets, without
the formation of multiple thermal bridges but a single pinching
point instead.*®

The above considerations indicate that coalescence is still
under intensive debate even in the case of pure water droplets.
Moreover, only a few studies have dealt with droplet coales-
cence in the presence of surfactant,>®%407445776% while it is
generally expected that surfactant would decrease the surface
tension of the droplets and a delay in the process would
be potentially forecast,>**®' comprehensive understanding is
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currently lacking, which calls for a systematic investigation of
different surfactants for a range of concentrations. It has been
experimentally shown that the presence of surfactant would
locally reduce the surface tension on the droplet surface and a
nonuniform surfactant concentration would lead to surface
tension gradients that would eventually lead to surface flow
(Marangoni flow) and a rearrangement of the surfactant mole-
cules to counteract the gradient would delay the coalescence
process.*® One might also attempt to see whether the diffusion
and adsorption of surfactant at the droplets’ LG interface would
further affect the coalescence process, for example, by influen-
cing the flow field of the water molecules,* especially when
surfactant concentration is above the CAC and surfactant
aggregates are present in large amounts within the liquid bulk.
MD simulations based on a high-fidelity coarse-grained force-
field are capable of addressing these and other questions.

3 Model and methods

An important motivation for choosing the force-field for the
problem at hand is the ability to simulate relatively large
droplets that could allow for the investigation of the surfactant
mass transport mechanism with MD. Based on the fact that
coarse-grained force-fields would be a natural choice in this
case, and our success in previous investigations on the mass
transport mechanism of surfactant in the context of the super-
spreading phenomenon,”**”~* we have embarked on carrying
out our studies here by using MD simulations based on the
SAFT (statistical associating fluid theory) force-field.”*””> More
specifically, a force-field based on the SAFT-y Mie theory’® is
used, which can accurately reproduce relevant key properties of
water-surfactant systems, such as their phase behaviour and
surface tension.>®”77"7°

In the case of the SAFT force-field, interactions between
different coarse-grained (CG) beads within a distance smaller
than r. are described via the Mie potential, which is mathema-
tically expressed as

CNB e\
U(l’,‘,‘) = CS!'/' |i(’—”) - (I_U) , Ty S, (1)
y y

where

a

L 2\ A
=252 . 2
< <A§/A;}) (4) @

i and j are the bead types, ¢;; indicates the effective bead size,
and ¢; is the interaction strength between any beads of type i
and . 2§ = 6 and Aj; are Mie potential parameters, while r; is the
distance between two CG beads. Units are chosen for the
length, o, energy, ¢, mass, m, and time 7, which in real units
would correspond to: ¢ = 0.43635 nm, &/kg = 492 K, m = 44.0521 amu
and t = g(m/e)™> = 1.4062 ps. All simulations are carried out in
the NVT ensemble by using the Nosé-Hoover thermostat as
implemented in the LAMMPS package®® with an integration
time-step &t = 0.0057. Our simulations took place at room
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Fig. 2 Coarse-grained representation of water and surfactant molecules.
Surfactant’'s hydrophobic beads are shown in red, while the hydrophilic
parts of the surfactant are in yellow. A cyan bead corresponds to two water
molecules (a). C10E8 (b), C10E4 (c), and Silwet-L77 (d) CG surfactant
models.

temperature (T = 25 °C), which in the simulation units corre-
sponds to T = 0.6057¢/kg. Finally, a universal cutoff for all
nonbonded (Mie) interactions is set to r. = 4.5834.

We have considered surfactants of type CiEj, such as C10E8
and C10E4 (Fig. 2b and c) and a trisiloxane surfactant.**%>157-69
In the case of CiEj surfactants, a hydrophobic alkane CG ‘C’ bead
represents a -CH,-CH,-CH,- group of atoms, while a hydrophilic
CG ‘EO’ bead represents an oxyethylene group -CH,-O-CH,.
Silwet-L77 (Fig. 2d) is also considered as a trisiloxane surfactant
with the same number of beads as in the case of C10ES, but
different hydrophobic chemical units and architecture, where M
type beads represent a chemical group (-CH;);-Si-O;,, and D type
Oy/5— (CH3),-Si-0;,. Finally, a water CG ‘W’ bead corresponds to
two water molecules (Fig. 2a). The nonbonded interaction para-
meters between the above chemical groups, which can be used in
practice to simulate a wide range of surfactants with different
molecular architecture are reported in Table 1, while the mass of
each CG bead is documented in Table 2.

To tether beads together in the case of surfactant chains, a
bond potential is required, which in the case of this model is
harmonic, i.e.,

V(r,-j) = O.SIC(T'U‘ — O'l‘j)Z, (3)

where the harmonic constant k = 295.33 ¢/6>. Moreover, EO
beads experience a harmonic angle potential,

Table 1 Summary of Mie interaction parameters (eqn (1)). 1 = 6

i o [0a] &7 [e/kg] Agj
W-W 0.8584 0.8129 8.00
W-C 0.9292 0.5081 10.75
W-EO 0.8946 0.9756 11.94
W-M 1.0491 0.8132 13.72
W-D 0.9643 0.6311 10.38
C-C 1.0000 0.7000 15.00
C-EO 0.9653 0.7154 16.86
M-M 1.2398 0.8998 26.00
M-D 1.1550 0.7114 18.83
M-EO 1.0853 0.8262 22.18
D-D 1.0702 0.5081 13.90
D-EO 1.0004 0.6355 16.21
EO-EO 0.9307 0.8067 19.00
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Table 2 Mass of the CG beads

Bead type Mass [m]
w 0.8179
C 0.9552
EO 1.0000
M 1.8588
D 1.6833
Vo(0yx) = 0.5k0(0y — 0o)7, (4)

where 0y is the angle between consecutive beads 7, j and k
(here, 7, j, k indicate the order of EO beads instead of bead type),
ko = 4.32¢ rad %, and 0, = 2.75 rad is the equilibrium angle.
Further discussion on the model can be found in previous
studies.®”"*°

To prepare the initial configuration of each system, indivi-
dual droplets were first equilibrated in the NVT ensemble. The
total number of beads in the simulations was 10> per initial
droplet, with approximately 5% evaporation into the gas.
Droplet diameters were ~ 530, which is about 23 nm, similar
to that of several previous studies.®** Careful consideration was
given not only to observing the energy of the system, but, also,
making sure that the distribution of surfactant clusters has
reached a dynamic equilibrium and that each of them was able
to diffuse a distance many times its size. After equilibration of
the individual droplets, the volume of the simulation box was
doubled and the two droplets (and the surrounding gas) were
placed next to each other as shown in Fig. 1a. In this way,
roughly the same thermodynamic conditions are maintained
and further evaporation that would reduce the number of water
molecules of the droplets is avoided. The final size of the
simulation box is also chosen large enough to avoid the
interaction of mirror images of the droplets over the periodic
boundary conditions. Fig. 1 illustrates typical snapshots at
different stages during coalescence for cases below and above
CAC. For our study, we have considered a range of different
surfactant concentrations up to about 6 x CAC, which cover the
relevant span of phenomena. A summary of the mean values of
various properties for our systems is given in Table 3. We can
see that increasing surfactant concentration slightly increases
the size of the droplet. Also, note that the CAC in the case of
Silwet-L77 in terms of wt% is almost double that of C10E4 and
C10E8 surfactants.

To obtain reliable estimates of the bridge growth dynamics
and the mass transport mechanism, snapshots of the system
are made frequently (every 250 MD time steps) for the initial
4 x 10° MD time steps, and cluster analysis is performed to
identify the beads belonging to the liquid phase (droplets),
which is used for our properties analysis. The bridge region is
chosen to be a slab with a width in the X (approach) direction
that is calculated for each configuration. In particular, the left
and right limits of the slab are determined by analysing the grid
points on the X-Z plane at position Y = 0 according to the
procedure shown in Fig. 3b. We fit a circle around each droplet
and note the surface grid positions at the central X = 0 position,
shown by the red points in Fig. 3b. Horizontal lines are drawn
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Table 3 Properties of individual droplets (equilibrium)

Concentration (wt%)  Diameter (7))  Water beads®  # Molecules

C10E4

6.25 53.08 90466.09 714
12.37 53.02 85496.45 1429
24.18 53.62 75572.27 2857
35.48 54.14 65746.73 4286
46.02 54.63 55966.55 5714
CAC ~ 7.5 wt%

C10E8

6.25 52.74 90519.09 455
12.37 52.98 85500.09 909
24.18 53.40 75722.36 1818
35.48 53.91 65862.36 2727
46.02 54.33 56488.91 3636
CAC ~ 7.5 wt%

Silwet-L77

7.6 52.62 90438.45 455
14.8 53.01 85574.64 909
28.2 53.89 75786.36 1818
40.3 54.78 66312.82 2727
51.2 55.71 56787.91 3636

CAC ~ 16.23 wt%

“ Indicates the average number of water beads.

in the X direction passing through these red points to touch the
fitted circles, thus defining the rectangle in green. The vertical
sides of the rectangle give the limits of the bridge slab in the X
direction, and its width. All molecules with centres having X
coordinates inside these limits are labelled as belonging to the
bridge in a given snapshot. On the other hand, the bridge
radius b shown in Fig. 1c and 3 is calculated using the distances
between extrema of the positions of the beads belonging to the
grids located at X = 0. That is this distance is first calculated

[+
Left Surface

Right Bulk

Z(0)

X(o)

Fig. 3 Bridge analysis and domains for analysing the mass transport
mechanism. Six different regions for the position of the molecules within
the droplets are considered, namely, bridge bulk and surface, left and right
surface and bulk. (a) A snapshot obtained by the MD simulation with a
clearly developed bridge length. (b) Analysis of an X-Z projection for
identifying the bridge based on the method described in Section 3.
(c) Different regions of the droplets considered for analysing the mass
transport mechanism of surfactants between these regions (see ESIt for
further details).
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separately for the Z coordinate to give a distance 2b,, and then
for the Y coordinate to give 2by. The final bridge radius
estimate is then given by b = (b, + by)/2.

We also describe the mass transport mechanism by tracking
each surfactant molecule during the coalescence and then
identifying the probability of adsorption of each molecule to
different regions in the liquid phase, namely the left and right
LG surfaces and the bulk, and the surface and interior of the
bridge (Fig. 3b and c). Further discussion and details on the
calculation of probabilities related to the mass transport
mechanism can be found in the ESL ¥ Finally, we have calcu-
lated the density profiles of the water and surfactant molecules
during coalescence, the flow field at different times, as well as
the approach distance and velocity of approach of the droplets
and their asphericity, for which further details are discussed in
the ESI.{

4 Results and discussion
4.1 Coalescence mechanism

The initial stage of droplets’ coalescence manifests itself via
their pinching as illustrated by the snapshots of Fig. 4 and
movies in the ESL{ In this early stage of the phenomenon, a
previous study on coalescence with pure water droplets has
shown via all-atom MD that multiple bridges form on the
surface of the droplets and the overall radius of the affected
region grows linearly over time.” Here, we rather see that the
droplet pinching initially involves only the surfactant molecules
at the droplets’ surfaces, particularly when the surfactant
concentration is higher. Here and in those previous results
the size of the droplets are about the same. Fig. 4 illustrates the
single pinching of the droplets based on our model, whereby
hydrophobic parts of the surfactants come together forming

YOS WG
‘_g_\f"-‘.. { ..'I

Fig. 4 Pinching of droplets with C10E4 surfactant in the TR for concen-
tration above (a, 35.4 wt%) and below (b, 6.25 wt%) CAC. For each case,
a magnified view of the initial bridge formation is shown, as well as the
distribution of surfactant (hydrophobic beads in red and hydrophilic in
yellow colour) and water molecules (cyan colour). (a) t = t. + 8751,
(b) t = t. + 8.757.
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Fig. 5 Density profiles of surfactant beads, C10E4 (46.2 wt%) (upper row)
and water beads (lower row) on the mid plane (width of 6¢) at different
stages after the time t. at which a permanent contact between the
droplets is established (a) t = tct, (b) t = t. + 71.257, (c) t = t. + 98.757.

aggregates, while water molecules remain further from the
pinching point (Fig. 4). By inspecting the density profile of
the droplets during coalescence and considering a cross-
section on the X-Y plane passing through the centre of mass
of the droplets for high-concentration droplets, we can better
highlight the aggregates at the cross-section (Fig. 5). One can
observe that the water density between the droplets is negligi-
ble (the grid used for the calculation of the density profile does
not resolve the bead size), in contrast to the density of surfac-
tant. Therefore, the latter is solely responsible for the droplet
pinching. At later times and when the bridge has developed
past the very initial pinching stage, water molecules become

T Y

New Aggregates
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part of the bridge (Fig. 5b). However, the bridge region is still
dominated by the presence of surfactant, with surfactant den-
sity values similar to those inside aggregates. It is notable that
surfactant continues to be present in the bridge in significant
amounts even at later stages of coalescence, when the bridge
has been almost fully developed (Fig. 5c). The reasons for this
will become more apparent when further details on the surfac-
tant mass transport are unveiled.

After the initial droplet pinching (Fig. 4), the contact
between the droplet persists and the growth of the bridge,
which manifests by the large change in curvature at the surface,
takes place as shown in Fig. 6. Moreover, we analysed the
surfactant mass transport mechanism during coalescence,
and the main adsorption processes of surfactant were moni-
tored. These processes are described by the probabilities of
surfactant remaining at a particular region or moving between
the different regions shown in Fig. 3c during coalescence.
These are documented in the ESIf for all surfactant types and
concentrations considered in our study. On the basis of these
probabilities we have indicated by arrows the main surfactant
movements (Fig. 6). In particular, the concentration of surfac-
tant is high at the initial contact of the droplets due to the
preexisting surfactant at the droplet surfaces (Fig. 6a and d),
which becomes trapped in between the droplets. As the bridge
gradually grows, we observe that most of the surfactant, which
was initially on the surfaces of the droplets, preferably moves
towards the surface of the bridge, which is energetically more
favourable. However, the bridge surface has limited place for

Fig. 6 Mass transport mechanism of surfactant (C10E8) during the coalescence process, for concentrations above (upper panel) and below (lower
panel) CAC. The size of the arrows reflects the probabilities associated with surfactant transport to the different droplet areas (see Table S4 of the ESIf
for further details). Above the CAC (a—c, 46.2 wt%) snapshots were obtained at times (a) t. + 22.51, (b) t. + 172.57, (c) t. + 480.0t while below the CAC
(d—e, 6.2 wt%) times shown are (d) t. + 25.01, (e) t. + 66.37, (f) t. + 116.37, soon after the end of the thermal regime (a,d), the development of the bridge
and the formation of new aggregates (b) or surfactant monomers remaining in the bridge region (e), and the full development of the bridge (c) and (f).
Magnified views of the bridge region and its cross-section (showing only surfactant hydrophobic beads in the bridge region, red) are attached above and
to the right of the snapshots, respectively. Fig. S4 in the ESI¥ illustrates results for the C10E4 surfactant.

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Density profiles of a X—Y cross-section (X and Y are the coordinates
of the centre point of each grid voxel) passing through the centre of mass
of the droplets with (a) C10E4 (46.2 wt%) t = t. + 288.757 and (b) Silwet-L77
(51.2 wt%), t = t. + 437.507. Upper panels show the number density of the
surfactant beads, lower panels of the water.

accommodating all surfactant from the initial LG surfaces of
the droplets, since in this area between the droplets the surface
excess concentration is doubled at the initial approach. As a
result, some surfactant remains in the bulk and forms new
aggregates, which is most clearly seen in the case of higher
surfactant concentrations (Fig. 6b, ¢ and Fig. S1-S3 and movie
in the ESIt). In contrast, when the concentration is lower than
CAC, the bridge surface is able to accommodate surfactant
molecules that existed on the LG surfaces before the coales-
cence (see Tables S1-S3, ESIt for detailed surfactant counts).

We observe that most of the surfactant activity takes place in
the bridge area and that the dominant process is transport
towards the bridge surface. We do not see any clear evidence of
Marangoni flow in the studied system, possibly due to there not
being enough space or time for it to develop. By analysing our
data, we have verified that the qualitative features of the mass
transport mechanism are independent of the surfactant type or
concentration, while the largest quantitative differences were seen
in the case of Silwet-L77. In particular, Silwet-L77 tends to form a
larger number of aggregates but their overall density is lower than
that of the C10E4 and C10E8 surfactants, which also implies that
higher quantities of water molecules are found among surfactant
in the case of droplets with Silwet-L77. To illustrate these effects,
the density profiles of droplets with either C10E4 or Silwet-L77
with high surfactant concentration are plotted in Fig. 7. Finally, in
terms of the mass transport (Table S4 in the ESIf contains
details), we find that Silwet-L77 have a higher tendency to move
towards the surface of the bridge in comparison with C10E4 and
C10E8 surfactants, which is in line with previous observations in
systems with surfactant-laden droplets.®® In turn, this results in
the formation of fewer aggregates in the bridge in the case of
droplets with Silwet-L77 surfactant.

4.2 Water flow

In a previous study,””> we have shown that the coalescence of
water droplets is characterised by intense internal flow varia-
tions during the thermal regime, which attenuate with the
increase of surfactant concentration. Fig. 8 illustrates the flow

of water in the case of water droplets and those with surfactant
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X 0 -0 = 40

Silwet — LTT i

v(o/T)

—09 —-06 —0.3 0.0 0.3 0.6 0.9

Fig. 8 Flow field of water inside the droplets for the case without
surfactant (a)—(c), with C10E4 (46.2 wt%, d-f), and with Silwet-L77
(51.2 wt%, g—i) surfactant. Cross-sections through the centre of mass are
shown. Red reflects the intensity of flow motion (only water) toward the
bridge X component of velocity, blue away from the bridge. The averaged
data of red and blue grids indicating the total flow towards the bridge and
away of it in the droplets and in the bridge region are reported in the ESIf
and discussed further in the main text. Note that the white space between
the water areas (e.g. in the bridge) includes surfactant aggregates and
surfactant on the surface. The snapshots were obtained at times (a), (d) and
(9) te, (b) tc + 90.757, (c) t. + 275.257, (e) t. + 183.751, (f) t. + 24467,
(h) tc + 4257, and (i) t. + 2437.57.

after the initial thermal regime and at the initial stages of the
power-law (IR) regime. Firstly, as expected, the data suggest that
there is an increased water flow toward the bridge (red colour)
throughout the coalescence process. This is particularly visible
in the bulk in the IR phase, as can be better seen in data
included in Tables S6-S8 in the ESI.{ These are separately
averaged for the red and the blue grids and concern the pure
water and surfactant-laden droplets at high concentration.
Moreover, surfactant attenuates the free flow of water mole-
cules toward the bridge, because it reduces the surface tension
at the droplets’ LG surface and moreover forms aggregates in
the bulk that hinder the flow directly. The formation of
aggregates at the pinching point is also seen, which manifests
by the empty spots in the flow field of Fig. 8. These observations
are valid for all of the different surfactants studied here and for
the whole range of concentrations above CAC.

4.3 Bridge growth

The growth rate of the bridge radius, b, is a key parameter that
characterises the dynamics of the coalescence process. From a
fluid dynamics perspective, the VR and IR have mainly been
proposed, where the former manifests itself through a linear
dependence on time, b ~ ¢, while the latter is described by a
slower power-law dependence, namely b ~ /105255581

1
with expected f ~ 5 In addition, all-atom molecular dynamics

have identified a thermal regime at the very early stage of
coalescence, which persists over the length scale I; as

This journal is © The Royal Society of Chemistry 2023
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0.0(wt%), B=0.541+0.002
6.2(wt%), B=0.603+0.004
12.3(wt%), p=0.496+0.004
24.2(wt%), B=0.509+0.005
& 35.4(wt%), p=0.466+0.003
46.2(wt%), B=0.554+0.003
— IR

10.0f

b (0)

10° 10! 107
t=11lT)
Fig. 9 Bridge length b as a function of time from the first contact of the
droplets at t. for different concentrations of C10E4 surfactant, as indicated.
Power-law fits ~t* are shown, labeled “IR". I is the thermal length in the
case of surfactant-laden droplets above CAC, while [, is the thermal length
in the case of pure water droplets.

mentioned in Section 1.° Well beyond this length, the hydro-
dynamic description is considered valid. In view of the impor-
tance of b in describing the dynamics of coalescence and the
various scenarios discussed thus far in the literature, we have
embarked here on investigating the time evolution of b for a
range of different surfactants and concentrations. Fig. 9 pre-
sents results for droplets with C10E4 surfactant at different
concentrations, both below and above the CAC. In Fig. S6 in the
ESLf results for other surfactants and concentrations are
shown. Overall, our model captures two different coalescence
regimes, namely an initial TR and a subsequent power-law
regime characterised by power law exponents f§ in the range
0.46-0.71, mean f§ = 0.57 close to those predicted by IR scaling.
We observe different exponents for different surfactant concen-
tration, with more or less random variation from case to case,
which may be due to finite size effects and different internal
aggregate configurations. Prefactors generally decrease with
growing surfactant concentration, leading to a slowdown of
growth. Hence, as in the case of all-atom water simulation,” our
CG model is also confirming the existence of a TR and an
inertial-like power-law regime. The TR persists over a time
0(107) during which the length of the bridge is well described
by the length Ir both for the pure and the surfactant-laden
droplets. In Fig. 10, we compare the bridge growth for three
different surfactants below and well above CAC to each other
and pure water. Differences in the surface tension above CAC
for the different surfactants are generally expected to be small,
and our results for b(¢) also differ a little, which agrees with the
expectation that bridge size in this regime is determined by the
thermal length Iy oc /%,
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a 0.0(wt%), B=0.5420.003
& C10E4, 6.2(wt%), B=0.603+0.004
C10E8, 6.2(Wt%), B=0.71120.007
Silwet — L77, 7.6(wt%), B=0.476x0.004

s OO

b(o

10° 101 1g*%
t—tc(7)
0.0(wt%), B=0.5420.003
S C10E4, 46.2(wt%), B=0.563%0.003
C10E8, 46.2(wt%), B=0.633£0.004
Silwet — L77, 51.2(wt%), B=0.537%0.003

10.0-

b (o)

10° 10! 102
t—t:(7)
Fig. 10 Comparison of bridge radius growth b(t) for different surfactants,

below (a) and significantly above (b) CAC. Power-law fits ~t* are shown,
for times counted from the first contact of the droplets at t..

