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1. Introduction: From passive to active
emulsions

The formation and dynamics of condensed phases such
as droplets represent ubiquitous phenomena that we
all experience in our daily life. Examples are droplets
condensing on the leaves of flowers and trees due
to the supersaturated fog in the morning of some
autumn day, or the “ouzo effect”, where the oil
droplets in Ouzo grow in size and cloud the liquid.
These transitions from a homogeneous mixture to
a system with coexisting phases can be controlled
by temperature or by changing the composition
of the mixture. The physical conditions under
which a mixture phase separates are well-understood.
The interactions that favour the accumulation of
components of the same type must exceed the entropic
tendency of the system to remain mixed [IH3]. After
drops have been nucleated, they undergo a ripening
dynamics. Droplets either fuse, or larger droplets grow
at the expense of smaller ones which then disappear.
The latter phenomenon is referred to as Ostwald
ripening [4]. During the ripening dynamics the droplet
size distribution continuously broadens. In the case of
Ostwald ripening the droplet size distribution exhibits
an universal scaling in time ¢ with the mean droplet
size o< t'/3, which was derived by Lifschitz and
Slyozov [5H7]. However, at large times-scales, droplet
growth saturates and ripening stops as thére is only
one droplet left in the system. This condensed dreplet
stably coexists with a surrounding minority phase ‘of
lower solute concentration.

The behaviour of droplets can change in more
complex environments. For instance, liquid eondensed
phases can interact with surfaces by wetting [8-10].
Droplets embedded in a gel matrix interact such
that the droplet size can be tumed by changing the
mechanical properties of the gel\[11]. Droplets can
also behave differently in tramsient systems, which have
not yet reached equilibrium.” For,instance, surfactants
exchanging with the surreunding solvent can induce
Marangoni flows, which' can propel droplets [12-16]
and even lead to spontaneous division [17]. Generally,
more complex behavior can be.expected when multiple
phases of different composition eome in contact and
exchange material [18-22].

Liquid condensed'phases are also influenced by ex-
ternal “forces” suchyas gravitation, concentration or
temperature ' gradients, magnetic or electric fields 23|
24]. In industriallmanufacturing and processing, tem-
perature gradients and sedimentation are explicitly
taken advantage of, e.g., for extracting crude oil [25].
Moreover, eoneentration [2627] and temperature gra-
dients.[28\29] are commonly used to assemble synthetic
membranes for electro-optical devices. Recently, the
eguiations governing the ripening dynamics of droplets

3

derived by Lifschitz and Slyozov have been extended
to account for the presence of a concentration gra-
dient [30,131]. It has been theoretically shownnthat
droplets can be positioned along the concentration gra-
dient and that the universal scaling imntime of ‘droplet
ripening breaks down.

Liquid condensed phases are/also ideal compart-
ments to organise chemical reaetions since they can
enrich specific chemical components. In particular,
chemical agents mix rapidly in small droplets, and
thus control the timing of chemical reactions [32,33].
The interface of droplets can serve to concentrate re-
actants, resulting in a speed _up’ of the reaction [34].
Liquid droplets in the presence of chemical reactions
can even propel across’a solid substrate [141[35H37] or
flow past a chemically patterned substrate leading to
unique morphologieal instabilities [38]. They also pro-
vide model Systems to study interactions of pattern
forming systems. »wEor example, droplets containing
agents undergoing oscillatory Belousov-Zhabotinsky
reactions. have been considered as coupled phase os-
cillators [39;40]. ‘Recently, it had been suggested that
phase separated liquid-like compartments composted
of oppositely charged molecules, called coacervates,
could| be ideal seeds for prebiotic life [41]. In partic-
ular, RNA catalysis is viable within these coacervate
droplets and they even provide a mechanism for length
selegtion of RNA [42]. In all these systems, the droplet
material does not participate in the chemical reaction.

If the phase separated material undergoes a
chemical reaction itself, new physical behaviours can
emerge. In passive systems, where phase separation
and chemical reactions are in thermal equilibrium,
coexisting phases cannot be stable. These systems
settle in a homogeneous state that corresponds to the
free energy minimum [43]. Conversely, if the chemical
reaction is driven away from equilibrium, phase
separation can be maintained. Under some conditions
an arrest of the ripening dynamics has been observed
in numerical simulations [44157] and in experiments
where chemical reactions are induced by light [58-65]
or proceed spontaneously [66-73]. Recently, it has
been shown that the chemical reaction between the
droplet material can indeed suppress Oswald ripening
leading to an emulsion composed of drops of identical
size [74H76]. Driven chemical reactions can initiate
droplet formation as a response to external stimuli [77]
and they can even trigger the division of droplets [78].
Recent experiments on droplets in the presence of non-
equilibrium turnover reactions showed the assembly of
supramolecular structures with a tuneable lifetime |79)
and serve as a model for molecular selection of reaction
products and their assemblies [80]. These examples
highlight the rich phenomenology emerging from the
interplay of phase separation with chemical reactions.
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Phase separated systems in the presence of
external forces and chemical reactions actively driven
away from thermal equilibrium are a novel class
of physical systems. Many physical properties
known from passive emulsions are altered and novel
phenomena occur. Since energy input is typically
necessary to generate external forces, and to drive
chemical reactions away from equilibrium, we refer to
these systems as active emulsions.

An intriguing example where the physics of these
active emulsions is relevant are living cells. Biological
function inside cells is attained by the spatial-temporal
organisation of biomolecules and the control of their
chemical reactions. For this purpose the interior of
the cell is divided into compartments, referred to as
organelles. Each organelle has a chemical identity due
to a distinct composition of functional biomolecules.
Some organelles, such as mitochondria, are surrounded
by membranes that are permeated by active channels
regulating chemical potential differences across the
membrane [81]. However, there are also organelles
that do not posses any membrane; they are called
non-membrane bound compartments or biomolecular
condensates [82H87]. To maintain their chemical
identity in the absence of a membrane, it has béen
suggested that these compartments are liquid droplets
formed by liquid-liquid phase separation [30}[88[89]:
Recently, many organelles have been found with
properties reminiscent of liquid droplets 86,90, 91
Examples include mRNA-protein-condensates [89;92],
RNA polymerase clusters [93,/94], centrosomes [74L95];
and multiple nuclear subcompartmentsy[96.(97]. These
findings suggest that the cytoplasm can be regarded
as a multi-component emulsion hosting'a large wariety
of coexisting phases, each of distinct composition [98-
101]. In contrast to passive emulsions; cellulardroplets
exist in the mnon-equilibrium environment of living
cells. The associated continuous dissipation of energy
can be used to drive chemiecal reactions or generate
concentration gradients of moleculan species. Both
processes can affect the dymamics and stability of these
active droplets and cause behaviours not observed for
passive droplets [87,/102].

Here, we review.recent theoretical approaches used
to describe droplets and emulsions under conditions
that deviate frompassive phase’ separating systems.
We start bydiscussing classical theories of phase
separation in section Using statistical mechanics,
we obtain the thermodynamic quantities describing
phase separation of a binary mixture. We consider
both liquid condensed phases in the thermodynamic
limit and droplets of finite size. Next, we discuss
the dynamies of phase separation and derive the
equations describing droplet growth. We conclude the
section by discussing the effects of surface tension and
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demonstrating the classical coarsening of emulsions
via droplet coalescence and Ostwald ripening. In
section we review phase separation of" liquid
condensed phases in external gradients{ Suchisystems
reveal a discontinuous phase transition in the position
of the condensed phase relative to a regulator gradient
that affects phase separation. Moreover, we show that
condensed phases, such as dropléets, cannbe positioned
via droplet drift or position-dependent dissolution
and growth. During the pesitioning dynamics,
the universal behaviour/ of droplet coarsening in
homogeneous systems i replaced by a narrowing
droplet size distribution.” »In section we present
the derivation of /a thermodynamically consistent
description of phase'separation with chemical reactions
that are driven away from thermodynamic equilibrium.
Following the procedures established in section [2| we
discuss the dynamics of droplets driven by chemical
reactions. In such.systems, droplet coarsening can
be suppressed. completely and droplets can divide
spontafieously.

2./Liquid-liquid phase separation of binary
mixtures

Phase separation refers to the spontaneous partitioning
of a'system into subsystems with distinct macroscopic
properties. Examples include the cellular compart-
ments mentioned in the introduction, but also many
everyday phenomena that range from fog in the morn-
ing to oil droplet formation in salad dressings. In this
section, we will discuss the physical principles and de-
rive the equations describing the dynamics of phase
separation and the ripening of droplets in liquid emul-
sions.

2.1. Statistical mechanics of a binary mizture

We start by considering a binary, incompressible
mixture consisting of two types of molecules on a lattice
with M sites. Each lattice site is occupied by either
molecule A or B, with N4 and Np representing their
total numbers in the system, so N4 + Ngp = M. The
system is at thermal equilibrium with a heat bath at
temperature T. The thermodynamic properties of the
system are thus dictated by the partition function [103]

7=Feo (M) e

where the Hamiltonian H(oy,...,0p) denotes the
energy of a particular arrangement o4, ...,0p of the
molecules on the lattice and kg is the Boltzmann
constant. Here, we encode the arrangements using
a binary variable o,, where o, = 1 if the lattice
site n is occupied by molecule A and o, = 0 if it

Page 4 of 46
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is occupied by B. () refers to the set of all possible
arrangements considering that the molecules A are
indistinguishable from each other; the same applies to
molecules B [104]. For simplicity, we only consider
nearest neighbour interactions, which are described by
the following Hamiltonian [105]

H({c}) = % Z (€AAUmUn +epp(l—0,)(1—0y,)

(mn)

+eaB [O'm(l - O'n) + O'n(l - Gm)]) ) (22)

where the summation is over all nearest neighbour
pairs (m,n) on the lattice and the factor 1%
avoids the double counting of interaction pairs.
Here, the interaction parameters e;; determine what
particle types tend to be next to each other.
For instance, if eqa < 0, two A molecules on
neighbouring sites lower the total energy, making
this configuration more probable. In general, these
interaction parameters can arise from various physical
interactions that may include dipolar and van der
Waals interactions, screened electrostatic interactions
between charged molecular groups or entropy-driven
hydrophobic interactions [105H107].

2.1.1. Thermodynamics of a homogeneous mizture:
Within the canonical ensemble a homogeneous binary
mixture of volume V can be characterised bynthe
Helmholtz free energy FF = E — T'S, which combines
the internal energy E and the entropy S of a system.
This free energy can be expressed by the partition
function [103,/108,/109]

F(T,V,NA,NB) = —kBTan(T,VY,NA,NB) . (23)

Derivatives of the free energy FE. are wrelated to
thermodynamic quantities that fare  relevant in our
discussion of phase separation. \, An particular, the
entropy is given as S = —0F/dT |y nying. the pressure
is p = —0F/0V|r.n,.n, and the chemical potentials
read g = OF/ON4|r,v.ngrand pup =0F/ONg|rv,n,-
For simplicity, we focus on an incompressible bi-
nary system of constant velume V = vM and constant
molecular volume v of the two components. In this
case, adding an A/molecule to the system corresponds
to removing a B molecule, Consequently, the relevant
thermodynamierquantities are the exchange chemical
potential i and the osmotic pressure II [105/110]:

o g or —yg (2.4a)

g ONa gy ONB |y 9| .
OF of

=<+ =—f+9o 7| , 2.4b
g T+ 36, (2.4b)

where the number of lattice sites M is slaved to the
total volume by M = V/v. Here, we used the

5

homogeneity of the system, F = V f(¢),.where f(¢)
is the free energy density as a function of the volume
fraction ¢ = Nav/V of A molecules.

The homogeneous state for a given wolume is
a stable thermodynamic state if ithcorresponds to
a minimum of the free energy F' This requires
that the curvature of the free energy demsity as a
function of volume fraction is/@onvexyvi.e:, (o) >
0. The link between stability and curyature of the
free energy density can be understood qualitatively:
conservation of molecule numbers implies that raising
the volume fraction in|one spatial region requires
lowering it in another. Ifithe free energy density is
convex, any such perturbation increases the overall free
energy. This can besshown rigorously by considering
spatially inhomegeneous_perturbations that conserve
molecule numbers.“We will discuss this approach after
introducing thefree energy functional in section [2.1.5]

The stability of.the homogenous state can also be
shown using an ensemble where the particle number
N, is/fixed andthe volume V can change. This
ensemble is'governed by the thermodynamic potential
GNgyll) = F(N4,V) + VII, where II is the osmotic
pressure given by equation and the volume
V = 0G/0Il. A homogeneous state with the osmotic
pressure 11 is stable if the free energy G as a function of
T isiconcave, 92G/O1? < 0. The concavity of G with
respect to variations of the osmotic pressure can be
seen by writing 92G/0112 = 9V /Ol = —V k, where & is
the osmotic compressibility K = —V ~19V/0Il. For the
homogeneous state to be stable, the osmotic pressure
should increase as the volume decreases, i.e., k > 0, to
push the system back to its thermodynamic state after
a perturbation in volume. This condition is satisfied if
the free energy density is convex, f”(¢) > 0, since k =
(¢%f"(¢))~!. In the thermodynamic limit, ensembles
become equivalent and thus the convexity of the free
energy density determines the thermodynamic stability
of the homogeneous state, not only in the ensemble
(N4, II) where the osmotic pressure is imposed but also
in the ensemble (N4, V) where the volume is fixed.

2.1.2. Mean field free energy density of an incom-
pressible mizture. To determine the relevant thermo-
dynamic quantities for phase separation, we need to
evaluate the free energy and the partition function
given in equation . Since this is generally diffi-
cult, we discuss a mean-field approximation for the ho-
mogeneous case of the incompressible binary mixture
on a lattice characterised by the Hamiltonian given
in equation (2.2). This approximation neglects the spa-
tial correlations between the molecules and is typi-
cally a good approximation far away from the criti-
cal point where correlations are long-ranged [111}[112].
Within the mean field approximation, the probabil-
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ity that lattice site n is occupied by A, is given by
(on) = Na/M, where (...) denotes the average in the
canonical ensemble and ¢ = N4 /M is the volume frac-
tion of A molecules in the system. Due to incompress-
ibility the probability of the site being occupied by B
is Ng/M =1 — ¢. The partition function hence is

E(¢)
Z ~|Q —— 2.
ey (-1 ) (2.5
with the internal energy given as
zM
E(¢) = 5 [eand® +2eapd(1 — ¢) + epp(l — ¢)?] ,

(2.6)
where z is the number of neighbours per lattice site
(e.g., z = 6 for a cubic lattice), and zM /2 is the total
number of distinct nearest neighbours. The number ||
of all possible arrangements on the lattice appearing in

equation ([2.5)),

o= ()= (W) w0

determines the entropy S = kpln|Q| for the
incompressible binary mixture on a lattice, which
is also referred to as mixing entropy. Using
equations , we obtain the free energy density

f(g) ~ 272,, leaad® +2eapd(1 — ¢) + eppl = )]

+ % [¢lng+(1—¢)In(1-9)],  (28)

where we have used Stirling’s approximation, In N! ~
NIn N — N, to evaluate the factorials. The freeienergy
density can also be written as f(¢) =.¢f(1) + (1 —
) f(0) + fmix(¢), which separates the contribution of
the pure systems from the free energy of inizing [105|
107,

Fuin(9) = “2L [6106 -+ (1~ 6L o) + x6(1 — 9)]
(2.9)

where
X = ﬁ@ez‘lB—@AA—eBB) (2.10)

is the Flory-Huggins, interaction parameter [2| [3].
fmix captures the competition between the mixing
entropy S = —kg(V/v) [pIngp + (1 — ¢)In(1 — ¢)] and
the molecular interactions characterised by the single
parameter x. In the next section, we will see that
both the free energy density (equation (2.8])) and the
free energy-density of mixing (equatio) lead
to.the same phase separation equilibrium. However,
the difference will become apparent when we discuss
chemical Teactions in section [l

6

The free energy density fmix is a, symmetric
function with respect to ¢ = % This symmetry
stems from considering equal molecular_volumes /of
components A and B and the subtraction of\the free
energy before mixing. Conversely, if fthe molecules A
and B have different molecular volumes muv and npv,
the free energy of mixing is not symmetric [2;3]:

Fuin(@) = 25 | Lo =11 - )
xol1-f)]. )

where n4, and np denote the mnon-dimensional
molecular size in multiples of the volume v of a single
lattice site.