Following the TR, we observe the transition to the power-law
regime. The time for the transition to occur is longer when
droplets have a higher surfactant concentration. The power-law
regime is characterised by exponents close and generally above
0.5. The mean over all cases is § = 0.57 and standard deviation
0.06, while the reference pure water case gives ff = 0.541.
It is also clearly seen that adding surfactant will lead to slower
dynamics overall, regardless of exponent variability, as well as a
delay in the start of the bridge growth - see ESIt Fig. S5. We can
also see a trend that C10E8 clearly has higher f exponent than
pure water and than C10E4 (Compare Fig. S6 in the ESIt with
Fig. 9). Otherwise, the main variation lies in the reduction of
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the growth prefactor as surfactant concentration grows, as can
be seen by the progressive shifting of the evolution to the right
in the logarithmic plots of Fig. 9, 10, and ESI{ Fig. S6. This
trend is broadly similar for all surfactants that we studied, with
the addition that Silwet-L77 displayed a significantly slower
growth in all respects, and in particular lower maximum
velocity (see ESL, Fig. S7 and S8).

4.4 Velocity of approach and asphericity

A complementary measure of the coalescence dynamics is
obtained by monitoring the total length of the droplets in the
X direction, whence the velocity of approach u« = X can be
obtained.?>®> Data for droplets with C10E4 surfactant are
presented in Fig. 11, and show that the fastest approach takes
place in the middle of the process at a time about 1507, which is
similar for different surfactants. Although the exponents f of
the bridge radius are roughly similar for all cases, we observe
that the droplets with surfactant consistently exhibit a smaller
maximum speed. Moreover, the process is shorter in time in
the case of pure water droplets. A different behaviour appears
well above CAC (e.g. four times above), when the process
becomes significantly slower, sometimes rather suddenly.
A conjecture is that this is due to increased internal rigidity
of the aggregates present in the bulk. Monitoring the ratio of
droplet radius to bridge radius Ly/l,; & Ro/b one finds that
maximum coalescence velocity occurs for very broad bridges
L/l =~ 1.2 when the surfactant concentration is low but earlier
and for much smaller bridge size L,/l;,; ~ 1.8 when well above
CAC. This would be consistent with the conjecture that a major

0.0(wt%)

140- ©  62(wt)
12.3(wt%)
24.2(wt%) S

1200 ©  3B4(wth) I
46.2(wt%)

60 500 1000 1500
t—t.(7)

Fig. 11 System length, X, in the coalescence direction for different con-
centrations of C10E4. The inset shows the instantaneous velocity of
approach u = dX/dt. The maximum speed occurs at droplet-to-bridge
width ratios of L /l,, = 1.22 (0.0 wt%), 1.22 (6.2 wt%), 1.30 (12.3 wtX%), 1.40
(24.2 wt%), 1.80 (35.4 wt%), 1.80 (46.2 wt%).
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slowdown occurs once significant internal rearrangements, as
necessitated by a broad bridge in high concentrations, become
necessary. Further results for different surfactants and com-
parative plots are shown in the ESIt (Fig. S7 and S8).

Monitoring the asphericity of the two coalescing droplets
(Fig. S9 and S10 in the ESIt), as a complimentary measure to
monitor the lateral changes in the dimensions of the system,
we can observe that this generally follows the behaviour of the
velocity of approach. Pure water droplets complete the coales-
cing process obtaining the final spherical shape much faster
than in the case of droplets with surfactant. As with approach
velocity and system size, we see a change in behaviour when
surfactant concentration increases, but the change is gradual
and does not occur at the CAC but well above.

5 Conclusions

In this study, we have analysed various macroscopic and
microscopic properties of droplets laden with surfactant and
unveiled the surfactant mass transport mechanism during the
process for different surfactants and a range of concentrations.
We have demonstrated that the underlying mechanisms and
flow patterns of coalescence are universal, qualitatively and
often quantitatively independent of the type of surfactant.
Particular differences between Silwet-L77 and CiEj surfactants
have been noted in the bridge dynamics for concentrations
below the CAC. We have also observed that water molecules are
not part of the initial pinching process of coalescence at larger
(above CAC) surfactant concentration, which is driven by
surfactant aggregation at the droplet’s surface.

Other features include the engulfment of part of the initial
contact surface inside the forming bridge, the existence of an
initial thermal regime, followed by a later power-law growth of
the bridge radius with power exponents close to 1, as expected
in the inertial regime. We saw no evidence of an intermediate
viscous regime. One possibility is that the droplets, despite
being large computationally, were still too small for the VR to
emerge out of the thermal regime before the IR is activated.
Coalescence also universally becomes slower as surfactant
concentration grows, and we see evidence of the appearance
of a further slowdown with different qualities for several times
the critical concentration, using several different indicators. We
conjecture that this is due to the appearance of greater internal
stiffness caused by closely-packed surfactant aggregates in the
bulk. The range of concentrations studied here reflects the
need in practical applications where surfactant concentration is
usually above the CAC.®* We anticipate that our results demon-
strate the mechanisms of a fundamental process in nature and
technological applications, which remain universal.
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FIG. S1. Droplet interiors in the inertial regime showing the presence of new aggregates emerging
during the coalescence process. Cross-sections are shown at times roughly corresponding to Fig. 1c
by bridge radius for C10E4 in different concentrations, as follows: (a) 6.2 wt%, t. + 45.00 7; (b)
12.3 wt%, t.+47.50 ; (c) 24.2 wt%, t.+48.75 7; (d) 35.4 wt%, t.+63.75 7 (e) 46.2 wt%, t.+92.5 7.

FIG. S2. Droplet interiors in the inertial regime showing the presence of new aggregates emerging
during the coalescence process. Cross-sections are shown at times roughly corresponding to Fig. 1c
by bridge radius for C10E8 in different concentrations, as follows: (a) 6.2 wt%, t. + 50.00 7; (b)
12.3 wt%, t. + 52.50 75 (c¢) 24.2 wt%, t. + 70.00 7; (d) 35.4 wt%, t. + 85.00 7; (e) 46.2 wt%,
te +92.50 7.

which complement our data in Fig. 6 of the manuscript.

The information provided in Tables S1, S2, and S3 reveals that while a significant pro-
portion of molecules from the surface of the droplets in the contact area are transported
to the surface of the resulting bridge during coalescence, some of these molecules become
trapped and remain within the bulk of the formed droplet (as evidenced by the increased
count in the bulk).



FIG. S3. Droplet interiors in the inertial regime showing the presence of new aggregates emerging
during the coalescence process. Cross-sections are shown at times roughly corresponding to Fig. 1c
by bridge radius for Silwet-L77 in different concentrations, as follow: (a) 7.6 wt%, t. + 32.50 7;
(b) 14.8 wt%, t. + 53.75 7; (c) 28.2 wt%, t. + 68.75 7; (d) 40.3 wt%, t. + 81.25 7; (e) 51.2 wt%,
te +93.75 T.

The relative contributions from surfactant transport processes from one part of a droplet
to others over short time scales At’ are reported in Table S4 for three types of surfactant
and the range of concentrations considered in our study. Fig. S4 shows cross-sections of the

evolving droplets for C10E4, complementing also Fig. 6 of the manuscript.

TABLE S1. Number of surfactant molecules (C10E4) before pinching (“Initial snapshot”, for
example, see Fig. 1a) and at the end (“Last snapshot”, for example, see Fig. 1e) of the coalescence
process in the bulk and at the surface of the droplets.

Concentration (wt%): 6.25 12.37 24.18 35.48 46.09
Initial snapshot (two droplets)

Bulk 0 202 2184 4096 5899
Surface 1428 2656 3530 4476 29529
Last snapshot (one droplet)

Bulk 10 234 2229 4329 6167

Surface 1418 2624 3485 4243 5261




TABLE S2. Number of surfactant molecules (C10ES8) before pinching (“Initial snapshot”, for
example see Fig. 1a) and at the end (“Last snapshot”, for example, see Fig. 1e) of the coalescence
process in the bulk and at the surface of the droplets.

Concentration (wt%): 6.25 12.37 24.18 35.48 46.09
Initial snapshot (two droplets)

Bulk 0 379 1429 2514 3579
Surface 910 1439 2207 2940 3693
Last snapshot (one droplet)

Bulk 11 400 1511 2603 3782
Surface 899 1418 2125 2851 3490

TABLE S3. Number of surfactant molecules (Silwet-L77) before pinching (“Initial snapshot”, for
example see Fig. 1a) and at the end (“Last snapshot”, for example, see Fig. 1e) of the coalescence
process in the bulk and at the surface of the droplets.

Concentration (wt%): 7.6 14.8 28.2 40.3 51.2
Initial snapshot (two droplets)

Bulk 0 8 939 2056 3122
Surface 910 1810 2697 3398 4150
Last snapshot (one droplet)

Bulk 15 27 997 2221 3374

Surface 895 1791 2639 3233 3898




TABLE S4: Summary of the relative contributions from all relevant surfactant transport processes

in the coalescing droplets. The table lists the relative frequency of transport from one region to

another over a time interval At’ = 1.257 as a percentage of the mean number of surfactant molecules

in source regions. Data was averaged over consecutive snapshots made at At intervals during the
entire coalescence process which lasts O(1000 — 2000)7. CAC ~ 7.5 wt% for C10E4 and C10ES.

Probabilities

Concentration (wt%) C10E4 and C10ES8

6.25 12.37 24.18 35.48 46.09

Silwet-L77

7.61 14.82 28.21 40.25 51.19
Remaining at bridge bulk
C10E4 0.8774 0.8098 0.8765 0.8647 0.8529
C10E8 0.8728 0.8435 0.8693 0.8669 0.8741
Silwet-L77 0.8915 0.8904 0.8814 0.8192 0.7958
Movement from bridge bulk to left surface
C10E4 0.0000 0.0000 0.0005 0.0003 0.0004
C10E8 0.0000 0.0000 0.0001 0.0002 0.0004
Silwet-L77 0.0000 0.0015 9.1e-5 0.0002 0.0005
Movement from bridge bulk to left bulk
C10E4 0.0066 0.0093 0.0648 0.0388 0.0388
C10E8 0.0075 0.0472 0.0460 0.0419 0.0403
Silwet-L77 0.0052 0.0068 0.0337 0.0392 0.0403
Movement from bridge bulk to bridge surface
C10E4 0.1092 0.1542 0.0326 0.0575 0.0685
C10E8 0.1081 0.0642 0.0424 0.0504 0.0428
Silwet-L77 0.0912 0.0882 0.05551 0.1017 0.1254
Movement from bridge bulk to right surface
C10E4 0.0000 0.0008 9.7e-5 0.0004 0.0004
C10E8 0.0000 0.0004 0.0004 9.7e-5 0.0007
Silwet-L77 0.0000 0.0000 9.1e-5 0.0002 0.0008

Cont. next page. . .



Concentration (wt%)

C10E4 and C10ES8

6.25  12.37 24.18 35.48 46.09
Silwet-L77

7.61 14.82 28.21 40.25 51.19
Movement from bridge bulk to right bulk
C10E4 0.0066 0.0257 0.0252 0.0381 0.0388
C10ES8 0.0113 0.0444 0.0413 0.0402 0.0413
Silwet-L77 0.0119 0.0129 0.0290 0.0391 0.0370
Remaining at bridge surface
C10E4 0.9398 0.9284 0.9360 0.9244 0.9099
C10ES8 0.9284 0.9428 0.9352 0.9249 0.9251
Silwet-L77 0.9307 0.9494 0.9375 0.9083 0.9065
Movement from bridge surface to left surface
C10E4 0.0275 0.0305 0.0260 0.0237 0.0259
C10ES8 0.0330 0.0256 0.0258 0.0278 0.0253
Silwet-L77 0.0315 0.0227 0.0251 0.02893 0.0254
Movement from bridge surface to left bulk
C10E4 0.0001 0.0001 5.5e-5 0.0001 0.0003
C10E8 0.0000 0.000 0.0001 0.0002 0.0003
Silwet-L77 9.4e-5 0.0000 3.4e-5 0.0001 0.0002
Movement from bridge surface to bridge bulk
C10E4 0.0042 0.0103 0.0098 0.0262 0.0373
C10ES8 0.0057 0.0087 0.0129 0.0181 0.0235
Silwet-L77 0.0077 0.0045 0.0110 0.0321 0.0417
Movement from bridge surface to right surface
C10E4 0.0281 0.0304 0.0279 0.0251 0.0261
C10ES8 0.0326 0.0226 0.0255 0.0284 0.0252
Silwet-L77 0.0298 0.02317 0.0260 0.0300 0.0257

Cont. next page. ..



Concentration (wt%)

C10E4 and C10ES8

6.25  12.37 24.18 35.48 46.09
Silwet-L77

7.61 14.82 28.21 40.25 51.19
Movement from bridge surface to right bulk
C10E4 0.0000 2.5e-5 4.1e-5 0.0003 0.0002
C10ES8 8.7e-5 5.8e-5 0.0001 0.0002 0.0004
Silwet-L77 0.0000 0.0000 3.4e-5 0.0002 0.0002
Remaining at left bulk
C10E4 0.9332 0.9849 0.9894 0.9877 0.9835
C10ES8 0.9074 0.9945 0.9870 0.9864 0.9803
Silwet-L77 0.9171 0.9210 0.9934 0.9913 0.9825
Movement from left bulk to left surface
C10E4 0.0046 0.0092 0.0052 0.0092 0.0138
C10ES8 0.0092 0.0012 0.0095 0.0111 0.0158
Silwet-L77 0.0213 0.0396 0.0027 0.0055 0.0150
Movement from left bulk to bulk bridge
C10E4 0.0000 0.00021 0.0031 0.0012 0.0011
C10E8 0.0000 0.0019 0.0021 0.0008 0.0010
Silwet-L77 0.0000 0.0015 0.0009 0.0010 0.0011
Movement from left bulk to surface bridge
C10E4 0.0000 0.0000 9.7e-6 4.9e-6 1.1e-5
C10E8 0.0000 0.0000 1.9e-5 9.8e-6 1.8e-5
Silwet-L77 0.0000 0.0000 0.00000 6.8e-6 1.3e-5
Movement from left bulk to right surface
C10E4 0.0000 0.0003 2.4e-5 3.5e-5 6.2e-5
C10E8 0.0000 0.0002 2.4e-5 2.7e-5 2.7e-5
Silwet-L77 0.0000 0.0024 3.2e-5 5.2e-5 6.7e-5

Cont. next page. ..



Concentration (wt%)

C10E4 and C10ES8

6.25  12.37 24.18 35.48 46.09
Silwet-L77

7.61 14.82 28.21 40.25 51.19
Movement from left bulk to right bulk
C10E4 0.0621 0.0052 0.0020 0.0018 0.0013
C10ES8 0.0833 0.0020 0.0011 0.0015 0.0026
Silwet-L77 0.0615 0.035 0.0027 0.0020 0.0011
Remaining at left surface
C10E4 0.9942 0.9922 0.9912 0.9863 0.9801
C10ES8 0.9931 0.9948 0.9887 0.9859 0.9788
Silwet-L77 0.9947 0.9956 0.9954 0.9926 0.9840
Movement from left surface to left bulk
C10E4 2.1e-5 0.0008 0.0034 0.0094 0.0159
C10ES8 5.9e-5 0.0003 0.0067 0.0104 0.0168
Silwet-L77 0.0001 0.0004 0.0010 0.0037 0.0126
Movement from left surface to bridge bulk
C10E4 0.0000 0.0000 1.6e-5 5.8e-6 1.4e-5
C10E8 1.2e-5 0.0000 3.4e-6 9.1e-7 1.7e-5
Silwet-L77 0.0000 0.0000 0.0000 5.7e-7 7.6e-6
Movement from left surface to bridge surface
C10E4 0.0032 0.0037 0.0029 0.0017 0.0018
C10E8 0.0045 0.0027 0.0032 0.0015 0.0014
Silwet-L77 0.0033 0.0022 0.0015 0.0017 0.0019
Movement from left surface to right surface
C10E4 0.0025 0.0031 0.0029 0.0024 0.0019
C10E8 0.0022 0.0020 0.0012 0.0020 0.0028
Silwet-L77 0.0017 0.0015 0.0019 0.0017 0.0012

Cont. next page. ..



Concentration (wt%)

C10E4 and C10ES8

6.25  12.37 24.18 35.48 46.09
Silwet-L77

7.61 14.82 28.21 40.25 51.19
Movement from left surface to right bulk
C10E4 0.0000 2.8e-5 1.1e-5 3.2e-5 6.5e-5
C10ES8 1.2e-5 3.0e-5 2.4e-5 3.1e-5 1.7e-5
Silwet-L77 0.0000 2.0e-5 1.0e-5 3.4e-5 5.2e-5
Remaining at right bulk
C10E4 0.9251 0.9831 0.9900 0.9875 0.9831
C10ES8 0.9103 0.9926 0.9871 0.9859 0.9808
Silwet-L77 0.9493 0.9155 0.9937 0.9912 0.9833
Movement from right bulk to right surface
C10E4 0.0000 0.0096 0.0068 0.0094 0.0142
C10ES8 0.0373 0.0033 0.0097 0.0116 0.0153
Silwet-L77 0.0059 0.0428 0.0025 0.0056 0.0143
Movement from right bulk to bulk bridge
C10E4 0.0000 0.0018 0.0011 0.0011 0.0011
C10E8 0.0000 0.0018 0.0019 0.0007 0.0010
Silwet-L77 0.0000 0.0015 0.0008 0.0010 0.0010
Movement from right bulk to surface bridge
C10E4 0.0000 0.0000 2.4e-6 1.1e-5 1.4e-5
C10E8 0.0000 0.0000 2.8e-5 7.9e-6 1.9e-5
Silwet-L77 0.0000 0.0000 2.7e-6 6.85e-6 2.0e-5
Movement from right bulk to left surface
C10E4 0.0000 0.0001 1.9e-5 2.7e-5 5.0e-5
C10E8 0.0014 0.0001 1.9e-5 2.9e-5 2.7e-5
Silwet-L77 0.0000 0.0018 2.4e-5 5.4e-5 7.3e-5

Cont. next page. ..
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Concentration (wt%)

C10E4 and C10ES8

6.25  12.37 24.18 35.48 46.09
Silwet-L77

7.61 14.82 28.21 40.25 51.19
Movement from right bulk to left bulk
C10E4 0.0748 0.0051 0.0019 0.0018 0.0013
C10ES8 0.0508 0.0019 0.0011 0.0015 0.0026
Silwet-L77 0.0447 0.0381 0.002 0.0020 0.0011
Remaining at right surface
C10E4 0.9940 0.9923 0.9898 0.9859 0.9795
C10ES8 0.9932 0.9946 0.9884 0.9856 0.9793
Silwet-L77 0.9948 0.9956 0.9954 0.9926 0.9845
Movement from right surface to right bulk
C10E4 0.0000 0.0008 0.0045 0.0096 0.0165
C10ES8 0.0002 0.0010 0.0069 0.0107 0.0163
Silwet-L77 8.10e-5 0.0004 0.0009 0.0037 0.0121
Movement from right surface to bridge bulk
C10E4 0.0000 0.0000 4.7e-6 9.9e-6 7.7e-6
C10E8 0.0000 0.0000 1.4e-5 3.6e-6 1.9e-5
Silwet-L77 0.0000 0.0000 1.0e-6 3.4e-6 1.3e-5
Movement from right surface to bridge surface
C10E4 0.0033 0.0036 0.0031 0.0019 0.0018
C10E8 0.0043 0.0023 0.0032 0.0015 0.0013
Silwet-L77 0.0032 0.0022 0.0015 0.0018 0.0019
Movement from right surface to left surface
C10E4 0.0025 0.0031 0.0024 0.0024 0.0019
C10E8 0.0021 0.0019 0.0013 0.0020 0.0028
Silwet-L77 0.0017 0.0016 0.0019 0.0016 0.0012

Cont. next page. ..



11

Concentration (wt%)

C10E4 and C10ES8

6.25  12.37 24.18 35.48 46.09
Silwet-L77
7.61 14.82 28.21 40.25 51.19
Movement from right surface to left bulk
C10E4 0.0000 2.2e-5 1.4e-5 3.3e-5 7.5e-5
C10ES8 1.1e-5 3.6e-5 1.7e-5 2.5e-5 3.4e-5
Silwet-L77 0.0000 3.0e-5 9.2e-6 3.2e-5 4.9e-5
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New Aggregates

FIG. S4. Mass transport mechanism of surfactant (C10E4) during the coalescence process, for
concentrations above (upper panels) and below (lower panels) CAC. The length of the arrows
reflects the probabilities associated with surfactant transport to the different droplet areas as
reported in Table S4. Above the CAC (a-—e, 35.48 wt%) snapshots were obtained at times (a)t. +
325 7, (b)te + 76.25 7, (c)tc + 233.75 7,(d) te + 517.50 7, (e)t. + 1358.75 7, while below the
CAC (fj, 6.25 wt%) times shown are (f)t. + 20 7, (g)tc + 55 7, (h)t. + 100 7, (i)t. + 197.5 T,
(j) tc + 283.75 7 Different stages of the coalescence process are shown: soon after the end of the
thermal regime (a, f), the development of the bridge and the formation of new aggregates (b, g)
or surfactant monomers remaining in the bridge region (c, h), and the full development of the
bridge (d, i) towards the final equilibrium state (e, j). Magnified views of the bridge region and
its cross-section (showing only surfactant hydrophobic beads in the bridge region, red) are shown
above and to the right of the snapshots, respectively.
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BRIDGE GROWTH DYNAMICS

The average velocity (b/t) of bridge growth is reported in Table S5. It shows that adding
surfactant reduces the average velocity in all cases. However, we see interesting behaviour for
Silwet-L77, which is the fastest among surfactant-laden droplets in the lowest concentration
but in higher concentrations Silwet-L77 is the slowest one. This behaviour also is confirmed
when we compare later the velocities of approach. In low concentrations (below CAC),
Silwet-L77 makes less aggregates and they have low density, which helps the droplets to
coalesce faster. However, when it comes to higher concentrations, Silwet-L77 aggregates are
more in quantity and surface tension is the smallest in Silwet-L77. Both of these properties
make coalescence slower in higher concentrations for Silwet-L77.

In Fig. S5, the bridge growth rate of pure water and in the highest concentration
(46.2 wt%) of C10E4 are plotted. In both curves the values of the thermal length scale
(Ithermar = (ksT'/v)" 4Ré/ ®) [1] are marked using horizontal lines which is I, = 4.0 o for
pure water and [y = 5 o for surfactant-laden droplets. It is seen that this is an excellent
match to the early non-changing bridge radius. This crossover takes more time and is more
pronounced in case of surfactant-laden drops, presumably due to the reduction of surface
tension due to presence of surfactant. We also report on the bridge growth dynamics for all
concentrations in the case of C10E8 (Fig. S6a) and Silwet-L77 (Fig. S6b), in complement

to Fig. 9 of the main manuscript.

TABLE S5. Average velocity of bridge growth in units ¢/7 from ¢, until the full development of
the bridge (for example, see snapshots of Fig. 1d of the main manuscript). #

Concentration (wt%) C10E4 and C10ES8
6.25 12.37 24.18 35.48  46.09
Silwet-L77
7.61 14.82 28.21 40.25 51.19
C10E4 0.2849 0.2204 0.1878 0.1605 0.1047
CI10ES8 0.2794 0.2319 0.1871 0.1530 0.1115
Silwet-L77 0.2912 0.2029 0.1550 0.1034 0.0655

CAC(C10E4 and CI0ES8) ~ 7.5) wt%
CAC(Silwet-L77) ~ 16.23 wt%

& For pure water droplets in the viscous regime (result from simulation): 0.3675 o /7
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FIG. S5. a) Bridge growth rate in the case of pure water droplets. When the bridge radius, b,
reaches the thermal length scale for pure water (I, = 4 ), hydrodynamics effect play the main

role and a fast transition between thermal and inertial regimes occurs. b) Bridge growth rate of
surfactant-laden droplets (C10E4, 46.2 wt%). When the bridge radius reaches the thermal length
scale for surfactant-laden droplets (I; = 5 o), the transition occurs as well, but subsequent growth

is slower than in pure water.
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FIG. S6. Bridge growth rate in the case of a) C10E8 and b) Silwet-L77 for different concentrations
in wt%, as indicated. Increasing the surfactant concentration makes the bridge growth slower and

transition between thermal and inertial regime takes more time. Power-law fits ~ t# are shown,
labeled ‘IR’. Is is the thermal length in the case of surfactant-laden droplets above CAC, while
lyw is the thermal length in the case of pure water droplets. Notation like in Fig. 9 of the main
manuscript, with b being the bridge radius and ¢, the time of the establishment of the permanent

contact between the droplets.
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WATER FLOW VELOCITY

TABLE S6. Average velocity of water flow in the direction, X, of the droplets approach for pure
water droplets in units o/7. The velocities are separately averaged for inward and outward flowing

grids (colors in Fig. 8 of the manuscript) to show the relative importance of the difference between
inflow and outlflow.

t(r) t. +1[0,7.5] te + [8.25,27.75] t. + [28.5,89.25]
b(o) 32<b<b4 5.58 < b < 10.90 11.00 < b < 20.11
Toward bridge (System) 0.1946+0.0016 0.1926+0.0013 0.2001 % 0.0008
Away from bridge (System) 0.1943+0.0018 0.1808+0.0019 0.1660 £ 0.0011
Toward centre (In bridge) 0.298 £ 0.016 0.257+0.009 0.202 £ 0.004
Away from centre (In bridge) 0.27 £0.03 0.193+£0.010 0.183 £ 0.004

TABLE S7. Data for C10E4 (46.2 wt%) droplets in the same convention as Fig. S6.

t(r) to+[0,12.5] .+ [13.75,81.25]  t. + [82.5,360]
b(o) 3.72 < b<4.55 4.87 < b <10.33 11.00 < b < 22.00
Toward bridge (System) 0.2634 = 0.0021 0.2684 + 0.0016 0.2710 £+ 0.0008
Away from bridge (System) 0.265 £ 0.004 0.2642 4+ 0.0012 0.2593 4 0.0008
Toward centre (In bridge) 0.445 £ 0.024 0.336 £ 0.010 0.277 £ 0.003
Away from centre (In bridge) 0.40 £ 0.05 0.325 £ 0.011 0.272 4+ 0.003

TABLE S8. Data for Silwet-L77 droplets (51.2 wt%) in the same convention as Fig. S6.

t(r) to+[0,12.5] .+ [13.75,86.25]  t.+ [87.5,598.75]
b(o) 3.50 < b < 4.50 5.00 < b<9.94 10.00 < b < 23.37
Toward bridge (System) 0.2625 £0.0027  0.2703 £ 0.0014 0.2705 £ 0.0005

Away from bridge (System) 0.2685 £ 0.0030 0.2614 £ 0.0014 0.2616 £ 0.0005

Toward centre (In bridge) 0.45 £ 0.04 0.341 +0.010 0.2756 £ 0.0017
Away from centre (In bridge) 0.37£0.03 0.334 £ 0.010 0.2699 £ 0.0027
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VELOCITY OF APPROACH

In the main manuscript, the velocity of approach of C10E4 for different concentrations is
reported, using the length of system in the X direction and its derivative with time. Here,
we present the analogous data for C10E8 (Figure S7a) and Silwet-L77 (Figure S7b). The
dynamics are similar to C10E4, as explained in the main manuscript. We also compare
all three types of surfactants for the lowest (Figure S8a) and highest concentrations (Fig-
ure S8b). The data show that Silwet-L77 has the smallest maximum absolute velocity both
in low and high concentrations. The surface tension of Silwet-L77 is around 20.7 mN/m
[2], while the values for C10E4 and C10ES8 are about 27 mN/m and 36 mN /m, respectively
3, 4].

a b

0.0(wt%) 0.0(wt%)
4ot ©  6.2(wt%) 140-  ©  T.6(wth)
12.3(wt% 14.8(wt%
24.2(wt%
120t < 35.4(wt%
46.2(wt%

64 500 1000 1500 6% 500 1000 1500
t—t.(7) t—t.(7)

FIG. S7. System length X for droplets for different concentrations of a) C10E8 and b) Silwet-L77.
Insets show the instantaneous velocity of approach u = dX/dt.



18

0.0(wt%) 0.0(wt%)
140- © C10E4, 6.2(wt%) 140 © C10EA4, 35.4(wt%)
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FIG. S8. comparison of velocity of approach in all three types of surfactants in a) low and b) high
concentrations. When it comes to the maximum velocity, Silwet-L.77 has the smallest.
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ASPHERICITY OF THE DROPLETS

To characterise the structural features, we calculated the gyration tensor (Eq. 1) where N
is the number of particles, x;, y;, z; are coordinates of the particles and x ., Yem, Zem give the
centre of mass of the system. Eigenvalues of the gyration tensor (Eq. 1) are found and sorted
(A1 > X2 > )3) to obtain the gyration tensor trace (Eq. 2), and calculate asphericity (Eq. 3)
— which is zero for a perfect spherical symmetry — for each snapshot. Figure S9 illustrates
the asphericity of C10E4, C10ES8, and Silwet-L77 laden droplets during the coalescence
for different concentrations. Adding more surfactant causes significant changes in structural
features. Higher concentration of surfactant leads to delayed creation of a single equilibrated
sphere (as; = 0). Moreover, comparison between all three types of surfactants in different

concentrations are plotted in Figs S10a and b.

Ei (xz - xcm)Q Ez(Iz - xcm>2i(yi - ycm) Ez(xz - xcm)zi(zi - Zcm)
1
N Ez(zz - xcm)zz(yz - ycm> Ez(yl - ycm)2 Ez(yz - ycm>2i(zi - Zcm) (1)
Ei (:Ei - mcm)Ei(zi - Zcm) Ez(yz - ycm)zi(zi - Zcm) Ez(zz - Zcm)2
TTS:)\1+)\2+)\3:R§ (2)

1
as = A1 — 5()\2 + A3) (3)
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FIG. S9. Comparison of Asphericity (as) during the coalescence process of surfactant types a)
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MOVIES

File M1 coalescence.mp4: shows the coalescence of two surfactant-laden droplets

(C10E4, 46.2 wt%)

File M2 pinching.mp4: shows the pinching at the initial approach of the droplets
(C10E4, 46.2 wt%)

File M3 bridge zoom.mp4: shows the bridge area of C10E4 (46.2 wt%, t(7) = t. +
[0,150]) from the pinching point to a developed bridge. On the right, water beads
and on the left surfactant beads during the coalescence are shown. It is evident that
coalescence starts with surfactant beads (mainly the hydro phobic ones) and water

joins much later.

File M4 mass_transport.mp4: Here the inside of surfactant-laden droplets of C10E4
(46.2 wt%) are shown during the coalescence. The key points are surfactant movements
inside the bridge (from bulk to surface) and the creation of new aggregates inside the

bridge.
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4.3 Coalescence of Sessile Aqueous Droplets Laden with

Surfactant

4.3.1 Summary of Key Findings of this Publication:

In this paper, we explored the coalescence of sessile surfactant-laden droplets on var-
ious substrates, including wettable (6; < 90°), intermediate (6s ~ 90°), and non-
wettable (6; > 90°) substrates. We employed the SAFT CG force field to study ses-
sile water droplets and surfactant-laden droplets both below and above the CAC. We
compared the mass transport mechanism of surfactant molecules and bridge dynamics
on three different substrates during the coalescence. Additionally, we studied the dy-
namics of the contact angle on the bridge (6), density profile, and velocity of approach
between the coalescing droplets. The key findings of this work are summarized as fol-
lows:

¢ Sessile droplets with s > 90° share similarities with freely suspended droplets.
For contact angle of s ~ 140° our results show that coalescence behaves prac-
tically as if they were freely suspended. The pinching region and bridge forma-
tion begin at a distance from the substrate, and only later does the bridge region
come into contact with the substrate. For instance, a comparison of the bridge an-
gle (8;) with freely suspended droplets reveals very similar behavior. Moreover,
mass transport mechanisms in this case exhibit similarities with freely suspended
droplets, with the predominant movement of surfactant molecules from the bulk
of the bridge to the surface of the bridge. The creation of a surfactant film in the
pinching process (in the case of concentrations above the CAC) and the formation
of new aggregates within the bridge bulk have been reported in this scenario. Re-
garding the bridge dynamics, the exponents for the power law (in the inertial
regime) are approximately 0.5, consistent with observations in freely suspended
droplets.

¢ In the case of an intermediate scenario (fs ~ 90°), the bridge dynamics closely
resemble those of non-wettable substrates; however, it grows slightly slower due
to pinching initiating on the substrate. Concerning the mass transport mecha-
nisms, the involvement of water in the pinching process is marginally higher, but
overall, the mass transport mechanism of surfactant molecules within the bridge
is akin to that of non-wettable substrates.

¢ Sessile droplets with 6; < 90°, on the other hand, exhibit markedly different be-
havior in terms of mass transport mechanisms and bridge dynamics. We have
investigated contact angles of approximately 50° and 70° for both water droplets
and surfactant-laden droplets, both below and above CAC. Overall, it is demon-
strated that when the contact angle is above 90°, the bridge height (b) grows with
an exponent of 0.5 within the inertial regime. However, in the case of wettable
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substrates (0; < 90°), an exponent of 2/3 is observed. Regarding the mass trans-
port mechanism, wettable substrates exhibit increased water participation in the
pinching process compared to non-wettable substrates. A notable result is the ab-
sence of newly formed aggregates as the bridge grows during coalescence in the
case of wettable substrates.

We calculated the velocity of approach between two droplets, and it was observed
that the velocity is smaller when wettable substrates are used, irrespective of sur-

factant concentration.
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Figure 4.3: Coalescence of Sessile Aqueous Droplets Laden with Surfactant. Reprinted
from [ Soheil Arbabi, Piotr Deuar, Rachid Bennacer, Zhizhao Che, and Panagiotis E.
Theodorakis, Coalescence of Sessile Aqueous Droplets Laden with Surfactant. Phys.
Fluids 36,(2024), https://doi.org/10.1063/5.0194816].

4.3.2 Details of Publication

Coalescence of Sessile Aqueous Droplets Laden with Surfactant

PDF of accepted version of this publication is reproduced from [Soheil Arbabi,
Piotr Deuar, Rachid Bennacer, Zhizhao Che, and Panagiotis E. Theodorakis, Coales-
cence of Sessile Aqueous Droplets Laden with Surfactant. Phys. Fluids 36,(2024),
https://doi.org/10.1063/5.0194816].
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With most of the focus to date having been on the coalescence of freely suspended droplets,
much less is known about the coalescence of sessile droplets, especially in the case of
droplets laden with surfactant. Here, we employ large-scale molecular dynamics simula-
tions to investigate this phenomenon on substrates with different wettability. In particu-
lar, we unravel the mass transport mechanism of surfactant during coalescence, thus ex-
plaining the key mechanisms present in the process. Close similarities are found between
the coalescence of sessile droplets with equilibrium contact angles above 90° and that of
freely suspended droplets, being practically the same when the contact angle of the sessile
droplets is above 140°. Here, the initial contact point is an area that creates an initial con-
tact film of surfactant that proceeds to break into engulfed aggregates. A major change in
the physics appears below the 90° contact angle, when the initial contact point becomes
small and line-like, strongly affecting many aspects of the process and allowing water to
take part in the coalescence from the beginning. We find growth exponents consistent with
a 2/3 power law on strongly wettable substrates but no evidence of linear growth. Overall
bridge growth speed increases with wettability for all surfactant concentrations, but the
speeding up effect becomes weaker as surfactant concentration grows, along with a gen-
eral slowdown of the coalescence compared to pure water. Concurrently the duration of
the initial thermally limited regime increases strongly by almost an order of magnitude for

strongly wettable substrates.



I. INTRODUCTION

Many natural phenomena involve the coalescence of fluid droplets.!? For example, this is a
fundamental process that determines the distribution and coalescence rate of raindrops in atmo-
spheric aerosols.?!~2* Apart from such natural processes, droplet coalescence is relevant for many

26-29

industrial applications as well, such as inkjet printing,”> microfluidics, and water treatment

during crude oil and natural gas separation.3%3! Further control of the process may involve the use

32-39 t 40-58
9

of various additives, such as surfactan which can reduce surface tension at fluid inter-

faces, crucial in multi-phase systems. For example, surfactant can stabilize droplets’ surface or

prevent their coalescence, thus improving the bio-compatibility in certain systems>’

or affecting
the fusion, mixing, and manipulation of droplets in microfluidic devices.®© While many efforts
have thus far been taken to understand coalescence phenomena at a fundamental level,l’3’61 there
are still numerous aspects of this process that require further investigations, such as the coales-

cence of sessile droplets with surfactant.

In experiments,®?768 droplet coalescence has been studied for various conditions (e.g., in the
presence of applied electric fields) and geometries (e.g., micro-channels, fibers, efc.), mainly
by means of high-speed imaging and electrical sensing. Due to resolution limitations, the fo-
cus of these investigations has mainly been placed on unveiling macroscopic properties of the
process.*9202.69-71 Eor example, the effect of surfactant concentration on droplet coalescence
has been investigated by high-speed imaging.>® When an asymmetry in surfactant concentration
of the coalescing droplets is present, Marangoni flow was observed and the curvature on either side
of the growing bridge was different. Numerical continuum approaches have also been employed to
complement understanding of droplet coalescence.>”17:42:69.72-79 However, such methods suffer
from inadequate resolution in capturing the mass transport mechanism of surfactant during coa-
lescence or resolving the initial contact of the droplets. The singularity at the contact point still
remains a challenge for continuum simulation.3? On the other hand, molecular dynamics (MD)
simulation can naturally resolve the contact region at the molecular level, to observe the start of

the coalescence process.

In general, droplet coalescence is a non-equilibrium process that occurs in three stages. The first
stage involves the initial approach of droplets, when they come close enough to interact (pinch-
ing/contact) and form the so-called bridge (Figure 1a, e and pinching b, f). This is followed by
a bridge-growth stage that leads to the reshaping (third stage) of the droplets (Figure 1c, g) and



FIG. 1. Different stages of coalescence of surfactant-laden droplets on non-wettable (a—d, 8, ~ 142°) and
wettable (e—h, 8, ~ 49°) substrates, with surfactant concentration above CAC (35.48 wt%). b is the bridge
height and w the bridge width. X is distance between the centers of mass of the two droplets in the x-
direction, while 6; is the equilibrium contact angle of the droplet. 6, is the angle formed at the bridge at the
liquid—gas surface. The stages of coalescence shown here are: (a, e) Initial approach (¢t = ¢.); (b, f) Moment
of pinching (t =t.); (c) Developed bridge (t = . + 196.25 7) and (d) final, equilibrium state of the system
(t =1, + 1483.75) in the case of the non-wettable substrate. (g) Developed bridge (r = ¢, + 1028.75 7) and
(h) final, equilibrium state of the system (f = ¢, +3161.25 7) in the case of the wettable substrate. The

snapshots of the system were obtained using Ovito software.?!

eventually the single spherical-cap shape for sessile droplets, which is the final equilibrium and
minimum energy state of the system (Figure 1d,h). The time evolution of this process on substrates
with different wettability is illustrated in Figure 2 (Multimedia view). The coalescence process is
governed by the interplay of viscous, inertial and surface-tension forces, as the system tries to de-
crease the surface tension.®? In particular, from the perspective of fluid dynamics, viscous forces
are expected to play an important role in the initial bridge growth, which is driven primarily by
molecular interactions. At a later stage of the bridge growth, inertial effects are expected to take
over. In the case of freely suspended droplets, a linear scaling of the bridge radius, b, in time
(b o< t) and logarithmic corrections b o Int have been suggested for the viscous regime.>83 For

the inertial regime, a power law scaling (b o< 11/2) has been proposed.’ However, this classification

4



FIG. 2. (Multimedia view) Coalescence of droplets with surfactant concentration (35.48 wt%) on substrates

with different wettability (upper row, non-wettable; middle row, intermediate; lower row, wettable).

is still under debate in the literature, and an inertially limited viscous (ILV) regime has also been
reported.l’84 Moreover, an initial thermal regime, which is inaccessible to experiments has been
identified by means of all-atom* and coarse-grained (CG)®-86 MD simulation. This regime arises
due to collective thermal motion of particles at the droplets’ surface. Here, all-atom simulation
has proposed a scaling law for a length scale characterizing the extent of the thermal fluctuations,
namely Iy =~ (kgT/ }/)1/ *R/1/2 where kg is Boltzmann’s constant, T the temperature, ¥ the surface
tension, and R the droplet radius.* When the bridge radius is smaller than this length scale (b < I7),
the bridge grows mainly due to thermal motion of particles, while later (b > I7) hydrodynamic ef-
fects are expected to dominate. Recent MD simulations of a CG model have indicated the presence
of the thermal regime and subsequent inertial scaling law (b o< 1'/2) for the bridge growth for both

aqueous droplets with and without surfactant.3>-8¢

In the case of the coalescence of sessile droplets,3*43-83-837-93 for water droplets on non-wettable
substrates (contact angle 6, > 90°, Figure 1) it has been suggested that the bridge grows with time
as b o< 11/2, as has been observed in the case of freely suspended droplets. In contrast, for wettable
substrates, namely 6; < 90°, the bridge is predicted to grow with a new power law b o 12/3 88
Moreover, experiments of droplets with an equilibrium contact angle in the range 10° —56° suggest

that the bridge height roughly grows in time with power-law exponents between 0.50 and 0.86.

Data was seen to follow the scaling law for the entire range of time in the case of 10° contact angle,



while the rest of the cases studied deviated from this law at longer times.% The bulk fluid properties

also affect the bridge growth. For example, in the case of polymer droplets3+9+%

, their viscosity
can result in a lower rate of coalescence in comparison with water droplets. One finds power-law
exponents lower than 1/2 for nonwettable substrates (equilibrium contact angle greater than 90°)
and power-law exponents lower than 2/3 for wettable substrates.>* The bridge width, w (Figure 1),
grows as w o< 10 66:89.90 However, a linear scaling w o< ¢ has also been suggested for droplets of
high viscosity.83 To our knowledge, the regimes of applicability of the above findings have not
been investigated in experiments nor in modeling that would include the early-time molecular
level physics.

In view of the many unknowns in the coalescence of sessile surfactant-laden droplets, we em-
barked on investigating this phenomenon by using large-scale molecular dynamics simulations of
a coarse-grained force-field, considering a comprehensive range of possible scenarios. Hence, our
study includes a range of surfactant concentrations below and above the critical aggregation con-
centration (CAC) and substrates with different wettability, both wettable (6; < 90°) non-wettable
(65 > 90°), and those with equilibrium contact angle of about 90°. In all these cases, we have
explored the mass transport mechanism of surfactant, which provides insights into the details of
the coalescence process, analyzed the dynamics of the bridge growth, which characterizes the rate
of coalescence, as well as studied the bridge angle and the velocity of approach.’® It turns out
that while the coalescence of sessile surfactant-laden droplets on non-wettable substrates shares
similarities with the coalescence of freely suspended droplets, significant differences in the mass
transport mechanism and rate of coalescence appear for wettable substrates. The following section
presents our MD simulation model and methods. Our results are discussed in Section III. Finally,

the conclusions and possible suggestions for follow-up research are discussed in Section IV.

II. SIMULATION MODEL AND METHODS

Our system consists initially of two droplets placed close to each other as shown in Figure 1a,e,
that is a distance below the cutoff range of the interactions between beads in order to initiate the
coalescence of the droplets. We have considered concentrations above and below the CAC for
C10E4 surfactants. The details of the model for the interactions between the different components
and the validation for various surfactants are taken the same here as used in a number of previous

97-103

related studies, and were obtained through the Mie-y Statistical Associating Fluid Theory

6



(SAFT Mie:—')/).l()o’m“‘107 The MD simulations were carried out in the canonical ensemble with
the Nosé—Hoover thermostat as implemented in LAMMPS software.!%:19 After equilibration of
a single droplet on the specific substrate, it was cloned to produce the second droplet and the
surrounding vapor for the start of the coalescence in silico experiment (Figures 1a,e).