Homogeneous states governed by the free energy
density f(¢) are only stable when the free energy
density is convexynf“(¢) > 0; see section For
the expression, given in equation this is the case
for allhg in theyabsence of interactions (e;; = 0
for i,7 = Ay B) ‘and when entropic effects dominate.
Inthe, presence of interactions however, the free
energy density of the homogeneous system can become
concave (f"(¢#) < 0) within a range of volume
fractions ¢; see figure[2.I|a). Within this range, the
homegeneous state is not stable, implying that the
thermodynamic equilibrium state is inhomogeneous.

2.1.3.  Phase coexistence. The simplest inhomoge-
neous state corresponds to two subsystems of differ-
ent volume fractions, also referred to as phases. The
associated free energy can be written as

F ~Vif(¢1)+ Vaf (¢2) ,

where ¢, and V,, denote the volume fraction and vol-
ume of phase a, with a = 1,2. The incompressibil-
ity assumption combined with conservation of particles
implies V; + Vo = V and Vi¢y + Vaga = V. Conse-
quently, there are only two independent variables in the
free energy above, e.g., ¢; and V;. In equation
we neglected the energetic contribution of the inter-
face region that separates the two phases. This is valid
in the thermodynamic limit where the system and the
volumes of the phases are infinitely large, so the ener-
getic contribution of the interface is negligible relative
to the contribution of the phases. We will have to re-
fine equation when discussing finite systems in
section

The inhomogeneous state is stable if it corresponds
to a minimum of the free energy consistent with
the imposed constraint of particle number conservation
and absence of vacancies. To find this minimum, we
differentiate F' with respect to ¢; and Vi, respectively,
use the relationship ¢2 = (¢pV — ¢1V1)/(V — V1), and

(2.12)
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(b)
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Figure 2.1. (a) Sketch of an asymmetric free energy density
f(¢) for an incompressible binary mixture as a function of
volume fraction ¢, e.g., equation for the case ng > n4 and
x > 2. In the presence of interactions, there can be a range of
volume fractions where the free energy density is concave with
f"(¢) < 0. At equilibrium the Maxwell tangent construction
modifies the free energy within the volume fraction range

[¢§O), (20)} (orange line). As a result the free energy density
becomes convex for all volume fractions. The equilibrium volume
fraction of each phase are ¢(10) and d)éo). The impact of surface
tension slightly increases the equilibrium volume fractions (blue
dots, see section . (b) Phase diagram as a function of
the Flory-Huggins interaction parameter x and volume fraction
¢. For large enough interaction parameters, phase separation
can occur. The corresponding region in the phase diagram is
bordered by the binodal line. The tie lines (green) connect the
equilibrium volume fractions of two coexisting phases on the
binodal line. The dashed line refers to the spinodal. Within
the spinodal lines, the mixture can undergo a spontaneous
partitioning into two phases, while between the spinodal and the
binodal, only large enough phase separated domains can grow.
This regime is referred to as nucleation & growth. The.red dot
marks the critical point.

set each expression to zero:
0=7"(61") - f(6").
0=F(&") — £(45")
+(03” — o) FUBEY) .

(2.13a)
(2.13b)

where d)go) and ¢g)) denote_the “equilibtium volume
fractions. The first equatiom, is a balance of the
exchange chemical potentials betweenphases, i1 = fis,
with i, = ﬂ|¢=¢g}> with @ = 1,2; see equation (2.4a)).
The second equation corresponds to the balance of the
osmotic pressures between the.two phases, II; = Il
with II, = H|¢:¢&o); see equation,(2:4b).

Obviously, equations are satisfied for ho-

mogeneous systems with ¢§0) = go). To see that

there also exist solutions with (bgo) =+ (béo), the two
conditions cam,be represented by a graphical tangent
construetion using the free energy density f(¢); see
figure2iIja). Here, condition implies that the
slopes aththesequilibrium volume fractions gb(lo) and

éo) are the same and condition states that
they. are also equal to the slope of the line connect-
ing'the points ( go)’ f( go))) and ( éo), f( éo))). Taken

7

together, these conditions can only be satisfied by a
common tangent to the two points. This proeedure of
finding the equilibrium volume fractions is known as
Mazwell’s tangent construction or construction of the
convez hull. The orange line in figure[2:1](a) shows the
result of such a construction. (In fact, inserting condi-
tion into equation (and using conserva-
tion of A particles) shows that this line ecorresponds to
the volume weighted average of the free energy density
of the two subsystems. Consequently, the correspond-
ing demixed system is the/thermodynamic equilibrium
since it has a lower free energy than the mixed system
described by the black linesin figure[2.1(a). Clearly, a

separation into two/phases with volume fractions ¢§O)

and (bgo) is only possible when the average volume frac-
tion ¢ obeys ¢§°) < ¢ < qﬁéo). Outside this region,
phase separation is netspossible and only the homoge-
neous is stable because f”(¢) > 0.

The pparameter region where phase separation is
possible (can bendetermined from the solutions ¢§0)
and ¢§O) asra function of the interaction parameter y;
seedfigure 2.1(B). The corresponding line is called the

binodal line)  In the simple case of the symmetric
free emergy of mixing (equation (2.9)), fumix( (10)) =
fusix (957) amd fr (617) = fri(03”) = 0. The
binodal line is then given by xp(¢) = In(¢/(1 —
?))/(2¢ — 1) and phase separation occurs only for y >
Xb- In particular, the minimal interaction parameter is
Xbmi“ = 2, which is obtained at the critical point ¢ = %

(Figure (b)) Near the critical point, the equilibrium

volume fractions inside each phase obey ¢go) ~ 1 -

[(x — 2)]"/2 and ¢ =~ L 4 [2(x — 2)]/2. Note that
the same results are obtained when equation (2.8)) is
used instead of fiix, since terms linear in ¢ do not

alter the conditions given in equations (2.13)).

2.1.4. Free energy of inhomogeneous systems. The
discussion of the previous section neglected the
contribution of the interfacial region on the equilibrium
free energy. This interfacial region is always present
since the volume fraction is continuous in space and
must thus interpolate between the values ¢§O) and

(20) in the two phases. The additional free energy
contribution associated with this spatial variation can
be estimated within our lattice model. For simplicity,
we first consider a one-dimensional system with
discrete lattice positions x,, for which the Hamiltonian
given in equation can be written as

H({o}) = Z [eAB (Un(l — On+1) + g (L — Un))

n

+ean0noni1 +epp(l—on)(1—ong1)].
(2.14)
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We proceed analogously to section[2.1] and perform a
mean-field approximation after rewriting the coupling
terms using 20, (1—0p,41) = (0n — 0n+1)2—03—0%+1+
20,. Additionally, generalising to three dimensions
and taking the continuum limit, we replace )+~
vl [ &3, (0n) = ¢(r), and (0p1 — 0,) = v3VH(T).
Hence,

14

£~ T /dST[qS(r)(l —o(r)) + '/2 |V¢(T)I2}
+ % /d?’r [eAA o(r) +epp (1 — ¢(7'))} . (2.15)

where x is the Flory-Huggins parameter given in
equation (2.10). The associated free energy F' can be
expressed as a functional of ¢(r),

1 K z
F:;/dgr {$‘V¢|2+§(€AA¢+€BB (l—d)))

+ kT [61n(9) + (1 - ¢) (1 - 6) + x 61 - 9)]] ,
(2.16)

where

k= kgTx V3 (2.19)

characterises the change of free energy density due to
concentration inhomogeneities. Since the interaction
parameter x > 2 in the phase separating regime, we
have x > 0 and the gradient term thus" penalises
spatial inhomogeneities. We identify the integrand of
the free energy given in equation as the total
free energy density fior. Expressingnit in terms of
concentrations ¢ = ¢/v, we obtain
Feot(€:9€) = fix() + fole) + 5 Vel . [2.18)
where fmix follows from equatioh and fo(c) =
(2/2) (eaac+epp (v' —c)) is\the free energy of
the pure system before mixing. ~ The free energy
density captures many», features of phase
separation, such as an interaction term favouring phase
separation that can outcompete the mixing entropy.
It is sometimes useful to, consider simpler forms of
the free energy avoiding the logarithmic terms in the
mixing entropy (equation ), which are not required
to discuss basic principles. An/example for such a
simplification is the Ginzburg-Landau free energy.