The force-field has been validated for a range of water—surfactant systems with a focus on
reproducing key properties, such as surface tension and phase behavior.?7-9%-101-103,110.111 15 4y

ticular, interactions between the various CG beads representing different chemical units of the

system are described via the Mie potential

AL A8
G.. 1j G 1j
Ulrg) =Cei | =) — (= , for ryy < re, (1)
rij rij

A8

_i
€= ( )Lig ) <£) A
A=A ) \ A

and i and j represent the bead types. Hence, gj; is an effective size of these beads, while g; sets

where

the interaction strength between beads of type i and j. One takes /Iig’ = 6, which is connected to
representing the dispersive interactions between the different particles, while lig serves as a fitting
parameter in the SAFT model and can vary. Finally, rjj is the distance between any pair of beads,
which interact when their distance is below a cutoff value set to r. = 4.583 &, where o is the
overall unit of length. The rest of the units are € for the energy, m for the mass, while 7 is the
natural MD time unit 7 = o(m/g)"

to: 0 =0.43635 nm, €/kg = 492 K, m = 44.0521 amu and 7 = 1.4062 ps. The integration of

. In real units, we consider the simulation to correspond

the equations of motion was carried out with an integration time-step 6¢ = 0.005 1, while the
temperature was set to kg7 /€ = 0.6057, which would correspond to T = 25 °C in real units.
Here, we have chosen for our investigations the C10E4 surfactant, which has also been previ-

85,86

ously studied in the context of the coalescence of freely suspended droplets and superspreading

8586 ¢4 here

The above studies found other CmEn type surfactants to give similar behavior,
we only consider C10E4 as representative of the whole family. Then, the CG representation
of the C10E4 (Figure 3) uses hydrophobic alkane CG ‘C’ beads with each one representing a
—CH, — CH; — CH3— group of atoms. Hydrophilic CG ‘EO’ beads represent oxyethylene groups
—CH; — O — CH;. Finally, water CG ‘W’ beads correspond to two water molecules. The val-
ues of the nonbonded interaction parameters between CG beads are reported in Table S1 of the

Supplementary Material (SM) and their masses in Table S2 of the SM.

7
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FIG. 3. Description of model and notation. (a) Coarse-grained representation of water and C10E4 surfac-
tant. (b—d) External and cross-section views are shown to highlight the bulk, interfaces, and contact line of
the droplet (6, = 49°, with concentration above CAC). Surrounding water vapor is omitted for the sake of

clarity. (b) Front view; (c) Top view; (d) Bottom view.

To link the alkane and oxyethylene beads together, each consecutive pair of beads along the

surfactant chain interacts via a harmonic potential of the form
V(rij) = O.Sk(rij — Gij)z ()

where k = 295.33 ¢/ o2. In addition, each consecutive triad of EO beads along the chain experi-

ences a harmonic angle potential, i.e.
Vo (8ix) = 0.5ke 6k — 60)* 3)

where 6;c is the angle between consecutive beads i, j=i+1 and k=j+1. Constants are kg =
432 ¢/ rad?, and 8y = 2.75 rad for the equilibrium angle.

The total number of beads per initial droplet in each simulation was 10° and two different sur-
factant concentrations were considered, namely 6.25 wt%, which is below CAC, and 35.48 wt%,
which is well above, with CAC roughly being 7.5 wt%.83-86 The latter concentration is taken as an
average, since the number of water molecules in the liquid phase (droplet) fluctuates. The wetta-
bility of the smooth, unstructured substrate was also tuned, as described below, covering a range of
wettable (6; < 90°) and non-wettable (6, > 90°) types of substrate (Figure 1). The exact values of

the equilibrium contact angle of single droplets are reported in Table S3 of the SM along with the



corresponding droplet dimensions (Table S4 of the SM). Finally, to determine the beads belonging
to the liquid phase (droplet), a cluster analysis has been performed.!'>!13

To vary the wettability of the substrate, we need to define the interactions between the droplet
beads and the substrate. This can be done by using the combining rules defined in SAFTy-Mie!%:

o — Jit Oi
i~ 75

Vi
&= —5 Vg )
ij

“4)

and start from the defined interactions for the liquid phases as given in Table S1 of the SM. By
tuning the cross interaction &, (“s” indicates the substrate), the empirical relationship between &,
and the contact angle of pure water droplets (Figure S1 of the SM) can be found, and is shown in
Figure S2 of the SM. Then, by using the above combining rules, the parameter & corresponding
to a given €, can be obtained. We shall note here that the exact value of the oy parameter is not
important for our studies and is set to unity for simplicity. Similarly, ls’j =0 is set for all interac-
tions involving the substrate. Based on the knowledge of the latter parameters and the interactions
Oyw and &,,, (Table S1 of the SM), the interaction of the substrate with the surfactant beads can
be obtained as well, again using Equations 4-5. After obtaining all the interaction parameters,
equilibrium simulations are run and the surfactant-laden droplet’s contact angle is determined by
using the method of Ref. 98 (see also text and Figure S1 of the SM) with data reported in Table S3
of the SM. It might be argued however that estimating the angles can in general be sensitive to
the details of the definition of a sharp interface, as well as to the fitting procedure.!'*!15 Also,
models that could take into account the disjoining pressure effects, very relevant in the context of
droplets on solids substrates, might perform better than fitting spherical caps to nanodroplets.!'*
Moreover, according to a previous study,”® the size of the droplet is large enough to guarantee
that the equilibrium contact angle does not depend on the size of the droplet, which makes the
interaction values valid for both larger and smaller droplets. Table S3 of the SM provides the exact
values for all of the cross interactions between the beads and the substrate used in the simulations.
Our choice here covers the relevant parameter space for surfactant concentration (above and below
CAC) and substrate types (wettable, non-wettable, and about 90°).

The mass transport of surfactant molecules is investigated by tracking the motion of each in-

dividual molecule between the various parts of the droplet, which are illustrated in Figures 3c-d.
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These different parts are the liquid—gas (LG) surface for the left and right droplets (the center
of the coordinate system is taken to be in the middle between the two droplets where the bridge
forms), the bulk of the left and right droplets, the solid—liquid (SL) interface for the left and right
droplets, the contact line for the left and right droplets, and the LG and SL interfaces, bulk, and
contact line of the bridge as shown in Figure 3. Hence, this makes a total of twelve different re-
gions where each surfactant molecule can belong. Further discussion and details on the calculation
of the probabilities related to the motion of surfactant between these regions describing the mass
transport mechanism of surfactants can be found in the SM. Finally, we have calculated the density
profiles of the water and surfactant during coalescence, and the approach distance and velocity of

the droplets34, which will be further discussed in the following section.

III. RESULTS AND DISCUSSION
A. Surfactant mass transport mechanism

Our previous studies®>-3¢ of the coalescence of freely suspended droplets have shown that sur-
factant plays an ever increasing role at the pinching point as its concentration in the droplets
increases, while water has a smaller effect in initiating the coalescence process. Similar behavior

is also observed in the case of 6; > 90° shown in Figure 4 for sessile droplets, since the bridge

&
| et
b
s

FIG. 4. The pinching moment (¢ = t.) in the case of (a) a non-wettable substrate (8, > 90°), (b) an
intermediate case (6; = 90°), and (c) a wettable substrate (6; < 90°). Water participation in the coalescence
process is more pronounced in the case 8; < 90°, while the cases 6; > 90° behave very similarly to freely

suspended droplets.®3¢ Snapshots were obtained using Ovito software.?!
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formation starts far from the substrate (Figure 4a). For this reason, the bridge region initially is not
affected by the presence of the substrate and the bridge angle is very steep (6, ~ 80°, for example,
see Figure S6 of the SM) when pinching occurs. For the same reason, we find that the growth
of the bridge occurs symmetrically in both the y and z directions (b, w, Figure 1). In contrast, in
the case of wettable substrates, water molecules participate in the pinching process from its onset
(Figure 4c).

To quantify mass transport, we count the surfactant molecule movements between the 12 re-
gions identified in Figure 3. The raw numbers are reported in Table S5 of the SM. These set the
intensity of the arrows in Figure 5, indicating the dominant direction of surfactant transport. Fig-
ures Sa—c present the dominant surfactant transport processes for the case 6; > 90°. As in the case
of freely suspended droplets, an interface film of surfactant initially forms consisting of surfactant
from the LG surfaces of the droplets that come into contact. Figure 6 (Multimedia view) illustrates
this in the case of non-wettable substrates, as well as the absence of this film when coalescence
takes place on wettable substrates. The perimeter of the bridge is expected to linearly grow with b,
while the area of the film increases as b%. Moreover, the data in Table S5 of the SM shows that the
dominant movement of surfactant is towards the LG surface of the droplets, as in the case of freely
suspended droplets. Since this movement towards the LG surface occurs and the area of contact
between the droplet grows, the surfactant concentration in the film decreases, the film ruptures and
some surfactant remains in the form of aggregates. Due to the lack of space at the LG interface
of the merged droplets, surfactant from the newly formed aggregates in the bridge bulk cannot be
accommodated at the LG interface. Also, we observe surfactant transport away from the bridge
from the SL interface toward the LG surface through the contact line. Other transport processes
away from the bridge are insignificant during coalescence in the case of non-wettable droplets.
When the contact angle 6; ~ 90°, the pinching is similar to the case of droplets with contact angle
6, > 90° (Figure 4) as well as the case of freely suspended droplets.3>-8¢ Finally, 6, has a value of

around 90° at the pinching moment (for example, see Figure S6 of the SM).

The case 6; < 90° shows a somewhat different behavior. The transport toward the LG surface is
higher than in the cases where 6; > 90°, and unlike the previous cases, we do not see the formation
of new aggregates as coalescence takes place [Figure 6 (Multimedia view)]. This can be attributed
to several causes. Firstly, the amount of surfactant at the bridge is smaller in the case of 65 < 90°,
due to the higher curvature of the droplets. In this case, there is only a small portion of the droplet

surfaces that come into contact, at the contact line of the droplets. In contrast, for non-wettable

11
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Bottom View

FIG. 5. Snapshots of coalescing droplets with C10E4 surfactant and surfactant mass transport on substrates
of different wettability. The surfactant concentration in the liquid phase is above CAC, namely 35.48 wt%.
The size of the arrow heads reflects the probabilities associated with surfactant transport to the different
droplet areas (see Table S5 of the SM for further details). (a—c) corresponds to the case 6; ~ 142° with
snapshots obtained at times (a) t. +17.5 7, (b) t. +185.0 7, and (c) t. + 1733.7 7. (d—f) 6, ~ 94°, with
snapshots shown at times (d) #. +28.75 7, (e) t. +315.0 7, and (f) t. + 1415.0 7. (g-i) 6, ~ 49° with
snapshots at times (g) ¢. +200.0 7, (h) ¢ 4+ 1358.7 7, and (i) #. +2200.0 7. Snapshots in (a), (d), and (g)
are soon after the end of the thermal regime. Snapshots (b) and (e) illustrate a clearly developed bridge
with new aggregates formed in its bulk or additional monomers remaining at the bridge region. (h) shows
a clearly developed bridge highlighting the absence of aggregates in the case 8; < 90°. (c), (f), and (i)
correspond to cases of a fully developed bridge. Magnified views of the bridge region and its cross-section
(showing only surfactant hydrophobic beads in the bridge region, red) are attached above and to the right of

the snapshots, respectively. Snapshots were obtained using Ovito software.8!

substrates, a large portion of the surfaces of the two droplets come into contact forming a film.
This major contact area difference may also explain the higher degree of participation of water

molecules in the pinching process in the case of wettable substrates. Secondly, there is much less
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FIG. 6. (Multimedia view) Cross-section of the bridge during coalescence on different substrates (first two
columns, 6; > 90°, middle two columns, 6 ~ 90°, and last two columns, 6; < 90°). Upper row shows the
case of droplets with concentration lower than CAC (6.25 wt%), while the lower row with concentration
above CAC (35.248 wt%). All beads (odd columns) or surfactant beads only (even columns) are shown at

each cross-section at the bridge.

space in the bridge to form aggregates from any excess of surfactant that does not start at the
bridge’s LG surface. Finally, we note that surfactant transport from the contact line towards the
SL and LG interface, is overall more pronounced than in the case of non-wettable substrates. This
might be due to the immediate start of the decrease of the contact-line length as the droplets merge,
resulting in a greater excess of surfactant in the contact-line region, and a greater migration to the

LG and SL interfaces.

B. Bridge dynamics

In the case 65 > 90°, the pinching of the two droplets takes place well above the substrate
(Figure 1b), and only later does the bridge region make contact with the substrate (Figure Ic).
In the case 6y < 90°, the bridge starts to form on the substrate from the onset of the coalescence
process, which affects the bridge dynamics. The rate of coalescence can generally be described by
the pace of the bridge growth in the direction normal as well as parallel to the substrate. The size of
the bridge in these directions is b and w, respectively, both defined as shown in Figure 1. Figure 7
plots b and w above the CAC as a function of time (see Figures S3 and S4 in the SM for pure water
and concentration below CAC.) In the cases above CAC and for nonwettable substrates (65 > 90°),
exponents for b are about 0.5, which are in line with the case of freely suspended droplets.?>-86 In

contrast, in the case of wettable substrates, the exponent is higher reaching values of about 0.72,

which suggests a much faster dynamics in comparison with the nonwettable substrates. Similarly,
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the parameter w shows a similar but weaker tendency for growth with exponents of about 0.5 for

both freely suspended droplets®-86

and droplets on nonwettable substrates, up to about 0.65 for
the wettable case. These higher values are agreeable with the 2/3 values seen for polymer droplets
on wettable substrates.3* In the case of water droplets, as a sanity check, exponents of b as well as
w for both wettable and nonwettable substrates are in the range 0.60-0.66, which is in line with
results reported in the literature,®® where a power law of 2/3 has been suggested (see Figure S3a
of the SM).

When surfactant concentration is below the CAC (Figure S3b of the SM), exponents for b are in
the range 0.57-0.60 for non-wettable substrates (similar to pure water), but a significant increase
of the exponent is noted for substrates reaching about 0.87, when the equilibrium contact angle
of the droplet is about 52°. The exponents for w are in the range 0.55-0.68, with the highest
exponents observed in the case of equilibrium contact angles close to 70°.

Finally, the initial thermal regime is well visible for sessile droplets as in the case of freely sus-

85,86

pended droplets or sessile polymer droplets.>* However, we notice both a decreasing extent

65 =142.25°, B,=0.494x0.004, B,,=0.492+0.004
6s=94.61°, B,=0.541+0.008, B,=0.526+0.002
6s=68.45°, B,=0.722+0.006, 3,=0.654+0.003
65 =49.35°, B,=0.728%0.004, 8,=0.645+0.002
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FIG. 7. Bridge height, b, as a function of time, ¢, starting from the pinching moment, 7.. Inset shows the
bridge width, w. Results for droplets with surfactant concentration 35.48 wt% on substrates with different
wettability, as indicated. The values of the power-law exponents for » and w are 3, and f,,, respectively, and
are reported in the plot. Additional data for droplets without surfactant and with surfactant concentrations

below CAC are reported in Figures S3 and S4 of the SM.
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FIG. 8. (a) Rate of change of angle 6,, m = d6),/d(t —1.), as a function of the equilibrium contact angle, 6y,
that expresses the wettability of the substrates with 6; > 90° reflecting non-wettable cases. m is calculated
from linear fits to the data of Figures S5 and S6 of the SM, where a linear change of 6, with time is observed
to a good approximation. The 0; = 180° data is for freely suspended droplets (no substrate). As an example

here, panel b shows data for droplets with surfactant concentration 6.26 wt%.

of these fluctuations (smaller b, w) for sessile droplets when 6; < 90°, due to the additional attrac-
tion and the contact with the substrate which suppresses these fluctuations, but also concurrently

a strong lengthening of this regime in time, by almost an order of magnitude.

C. Angle formed at the bridge

We monitored the angle 6, (Figure 1) as a function of time for all cases by employing the
method of Ref. 98 (see Figure S1 and text in the SM). In particular, a layer parallel to the substrate
at a distance b was considered, as indicated by the dashed line of Figure 1g. The dimensions of
the spherical-cap liquid-phase above this layer were recorded in the x and y directions, as well as
the distance of the apex from the layer, which are used as input to calculate 6,.°® The approach
has been applied in both the right and the left parts of the merged droplets and the average was
taken, resulting in the final values reported for 6,. Time traces of 6, are plotted in Figures S5

and S6 of the SM for all cases considered here, while an example is shown in Figure 8. We can
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observe that 6, exhibits to a large degree a linear behavior with time, which allows us to gather
the slopes of the various curves and thus monitor the rate of change (dynamics) of this angle, m,
during coalescence.

These rates of change data are plotted in Figure 8. The rate slows down as the substrate be-
comes more wettable, whether surfactant is present or not, but for 6; = 140°, the freely suspended
behavior is already reached. This is also directly seen in Figure S5 of the SM. Greater surfac-
tant concentration also slows down the process, as could be suspected from the earlier suspended

85,86

droplet studies®>°°, with pure water droplets being the fastest. Hence, the use of surfactant facili-

tates the smoothing of the wedge formation at the bridge apex.
D. Velocity of approach

We calculated the coalescing system length, X, as defined in Figure 1, and done in our previous

work in the context of sessile polymer droplets.>* Its value is approximately one droplet diameter.

100
90
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>
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40 (‘O// A ’% o 95 =142.25°
\‘%@% T g =94.61°
30 : ?T’UTJZWW, . o 95 = 68450
s Bs=49.35°
20
0 1000 2000 3000

FIG. 9. The distance between the centers of mass of the two droplets in the x-direction, X, (see Figure 1)
as a function of time, ¢, starting from the moment of first contact of the droplets, #., for surfactant-laden
droplets of concentrations above CAC (35.48 wt%). The inset shows the instantaneous velocity, u = X. Data
for water droplets and surfactant-laden droplets with concentration below CAC are shown in Figure S7 of

the SM.
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FIG. 10. Surfactant density at the moment of pinching (upper panels) and at a time when the bridge has
been clearly developed (bottom panels) for above droplets with surfactant concentration amounting to 35.48
wt%. Here, cases for substrates with different wettability are shown, namely, (a) 65 ~ 142°, snapshots taken
att. and 7.+ 100 7, (b) 6; ~ 90°, snapshots taken at 7. and 7. +412.5 7, and (c) 65 ~ 50°, snapshots taken at
tcand f. + 1352.5 7.

Its time derivative, u = X, provides a measure of how fast the droplets approach each other. Fig-
ure 9 presents X for droplets above the CAC on various substrates with different wettability, while
data for water droplets and droplets with surfactant with a concentration below CAC are given in
Figure S7 of the SM. Overall, the velocity of approach is smaller in the case of wettable substrates,
irrespective of surfactant concentration, paralleling what we saw with bridge sizes b and w and the
angle formed at the bridge 6. This is also true for water droplets. The plots of Figure S8 of the
SM show that an increase of surfactant concentration also significantly slows down the approach
of the two droplets. This is mostly noticeable in the case of high concentrations, while surfactant-
laden droplets with concentration below CAC show a similar behavior to pure water. Moreover,
surfactant smooths the approach of the two droplets, as can be seen by the change of shape of the
velocity of approach curves, particularly visible in Figure S8 of the SM. Finally, there is a clear
shift in the moment of maximum velocity to later times for more wettable substrates at higher

surfactant concentration, though this shift is much smaller in the latter case.
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E. Density Profiles

The density of surfactant molecules on a cross-section parallel to the x — z plane and passing
through the center of mass of the droplets is presented in Figure 10. Also, Figure S9 of the SM
shows the corresponding density distribution of water molecules for various substrates. We ob-
serve the formation of surfactant aggregates during the coalescence for substrates with equilibrium
contact angles larger than 90°, while it is absent for wettable substrates (see for example Fig. Sa—b
and d—e versus g-h). Large concentrations of surfactant are distributed at the LG and SL inter-
faces. Interior to this lies an inner layer devoid of aggregates, which is particularly wide for the
wettable droplets. Notably the wettable case has a much smaller number of aggregates, despite the
fact that all cases shown have the same concentration. This is due to the larger area of the LG and
SL interfaces on wettable substrates, which might suggest that the CAC has a higher value. The
smaller thickness of the wettable droplets, also, hinders the accommodation of a larger number of

surfactant aggregates.

IV. CONCLUSIONS

In this study, we have investigated the coalescence of sessile surfactant-laden droplets on sub-
strates with different wettability, including those with equilibrium contact-angle higher as well as
lower than 90°. We have explored the influence of surfactant concentration both below and above
the CAC, and we juxtaposed our results with the case of pure water droplets. In particular, we
have elucidated the mass transport mechanism in all these cases and explored the dynamics of the
coalescence process by following the height and width of the bridge, the rate of change of the
bridge angle, as well as the velocity of approach of the droplets.

Overall, sessile droplets with 8; > 90° share similarities with freely suspended droplets, and
for B, ~ 140° already behave practically identically as if they were freely suspended. In this case,
the influence of the substrate on the coalescence process is rather small. For example, the pinching
region is mainly driven by the interaction of the surfactant molecules at the droplets’ LG surface,
as in the case of the freely suspended droplets. In contrast, in the case of wettable substrates
(6; < 90°), we see that water molecules are part of the pinching process, a significant departure
from the physics of the freely suspended case. The mass transport of surfactant molecules dur-

ing coalescence also shows some differences between wettable and nonwettable substrates, which
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mostly relates to their intensity. A more notable difference is the absence of newly formed aggre-
gates as the bridge grows during coalescence in the case of wettable substrates. This is due to the
lower amount of surfactant at the pinching region as the initial contact film has a far smaller area.
In fact, the nature of the surface of first contact changes dramatically from a circular region to a
thin contact line when the threshold of contact angle 8, ~ 90° is crossed. The smaller amount of
space available in the bridge region between the LG and SL interfaces during later evolution also
contributes. The latter is related to a still open question of identifying changes in CAC when the
equilibrium contact angle of the droplets changes.