2.1.5. Ginzburg-Landau free energy. Near the critical
point, thie physics of phase separation is fully captured
by thelshape of the free energy close to the critical
concentration <. [7,|113H115], which is obtained by
expanding to fourth order. Such an expansion is also
very useful-/as a simplification away from the critical
point. Expanding the total free energy at c. leads to

8
the asymmetric Ginzburg-Landau free energy;
3 K 2
Fould = /d r(fon(e) + 5 1Ve?) o N2ab)
with the corresponding free energy density
- b 9
for(c) =b(c—c.) 3 (c—cg) (2:20)
+ % (c —co)® % (c—t)*

This free energy density is parameterised by the
coefficients a, @, b, b, vand ce. As discussed in
section [2.1.3] phaseiseparation equilibrium is not
affected by the linear term, thus we choose b = 0,
and for simplicity we also consider the special case

a = 0. The/corresponding Ginzburg-Landau free
energy density then assumes a bi-quadratic form,
b a
fal@n= —5 (c— o)’ + 1 o)t (2.21)

which 4s symmetric around the concentration ¢.. This
freemenergy ‘density has a concave region if b > 0
and the parameter a > 0 characterises the convex
branches of the energy density. Using equation
the equilibrium concentrations within each phase
separated domain are

cgo) =c.—+/b/a, (2.22a)
céo) =c.+ Vb/a. (2.22b)

In particular, expansion of fiot— fo(c) (equation ([2.18))

around ¢, = 1/(2v) links the parameters a and b with

the molecular parameters of the lattice model,
16 3

a= ngTV , b=2(x —2)kgTv. (2.23)

Using the expressions above in equations (2.22))

we consistently obtain the equilibrium concentration
found in section [2.1.3]

2.2. Equilibrium states of a binary mizture

In this section, we determine the equilibrium concen-
tration profiles that minimise the free energy Fgr.
Specifically, we calculate the extremal solutions of Fgy,
and discuss their stability in different regions of the
phase diagram; see figure[2.I(b). An explicit expres-
sion of the interfacial profile will allow us to relate the
free energy contribution characterised by « to the sur-
face tension between phases.

2.2.1. Stationary states. We start by determining the
stationary states c.(r) of the bi-quadratic Ginzburg-
Landau free energy Fgy, given in equation . Such
states have an extremal free energy subjected to the

Page 8 of 46
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constraint that the number of A and B molecules are
conserved, i.e.,

c= l/ d3re(r), (2.24)
Vv

where ¢ = N4/V denotes the mean concentration
of A molecules in the mixture of the finite volume
V. To enforce this constraint, we introduce a
Lagrange multiplier A\ and vary the functional Fgp, —
A [, d®rc(r). Here, the functional derivative of the free
energy is the generalization of the exchange chemical
potential generalized to inhomogeneous systems,

oF
h=—, 2.25
B= (2.25)
which reads i = a (¢(r) — ¢o)* = b (c(r) — o) —kV2¢(r)
for Fgr. Consequently, the Euler-Lagrange equation
for the stationary state is

=\, (2.26)

where we dropped a boundary term proportional to
k V¢, assuming no-flux boundary conditions at the sys-
tem boundary. The stationary states thus correspond
to a spatially uniform exchange chemical potential f,
which may be realised for both homogeneous and in-
homogeneous concentration profiles ¢, ().

We start by considering the spatially homogeneous
equilibrium states ¢, (r) = ¢o. Particle conservation
implies ¢g = ¢ (equation (2.24)) and the Euler-
Langrange equations read A = a(¢ — c.)® = b(@w c.).
The homogeneous state ¢(r) = ¢ is thus an extremal
state of the free energy F1, and we will check whether
it corresponds to a minimum in the next section.

We showed above that states with coexisting
phases can be stable in some regions of the phase
diagram shown in figure[2.1(b). Here, we_determine
the concentration profile that conneets the two phases
from extremising the free energy Fgy/. In the following,
we restrict ourselves to ‘a AMat” interface oriented
perpendicular to the z-axis at the position x = 0 with
a concentration c(x = 0).= c.. »For simplicity, we
extend the system to infinity while keeping the position
and concentration valuerof the interface fixed. For the
symmetric free energy density (equation (2.21))), this
implies 1 = 0, thas A =,0, atithe interface, and in
the case of an extremal inhomogeneous state, i = 0
at all positions. Far away from the interface, the
concentration inside the phases should be governed by
the equilibrium concentrations (equation (2.22)),

. () _ (0)
xkr}loo e(x) =¢; =c5 .

(2.27)

233, °7)

With the boundary conditions above the unique
solution is{43]:

- o ().

(2.28)

9

Since this interfacial profile varies substantially only
within the region |z| < /2k/b, we introduce the
interfacial width

w= |2 m oyt [ X
o b x—2"

The right hand side relates wsto the, lattice  model

using equations (2.17) and (2:23). In the limit of

strong phase separation (large y)ithe interfacial width
approaches the linear dimefision /356f the molecules.

(2.29)

2.2.2.  Stability of statiomary sstates. The homoge-
neous and inhomogenéous stationary states of the
Ginzburg-Landau frees€nergy, c.(z) = ¢ and c.(z) =
ci(z), respectively, can be either stable or unstable.
They are stable if they correspond to a free energy min-
imum, i.e., if‘all small concentration perturbations in-
crease the free energy« To test this, we consider concen-
tration profiles.c = c.+e€, where €(r) is a small, position
dependent concentration perturbation. To quadratic
order, the change in the free energy due to this pertur-
batiomnis

AF[¢y, €|/= Far(cx +€) — Far(cx)

~ /d3r{622(3a(c* —c)?—b) + 5 (Ve)ﬂ .

(2.30)

The state c.(r) is stable if all perturbations increase
the free energy, i.e., if AF[c,, €] > 0 for all ¢(r). In the
case of the homogeneous state c,(r) = ¢ both terms
in the integrand are positive if |¢ — ¢.| > /b/(3a),
which implies AF[c.,e] > 0. Conversely, AF]c,, €]
can be negative for |¢ — ¢.| < 1/b/(3a) in sufficiently
large systems, e.g., for the perturbation e(z) o
tanh(z/w), which implies that the homogeneous state
is unstable for these parameters. Consequently, the
stationary homogeneous state can be either stable or
unstable to infinitesimal perturbations. In contrast,
the inhomogeneous state c.(z) = ci(z) given by
equation is always stable if it is a stationary
state, i.e., when |¢ — c.| < \/b/a; see
Taken together, we can distinguish three different
parameter regimes with different stable stationary
states. For mean concentrations ¢ far away from the
symmetry point c., i.e., when |¢ — c| > \/b/a, the
homogeneous state is the only stable one. Conversely,
when [¢ — ¢|] < +/b/(3a), only the inhomogeneous
state is stable and phase separation will thus happen
spontaneously. This region is known as the spinodal
decomposition region [116H122] which is enclosed
by the spinodal line (dashed line in figure[2.1]b)).
Between the spinodal region and the homogeneous
region, for \/b/(3a) < |¢ — c.| < /b/a, both states
are stable to infinitesimal perturbations. In this case,
phases can only originate from the homogeneous state
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by large fluctuations, known as nucleation events.
Consequently, the respective region in the phase
diagram is known as the nucleation and growth regime.
All three phases are shown in the phase diagram in

figure2:I|(b).

2.8. Surface tension of interfaces.

The surface tension of the interface can be determined
from the profile ¢;(z). To this end, we separate
the energetic contributions of the bulk phases to the
free energy from a contribution that is related to the
interface. For large volumes of the coexisting phases
V1 and V5, the total free energy F' can be written as

FoVif( ) + Vaf(e?) +44,

where c§°) and ¢y are the corresponding equilibrium
concentrations. Here, A is the area of the interface
and v denotes the surface energy, which is also known
as the surface tension [123]. Its value is obtained
from the condition that the total free energy given in
equation equals the free energy of the interfacial
profile, F' = Fe1]:

(2.31)
©)

1A= [ @ [fe)+ §(Va2] = virel”) ~var?

(2.32)

In the simple case where a flat interface /s oriented
perpendicular to the z-axis and the system is extended
to infinity while keeping the position of the interface
fixed at = 0, the surface tension reads

v = / Z dz {f(q) - %[f(c?”) + 1] + ;(VCI)Q] .

(2.33)

Considering the Ginzburg-Landau free energy and the
corresponding interfacial profilé c; (z)(equation (2.28))),
we find fGL(cgo)) = fGL(cgo)) =-b?/(4a) and thus

Y= /N dz {fGL(cl) + B0 + bQ]

oo 4a

_ 2V2rb¥ ksTx2(x— 2)°
a 3a 4 21/% '

(2.34)

In the last approximation, we have used the expressions

for the lattice model (equations (2.17) and ([2.23)),

which shows that v scales like x? in the limit of strong
phase separation (large ).

2.4. Dynamicdl equations of phase separation

Wernext derive the dynamical equations describing
how/the binary mixture reaches its equilibrium state.
Considering an incompressible mixture, the volume

10

fractions obey ¢4 + ¢p = 1, and thus d,pu = —0;¢p.
Using ¢; = civ; (i = A,B) and considering for
simplicity the case where molecular volumes of the . two
components are equal to v; = v, the incompressibility
condition leads to Odicy = —0:;cgh The particle
conservation of A and B molecules can be expressed
by the continuity equations

(2.35a)
(2.35b)

atCA:—V'jA,
atCB:_v'jB7

where incompressibility and equal molecular volumes
imply that the particle fluxes of‘component A and B
read j 4 = vca + jsand jp = vep — g, and that the
volume flow velocity wobeys V-v = 0. In the following
sections, we restrict ourselves to a reference frame
where v = 0. In this,case the exchange current reads
J = (Ja — is)/2, which drives the time evolution of
the concentration of ¢omponents A,
Oic=-V -7, (2.36)
where we abbreviated ¢ = c4 for simplicity. In linear
responsejthe’exchange current is proportional to the
thermodynamic force of the gradient of the exchange
chemical'potential —V i, implying j = —A(c)V[; see
Here, A(c) denotes a mobility coefficient,
which is positive to ensure that the second law of
thermodynamics is fulfilled, i.e., that the corresponding
entropy production, — [ d*r j-V, is positive [109,124].
The resulting dynamical equation is:
de=V-(Ac)Vi(c)) . (2.37)
This equation is also known as the deterministic
version of the so-called model B [115,|125] and
becomes a Smoluchowski diffusion equation in the
dilute limit [126]. Note, that by considering v = 0,
we do not discuss the transport of momentum and
the associated couplings to fluid flow. The interested
reader is referred to Refs. [7,[113}|114}/127].
In the simple case of the Ginzburg-Landau free
energy functional Fgp, given in equation , the
dynamical equation reads

e =V -[Alc) V(a(c—c.)® = blc — cc) =k V?c)] ,

(2.38)
which is known as the Cahn-Hilliard equation [116].
We can use this equation to scrutinize the stability
of the homogeneous state, ¢(r) = ¢, by performing
a linear stability analysis. We denote the perturbed
state as ¢(r,t) = ¢+ eexp(wt +1iq - r), where w denotes
the perturbation growth rate, g the perturbation wave
vector, and € the associated small amplitude, |¢| < ¢.
To linear order, the growth rate is

w(q) = —q°A(¢) [3a(c — c.)® —b+kq®] . (2.39)

Page 10 of 46
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The homogeneous state is stable if all perturbations
decay, i.e., if w(q) < 0 for all g. However, w(q) can
become positive for small |g| if |¢ — c.| < 4/b/3a.
This parameter region corresponds to the spinodal
decomposition that we found above (figure[2.1). The
stability associated with the dynamical equations is
therefore consistent with the one derived from the free
energy discussed in section 222
Beyond the linear regime, equation is
difficult to solve as it is non-linear and involves fourth
order spatial derivatives. However, inside the two
coexisting phases and far away from the interface,
concentration variations are small, so we can ignore the
fourth order derivative and linearize equation
around the equilibrium concentrations cgo) and 020
(equation (2.22))). Hence, we arrive at two diffusion
equations which are valid inside phase 1 and 2,
respectively,
dc ~ D, V¢, (2.40)

where the collective diffusion coefficient inside phase
a=1,2 reads

o= A(c) (). (2.41)

Note that D, is positive when phase separation occurs
(f ’(c&o)) > 0) and that an equivalent argument leads
to positive diffusivity when phase separation is absent
(f"(c) > 0). In the simple case of the symmetric
Ginzburg-Landau free energy given in equation
and for a constant mobility A, the diffusion coefficients
are identical in both phases and equal to D = 2bA.
Using the expressions corresponding to, the lattice
model (equation ), we obtain D ~ 4(x=2)vAkgT
close to the critical point, which is positive as phase
separation occurs only when y > 2.

2.5. Dynamics of droplets

In this section, we focus on|droplets, which are small
condensed phases coexisting withha large dilute phase.

2.5.1. Impact of surface tension on the local
equilibrium concentrations.y, One important difference
between droplets and ‘the condensed phases that we
discussed so far is thecurvature of the droplet interface,
which is inevitable due tothe finite size. The surface
tension +y of this‘eurved interface affects the equilibrium
concentrations inside) and outside the droplet, which
we denote byncil dand cfl,, respectively. In the
following, “we consider the case where the surface
tension vy is constant and independent of the interface
curvaturey which is valid for droplets large compared
to the Tolman length [128|129]. To derive how
the equilibrium concentrations depend on the droplet

AUTHOR SUBMITTED MANUSCRIPT - ROPP-101147.R1
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curvature, we write equation (2.31) for,a spherical
droplet of radius R,

F= Vdf(cin) + (V - Vd)f(cout) + 47TR277 (242)

where Vg4 = %’TR?’ denotes the droplet volume and V is
the volume of the system. Using particle conservation,
ot = (V& — Vaen)/(V = Vg)g'and minimising” the
free energy with respect to ¢y and Vg, analogously to
section we obtain the equilibrium conditions

0= (&)~ 7). (2.434)
0= F(E) ~ FAn)
e A+ 2. (2a3)

These conditions are fulfilled at the equilibrium
concentrations, ¢;! and’ con, inside and outside the
droplet, respectively.. Comparing these expressions
to equations in the thermodynamic limit, we
find that the 'pressure balance (2.43b) contains
an additional term 2v/R, which is known as
theswkaplace  pressure. Graphically, the Laplace
pressure ‘corresponds to the free energy difference
of “the tangents in the Maxwell construction; see
Fig. a). The Laplace pressure is proportional to
thejinterface curvature R~! and thus disappears in the
thermodynamic limit (R — 00).