We also found that an increased wettability of the substrate leads to higher rate exponents for
the growth of the bridge radius, b, and its width, w, but generally exponents for w are lower. We
confirm the approach to a ~ % rate exponent at low contact angles suggested by several previous
studies,>*38 but see no evidence for the previously proposed linear growth.83 Overall, surfactant
will decelerate the coalescence of the sessile droplets, when above CAC, but we observed higher
exponents in the case of concentration below the CAC for wettable substrates, which is not fully
understood at the moment. Similarly, the bridge angle, 6;, changes at a faster pace in the case of
water droplets and low concentration and when the wettability of the substrate is lower (larger 6;).
Finally, by analyzing the velocity of approach of the two droplets, which is generally high at the
initial stages of coalescence when the bridge forms, we found that more wettable substrates and a
higher surfactant concentration will lead to smoother changes in the velocity, less acceleration. We
anticipate that our study provides fundamental insights into the coalescence of sessile surfactant-
laden droplets, an important phenomenon that has previously mostly remained unexplored at the

molecular-scale level.

V. SUPPLEMENTARY MATERIAL

The SM contains: details on the estimation of the contact angle of a sessile droplet. Calibration
of the dependence of the contact angle of a water droplet as a function of the droplet—substrate
attraction parameter &,. Table of the water—substrate and surfactant—substrate interaction param-
eters. Further data and methodology details on the mass transport mechanism along with the
probabilities of surfactant moving between different areas of the droplets. Data on the bridge an-
gle, the velocity of approach, and the density profiles of the droplets, for a wider set of parameters

than shown in the main text.

19



ACKNOWLEDGMENTS

This research has been supported by the National Science Centre, Poland, under grant No.
2019/34/E/ST3/00232. We gratefully acknowledge Polish high-performance computing infras-
tructure PLGrid (HPC Centers: ACK Cyfronet AGH) for providing computer facilities and support
within computational grant no. PLG/2022/015747.

REFERENCES

7. D. Paulsen, R. Carmigniani, A. Kannan, J. C. Burton, and S. R. Nagel, “Coalescence of
bubbles and drops in an outer fluid,” Nat. Commun. §, 3182 (2014).

2Y. Yoon, F. Baldessari, H. D. Ceniceros, and L. G. Leal, “Coalescence of two equal-sized
deformable drops in an axisymmetric flow,” Phys. Fluids 19, 102102 (2007).

M. L Khodabocus, M. Sellier, and V. Nock, “Scaling laws of droplet coalescence: Theory and
numerical simulation,” Adv. Math. Phys. 2018, 4906016 (2018).

4S. Perumanath, M. K. Borg, M. V. Chubynsky, J. E. Sprittles, and J. M. Reese, “Droplet coa-
lescence is initiated by thermal motion,” Phys. Rev. Lett. 122, 104501 (2019).

37, Eggers, J. R. Lister, and H. A. Stone, “Coalescence of liquid drops,” J. Fluid Mech. 401,
293-310 (1999).

°D. G. Aarts, H. N. Lekkerkerker, H. Guo, G. H. Wegdam, and D. Bonn, “Hydrodynamics of
droplet coalescence,” Phys. Rev. Lett. 95, 164503 (2005).

7. E. Spritles and Shikhmurzaev, “Coalescence of liquid drops: Different models versus exper-
iment,” Phys. Fluids 24, 122105 (2012).

8M. Dudek, D. Fernandes, E. Helno Herg, and G. @ye, “Microfluidic method for determining
drop-drop coalescence and contact times in flow,” Colloids Surf. A: Physicochem. Eng. Asp.
586, 124265 (2020).

9M. M. Rahman, W. Lee, A. Iyer, and S. J. Williams, “Viscous resistance in drop coalescence,”
Phys. Fluids 31, 012104 (2019).

103, D. Berry and R. R. Dagastine, “Mapping coalescence of micron-sized drops and bubbles,” J.
Colloid Interface Sci. 487, 513-522 (2017).

HUp M. Somwanshi, K. Muralidhar, and S. Khandekar, “Coalescence dynamics of sessile and

pendant liquid drops placed on a hydrophobic surface,” Phys. Fluids 30, 092103 (2018).

20



12p K. Kirar, K. Alvarenga, P. Kolhe, G. Biswas, and K. Chandra Sahu, “Coalescence of drops
on the free-surface of a liquid pool at elevated temperatures,” Phys. Fluids 32, 052103 (2020).

133, Bayani, Y. Tabe, Y. T. Kang, S. H. Lee, and C. K. Choi, “Surface plasmon resonance imaging
of drop coalescence at high-temporal resolution,” J. Flow Vis. Image Process. 25, 191-205
(2018).

l4M, Brik, S. Harmand, and 1. Zaaroura, “Relaxation and contact angle dynamics during the
coalescence of different sized vertically aligned water drops in different silicone oil viscosities,”
Colloids Surf. A: Physicochem. Eng. Asp. 629, 127429 (2021).

15C. R Anthony, M. T. Harris, and O. A. Basaran, “Initial regime of drop coalescence,” Phys.
Reyv. Fluids 5, 033608 (2020).

16y R, Kern, T. S@ter, and A. Carlson, “Viscoplastic sessile drop coalescence,” Phys. Rev. Fluids
7,L081601 (2022).

7M. Heinen, M. Hoffmann, F. Diewald, S. Seckler, K. Langenbach, and J. Vrabec, “Droplet
coalescence by molecular dynamics and phase-field modeling,” Phys. Fluids 34, 042006 (2022).

8M. Geri, B. Keshavarz, G. H. McKinley, and J. W. M. Bush, “Thermal delay of drop coales-
cence,’ J. Fluid Mech. 833, R3 (2017).

19M. Abouelsoud and B. Bai, “Bouncing and coalescence dynamics during the impact of a falling
drop with a sessile drop on different solid surfaces,” Phys. Fluids 33, 063309 (2021).

201, Hilaire, B. Siboulet, S. Charton, and J.-F. Dufréche, “Coalescence initiation in liquid-liquid
systems: A stochastic model,” Langmuir 39, 14853—14858 (2023).

21 G. Bowen, “The formation of rain by coalescence,” Aust. J. Chem. 3, 193-213 (1950).

2M. Denys, P. Deuar, Z. Che, and P. E. Theodorakis, “A lagrangian particle-based numerical
model for surfactant-laden droplets at macroscales,” Phys. Fluids 34, 095126 (2022).

2E. X. Berry and R. L. Reinhardt, “An analysis of cloud drop growth by collection: part 3.
accretion and self-collection,” J. Atmos. Sci. 31, 2118-2126 (1974).

24 A. Kovetz and B. Olund, “The effect of coalescence and condensation on rain formation in a
cloud of finite vertical extent,” J. Atmos. Sci. 26, 1060-1065 (1969).

2SM. Singh, H. Haverinen, P. Dhagat, and G. Jabbour, “Inkjet printing process and its applica-
tions,” Adv. Mater. 22, 673-685 (2010).

263, Feng, L. Yi, L. Zhao-Miao, C. Ren-Tuo, and W. Gui-Ren, “Advances in micro-droplets
coalescence using microfluidics,” Chinese J. Anal. Chem. 43, 1942-1954 (2015).

21



2TM. Dudek, J. Chicault, and G. Dye, “Microfluidic investigation of crude oil droplet coalescence:
effect of oil/water composition and droplet aging,” Energy Fuels 34, 5110-5120 (2019).

28K, Choi, A. H. Ng, R. Fobel, and A. R. Wheeler, “Digital microfluidics,” Annu. Rev. Anal.
Chem. §, 413-440 (2012).

29R. B. Fair, “Digital microfluidics: is a true lab-on-a-chip possible?”” Microfluid. Nanofluid. 3,
245-281 (2007).

30T, Thomas and H. N. Unni, “Led-based opto-wetting and fluidic transport for droplet mixing,”
Microfluid. Nanofluid. 23, 1-12 (2019).

3TH. Wijshoff, “The dynamics of the piezo inkjet printhead operation,” Phys. Rep. 491, 77-177
(2010).

32p J. Dekker, M. A. Hack, W. Tewes, C. Datt, A. Bouillant, and J. H. Snoeijer, “When elasticity
affects drop coalescence,” Phys. Rev. Lett. 128, 028004 (2022).

33E. Calvo, E. de Malmazet, F. Risso, and O. Masbernat, “Coalescence of water drops at an
oil-water interface loaded with microparticles and surfactants,” Ind. Eng. Chem. Res. 58,
15573-15587 (2019).

34S. Arbabi and P. E. Theodorakis, “Coalescence of sessile polymer droplets: A molecular dy-
namics study,” Macromol. Theory Simul. , 2300017 (2023).

35S. C. Varma, A. Saha, and A. Kumar, “Coalescence of polymeric sessile drops on a partially
wettable substrate,” Phys. Fluids 33, 123101 (2021).

36y, S. Sivasankar, S. A. Etha, D. R. Hines, and S. Das, “Coalescence of microscopic polymeric
drops: Effect of drop impact velocities,” Langmuir 37, 13512-13526 (2021).

37y, S. Sivasankar, D. R. Hines, and S. Das, “Numerical study of the coalescence and mixing of
drops of different polymeric materials,” Langmuir 38, 14084—14096 (2022).

38M. R. Otazo, R. Ward, G. Gillies, R. S. Osborne, M. Golding, and M. A. K. Williams, “Ag-
gregation and coalescence of partially crystalline emulsion drops investigated using optical
tweezers,” Soft Matter 15, 6383-6391 (2019).

3C. Vannozzi, “Effect of polymer-coated gold nanoparticle stabilizers on drop coalescence,”
Phys. Fluids 31, 082112 (2019).

4N, I. Politova, S. Tcholakova, S. Tsibranska, N. D. Denkov, and K. Muelheims, “Coalescence
stability of water-in-oil drops: Effects of drop size and surfactant concentration,” Colloids Surf.

A: Physicochem. Eng. Asp. 531, 32-39 (2017).

22



41w. H. Weheliye, T. Dong, and P. Angeli, “On the effect of surfactants on drop coalescence at
liquid/liquid interfaces,” Chem. Eng. Sci. 161, 215-227 (2017).

#2G. Soligo, A. Roccon, and A. Soldati, “Coalescence of surfactant-laden drops by phase field
method,” J. Comput. Phys. 376, 12921311 (2019).

“T. Dong, W. H. Weheliye, P. Chausset, and P. Angeli, “An experimental study on the
drop/interface partial coalescence with surfactants,” Phys. Fluids 29, 102101 (2017).

44T, Dong, W. H. Weheliye, and P. Angeli, “Laser induced fluorescence studies on the distribution
of surfactants during drop/interface coalescence,” Phys. Fluids 31, 012106 (2019).

4N. M. Kovalchuk, M. Reichow, T. Frommweiler, D. Vigolo, and M. J. H. Simmons, “Mass
transfer accompanying coalescence of surfactant-laden and surfactant-free drop in a microflu-
idic channel,” Langmuir 35, 9184-9193 (2019).

46T C. Botti, A. Hutin, E. Quintella, and M. S. Carvalho, “Effect of interfacial rheology on drop
coalescence in water—oil emulsion,” Soft Matter 18, 1423-1434 (2022).

47C. Constante-Amores, A. Batchvarov, L. Kahouadji, S. Shin, J. Chergui, D. Juric, and O. Matar,
“Role of surfactant-induced marangoni stresses in drop-interface coalescence,” J. Fluid Mech.
925, A15 (2021).

48M. Kasmaee, F. Varaminian, P. Khadiv-Parsi, and J. Saien, “Effects of different surfactants and
physical properties on the coalescence of dimethyl disulfide drops with mother phase at the
interface of sodium hydroxide aqueous solutions,” J. Mol. Liq. 263, 31-39 (2018).

49E. Nowak, Z. Xie, N. M. Kovalchuk, O. K. Matar, and M. J. Simmons, “Bulk advection and
interfacial flows in the binary coalescence of surfactant-laden and surfactant-free drops,” Soft
Matter 13, 4616-4628 (2017).

SOE. Nowak, N. M. Kovalchuk, Z. Che, and M. J. Simmons, “Effect of surfactant concentration
and viscosity of outer phase during the coalescence of a surfactant-laden drop with a surfactant-
free drop,” Colloids Surf. A Physicochem. Eng. Asp. 505, 124-131 (2016).

>IN. Jaensson and J. Vermant, “Tensiometry and rheology of complex interfaces,” Curr. Opin.
Colloid Interface Sci. 37, 136-150 (2018).

328, Narayan, A. E. Metaxa, R. Bachnak, T. Neumiller, C. S. Dutcher, et al., “Zooming in on
the role of surfactants in droplet coalescence at the macro-and microscale,” Curr. Opin. Colloid
Interface Sci. 50, 101385 (2020).

331, B. Ivanov, K. D. Danov, and P. A. Kralchevsky, “Flocculation and coalescence of micron-size

emulsion droplets,” Colloids Surf. A Physicochem. Eng. 152, 161-182 (1999).

23



34S. Tcholakova, N. D. Denkov, and T. Danner, “Role of surfactant type and concentration for the
mean drop size during emulsification in turbulent flow,” Langmuir 20, 7444-7458 (2004).

33D. Langevin, “Coalescence in foams and emulsions: Similarities and differences,” Curr. Opin.
Colloid Interface Sci. 44, 23-31 (2019).

6] Lu and C. M. Corvalan, “Coalescence of viscous drops with surfactants,” Chem. Eng. Sci.
78, 9-13 (2012).

>70. D. Velev, T. D. Gurkov, and R. P. Borwankar, “Spontaneous cyclic dimpling in emulsion
films due to surfactant mass transfer between the phases,” J. Colloid Interface Sci. 159, 497—
501 (1993).

By, C. Suja, A. Kar, W. Cates, S. M. Remmert, P. D. Savage, and G. G. Fuller, “Evaporation-
induced foam stabilization in lubricating oils,” Proc. Natl. Acad. Sci. U.S.A. 115, 7919-7924
(2018).

] -C. Baret, “Surfactants in droplet-based microfluidics,” Lab Chip. 12, 422-433 (2012).

60K . S. Elvira, F. Gielen, S. S. Tsai, and A. M. Nightingale, “Materials and methods for droplet
microfluidic device fabrication,” Lab Chip. 22, 859-875 (2022).

6IR. W. Hopper, “Coalescence of two viscous cylinders by capillarity: Part i, theory,” J. Am.
Ceram. Soc 76, 2947-2952 (1993).

%2M. A. Bruning, M. Costalonga, S. Karpitschka, and J. H. Snoeijer, “Delayed coalescence of
surfactant containing sessile droplets,” Phys. Rev. Fluids 3, 073605 (2018).

H. Yi, T. Fu, C. Zhu, and Y. Ma, “Cascade coalescence of droplets in a sudden expansion
microchannel,” Chem. Eng. J. 442, 136240 (2022).

%4A. Schwarzwiilder, J. Meyer, and A. Dittler, “Experimental analysis of droplet coalescence and
transport mechanisms on a single vertical fiber,” Exp. Fluids 64, 103 (2023).

05y, Sun, D. Yang, H. Sun, H. Wu, Q. Chang, L. Shi, Y. Cao, Y. He, and T. Xie, “Experimental
study on the falling and coalescence characteristics of droplets under alternating electric fields,”
Colloids Surf. A Physicochem. Eng. Asp. 603, 125136 (2020).

%M. W. Lee, D. K. Kang, S. S. Yoon, and A. L. Yarin, “Coalescence of two drops on partially
wettable substrates,” Langmuir 28, 3791-3798 (2012).

07s. Chen, J. Wang, C. Chen, and A. Mahmood, “Understanding the coalescence and non-
coalescence of underwater oil droplets,” Chem. Phys. 529, 110466 (2020).

24



68C. J. Park, J. Ha, J. H. Lee, and H.-Y. Kim, “Coalescence of oil drops and films on micropillared
substrates enabled by enhanced water drainage through pillar gaps,” Soft Matter 17, 5888—-5896
(2021).

%91, Duchemin, J. Eggers, and C. Josserand, “Inviscid coalescence of drops,” J. Fluid Mech. 487,
167-178 (2003).

701, Leal, “Flow induced coalescence of drops in a viscous fluid,” Phys. Fluids 16, 1833-1851
(2004).

7M. Chinaud, V. Voulgaropoulos, and P. Angeli, “Surfactant effects on the coalescence of a drop
in a hele-shaw cell,” Phys. Rev. E 94, 033101 (2016).

723, Shaikh, N. D. Patil, A. Sharma, and R. Bhardwaj, “Numerical simulations and experiments
on droplet coalescence dynamics over a liquid—air interface: Mechanism and effect of droplet-
size/surface-tension,” SN Appl. Sci. 3, 292 (2021).

3K. Gu, T. Gang, and L. Chen, “Numerical simulation of droplet coalescence based on the sph
method,” Theor. Appl. Mech. Lett. 12, 100333 (2022).

7AL. Y. Yeo, O. K. Matar, E. S. P. de Ortiz, and G. F. Hewitt, “Film drainage between two
surfactant-coated drops colliding at constant approach velocity,” J. Colloid Interface Sci. 257,
93-107 (2003).

3Y. Hu, D. Pine, and L. G. Leal, “Drop deformation, breakup, and coalescence with compatibi-
lizer,” Phys. Fluids 12, 484-489 (2000).

76A. Mansouri, H. Arabnejad, and R. Mohan, “Numerical investigation of droplet-droplet co-
alescence and droplet-interface coalescence,” in FEDSM, Vol. 46216 (American Society of
Mechanical Engineers, 2014) p. VOIAT05A006.

773 -Y. Chen, P. Gao, Y.-T. Xia, E.-Q. Li, H.-R. Liu, and H. Ding, “Early stage of delayed coales-
cence of soluble paired droplets: A numerical study,” Phys. Fluids 33, 092005 (2021).

8C. R. Anthony, M. T. Harris, and O. A. Basaran, “Initial regime of drop coalescence,” Phys.
Rev. Fluids 5, 033608 (2020).

9F. Y. Leong and D.-V. Le, “Droplet dynamics on viscoelastic soft substrate: Toward coalescence
control,” Phys. Fluids 32, 062102 (2020).

807, Sprittles and Y. Shikhmurzaev, “Coalescence of liquid drops: Different models versus exper-
iment,” Phys. Fluids 24, 122105 (2012).

81 A. Stukowski, “Visualization and analysis of atomistic simulation data with ovito—the open

visualization tool,” Model. Simul. Mater. Sci. Eng. 18, 015012 (2010).

25



82C. Verdier and M. Brizard, “Understanding droplet coalescence and its use to estimate interfa-
cial tension,” Rheol. Acta 41, 514-523 (2002).

83). Herndndez-Sanchez, L. Lubbers, A. Eddi, and J. Snoeijer, “Symmetric and asymmetric coa-
lescence of drops on a substrate,” Phys. Rev. Lett 109, 184502 (2012).

84J. D. Paulsen, “Approach and coalescence of liquid drops in air,” Phys. Rev. E 88, 063010
(2013).

85S. Arbabi, P. Deuar, M. Denys, R. Bennacer, Z. Che, and P. E. Theodorakis, “Coalescence of
surfactant-laden droplets,” Phys. Fluids 35, 063329 (2023).

865, Arbabi, P. Deuar, M. Denys, R. Bennacer, Z. Che, and P. E. Theodorakis, “Molecular dy-
namics simulation of the coalescence of surfactant-laden droplets,” Soft Matter 19, 8070-8080
(2023).

87T. Li, “Molecular dynamics simulations of droplet coalescence and impact dynamics on the
modified surfaces: A review,” Comput. Mater. Sci. 230, 112547 (2023).

88 A. Eddi, K. Winkels, and J. Snoeijer, “Influence of droplet geometry on the coalescence of low
viscosity drops,” Phys. Rev. Lett. 111, 144502 (2013).

89W. Ristenpart, P. McCalla, R. Roy, and H. Stone, “Coalescence of spreading droplets on a
wettable substrate,” Phys. Rev. Lett. 97, 064501 (2006).

PR. Narhe, D. Beysens, and Y. Pomeau, “Dynamic drying in the early-stage coalescence of
droplets sitting on a plate,” EPL 81, 46002 (2008).

IN. Kapur and P. H. Gaskell, “Morphology and dynamics of droplet coalescence on a surface,”
Phys. Rev. E 75, 056315 (2007).

92P. Bazazi and S. H. Hejazi, “Retarding spreading of surfactant drops on solid surfaces: Interplay
between the marangoni effect and capillary flows,” Phys. Rev. Fluids 5, 084006 (2020).

93P. Yatsyshin and S. Kalliadasis, “Surface nanodrops and nanobubbles: a classical density func-
tional theory study,” J. Fluid Mech. 913, A45 (2021).

94S. C. Varma, A. Saha, S. Mukherjee, A. Bandopadhyay, A. Kumar, and S. Chakraborty, “Uni-
versality in coalescence of polymeric fluids,” Soft Matter 16, 10921-10927 (2020).

938. C. Varma, D. Dasgupta, and A. Kumar, “Elasticity can affect droplet coalescence,” Phys.
Rev. Fluids 34, 028004 (2022).

%(. Verdier, “Coalescence of polymer droplets: experiments on collision,” C. R. Acad. Sci. Paris,

Ser. IV, Phys. 1, 119-126 (2000).

26



97P, E. Theodorakis, E. A. Miiller, R. V. Craster, and O. K. Matar, “Superspreading: Mechanisms
and molecular design,” Langmuir 31, 2304-2309 (2015).

98P E. Theodorakis, E. A. Miiller, R. V. Craster, and O. K. Matar, “Modelling the superspreading
of surfactant-laden droplets with computer simulation,” Soft Matter 11, 9254-9261 (2015).

PP. E. Theodorakis, E. R. Smith, and Miiller, “Spreading of aqueous droplets with common and
superspreading surfactants. a molecular dynamics study,” Colloids Surf. A: Physicochem. Eng.
Aspects. 581, 123810 (2019).