To derive approximate expressions of the equilib—

rium concentrations cf; and cop,, we expand c; =
1n/0ut
(0)

Cin/out + 0Cin/out in equations (2.43)) to linear order in

OCin/out- Here, 9 and ¢

outv

D out denote the equilibrium
concentration in the thermodynamic limit in the con-
densed and dilute phase, respectively, so d¢i, /out cap-
tures the effects of Laplace pressure. We find

2y
dCout = (2.44a)
t ( (O) out)f”( out)
1 (.(0)
OCin ~ / ( Cout) dCout » (2.44Db)

f//( .(0))

which are known as the Gibbs-Thomson relations.
Since both expressions are positive, the Laplace
pressure elevates the concentrations both inside and
outside the droplet. This effect is stronger for smaller
droplets, which becomes explicit when writing the
equilibrium concentrations as

e 12
o=l 1+ 52) s
ea _ ((0) Lyin
M 1 2.45b
gi=dr (1452) . o)
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where we defined for both phases the capillary lengths

2y

g’y,out - (C.(O) )f//( t) (O)t 9 (2450)
£ (co) ot
lyin = W £y out - (2.45d)

In the following, we are interested in the limit of strong
phase separation with c(o) > C(O)t and thus /i <
£ out- In this case, the impact of the Laplace pressure
on the equilibrium concentration inside the droplet can
be neglected, i.e., ¢ ~ ci(g). This leaves us with a
single capillary length, which we define £, = £, ous.
When the phase outside is dilute, i.e., the chemical
potential can be written as fi(c) ~ kgT In(ve) |130],
we find

2y

~ 1 (2.46)
K Ci(r?)kBT

If we additionally assume that the condensed phase is
highly packed such that c(o) ~ p~! equation
provides a useful estimate of the capillary length when
the surface tension v is known [130]. Using equa-
tion from our lattice model, the capillary length
can also be expressed as £, ~ x'/2(x 2)3/2 V13,
This expression demonstrates that for interaction pa-
rameters not too far away from the critical value,
X = 2, it is typically on the order of the molécu=
lar length scale /3. Consequently, we have ;% R
and the increase of the equilibrium concentrations pre-
dicted by the Gibbs Thomson relations is actu-
ally small, supporting the validity of the linear approx-
imation.

2.5.2. Growth of a single droplet in.a supersaturated
environment. The dynamics of the/droplet size and
its shape are linked to the movement of its interface,
which we assume to be thinn¢ompared to the droplet
size in the following. To ‘describe the dynamics
of the interface, we consider,a spherical coordinate
system (r,¢,0) centered on the droplet. Assuming
the interface does mnothy deviate strongly from a
spherical shape, we parameterize its shape R(y, 0;t) =
R(p,0;t)e,. by the radial distance R(yp,0;t) as a
function of the polar‘angle & and the azimuthal angle 6.
The movementhof the interface is most naturally
described in/the local coordinate system spanned by
the two tangential directions e; = OR/0p and ey =
OR/00 and the outward normal vector n = Eiz;‘

Note that the droplet shape is only affected by the
normal ‘cemponent v,, of the interfacial velocity, while
the tangential components transport material along
the interface. Material conservation implies that this
normal component is proportional to the net material

12
flux toward the interface,
Un = % ‘n, (2.47)
cin Cout

where jy, = lime_o j(R—en) and j,,f= lim0 (R+
en) are the local material fluxes righthinside and
outside of the interface, respectively. Expressing
the time evolution of the interface imnthe spherical
coordinate system gives 0;R/= 0;R e, while in the
local coordinate system of the interface,

R =v,n+ Vt,1€1 F vt ,2€2 . (248)

We can use the conmnectiongbétween the local and
the global coordinate system to identify conditions
OR-ep = 0 and O4R e, = 0, which can be used
to obtain the in plane welocity components v¢; and
vy,2. The radial interface velocity then reads

1+<3% ) + (RZ?%)ZF . (2.49)

In the case where the dynamics within the phases are
described by the diffusion equation , the material
flux is given by 7 = —DVc¢ and equation directly
determines the time evolution of the interface.

Before we consider shape perturbations in the
subsequent chapters, we here focus on a spherical
droplet, R(p,0;t) = R(t), in a spherically symmetric
system. To derive its growth dynamics, we employ
the quasi-static approrimation, which assumes that the
droplet radius varies slowly such that transients in the
diffusion equation can be neglected. Within this
approximation, the diffusion equation reduces to
a Laplace equation inside and outside the droplet,

1 0 ( ,0c

r2 or ( 87’)
where we have written the Laplace operator in
spherical coordinates considering that there is no
polar and azimuthal dependence of the concentration
field. The associated boundary conditions are given
by the Gibbs-Thomson relations ([2.45)) at the droplet
interface and no flux conditions at the droplet centre.
Moreover, we consider the case where the droplet is

embedded in a large system and the concentration far
away is fixed to coo:

Orc(r) =0 at

Tlgrolo e(r) = coo -

8tR =[Up,

0~ Vic(r) = (2.50)

r=0, (2.51a)

(2.51b)

Using these boundary conditions the solutions inside
and outside the droplet read

e(r) = oo + (o — €0) § , r>R, (2.52a)

e(r) = ¢! r<R,

in

(2.52b)
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Figure 2.2. (a) Illustration of the concentration field inside and outside of the droplet; see equations . These concentration
fields can be obtained from solving the diffusion equations using quasi-static approximation and cénsidering the case of an
infinitely thin interface. (b) The droplet growth speed dR/d¢ is shown as a function of droplet radius R. There is a critical radius
Rc.(t) = ¢, /e(t) above/below which a droplet grows/shrinks. As the supersaturation (t) decreasesywith time, the critical radius
increases. (c) Frequency of droplets as a function of droplet radius R. As the critical radius increases with time, the distribution
broadens. Rescaling the radius by Rc(t) o< t1/3 leads to a collapse of all droplet radius distributions

which are illustrated in figure[2:2a). These solutions
imply that the fluxes j,, = 0 and j,,, = DR™(col, —
Coo )€, inside and outside of the interface, respectively.

The growth rate of the droplet then follows from

equation ([2.47)),

drR D), ‘,
=l (o 2.53
i nl (R e

where we consider the case of strong phase separation
(c-(o) > 0 ). We have defined the supersaturation

in out

Coo

Cout

e

which measures the excess concentration relative
to the equilibrium concentration cg?l)t in the dilute
phase. Equation (2.53]) shows that the  droéplet
only grows in sufficiently supersaturatedienvironments
where ¢ > (,R™'. The droplet, dynamics are
thus directly linked to the concentration of droplet
material in its environment. . In)particular, we can
define the critical radius Reg' = Zwa_l, below which
the droplet shrinks; see figuref2.2(b).  Although
this deterministic description»cannot account for the
spontaneous emergence, of droplets, the critical radius
is key to estimate the frequency of such nucleation
events [131,132]. Insessence, nucleation relies on large
fluctuations that spontaneously enrich droplet material
in a region of radius R../ In this case, the resulting
droplet starts®growing spontaneously according to

equation (2.53)).

2.5.8. f/Droplet coarsening by Ostwald ripening. So
far, we focused on a single droplet, but most phase
separatednsystems contain many droplets. In such
emulsions, large droplets typically grow at the expense
of “smaller~droplets, which vanish eventually. This
phenomena is referred to as Ostwald ripening [4).

In the following we consider the interactions of
many dropléts that are far apart from each other in
a dilute system with small supersaturation. In this
case, nucleatiomevents are rare and the surrounding of
droplets can be considered to be spherically symmetric
with a common concentration c., far away from each
droplet.», This implies a common supersaturation e,
which' depends on time and mediates the interactions
between-the droplets. As the supersaturation e can
be . determined from the total amount of material, the
state of the system is fully specified by the radii R; of
the /N droplets in the system. Their dynamics follows
from equation and reads [5):

©
dRi(t) _ Dy (Coo(t)_l_ by ) (2.55a)

dt R;i(t) ci(g ) c(()?l)t R;(t)
N 47
eV =¥ 5 Rit)? (2.55b)
=1
N 47
o0 t - ™ 1l t 3
+eao(t) |V ; 5 Ri(t)

Equation states that the material is shared
between the droplets of radius R; and the dilute
phase of concentration ¢ (t). In order to neglect the
spatial correlations between the droplets [133,/134], we
assumed that the system volume V is large compared
to all droplets, V' > > V; with V; = %‘R?. In this
limit, equation can also be approximated as
eV~ SN Vi) + cos(D)V.