1000, Lobanova, C. Avendafio, T. Lafitte, E. A. Miiller, and G. Jackson, “SAFT-7v force field for
the simulation of molecular fluids. 4. a single-site coarse-grained model of water applicable
over a wide temperature range.” Mol. Phys. 113, 1228-1249 (2015).

1010, Lobanova, Development of coarse-grained force fields from a molecular based equation
of state for thermodynamic and structural properties of complex fluids, Ph.D. thesis, Imperial
College London (2014).

1020, Lobanova, A. Mejia, G. Jackson, and E. A. Miiller, “Saft-y force field for the simulation
of molecular fluids 6: Binary and ternary mixtures comprising water, carbon dioxide, and n-
alkanes,” J. Chem. Thermodyn. 93, 320-336 (2016).

103p, Morgado, O. Lobanova, E. A. Miiller, G. Jackson, M. Almeida, and E. J. Filipe, “Saft-y
force field for the simulation of molecular fluids: 8. hetero-segmented coarse-grained models
of perfluoroalkylalkanes assessed with new vapour—liquid interfacial tension data,” Mol. Phys.
114, 2597-2614 (2016).

104 A. Miiller and G. Jackson, “Force field parameters from the SAFT-y equation of state for use
in coarse-grained molecular simulations,” Annu. Rev. Chem. Biomol. Eng. 5, 405-427 (2014).

105T Lafitte, A. Apostolakou, C. Avendafio, A. Galindo, C. S. Adjiman, E. A. Miiller, and G. Jack-
son, “Accurate statistical associating fluid theory for chain molecules formed from mie seg-
ments,” J. Chem. Phys. 139, 154504 (2013).

106C, Avendario, T. Lafitte, A. Galindo, C. S. Adjiman, G. Jackson, and E. A. Miiller, “Saft-y force
field for the simulation of molecular fluids. 1. a single-site coarse grained model of carbon
dioxide,” J. Phys. Chem B 115, 11154-11169 (2011).

107C, Avendaiio, T. Lafitte, A. Galindo, C. S. Adjiman, E. A. Miiller, and G. Jackson, “Saft-y force
field for the simulation of molecular fluids: 2. coarse-grained models of greenhouse gases,” J.

Phys. Chem B 117, 2717-2733 (2013).

27



1085 Plimpton, “Fast parallel algorithms for short-range molecular dynamics,” J. Comp. Phys.
117, 1-19 (1995).

1094 P. Thompson, H. M. Aktulga, R. Berger, D. S. Bolintineanu, W. M. Brown, P. S. Crozier,
P.J.in ’t Veld, A. Kohlmeyer, S. G. Moore, T. D. Nguyen, R. Shan, M. J. Stevens, J. Tranchida,
C. Trott, and S. J. Plimpton, “LAMMPS - a flexible simulation tool for particle-based materials
modeling at the atomic, meso, and continuum scales,” Comp. Phys. Comm. 271, 108171 (2022).

10p E. Theodorakis, E. R. Smith, R. V. Craster, E. A. Miiller, and O. K. Matar, “Molecular
dynamics simulation of the superspreading of surfactant-laden droplets. a review,” Fluids 4,
176 (2019).

1p E Theodorakis, E. A. Miiller, R. V. Craster, and O. K. Matar, “Insights into surfactant-assisted
superspreading,” Curr. Opin. Colloid Interface Sci. 19, 283-289 (2014).

127 Stillinger, Frank H., “Rigorous Basis of the Frenkel-Band Theory of Association Equilib-
rium,” J. Chem. Phys 38, 1486-1494 (1963).

'3p E. Theodorakis, W. Paul, and K. Binder, “Analysis of the cluster formation in two-component
cylindrical bottle-brush polymers under poor solvent conditions. a simulation study,” Eur. Phys.
J.E 34,52 (2011).

4P Yatsyshin and S. Kalliadasis, “Surface nanodrops and nanobubbles: a classical density func-
tional theory study,” J. Fluid Mech. 913, A45 (2021).

I5E Mugele, T. Becker, R. Nikopoulos, M. Kohonen, and S. Herminghaus, “Capillarity at the
nanoscale: an afm view,” J. Adhes. Sci. Technol. 16, 951-964 (2002).

28



Supplemental Material for ““Coalescence of Sessile Aqueous Droplets Laden

with Surfactant”

Soheil Arbabi,!* Piotr Deuar,l Rachid Bennacer,?

Zhizhao Che,? and Panagiotis E. Theodorakis!

Unstitute of Physics, Polish Academy of Sciences,

Al. Lotnikow 32/46, 02-668 Warsaw, Poland

2Université Paris-Saclay, ENS Paris-Saclay, CNRS,

LMPS, 4 Av. des Sciences, 91190 Gif-sur-Yvette, France
3State Key Laboratory of Engines, Tianjin University, 300350 Tianjin, China

(Dated: January 24, 2024)

CONTENTS

FORCE-FIELD PARAMETERS AND DROPLET PROPERTIES

MASS TRANSPORT MECHANISM

BRIDGE DYNAMICS

ANGLE FORMED AT THE BRIDGE, 6,

VELOCITY OF APPROACH

DENSITY PROFILES

REFERENCES

* arbabi @ifpan.edu.pl
T panos @ifpan.edu.pl

22

23

24

24

29



FIG. S1. Cross-section of a spherical droplet on a wettable substrate, where the macroscopic contact angle
0y, the height & and the radius r are indicated.

FORCE-FIELD PARAMETERS AND DROPLET PROPERTIES

In Figure S1, a cross section of a spherical droplet is illustrated. Estimation of the contact angle
of a droplet without the need for fitting is done by using the method of Ref. [1]. In this method,
the average contact angle ((6;)) is calculated from the average droplet height ((h), (averaged over
100 snapshots) and the average droplet radius ((r)) under an assumption of circular cross-section.

For wettable substrates, » > h, namely 6; < 90°. However, for non-wettable substrates 8, > 90°

1
6! = arcsin (—) ,
il

1422
="

since h > r. In particular,

where

TABLE S1. Mie-potential interaction parameters between CG beads. ki‘j’ = 6 for all cases.

i—j Ojj (G) &jj (E/kB) QLIE
W-W 0.8584 0.8129 8.00
W-C 0.9292 0.5081 10.75
W-EO 0.8946 0.9756 11.94
Cc-C 1.0000 0.7000 15.00
C-EO 0.9653 0.7154 16.86
EO-EO 0.9307 0.8067 19.00

TABLE S2. Mass of CG beads.

Bead type Mass (m)
A\ 0.8179
C 0.9552

EO 1.0000




with
A=t
r
Hence, for wettable substrates, 6, = 95’ , while for nonwettable substrates the contact angle will be
O, =m—6,.

The contact angle for pure water droplets is determined by the values of g,,, and &,;. In
Figure S2, the calculated equilibrium contact angle of a pure water droplet on substrates with
different wettability is illustrated for a range of different €, parameters. Then, one can obtain the
resulting consistent self-interaction for the substrate &g using Eqn. (5) in the main text. The latter
can then be used for determining the cross-interactions &, and €gpg for the surfactant. There
cross-interactions between the substrate and the water and the surfactant molecules, which are
reported in Table S3, will then determine the equilibrium contact angle 6 of the droplet with
the surfactant molecules, which are reported in Table S4 of the manuscript along some other key

geometrical parameters.
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FIG. S2. Equilibrium contact angle of a water droplet on a smooth unstructured substrate as a function of
Es-



TABLE S3. Strength of interactions between the droplet components and the substrate for droplets of
different wt% concentration, as indicated. The equilibrium contact angle 6 for each case of the systems A,
B, C, and D with a similar value of the contact angle 6, are reported. The input control parameter is €,.

6.25 wt%
System A B C D
6° 142.97 +1.07 89.40 4+ 5.04 68.68 £ 1.11 52.01+£0.91
Ews(€) 0.500 2.200 2.800 3.200
&cs(€) 0.475 2.090 2.660 3.041
ros(€) 0.505 2.224 2.830 3.235
35.48 wr%
System A B C D
6° 142.25+1.17 94.61 £2.08 68.45+1.00 49.35+0.95
Ews(€) 0.500 1.900 2.400 2.800
ecs(€) 0.475 1.805 2.280 2.660
ros(€) 0.505 1.920 2.426 2.830

TABLE S4. Average properties of one droplet after equilibrium on substrate with different wettabilities as
defined through the angle 6;. Notation as displayed in Figure S2.

0.0 wt%
0 (°) 142.07+0.85 91.95+4.21 70.704+0.92 49.82+1.04
Average diameter of one drop D (6) 52.57+0.40 65.755+0.50 77.80+0.68 92.60+ 1.02
Average height of one drop % (o) 48.08+0.44 32.584+0.45 26.774+0.34 20.70+0.42

6.25 wt%
05 (°) 142.97+1.07 89.40+£5.04 68.68+1.11 52.01+0.91
Average diameter of one drop D (o) 53.13+£0.42 67.08£0.59 80.16£0.75 92.70+1.09
Average height of one drop & (o) 48.82+0.82 32.79+0.42 26.54+0.46 21.70£0.38

35.48 wt%
0; (°) 142.254+1.17 94.61£2.08 68.45+1.00 49.354+0.95
Average diameter of one drop D (0) 54.60+0.42 67.34+0.51 81.46+0.76 97.39+1.18
Average height of one drop % (o) 49.914+0.60 34.18+0.43 26.77+0.38 21.51£0.37

MASS TRANSPORT MECHANISM

We provide data on the mass transport of surfactant over 12 different regions of droplets on
substrate in the same procedure as in Refs. [2, 3]. This gives a total of 144 categories of surfactant

movement between these regions or remaining at the same place. Figure 3c-d of the manuscript



shows snapshots of the droplets with the regions annotated. The relative contributions from surfac-
tant transport processes from one part of a droplet to others over short time scales A" are reported
in Table S5 for two concentrations of surfactant and a range of substrate wettabilities above and
below 90° contact angle. The arrows drawn in Figure 5 of the manuscript are a consequence of
these probabilities and illustrate the relative amount of mass transport during coalescence — in

terms of absolute numbers of molecules transported over time.



TABLE S5: Summary of the relative contributions from all relevant surfactant transport processes in the
coalescing droplets. The table lists the relative frequency of transport from one region to another over a
time interval Az’ = 1.257 as a percentage of the mean number of surfactant molecules in source regions.
Data was averaged over consecutive snapshots made at At’ intervals during the entire coalescence process
which lasts ¢(1000 —3000)t. CAC ~ 7.5 wt% for C10E4.

Probabilities
System A B C D
stay left surface
6.25 wt% 9.87e-01  9.91e-01 9.93e-01 9.92e-01
35.48 wt% 9.93e-01 9.94e-01 9.94e-01 9.92e-01
Movement from left surface to left bulk
6.25 wt% 6.92e-05 3.35e-05 0.00e+00 0.00e+00
35.48 wt% 1.51e-03  7.28e-04 5.78e-04 1.29e-03

Movement from left surface to left contact
6.25 wt% 2.36e-03 3.31e-03 3.98e-03 5.67e-03
35.48 wt% 2.69e-03 2.83e-03 3.36e-03 4.83e-03

Movement from left surface to left substrate
6.25 wt% 2.03e-06  0.00e+00 0.00e+00 0.00e+00
35.48 wt% 1.69e-06 0.00e+00 0.00e+00 0.00e+00

Movement from left surface to bridge surface
6.25 wt% 3.80e-04 5.66e-04 4.00e-04 3.96e-04
35.48 wt% 4.11e-04 5.78¢e-04 3.00e-04 4.57e-04

Movement from left surface to bridge bulk
6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 1.27e-06  0.00e+00 1.11e-06 2.03e-07

Movement from left surface to bridge contact
6.25 wt% 2.03e-06 3.35e-06 0.00e+00 7.04e-06
35.48 wt% 1.27e-06 2.67e-06 1.11e-06 5.27e-06

Cont. next page. . .



System A B C D
Movement from left surface to bridge substrate

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
Movement from left surface to right surface

6.25 wt% 1.03e-02  5.04e-03 2.84e-03  2.03e-03
35.48 wt% 2.27e-03 1.68e-03 1.62e-03 1.19¢-03
Movement from left surface to right bulk

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 8.86e-06 1.07e-05 8.36e-07 2.03e-07
Movement from left surface to right contact

6.25 wt% 2.03e-05 2.35e-05 1.05e-05 7.04e-06
35.48 wt% 5.06e-06 1.34e-06 2.79e-06 2.84e-06
Movement from left surface to right substrate

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
stay left bulk

6.25 wt% 9.77e-01  9.57e-01 0.00e+00 0.00e+00
35.48 wt% 9.96e-01 9.97e-01 9.98¢-01 9.94e-01
Movement from left bulk to left surface

6.25 wt% 7.06e-03  1.47e-02  0.00e+00 0.00e+00
35.48 wt% 1.33e-03  7.76e-04 9.40e-04 3.93e-03
Movement from left bulk to left contact

6.25 wt% 1.01e-03  0.00e+00 0.00e+00 0.00e+00
35.48 wt% 2.25e-05 0.00e+00 9.07e-07 5.73e-05
Movement from left bulk to left substrate

6.25 wt% 0.00e+00 1.47e-03 0.00e+00 0.00e+00
35.48 wt% 4.07e-06 1.29e-05 1.59e-04 2.03e-03

Cont. next page. . .



System A B C D
Movement from left bulk to bridge surface

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 2.96e-06 4.76e-07 0.00e+00 0.00e+00
Movement from left bulk to bridge bulk

6.25 wt % 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 1.71e-04  2.19e-04 0.00e+00 0.00e+00
Movement from left bulk to bridge contact

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 3.70e-07 0.00e+00 0.00e+00 1.85e-06
Movement from left bulk to bridge substrate

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
Movement from left bulk to right surface

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 7.02e-06 1.38e-05 1.36e-06 6.16e-07
Movement from left bulk to right bulk

6.25 wt% 1.49e-02  2.64e-02  0.00e+00 0.00e+00
35.48 wt% 2.35e-03 1.51e-03 7.46e-04 3.45e-04
Movement from left bulk to right contact

6.25 wt % 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 0.00e+00 0.00e+00 0.00e+00 3.70e-06
Movement from left bulk to right substrate

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 3.70e-07 0.00e+00 1.36e-06 6.16e-07
stay left contact

6.25 wt% 9.25e-01  9.79¢-01 9.81e-01 9.80e-01
35.48 wt% 8.88e-01 9.58e-01 9.65e-01 9.64e-01

Cont. next page. . .



System A B C D
Movement from left contact to left surface

6.25 wt% 2.97e-02 1.54e-02 1.60e-02 1.70e-02
35.48 wt% 2.98e-02 2.21e-02 2.16e-02 2.17e-02
Movement from left contact to left bulk

6.25 wt% 1.27e-04  0.00e+00 0.00e+00 0.00e+00
35.48 wt% 3.18e-04 0.00e+00 5.37e-06 0.00e+00
Movement from left contact to left substrate

6.25 wt% 3.56e-02 1.05e-03 2.71e-04 1.74e-04
35.48 wt% 7.90e-02 1.78e-02 1.18e-02 1.26e-02
Movement from left contact to bridge surface

6.25 wt% 2.54e-05 3.09¢-05 0.00e+00 1.39e-05
35.48 wt% 1.87e-05 6.97e-06 1.43e-05 2.55e-05
Movement from left contact to bridge bulk

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
Movement from left contact to bridge contact

6.25 wt% 2.03e-04 1.01e-03 8.02e-04 1.15e-03
35.48 wt% 2.15e-04 7.28e-04 4.76e-04 7.30e-04
Movement from left contact to bridge substrate

6.25 wt % 0.00e+00 3.09e-05 0.00e+00 0.00e+00
35.48 wt% 5.14e-05 4.53e-05 3.58e-06 1.64e-05
Movement from left contact to right surface

6.25 wt% 2.29e-04 4.64e-05 2.08e-05 2.78e-05
35.48 wt% 6.54e-05 2.09e-05 2.15e-05 1.91e-05
Movement from left contact to right bulk

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 4.67e-06  0.00e+00 0.00e+00 0.00e+00
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System A B C D
Movement from left contact to right contact

6.25 wt% 9.11e-03  3.85e-03 1.67e-03 1.23e-03
35.48 wt% 2.70e-03  1.02e-03 1.00e-03  7.00e-04
Movement from left contact to right substrate

6.25 wt % 4.32e-04 1.55e-05 1.04e-05 0.00e+00
35.48 wt% 3.41e-04 3.49e-05 5.37e-06 1.18e-05
stay left substrate

6.25 wt% 8.87e-01  9.70e-01 9.69e-01 9.75e-01
35.48 wt% 8.79e-01  9.92e-01 9.95e-01 9.93e-01
Movement from left substrate to left surface

6.25 wt% 7.00e-05 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 1.37e-05 0.00e+00 0.00e+00 3.35e-07
Movement from left substrate to left bulk

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 6.16e-05 2.83e-05 1.71e-04 1.08e-03
Movement from left substrate to left contact

6.25 wt% 9.63e-02 1.20e-02 8.18e-03  6.18e-03
35.48 wt% 1.16e-01  5.35e-03 3.20e-03  4.62e-03
Movement from left substrate to bridge surface

6.25 wt % 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
Movement from left substrate to bridge bulk

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
Movement from left substrate to bridge contact

6.25 wt% 1.40e-04 8.81e-04 0.00e+00 0.00e+00
35.48 wt% 4.79e-05 3.14e-06 1.46e-06 5.69e-06
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Movement from left substrate to bridge substrate
6.25 wt% 0.00e+00 1.76e-04 0.00e+00 9.89e-04
35.48 wt% 1.03e-04 4.82e-04 2.65¢-04 4.13e-04

Movement from left substrate to right surface
6.25 wt % 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00

Movement from left substrate to right bulk
6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00

Movement from left substrate to right contact
6.25 wt% 9.10e-04 1.76e-04 2.92e-04 0.00e+00
35.48 wt% 5.27e-04 4.19e-06 2.92e-06 3.35e-06

Movement from left substrate to right substrate
6.25 wt% 1.52e-02  1.69e-02 2.22e-02 1.78e-02
35.48 wt% 5.02e-03 2.11e-03 1.82e-03  1.36e-03

stay bridge surface
6.25 wt % 9.61e-01  9.60e-01 9.54e-01 9.56e-01
35.48 wt% 9.45e-01 9.47e-01 9.57e-01 9.64e-01

Movement from bridge surface to left surface
6.25 wt % 1.42e-02 1.51e-02 1.75¢-02 1.44e-02
35.48 wt% 1.25e-02  1.23e-02 1.34e-02 1.35e-02

Movement from bridge surface to left bulk
6.25 wt % 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 1.17e-04  1.25¢-04 2.46e-05 0.00e+00

Movement from bridge surface to left contact
6.25 wt% 7.32e-05 1.61e-04 3.28e-04 1.57e-04
35.48 wt% 0.00e+00 2.88e-05 4.92e-05 1.23e-04
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System A B C D
Movement from bridge surface to left substrate

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
Movement from bridge surface to bridge bulk

6.25 wt% 4.68e-03 2.74e-03 0.00e+00 3.92e-04
35.48 wt% 2.75e-02  2.54e-02 9.88e-03  7.63e-05
Movement from bridge surface to bridge contact

6.25 wt% 2.93e-03 5.81e-03 8.86e-03 1.07e-02
35.48 wt% 2.21e-03  3.02e-03 5.45e-03 8.42e-03
Movement from bridge surface to bridge substrate

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 391e-05 9.60e-06 2.83e-04 5.87e-06
Movement from bridge surface to right surface

6.25 wt% 1.70e-02  1.60e-02 1.89¢-02 1.77e-02
35.48 wt% 1.24e-02  1.16e-02 1.35e-02 1.36e-02
Movement from bridge surface to right bulk

6.25 wt% 7.32e-05 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 1.43e-04 7.68e-05 0.00e+00 0.00e+00
Movement from bridge surface to right contact

6.25 wt % 7.32e-05 0.00e+00 3.28e-04 3.14e-04
35.48 wt% 3.91e-05 4.80e-05 7.38e-05 1.17e-04
Movement from bridge surface to right substrate

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
stay bridge bulk

6.25 wt% 9.38e-01  9.23e-01 0.00e+00 8.21e-01
35.48 wt% 9.15e-01  9.25e-01 8.53e-01 6.89¢-01
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System A B C D
Movement from bridge bulk to left surface

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 2.23e-04 0.00e+00 0.00e+00 0.00e+00
Movement from bridge bulk to left bulk

6.25 wt % 5.74e-03  6.38e-03  0.00e+00 0.00e+00
35.48 wt% 1.41e-02  1.05e-02 2.15e-03  0.00e+00
Movement from bridge bulk to left contact

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 2.79e-05 0.00e+00 0.00e+00 0.00e+00
Movement from bridge bulk to left substrate

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 0.00e+00 0.00e+00 1.53e-04 0.00e+00
Movement from bridge bulk to bridge surface

6.25 wt% 4.88e-02  6.60e-02 0.00e+00 1.43e-01
35.48 wt% 5.58e-02 5.17e-02  1.19e-01 2.03e-01
Movement from bridge bulk to bridge contact

6.25 wt% 9.56e-04 2.13e-03  0.00e+00 0.00e+00
35.48 wt% 7.80e-04 6.11e-05 2.30e-03  1.35e-02
Movement from bridge bulk to bridge substrate

6.25 wt % 1.91e-03  0.00e+00 0.00e+00 3.57e-02
35.48 wt% 8.36e-05 1.85e-03 1.96e-02 9.46e-02
Movement from bridge bulk to right surface

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 2.51e-04 2.04e-05 1.53e-04 0.00e+00
Movement from bridge bulk to right bulk

6.25 wt% 4.78e-03  2.13e-03  0.00e+00 0.00e+00
35.48 wt% 1.34e-02  1.07e-02  3.53e-03  0.00e+00
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System A B C D
Movement from bridge bulk to right contact

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
Movement from bridge bulk to right substrate

6.25 wt % 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
stay bridge contact

6.25 wt% 8.60e-01 9.18e-01 9.34e-01 9.51e-01
35.48 wt% 8.41e-01 8.97e-01 9.02e-01 9.33e-01
Movement from bridge contact to left surface

6.25 wt% 3.37e-03  2.07e-04 1.80e-04 0.00e+00
35.48 wt% 4.99¢-04 5.16e-04 2.29e-04 1.83e-04
Movement from bridge contact to left bulk

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 2.50e-04 0.00e+00 0.00e+00 0.00e+00
Movement from bridge contact to left contact

6.25 wt% 3.54e-02 1.37e-02 1.24e-02 1.34e-02
35.48 wt% 1.70e-02  1.21e-02  1.00e-02 1.11e-02
Movement from bridge contact to left substrate

6.25 wt % 1.68e-03  2.07e-04 1.80e-04 0.00e+00
35.48 wt% 6.49e-03  3.22e-04 9.18e-05 2.54e-04
Movement from bridge contact to bridge surface

6.25 wt% 2.53e-02 1.80e-02 1.93e-02 1.37e-02
35.48 wt% 2.77e-02  2.10e-02 2.29e-02 2.16e-02
Movement from bridge contact to bridge bulk

6.25 wt% 0.00e+00 4.14e-04 0.00e+00 0.00e+00
35.48 wt% 3.49e-03 4.51e-04 5.51e-04 0.00e+00
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System A B C D
Movement from bridge contact to bridge substrate

6.25 wt% 3.87e-02 3.65e-02 2.05e-02 1.04e-02
35.48 wt% 8.41e-02 5.71e-02 5.31e-02 2.18e-02
Movement from bridge contact to right surface

6.25 wt% 0.00e+00 2.07e-04 1.80e-04 2.55e-04
35.48 wt% 9.99¢-04 1.29¢-04 4.13e-04 2.82e-04
Movement from bridge contact to right bulk

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
Movement from bridge contact to right contact

6.25 wt% 3.54e-02 1.22e-02 1.31e-02 1.17e-02
35.48 wt% 1.50e-02  1.14e-02 1.04e-02 1.17e-02
Movement from bridge contact to right substrate

6.25 wt% 0.00e+00 2.07e-04 1.80e-04 0.00e+00
35.48 wt% 3.00e-03 4.51e-04 4.13e-04 1.55e-04
stay bridge substrate

6.25 wt% 6.58e-01  9.32e-01 9.40e-01 9.63e-01
35.48 wt% 5.31e-01 9.57e-01 9.45e-01 9.62e-01
Movement from bridge substrate to left surface

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
Movement from bridge substrate to left bulk

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 0.00e+00 0.00e+00 2.41e-05 0.00e+00
Movement from bridge substrate to left contact

6.25 wt% 1.32e-02  3.76e-04 0.00e+00 0.00e+00
35.48 wt% 1.43e-02 8.98e-05 4.82e-05 1.67e-04

Cont. next page. . .