In the limit of many droplets, the system can be
described by a continuous droplet size distribution. If
additionally the supersaturation is small, Lifshitz and
Slyozov [5] demonstrated that this size distribution
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converges to a universal form

(2.56)

R
2R 1 3
X(1—— exp|(1— = |,
( 3) p( 32R>

when radii are rescaled by the critical radius R, i.e.,
R= R/R., irrespective of the initial size distribution;
see figure[2.2c). In such a coarsening system where
droplets grow and shrink, the critical radius scales
with the average droplet radius, R.(t) =~ (R(t)).
Moreover, a droplet radius R; is typically in the order
of the critical radius R.(t) = £,/ (c"fo()t —1). Thus,

out

equation ([2.55) gives dP:ft() ~ ng)g‘t leading to the

in c

scaling

Wl

(2.57)

Cll’l

c(0
(R()) = Re(t) o (Df()t> ,

which is the Lifshitz-Slyozov scaling law. In summary,
the increasing mean droplet radius and critical radius
reflect coarsening dynamics where large droplets grow
at the expense of smaller ones.

2.5.4. Droplet coarsening by coalescence. Another
coarsening mechanism in emulsions, besides Ostwald
ripening, is the coalescence of droplets ‘driven
by their Brownian motion [127}(135]. Brownian
coalescence is not included in the theory presented
here, since we neglected momentum tramsport and
thermal fluctuations. However, the evolution, of the
mean droplet size due to droplet coalescence can
be determined by estimating the change,in’ radius
A(R) for a typical fusion event’ and the frequency
At~1 of inter-droplet encounters assuming that most
encounters lead to coalescence. “Sineé the droplet
volume is conserved during'fusion, two equally sized
droplet of size (R) leadto,a chamge of the mean
radius of A(R) ~ (28 — I){R). The frequency
of inter-droplet encounters can be estimated by the
diffusion time leading to &¢=" ~ ADpg/f%, where
Dpr = kpgT/(6mnr(R)) is the Stokes-Einstein diffusion
constant of a spherical droplet’ with nr denoting
the viscosity ofthe surrounding fluid experienced by
the droplet /of average size (R). Moreover, £, =
V/(rN(R)?)\is the mean free path between the
dropletsgwhere the droplet number can be estimated
as N & Viot/(%F(R)?) and the volume occupied by
droplets\ Viot is determined by particle conservation,
Le., Viot/Vi= (¢ — codp)/(cid — L), Not every
inter-droplet encounter leads to a coalescence event in
particular in the presence of surfactants |1361{137]. To
account for the stochastic initiation of a coalescence

14

event we have introduced the parameter )} € [0,1]
characterising the average fraction of encounters that
lead to coalescence. By writing (R)1d(R)/dt
(R)~'A(R) /At = XkgTViZ, /(VZnr(R)?), skipping the
numerical prefactors, we obtain a differential equation
for the mean radius (R), whére integration gives the
scaling for the mean radius arigsing from fusion of
droplets:

a
c—c kg’ ?
R(t A L .
< ””‘( (&= ci&) n )
Remarkably, the coarseningsdtie to droplet coales-

cence has the sam¢ scaling with time as the growth
of droplets by Ostwald ripening described by equa-

tion (2.57)).

2.5.5. Comparison between coarsening via Ostwald-
ripening «amnd coalescence. We can use our lattice
model to determine the relative contributions of the
two coarsening mechanisms to the growth of droplets.
In the case of @stwald ripening, we have to estimate
the molecular/diffusion constant D, the capillary length
E and the relative dilution of the minority phase,

Out / c(o). We use the Stokes-Einstein relationship to

express the diffusivity as D ~ kpT/(67n,v'/?), where
7lm denotes the fluid viscosity felt by the molecules
of volume v. Moreover, from equations and
(2:46), the capillary length £, ~ 1v/3x1/2(y — 2)3/2,
Finally, the binodal line corresponding to our lattice
model with equal-size molecules A and B (see end
of section can be used to estimate the relative
dilution of the minority phase. It turns out that
the fraction between the equilibrium concentrations
Out/c(o) x exp(—x), i.e., it decreases exponentially
to zero as the interaction strength y becomes large
(limit of strong phase separation), while cOut /C(O) ~
1 — /(6(x —2)) changes only weakly close to the
critical point (weak phabe separation). By comparing
equation (2.57)) to (2.58] , we find that Ostwald ripening
domlnates coarsemng 1f

(2.58)

[N

c(O)t e — ol 2773 1
3 (x — 2)% Cou (M‘) IR)\-1 51, (2.59)
Ci(g) C_CO?lt TIm

where we dropped all numerical prefactors. In the
simple case of a constant size-independent viscosity,
Im = 7R, our estimates from the simple binary lattice
model indicate that coalescence typically dominates
Oswald ripening for most interaction parameters x. In
particular, the left hand side of equation goes
to zero close to the critical point (x = 2) and in the
limit of strong phase separation (y — o0). However,
for intermediate y-values, the dominant coarsening
mechanism could still be Ostwald ripening because

Page 14 of 46



Page 15 of 46

oNOYTULT D WN =

Physics of Active Emulsions

coalescence events may be suppressed by surfactants
(A < 1) or when the ratio of the viscosities often
satisfies ng/nm > 1. Such different viscosities are
particularly relevant for condensed phases in polymer
or protein solutions, or droplet-like compartments in
living cells. These complex, phase separated liquids
can even show visco-elastic effects leading to a dramatic
slow down of the movements of large droplet-like
phases [138-140]. In particular, inside cells, diffusion
of very large compartments is strongly suppressed
by the cytoskeleton [141], while the diffusion of
small molecules may experience less hinderance. We
therefore expect that Ostwald ripening is the dominant
mechanism of droplet coarsening inside cells since
it relies on evaporation and condensation of small
diffusing molecules.

3. Positioning of condensed phases

In this chapter, we discuss the positioning of condensed
phases (e.g., droplets) by external fields and non-
equilibrium concentration gradients. We focus on the
case where two components phase separate while a
third component, referred to as regulator, influence
the phase separation. Here we discuss two scenario$ of
how to affect the position of condensed phases: (i) The
position of a condensed phase can be influenced by an
external field such as gravitation, electric oramagnetic
fields [142]. These fields position the phase of higher
mass density, larger charge or larger magnetic moment
toward regions of lower potential energy. The resulting
stationary states correspond to a minimum of the
total free energy of the system and are inhomogeneous
thermodynamic states. (ii) Positioningfof a condensed
phase can also be affected by a regulator gradient
that is driven and maintained by boundary conditions.
The presence of a regulator flux/ may let, the system
settle in (stationary) non-equilibrium states. Such a
concentration gradient could be generated for example
by concentration boundary conditions, or sources and
sinks [92], or via positionsdeépendent reaction kinetics
with broken detailed balance [143,/144].

In section we  discuss) a simple system of
two phase separatingsecomponents and illustrate how
an external field can” affect theraverage position of
the phase separatéd comcentration profiles.  The
correspondings‘stationary states are inhomogeneous
thermodynamic states and can thus be accessed
through a minimisation of the free energy. Section [3.2
is then dévoted to discuss how a concentration gradient
of a regulator)can affect the dynamics of droplet
position.,

AUTHOR SUBMITTED MANUSCRIPT - ROPP-101147.R1
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8.1. Positioning of condensed phases by external fields

External fields can influence the position” of compo-
nents in a mixture and thereby also the'pesition of
condensed phases. In this section, we investigate how
external fields affect a mixture.which/undergoes phase
separation. To this end, we brieflysreview thethermo-
dynamics with external fields.