System A B C D
Movement from bridge substrate to left substrate

6.25 wt% 1.32e-02  4.51e-03 2.09e-03 5.28e-03
35.48 wt% 1.55e-02  1.15e-02  1.40e-02 1.17e-02
Movement from bridge substrate to bridge surface

6.25 wt % 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 0.00e+00 1.12e-04 5.30e-04 9.29¢-06
Movement from bridge substrate to bridge bulk

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 3.58e-03 1.77e-03  3.01e-03  8.36e-05
Movement from bridge substrate to bridge contact

6.25 wt% 2.24e-01 5.87e-02 5.33e-02 3.14e-02
35.48 wt% 391e-01 1.82e-02 2.64e-02 1.39e-02
Movement from bridge substrate to right surface

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
Movement from bridge substrate to right bulk

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
Movement from bridge substrate to right contact

6.25 wt % 5.26e-02  0.00e+00 0.00e+00 0.00e+00
35.48 wt% 1.19e-02  2.69e-04 7.22e-05 8.36e-05
Movement from bridge substrate to right substrate

6.25 wt% 3.95e-02 4.89¢-03 4.18e-03 5.86e-04
35.48 wt% 3.22e-02 1.07e-02 1.08e-02  1.20e-02
stay right surface

6.25 wt% 9.87e-01  9.91e-01 9.93e-01 9.93e-01
35.48 wt% 9.93e-01 9.94e-01 9.94e-01 9.92e-01
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System A B C D
Movement from right surface to left surface

6.25 wt% 1.04e-02 5.05e-03 2.91e-03 2.08e-03
35.48 wt% 2.26e-03 1.68e-03 1.61e-03 1.20e-03
Movement from right surface to left bulk

6.25 wt % 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 7.13e-06  1.03e-05 0.00e+00 0.00e+00
Movement from right surface to left contact

6.25 wt% 2.86e-05 2.70e-05 8.00e-06 2.37e-06
35.48 wt% 5.87e-06  3.59e-06 3.05e-06 2.64e-06
Movement from right surface to left substrate

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
Movement from right surface to bridge surface

6.25 wt% 4.48e-04 5.93e-04 4.03e-04 5.17e-04
35.48 wt% 4.08e-04 5.62e-04 3.00e-04 4.55e-04
Movement from right surface to bridge bulk

6.25 wt% 2.04e-06 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 3.77e-06  4.49e-07 0.00e+00 0.00e+00
Movement from right surface to bridge contact

6.25 wt % 2.04e-06 3.37e-06 0.00e+00 7.11e-06
35.48 wt% 1.26e-06 1.80e-06 2.22e-06 4.26e-06
Movement from right surface to bridge substrate

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
Movement from right surface to right bulk

6.25 wt% 5.32e-05 6.74e-06  0.00e+00 0.00e+00
35.48 wt% 1.51e-03  5.75e-04 6.95e-04 1.61e-03
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System A B C D
Movement from right surface to right contact

6.25 wt% 2.32e-03 3.27e-03 3.51e-03 4.76e-03
35.48 wt% 2.55e-03 2.73e-03 3.27e-03  4.95e-03
Movement from right surface to right substrate

6.25 wt % 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 3.36e-06 4.49¢e-07 0.00e+00 0.00e+00
stay right bulk

6.25 wt% 9.56e-01  9.53e-01 0.00e+00 0.00e+00
35.48 wt% 9.96e-01 9.98e-01 9.98e-01 9.93e-01
Movement from right bulk to left surface

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 9.70e-06  1.23e-05 1.35e-06 2.45e-06
Movement from right bulk to left bulk

6.25 wt% 3.13e-02  4.25e-02 0.00e+00 0.00e+00
35.48 wt% 2.38e-03 1.50e-03 7.43e-04 3.62e-04
Movement from right bulk to left contact

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 0.00e+00 0.00e+00 0.00e+00 2.45e-06
Movement from right bulk to left substrate

6.25 wt % 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 3.73e-07 0.00e+00 4.51e-07 0.00e+00
Movement from right bulk to bridge surface

6.25 wt% 4.06e-04 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 3.73e-06 4.74e-07 4.51e-07 0.00e+00
Movement from right bulk to bridge bulk

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 1.58e-04 2.26e-04 6.31e-06 0.00e+00
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System A B C D
Movement from right bulk to bridge contact

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 0.00e+00 0.00e+00 4.51e-07 1.84e-06
Movement from right bulk to bridge substrate

6.25 wt % 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
Movement from right bulk to right surface

6.25 wt% 1.22e-02  4.72e-03  0.00e+00 0.00e+00
35.48 wt% 1.34e-03  6.00e-04 1.12¢-03 4.87e-03
Movement from right bulk to right contact

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 2.31e-05 0.00e+00 2.25e-06 5.52e-05
Movement from right bulk to right substrate

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 8.58e-06 2.70e-05 1.38e-04 1.28e-03
stay right contact

6.25 wt% 9.29¢-01 9.79e-01 9.83e-01 9.83e-01
35.48 wt% 8.84e-01 9.57e-01 9.66e-01 9.63e-01
Movement from right contact to left surface

6.25 wt % 2.92e-04 1.38e-04 1.05e-05 1.44e-05
35.48 wt% 8.00e-05 2.42e-05 1.42e-05 1.22e-05
Movement from right contact to left bulk

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
Movement from right contact to left contact

6.25 wt% 8.34e-03 3.70e-03 1.70e-03  1.34e-03
35.48 wt% 2.57e-03  1.00e-03 9.90e-04  7.20e-04
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System A B C D
Movement from right contact to left substrate

6.25 wt% 3.40e-04 1.53e-05 0.00e+00 0.00e+00
35.48 wt% 3.67e-04 2.42e-05 7.12e-06 1.32e-05
Movement from right contact to bridge surface

6.25 wt % 0.00e+00 0.00e+00 2.09e-05  1.44e-05
35.48 wt% 9.42e-06 1.38e-05 1.07e-05 1.97e-05
Movement from right contact to bridge bulk

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
Movement from right contact to bridge contact

6.25 wt% 3.16e-04 8.75e-04 8.27e-04 1.04e-03
35.48 wt% 2.21e-04 7.30e-04 4.93e-04 8.56e-04
Movement from right contact to bridge substrate

6.25 wt% 2.43e-05 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 3.30e-05 2.08e-05 1.42e-05 1.13e-05
Movement from right contact to right surface

6.25 wt% 2.89¢e-02  1.53e-02 1.40e-02 1.46e-02
35.48 wt% 2.89¢e-02  2.10e-02  2.10e-02  2.29e-02
Movement from right contact to right bulk

6.25 wt % 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 2.78e-04 0.00e+00 0.00e+00 9.40e-07
Movement from right contact to right substrate

6.25 wt% 3.29e-02 9.67e-04 1.88e-04 9.36e-05
35.48 wt% 8.39e-02 1.98e-02 1.12e-02 1.24e-02
stay right substrate

6.25 wt% 8.88e-01 9.74e-01 9.72e-01 9.86e-01
35.48 wt% 8.74e-01  9.92e-01 9.95e-01 9.93e-01
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System A B C D
Movement from right substrate to left surface

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
Movement from right substrate to left bulk

6.25 wt % 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 0.00e+00 1.03e-06 9.81e-07 3.38e-07
Movement from right substrate to left contact

6.25 wt% 1.56e-03  1.62e-04 2.81e-04 0.00e+00
35.48 wt% 5.38e-04 7.18e-06 3.92e-06 5.07e-06
Movement from right substrate to left substrate

6.25 wt% 1.38e-02  1.54e-02 2.25¢-02 1.16e-02
35.48 wt% 4.93e-03 2.08e-03 1.84e-03 1.36e-03
Movement from right substrate to bridge surface

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
Movement from right substrate to bridge bulk

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
Movement from right substrate to bridge contact

6.25 wt % 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 1.34e-05 6.16e-06 4.91e-07 3.38e-06
Movement from right substrate to bridge substrate

6.25 wt% 0.00e+00 1.62e-04 0.00e+00 0.00e+00
35.48 wt% 1.14e-04 4.46e-04 2.04e-04 4.29e-04
Movement from right substrate to right surface

6.25 wt% 0.00e+00 0.00e+00 0.00e+00 0.00e+00
35.48 wt% 2.69e-05 1.03e-06 0.00e+00 0.00e+00

Cont. next page. . .
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System A B C D

Movement from right substrate to right bulk

6.25 wt% 7.10e-05 0.00e+00 0.00e+00 0.00e+00

35.48 wt% 1.28e-04 5.85e-05 1.51e-04 7.03e-04

Movement from right substrate to right contact

6.25 wt % 9.67¢-02 1.07e-02 5.05e-03 2.29e-03

35.48 wt% 1.20e-01 5.83e-03 3.06e-03 4.48e-03
BRIDGE DYNAMICS

Figure S3 displays the bridge dynamics for water and surfactant-laden droplets below CAC

(6.25 wt%). These can be compared to concentrations above CAC (35.48 wt%), which are pre-

sented in Figure 7 of the main paper. Figure S4 contains plots that aim at highlighting differences

between droplets with different surfactant concentration for each substrate.

a o 0 wt%, 6s=142.07°, B,=0.608+0.007, B,=0.627+0.054 o  6.25wt%, 6;=142.97°, B,=0.572+0.007, 3,=0.551+0.039
v 0wt%, 6=91.95°, B,=0.62+0.007, B,=0.577+0.006 b v 6.25 wt%, 65 =89.40°, B,=0.601+0.007, 3,=0.629+0.005
o 0wt%, 6s=70.70°, B,=0.657+0.007, B,=0.551+0.005 o 6.25 wt%, 6; =68.68°, B,=0.703+0.009, B,,=0.678+0.007
5 OwWt%, 8;=49.82°, B,=0.663%0.006, B,,=0,855+0.004 A 6.25Wt%, 8;=52.01°, B,=0.867%§.01, B,,=0.578+0.01
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FIG. S3. Bridge dynamics displayed to highlight the effect of substrate wettability. The bridge height, b, is
plotted as a function of time, ¢, from the time of the first contact of the droplets, #.. Insets show the bridge
width, w. Results for (a) water droplets and (b) surfactant-laden droplets (below CAC) are shown. Figure 7

of the main paper shows results for concentration above CAC.
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FIG. S4. Bridge dynamics displayed to highlight the effect of surfactant. As in Figure S3, we see bridge
length, b, as a function of time, ¢, from the time of the first contract of the droplets, #.. Insets show the
bridge width, w. (a) Nonwettable substrate (6; > 90°) (b) Intermediate wettability substrate (68, ~ 90°) (c)
Wettable substrate with 6; ~ 70° and (d) Wettable substrate with 68, ~ 50°. Data for different surfactant
concentration are shown.

ANGLE FORMED AT THE BRIDGE, 6,

Figure S5 presents data for the bridge angle (6, ) for the coalescence of sessile water droplets, as
well as for surfactant-laden droplets below and above CAC. In all three cases, a linear fit has been

performed on the data to provide values used in Figure 8 of the main text. Figure S6 compares the
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a 100 <& 0wt%, 6s=180.00°, Fit: y= —0.53x +79.45 b o 6.25 wt%, 65 =180.00°, Fit: y= —0.45x +79.78 C o 35.48 wt%, 6,=180.00°, Fit: y= —0.21x+79.32
o 0wt%, 6s=142.07", Fit: —0.57x+81.61 100! o 6.25wt%, 6s=142.97°, Fit: y= —0.41x+78.55 100 ©  35.48 wt%, 6s=142.25°, Fit: y= —0.20x + 75.56

v 0wt%, 6s=91.95°, Fit: y= —0.43x+81.76 v 6.25 wt%, 65 =189.40°, Fit: y= —0.29x + 79.06 v 35.48 wt%, 6;=94.61", Fit: y= —0.09x + 71.63

éz 0O Owt%, 8;=70.70°, Fit: y= —0.28x + 66.32 0 6.25wt%, 6;=68.68", Fit: y= —0.19x + 66.18 0O 35.48 wt%, 6;=68.45", Fit: y= —0.06x + 62.22

% o Owt%, 6,=49.82°, Fit: y= —0.13x +47.63 A 6.25wt%, 6s=52.01°, Fit: y= —0.08x +49.52 A 35.48 wt%, 65 =49.35°, Fit: y= —0.02x +43.36
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FIG. S5. Bridge angle, 6, for different substrate properties, as a function of time, ¢, starting from the contact
moment, ¢, for (a) pure water droplets, (b) surfactant-laden droplets below CAC, and (c) surfactant-laden
droplets above CAC. The dashed lines are linear fits to the data, where x =t — 1. (7) and y = 6, (deg). They
are used in Figure 8 of the main paper, where the slope of the dashed line is denoted with the symbol m.
Determination of 6, was stopped when noise in the data became excessive.

behavior for three different surfactant concentrations for similar substrates.

VELOCITY OF APPROACH

The distance between the centers of mass of the two droplets in the x-direction, X, (Figure 1d,h
of the main manuscript) is further monitored during the coalescence of sessile droplets. Moreover,
its rate of change with time, u = X, is also calculated from these data. Figure S7 compares the
dynamics of approach of droplets (0 wt% and 6.25 wt%) and the one for above CAC (35.48 wt%)
is presented in main paper. Figure S8 compares three concentrations on four different substrates

from nonwettable to wettable cases.

DENSITY PROFILES

Figure S9 presents the density of water beads for the coalescence of sessile surfactant-laden
droplets (above CAC, 35.48 wt%). In the main paper, the density profile of surfactant beads of the

same snapshots are reported (Figure 10).
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FIG. S6. Bridge angle, 6, as a function of time, ¢, starting from the time of first contact, z.. This figure
highlights the effect of surfactant concentration. (a) Non-wettable cases (6, > 90°), (b) intermediate wetta-
bility cases (6; ~ 90°), (c) wettable case with 6; >~ 70° and (d) 6, ~ 50°. As in Figure S5, determination of
0, was stopped when noise in the data became excessive.



0 wt%
a 120

100

80

40

20

120

100

80

60

26

6.25 wt%

0.0

0 200 400 o000 800 1000

t—t:(7)

FIG. S7. The distance between the centers of mass of the two droplets in the x-direction, X, as a function
of time, ¢, starting from moment of first contact of the droplets, z. for (a) water droplets, and (b)surfactant-
laden droplets of concentrations below CAC. The inset shows the instantaneous velocity, u = X.
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FIG. S8. The distance between the centers of mass of the two droplets in the x-direction, X, as a function of
time, ¢, starting from moment of first contact of the droplets, #.. The inset shows the instantaneous velocity,
u = X. (a) Nonwettable cases (6 > 90°), (b) intermediate wettability cases (8, ~ 90°), (c) 8, ~ 70° and (d)

6, ~ 50°.
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FIG. S9. Water density at pinching (upper panels) and with a developed bridge (lower panels) for concen-
trations above CAC (35.48 wt%). (a) 6, ~ 142°, snapshots: t. and . + 1007, (b) 6, ~ 90°, snapshots: ¢, and
t.+412.57, (c) 6, ~ 50°, snapshots: z. and ¢, + 1352.57
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166 Chapter 4. Results: Summary of Publications

4.4 Coalescence of Sessile Polymer Droplets: A Molecu-

lar Dynamics Study

4.41 Summary of Key Findings of this Publication:

In this paper, we investigate the coalescence of sessile polymer droplets on various
substrates, encompassing both wettable and non-wettable surfaces. In this study, we
used a physics-based CG force field for polymer chains where a standard bead—spring
model has been employed. Our primary goal is to elucidate the role of viscosity, where
longer polymer chain lengths correspond to higher viscosity, through the use of molec-
ular dynamics simulations. These droplets are deposited onto substrates with different
levels of wettability, a characteristic determined by the equilibrium contact angles of
individual droplets, ranging from angles above to below 90 degrees (i.e. with angles

ranging from 78° to 118°). The key findings of this work are summarized as follows:

¢ The dynamics of the bridge height are notably slower in the case of polymer
droplets when compared to what is observed for our study on sessile water and
surfactant-laden droplets [4]. Additionally, the coalescence process decelerates
significantly as the polymer chain length increases. Similar to surfactant-laden
droplets, we can observe the presence of an initial thermal regime followed by
an inertial regime. This inertial regime exhibits growth based on a power law
with an exponent lower than 0.5 for non-wettable substrate and lower than 2/3
for wettable substrate (contact angle less than 90°), which are reported in the case
of coalescence of sessile water droplets. Furthermore, it is demonstrated that in-
creasing the polymer chain length results in a gradual decrease of the exponent.

* We explored the dynamics of bridge shape by measuring a quantity named the
bridge angle, 6, (Fig. 1 in the paper). Overall, a steady decrease in the angle is
observed across all polymer chain lengths. The decrease of the angle over time
shows similar dynamics for polymer chain length over 80 beads. However, it
decreases with a faster rate for the polymer chain length of 10 beads.

¢ The dynamics of coalescence were further explored by measuring the velocity
of approach of two droplets on a substrate. For less wettable substrates, two
different regimes with a noticeable transition between them were observed. This
transition becomes more pronounced as the polymer chain length exceeds 40, and

it appears smoother in the case of shorter chain lengths.



4.4. Coalescence of Sessile Polymer Droplets: A Molecular Dynamics Study 167

E T 3 E 3

Bridge

Time

Figure 4.4: Coalescence of sessile polymer droplets. Reprinted from [Soheil Arbabi,
Panagiotis E. Theodorakis, Coalescence of Sessile Polymer Droplets: A Molecular Dynamics
Study, Macromol. Theory Simul. 32, 2300017 (2023) https://doi.org/10.1002/mats.
202300017, with permission of John Wiley and Sons, Inc.].

4.4.2 Details of Publication

Coalescence of Sessile Polymer Droplets: A Molecular Dynamics Study

PDF of this publication is reprinted from [Soheil Arbabi, Panagiotis E. Theodor-
akis, Coalescence of Sessile Polymer Droplets: A Molecular Dynamics Study, Macromol.
Theory Simul. 32, 2300017 (2023). https://doi.org/10.1002/mats.202300017, with
permission of John Wiley and Sons, Inc.].
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Coalescence of Sessile Polymer Droplets: A Molecular

Dynamics Study

Soheil Arbabi and Panagiotis E. Theodorakis*

Droplet coalescence is ubiquitous in nature and, at the same time key to
various technologies, such as inkjet printing. Herein, this study reports on the
coalescence of polymer droplets with different chain lengths coalescing on
substrates of different wettability. By means of molecular dynamics
simulations of a coarse-grained model, it is found that the rate of bridge
growth is higher in the case of droplets with smaller contact angles (more
wettable substrates) and decreases with the increase of the chain length of
the polymers. Different behavior is also identified in the dynamics of the
approach of the two droplets during coalescence with the substrate wettability
playing a more important role compared to the chain length of the polymers.
While the dynamics of the droplet are greatly affected by the latter parameters,
the density profile and flow patterns remain the same for the different cases.
Thus, this study anticipates that it provides further insights into the
coalescence of liquid polymer droplets on solid substrates with implications

methodology limitations, further under-
standing at molecular scales is much
more desirable as applications often require
greater control at nanoscale. Moreover, the
role of a substrate in the coalescence of ses-
sile droplets deserves further consideration
despite research in this area by theory and
experiment,! "] especially in the context
of complex liquids containing various addi-
tives, such as polymers and colloids.
Droplet coalescence takes place in three
stages, with the first being the initial droplet
approach when the droplets are close
enough to interact with each other and form
in between the so-called bridge. Then, the
bridge-growth stage follows, which eventu-
ally results in the final reshaping of the

for relevant technologies.

1. Introduction

Droplet coalescence is ubiquitous in nature and at the same
time much relevant for various technologies, such as spray-
ing and printing,"?l where the rate of this process can de-
termine the efficiency of the application. The primary factor
controlling coalescence is the interplay of viscous and inertial
forces as droplets minimize their total surface-tension energy by
coalescing.l*! Despite research in this area,*!% droplet coales-
cence remains a fascinating phenomenon with many of its as-
pects calling for further investigations to reach an adequate un-
derstanding of this phenomenon in various scenarios.*! On
the one hand, part of this knowledge gap is due to device limi-
tations, since experiments cannot capture the initial fast stages
of droplet coalescence. On the other hand, the singularity at the
contact point during the initial stages of coalescence presents
challenges for numerical modelling,[®#1%!1l despite progress in
this area,’”! while hydrodynamic models are only applicable
at the later stages of coalescence.['?*] Apart from device and
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two droplets toward the equilibrium state

of a single spherical-cap droplet, which is

the state of minimum energy. From the

perspective of fluid dynamics, the initial
bridge growth is generally driven by viscous forces, as a result
of the interactions between molecules, while inertial forces dom-
inate the coalescence process at the later stage.®!!l In the case
of the viscous regime, a linear scaling in time bt has been
suggested for the bridge radius, b, or logarithmic corrections
tlnt, while a scaling b « 1/t has been proposed for the inertial
regime.[!] However, the dynamics of the bridge growth is still
under debate, for example, an inertially limited viscous regime
has been reported?*?!] or the proposition of a modified Ohne-
sorge number in the case of immiscible droplets for coupling
the linear and power-law scalings.[??! All-atom molecular dynam-
ics (MD) simulations!”! have described the initial stage of the
bridge growth for water droplets, not achievable by continuum
simulation or experiment. In particular, the formation of multi-
ple precursor bridges at the pinch point were observed, which
result from thermal capillary waves that exist at the droplets’
surface. In this case, simulations suggest that multiple bridges
that expand linearly in time develop at the surface and the tran-
sition to the classical hydrodynamics regime only takes place
when the bridge radius exceeds a thermal length defined as I ~
(kg T/y)*R/1/2, where kjy is Boltzmann’s constant, T the temper-
ature, y the liquid-vapour (LV) surface tension, and R the radius
of the droplets.

In the case of droplet coalescence on solid substrates, much
less is known, despite the immediate implications for applica-
tions, for example, in coatings!?*) and microfluidics(?*! technolo-
gies. In particular, in the case of coalescence of low-viscosity
droplets on a substrate it has been experimentally found that the

© 2023 Wiley-VCH GmbH
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Figure 1. Evolution of the droplet coalescence on a solid substrate with a lower (a, €y, = 1.1¢€) and a higher (b, €,,,, = 2.5 €) wettability as a function of
time, t, from the first permanent contact of the droplets at time t_, as indicated. Here, N = 10 beads. Moreover, the angle, 6, and the bridge length, b,
are indicated. The implicit, smooth substrate modeled by the 9-3 L] potential of Equation 3 is illustrated by a solid color.

the bridge height, b, grows with time as t*> when the contact
angle is below 90°, while a scaling bet!/? has been observed for
contact angles above 90°,'% which is the scaling found in the
inertial regime for freely suspended drops.!®%] Moreover, a ge-
ometrical model that unifies the inertial coalescence of sessile
and freely suspended drops and can capture the transition from
the 2/3 to the 1/2 exponent in the case of sessile droplets has
been proposed.[®] In addition, in the case of asymmetric coales-
cence, that is droplets with different contact angles, the theory
predicts that the shape of the bridge can be described by similar-
ity solutions of the 1D lubrication theory, with the bridge grow-
ing linearly in time and exhibiting dependence on the contact
angles.[’] In earlier experimental studies, a power-law growth at
early times as t'/2 has been suggested for the symmetric case,
while the growth rate appeared to be sensitive to both the ra-
dius and the height of the droplet with a scaling H/R, where H is
the height of the droplet from the substrate to its apex and R its
radius.[?*] Further experimental work on droplets with contact an-
gles in the range 10°-56° has found that the bridge growth scales
as a power law with exponents in the range 0.5061 to 0.8612 with
data deviating from the power law at longer times during coa-
lescence for contact angles larger than 24°. Moreover, a power
law with an exponent 0.2901 has been found for the width of
the bridge.['”) Finally, further experimental work has focused on
analysing the morphology and dynamics of droplet coalescence
on substrates.?’]

Despite previous study on the coalescence of sessile droplets,
many aspects of this phenomenon require further investigation.
One of them is the role of viscosity in the coalescence for sub-
strates with different wettability. Viscosity is expected to play a

Macromol. Theory Simul. 2023, 32, 2300017

2300017 (2 of 7)

role, especially in the context of polymer droplets studied here,
where in addition to surface-tension-effects differences, and en-
tanglement effects may also play a role for longer polymer chains
or the polymer—polymer interactions close to the contact line in
both the initial and later stages of coalescence. Here, we attempt
to elucidate these points and fill in the gap in knowledge in this
area by carrying out molecular dynamics simulations of a coarse-
grained model for droplets comprised of polymer chains with dif-
ferent length on substrates of different wettability with equilib-
rium contact angles of individual droplets above and below 90°.
We find that the bridge length dynamics are much slower in the
case of polymer droplets than what is observed for water droplets.
Moreover, the coalescence process considerably slows down with
the increase in polymers chain length. Furthermore, more wet-
table substrates have consistently faster bridge growth dynamics
in comparison with the less wettable substrates. The wettability of
the substrate also affects significantly the dynamics of the bridge
angle and the approach of the coalescing droplets, while the vis-
cosity of the droplets appears to have a smaller effect. In the fol-
lowing, we describe our simulation model and method. Then, we
discuss our results, while in the final section, we draw our con-
clusions.

2. Experimental section

This study’s system consisted of two polymer droplets placed next
to each other as shown in Figure 1 to initiate their coalescence.
Each droplet contained polymer chains with the same number of
monomers (beads), N. The polymer chains were modeled by the

© 2023 Wiley-VCH GmbH
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standard bead-spring model 2628 where all beads interact with
a truncated and shifted Lennard-Jones (L]) potential,

o 12 o 6
Uy (r) = 4g;; <7> _<7) . 1)

This interaction was applied for beads within the cutoft distance
r. = 2.5 o, where o is the length unit. The interaction between
polymer beads ise,,, = €, where e is the unit of energy. The tem-
perature of the system is, T'= €¢/kp, where kj is Boltzmann’s con-
stant. Moreover, consecutive beads along a polymer chain were
tethered by the “finitely extensible nonlinear elastic” (FENE) po-
tential,

2
Ugpni(r) = —0.5Kppys R In [1 - (-) ] )

where r is the distance between two consecutive beads along the
polymer chain, R, = 1.5 ¢ expresses the maximum extension of
the bond, and Kz = 30 €/62 is an elastic constant. The length of
the polymer chain in this model in effect varies the viscosity of the
droplets.[?] Here, the chain length was the same for both droplets
in each system and was chosen in the range N = 10 — 640 beads.
Since the total number of beads in each droplet was 57600, using
longer chains would also require an increase in the overall size
of the droplet, in order to ensure that the majority of the chains
were not on the surface of the droplet, thus avoiding artifacts that
might not apply to macroscopic droplets. Moreover, increasing N
and the total number of beads in the droplets would result in
longer times required for the equilibration of the initial droplets
and the coalescence experiments to reach the final equilibrium
stage. Still, it would be valuable to extend the range of N in fu-
ture investigations and carry out a full scaling analysis of droplet
properties on the chain length N and the overall droplet size. The
wettability of the substrate by the droplet was controlled through
the parameter ¢, of the 9-3 L] potential, which describes the in-
teraction of the polymer beads with an implicit, smooth wall,[*"]

U, (2) =4gpw[(%>9— (%)3] 3)

where z is the normal (vertical) distance of the beads from the
substrate within a cutoff distance z. = 2.5 6. Here, 6, = 0.

To evolve this study’s system in time and control the temper-
ature of the system, the Langevin thermostat was used as done
previously.®!] The equation of motion for the coordinates {r;(t)}
of the beads of mass m (m is the unit of mass)

d’r; dr,
m—z = =VU =y =+ (). (4)
was numerically integrated for each bead using the LAMMPS
package.®”) In Equation 4, t denotes the time, U, is the total po-
tential acting on the ith bead, y is the friction coefficient, and T';(#)
is the random force. As is well-known, y and I are related by the
usual fluctuation—dissipation relation

<T;

i

(B).Ty(f') >= 6k, Tys,6(t— ). (5)
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Following previous study,*"**3*] the friction coefficient was cho-

senasy =0.5 77, Equation 4 was integrated using an integration
time step of At = 0.01 7, where the time unit is r = (mo?/e)}/2. A
single droplet was first equilibrated for an adequate time, so that
the total energy had reached a minimum and properties, such as
the mean contact angle and average shape of the droplet did not
change with time. Then, the equilibrated droplet was cloned and
positioned on the substrate as shown in Figure 1. In this case,
the size of the box was chosen such as to accommodate the two
droplets avoiding the interaction of mirror images of the droplets
due to the presence of periodic boundary conditions in all Carte-
sian directions. Moreover, the use of polymer droplets led to the
absence of vapor in the system,3°! which greatly facilitated the
analysis of the trajectories and maintaining the same thermody-
namic conditions during the simulation of either the individual
droplet or the two coalescing droplets. Different scenarios of sub-
strate wettability were considered in this study, for which e, is
2.5 e or 1.1 €. In this case, the equilibrium contact angles of the
individual droplets before coalescence were 78° and 118°, respec-
tively. To estimate the contact angle of the droplet, a method that
avoided a fitting procedure was used, which had been described
in Reference.?) This study had also found that the equilibrium
contact angles of the individual droplets did not show any sta-
tistically significant dependence on the length, N, of the poly-
mer chains.

To analyze the bridge growth dynamics, snapshots of the sys-
tem were frequently dumped, especially for the initial stage, typ-
ically every 250 integration time steps and beads were assigned
to a 3D grid with size 2.5¢ in all directions. For the analysis of
each snapshot, the center of the bridge was located in the mid-
dle of the grid, corresponding to the position x = 0 in the x di-
rection of the coordinate system and any rotation of the droplets
around the z axis had been removed. This facilitates our analysis
and guarantees that our measurements of the bridge radius and
all other properties (e.g. density profiles) remain consistent as
coalescence proceeds. The snapshots of Figure 1 had been taken
after performing the above procedure, which was manifested by
the perfect alignment of the droplets along their long axis in the x
direction and the bridge was also placed in the middle of the sub-
strate on the x — y plane. The 3D grid was also used to calculate
the profile of the number density of the droplets by considering a
slab along the x — z plane in the x direction that passed through
the center of the bridge. Further details regarding the calculation
of the various properties were provided later during the discus-
sion of the respective results.

3. Results and Discussion

Figure 1 shows typical coalescence cases on substrates with dif-
ferent wettability, corresponding to contact angles of lower and
greater than 90°. A key parameter for characterizing the dynam-
ics of the coalescence process is the bridge length, b, which is in-
dicated for each case in Figure 1. When the substrate is less wet-
table (contact angle greater than 90°), the bridge initially forms
above the substrate at the contact point between the LV interface
of the coalescing droplets, and later comes into contact with the
substrate as the coalescence process proceeds (Figure 1a). In con-
trast, in the case of more wettable substrates (contact angles lower
than 90°), the bridge grows onto the substrate from the beginning

© 2023 Wiley-VCH GmbH
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Figure 2. Bridge length, b, as a function of time, t, counting from the time of first permanent contact of the coalescing droplets, t.. Data for polymer
droplets with different chain length are shown, N, as indicated. a) €y, = 1.1€; b) €, = 2.5 €. The power-law exponents ~ tPs) are reported for the bridge

length with values of y2/ndf ~ 1, where ndf indicates the number of degrees of freedom.

of the coalescence process. While the time that bridge is in con-
tact with the substrate is expected to affect the dynamics of the
droplets, in the case of more wettable substrates the interaction
between the droplet and the substrate is also stronger.

Figure 2 presents our results for the dynamics of the bridge
length, b, on the two different substrates. Apart from the ini-
tial thermal regime,l’! we find that in terms of the bridge length
the dynamics of coalescence on both substrates can be described
by a power-law behavior (~t#) with exponents that are clearly
lower than 1/2 (contact angles greater than 90°) and 2/3 (con-
tact angles lower than 90°), which have been reported for water
droplets.l'] Therefore, our results suggest that the rate of coa-
lescence is slower in the case of polymer droplets compared to
the case of water droplets. Moreover, the increase of the polymer
chain length leads to gradually decreasing values of the power-
law exponent for both types of substrates. However, exponents
are clearly higher in the case of the more wettable substrate,
which suggests that the coalescence process be faster when the at-
traction of the polymer chains to the substrate is stronger. Hence,
an increased substrate wettability appears to accelerate the dy-
namics of the bridge growth, thus facilitating droplet coalescence
throughout the range of N studied here. Moreover, we have iden-
tified the presence of a second regime at the final stages of the
coalescence process and when almost the bridge has been fully
developed in the case of less wettable substrates, an effect that
is more pronounced for longer chain lengths N. In summary,
we find that an increasing chain length of the droplets will slow
down the coalescence of polymer droplets and more wettable sub-
strates will exhibit faster dynamics than less wettable substrates
with power-law exponents, §,, significantly lower than what has
been observed for sessile water droplets.

Figure 3 presents results for the angle 0 at the bridge (see
Figure 1). A symmetric angle is defined for the second droplet
of Figure 1 and the average of the two angles for each snapshot
is considered as the value of the angle 8. To calculate the angle 6,
one considers a horizontal plane that passes through the top of
the bridge. Then, the angle is calculated based on the curvature
of the droplets, as discussed in a previous study, thus avoiding
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1000
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Figure 3. Angle 6 (see Figure 1and main text for further details) as a func-
tion of time, t, counting from the time of first permanent contact of the co-
alescing droplets, t,. Data for polymer droplets with different chain length,
N, are shown, as indicated. The lines are a guide for the eye. Here, €, =
2.5eand e, = 1.1¢€ (inset).

a fitting procedure.3®! Estimating the angles can in general be
highly sensitive to the details of the definition of a sharp inter-
face, as well as the fitting procedure.[”38] Moreover, models that
could account for the disjoining pressure effects, for example, in
the context of droplets on solid substrates, might perform better
than fitting spherical caps to nanodroplets.l*’] In general, our data
for the angle 0 appear noisier than the data referring to the bridge
length. One of the main reasons for this is the larger fluctuations
on the droplets shape during the coalescence process. Hence, a
discussion here can only focus on the dynamics of the angle 0,

© 2023 Wiley-VCH GmbH
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Figure 4. Distance X in the x direction between the center of mass of coalescing droplets for cases of different chain length, N, as indicated. Insets show
the instantaneous velocity of approach u = dX/dt. (a) €, = 1.1¢€; (b) €,, =25 €.

0
X(0o)

t =1, + 3057

=20 20

0
X(o)

0.0 0.1 0.2 0.4 0.5 0.6 0.7 0.8 1.0 1.1 o 3

Figure 5. Profiles of the number density along a cross-section in the x direction (x — z plane) of the coalescing droplets (N = 640 beads) at different
stages (upper panels correspond to snapshots obtained at time £, when the droplets come into permanent contact). (a, b) €, = 1.1¢; (c, d) €, =

2.5€.

which seems to greater be affected at the earlier times of coales-
cence in the case of more wettable substrates, while curves seem
to saturate for chain lengths N > 80 beads. Moreover, a faster rate
of change appears in the case of the less wettable substrates.

We have further explored the dynamics of the coalescence
process by monitoring the distance X of the center of mass of
the coalescing droplets, and, also, calculated its derivative with
time, which reflects the instantaneous velocity of approach of the
droplets (Figure 4). Our data for €, = 1.1 € (less wettable sub-
strate) show two different dynamics regimes with a transition
between them that is more pronounced in the case of droplets
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with longer polymer chains (N > 40 beads). This transition seems
to become smoother as the chain length decreases. Moreover,
the instantaneous velocity, u, of the approach of the droplets is
higher at the initial stages of coalescence and then rather reaches
a smaller value, which remains constant until the bridge has fully
developed. This velocity appears to be similar for the different sys-
tems, independently of the chain length. In the case of the sys-
tems with e, = 2.5 ¢, a different behavior is observed. X steadily
decreases, while the velocity, u, obtains small values over the en-
tire coalescing process with the initial instantaneous velocity of
the approach of the droplets to exhibit a slightly higher (more
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negative velocity, since the distance X decreases) velocity. Hence,
although the bridge growth dynamics is faster in the case of the
more wettable substrate, the approach of the two droplets appears
slower in the case of the more wettable substrate.

Finally, we have calculated the density profiles of the droplets
during coalescence. From the obtained results, we have not iden-
tified any noticeable changes in the density profiles for droplets
of different chain length and substrates with different wettability.
We have also analyzed the flow patterns and they have also not
revealed any noticeable differences for the different systems. Typ-
ical density profiles for various cases are presented in Figure 5 at
an initial stage of the coalescence process, when droplets come
into contact, and at a later stage when the bridge has been clearly
developed. Hence, while the dynamics of the coalescence process
depends on the choice of the substrate and the chain length of
the polymers, no noticeable changes in the patterns of the den-
sity and the flow are observed during coalescence for the various
cases considered in our study.

4. Conclusion

In this study, we have characterized the dynamics of the coales-
cence of polymer droplets with different chain lengths on sub-
strates with different wettability, where the contact angle of in-
dividual droplets is less and above 90°. The rate of coalescence
is a key property and can be characterized by the growth rate of
the bridge length. We find that polymer droplets overall show
a slower rate of the bridge growth in comparison with what
has been observed in the case of water droplets in experiments.
Moreover, the dynamics are slower as the length of the polymer
chains of the droplets increases. Also, we find that more wet-
table substrates will exhibit faster dynamics, which suggests that
a stronger attraction between the droplet and the substrate will
accelerate the bridge growth. In addition, we have characterized
the dynamics of the approach of the two droplets based on the
distance between the center of masses of the coalescing droplets.
The behavior is different when the wettability of the substrate
changes with two different regimes being more pronounced in
the case of less wettable substrates. In this case, differences in
the dynamics between droplets with different chain lengths have
been also observed. While the dynamics of the coalescence can
vary when the length of the polymer chains or the substrate wetta-
bility vary, the density, and velocity profile patterns do not reveal
any dependence on these parameters. Thus, we anticipate that
our study provides insights in the coalescence of liquid polymer
droplets on solid substrates.
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Chapter 5

Conclusions and Outlook

This thesis has explored a broad spectrum of both macroscopic and microscopic char-
acteristics during the coalescence of both freely suspended and sessile droplets. The
primary focus has extended to surfactant-laden droplets with concentrations within
the range relevant for applications and industrial use, typically exceeding the CAC.
The thesis has demonstrated how surfactant mass transport and various geometrical
features have operated during the process. This has included considerations of differ-
ent types of surfactants, a range of concentration levels, and varying wettabilities, in
the case of sessile droplets.

Considering the freely suspended droplets, this study has demonstrated that over
a wide range of regimes the mass transport mechanism and flow patterns are gener-
ally unaffected by the type of surfactant used. It is observed that at higher concen-
trations (above CAC), water molecules do not participate in the initial stage of coales-
cence (pinching moment). The development of the initial pinching point, the process
of bridge formation, and the creation of new aggregates within the bridge are inves-
tigated. When it comes to surfactant types, differences between Silewt-L77 and C;E;
surfactants have been discussed within the bridge growth process. Furthermore, this
research has revealed the presence of an initial thermal regime, followed by an inertial
regime. This inertial regime exhibits growth patterns based on a power-law with an
exponent close to 0.5, which is in agreement with macroscopic theories [24, 64]. Bridge
growth dynamics and in general coalescence process become slower as surfactant con-

centration grows.

In the examination of coalescence in sessile surfactant-laden droplets on different
substrates with varying wettabilities, it is demonstrated that, for non-wettable sub-
strates (65 > 90°), the mass transport mechanism and bridge growth dynamics closely
resemble those of freely suspended droplets. The process initiates far from the sub-
strate, and after an initial thermal regime, it undergoes an inertial regime character-
ized by a power-law with an exponent of around 0.5. On the other hand, droplets on
more wettable substrates (6; > 90°) exhibit distinct behavior. In this case, the bridge
grows on the substrate, and after the initial thermal regime, it follows a power-law
with an exponent close to 2/3. Coalescence begins with hydrophobic beads; however,

a more significant involvement of water is observed on wettable substrates compared



178 Chapter 5. Conclusions and Outlook

to non-wettable substrates. One notable finding of this research is the absence of new
aggregates inside the bridge bulk in the case of a wettable substrate (65 ~ 50°).

To assess the impact of viscosity and substrate on coalescence, further study is
conducted on the dynamics of coalescence of sessile polymer droplets with varying
chain lengths. These droplets were placed on substrates with different levels of wet-
tability, encompassing contact angles both below and above 90°. In general, polymer
droplets exhibited slower rates of bridge development and coalescence compared to
water and surfactant-laden droplets. Furthermore, an observed decrease in the speed
of coalescence and bridge dynamics is correlated with the increased length of polymer
chains. Moreover, the velocity of approach of polymer droplets by measuring the dis-
tance between center of masses of two droplets are further analyzed. In the case of a
non-wettable substrate (6s > 90°), two distinct regimes are observed with a noticeable
transition between them, this transition becomes more pronounced for droplets with
longer polymer chain lengths. On the other hand, for wettable substrates (6; < 90°),
the distance between droplets smoothly decreases within a single linear regime. Based
on our studies, a possible extension might include the investigation of droplet coales-
cence under confinement, such as micro/nano-channels of varying wettability, where
surfactant molecules are also present. For example, in bio-related studies and microflu-
idics, bio-particles are encapsulated within droplets, and the addition of surfactant can
play a role in impeding the coalescence process.
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