3.1.1. Thermodynamics of binarysmiztures in external
fields. Here we discuss the'thermodynamics of binary
mixtures in the presende of external fields such as
gravitation with a gravitational’ acceleration g, and
electric or magnetie; “position-dependent potentials
denoted as U(x)! The, presence of such an
inhomogeneous gexternal potential can influence the
shape and the” mean position of the concentration
profiles c4(z)vand cp (@), which can be defined as

1 [F ;
xi:z/o dxm%f), (3.1)
where, ¢; =0 L7! fOL dzc;(z) denotes the mean

concentration and L is the size of the system.

For a compressible system the binary mixture
is deseribed by two concentration fields c4 and cp.
Considering the case where the external fields vary
along the z-coordinate, the total free energy density
reads

ftOt = .f (CA7CB7VCA7VCB)
+ pgz 4+ Ua(z)ca + Up(x)cp . (3.2)

The interactions between the components are governed
by the free energy density f, p = maca + mpcp is the
mass density, and m4 and mp denote the molecular
mass of each component. The contributions of the
external potentials can be combined to Ugx(z)ca +
Ug(x)cp, where Uy(x) = U;(z) + migz, i = A, B.
Thermodynamic equilibrium for systems with
external fields can be defined at each position.
The position-dependent equilibrium profile ¢;(z) is
then determined by a spatially constant generalised
chemical potential, piot; = pi(x) + ﬁz(w), where
pi(z) = 8F/Sc; with F = [d®zf. As an example of
a system with such a position-dependent equilibrium
profile we consider an incompressible system (vaca +
vgeg = 1) with gravitation as the only external
potential and where the A-molecules are dilute,
vaca < 1 [142]. The generalised exchange chemical
potential then reads figos =~ kT In(vca) + valpgz
with the density difference Ap = ma/va—mp/vp. At
thermodynamic equilibrium, this gives the barometric
height formula, ca(z) o exp(—Apvagz/(ksT)).
Thus gravitation always positions the molecules of
highest mass density toward the lower gravitational
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potential. Typically, sedimentation of macromolecules
on a mesosscopic length scale L is negligible because
Apvagl < kgT. Soft condensed phases, however,
are much more prone to follow the gravitational field
because the volume of the phase V; typically exceeds
the molecular volumes. The corresponding condition
for sedimentation to be relevant reads Ap;V;gL > kT,
where Ap; denotes the mass density difference between
the liquid condensed phase and the surrounding
solvent. Note that a micron-sized protein droplet with
about twenty percent larger mass density relative to
the solvent can already show sedimentation on length
scales slightly above the droplet size [145].

Gravitation acts on the condensed phase and
positions it into the region of lower gravitational
potential. In the following sections we would like
to discuss another positioning mechanism that relies
on a chemical coupling. In this case the position
of the condensed phase is affected via a gradient
of macromolecules that in turn influences phase
separation through molecular interactions. For a fixed
gradient, this system may already allow to change
the position of the condensed phase by affecting the
molecular interactions.

3.1.2. Positioning of condensed phases by a requlator
potential. To explore the propensity to switch the
position of condensed phases using such an additional
component we propose a simple ternary model [146].
This model accounts for the demixing of “two
components, A and B, and a regulator component R
that interacts with the other components and thereby:
affects phase separation between A and»B. The
regulator component R is influenced by an“extérnal
potential U(z). Interactions between the components
t and j are captured by the mean=field interaction
parameters X;;. The scenario of regulation of phase
separation can be described ,byithe following free
energy density
Jrot = kBT|: > @Milyc:) + xapveacs
i=A,B;R

+cr(xBRCB + Xarca) 1/] +U(x)cr
+ SRl 45 Veal? (3.3)

which is a Flory-Huggins free energy density |2}3] for
three components. /Analogously to the case of the
binary system discussed in section the ternary free
energygiven above can be derived from a partition
sum using a mean-field approximation (see [147}/14§]
and Appendix of Ref. [146]). In equation we
comsider an incompressible system where the molecular
volumes are constant and equal to v for all components,
and the concentrations thus obey cg = v~ ! —

16

cr — ca. The logarithmic terms in equation
correspond to entropic contributions related to the
number of possible configurations. The remaining
contributions characterise the interagtions between
the three components with the (diménsionless) mean
field interaction parameter X;;, also referred to as
Flory-Huggins interaction parameter. The interaction
parameter between A and B,(xap, determines the
tendency of A and B to phase separate. The two
terms in equation proportional to the regulator
concentration cg describesthe interaetions between the
regulator R and the demixing components A and B.
To ensure that R acts as‘ayregulator we choose these
interaction parametérs such that the regulator R does
not demix from A or.BB. The terms in equation
with spatial derivatives represent contributions to the
free energy associated with spatial inhomogeneities.
We neglected amixed term proportional to Vey - Veg
since it has onlylittle quantitative impact on the
spatial profiles,of the phase separated profiles [146]
In/the following we consider a periodic system with
a periodic petential U(x) that varies solely along the
z-goordinate., We choose a potential that affects the
distribution of the regulator component of the form

U(r) = —kgTIn (1 — Qsin (2rz/L)) , (3.4)

where 0 < @ < 1 characterises the strength of the
poténtial and L denotes the size of the system along
the z-direction.

In the case where the components A and R
are dilute, vé¢4 < 1 and vég < 1, and for weak
external potentials (kr(Q/L)? < 1) such that the the
gradient terms in free energy can be neglected, the
profile of the regulator component is solely given by
the external potential U(x) with the regulator profile
cr(x) assuming the shape of negative sine function,
—sin (2rz/L). Thus the regulator profile has one
minimum and one maximum in the periodic domain.
The interaction of such a regulator profile with the
components A and B causes a positional dependence
of their concentration profiles. We would like to
understand how these interactions affect the system
if A and B phase separate.

For simplicity, we also consider a one dimensional
system of size L in the absence of boundaries. In
this one dimensional system the periodic boundary
conditions are ¢;(0) = ¢(L) and c(0) = (L),
where the primes denote spatial derivatives. For the
considered case of an external potential U(z) varying
only along the z-coordinate, the restriction to a one
dimensional, phase separating system represents a
valid approximation for large system sizes, where the
interface between the condensed phases becomes flat.
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Figure 3.1. Spatial regulation of phase separation in an external potential by a discontinuous phase transition. The regulator
forms a spatially inhomogeneous profile due to an external potential. As the interactions with thewegulator are changed, the spatial
distribution of component A switches from a spatially correlated (left) to an anti-correlated (right) distribution with respect to the
regulator. The switch corresponds to a discontinuous phase transition.

3.1.8.  Minimisation of free energy. To find the
equilibrium states in a phase separating system in the
presence of a regulator gradient induced by the external
potential U(x), we determine the concentration profiles
¢i(z) of all components ¢ = A, B, R by minimising the
total free energy (equation (3.3)); see Ref. [146]). Due to
particle number conservation, there are two constraints
for the minimisation imposing ¢; = L~! fOL dz ¢;(x) for
i = A, R, where ¢; are the average concentrations and
¢g = v~ ! — ¢4 — Cr. Variation of the total free energy
with the constraints of particle number conservation
implies (i = A, R):

L
_ aftot d aftot ) ) o
0= /0 dx ( a6, d oc + )\2> 0Cp+ Ki0C;C;

L

(3.5)

where Ar and A4 are Lagrange multipliers and the dc;
is the variation of the concentration corresponding to
component ¢. The boundary term’in equation is
zero in case of periodic boundary conditions. Using the
explicit form of the free energy/density,(equation ),
a set of Euler-Lagrange equations can, be derived from
equation (see Ref. |146]). These equations can
be solved numerically using a finite difference solver
but also approximately investigated analytically (see
section . As _controlhparameters we consider
the three interaction parametersixAr, xap and xBg,
the strength of the external potential @@ and the
mean concentration JofyA-material, ¢4. The mean
concentration of the, regulator material is fixed to a
small volume, fraction vég = 0.02 in all presented
studies tomavoidiphase separation of the regulator.
Moreover, we \focus on the limit of strong phase
segregation, where the interfacial width determined by
k4 are small'compared to the system size. We verified
that,our results depend only weakly on the specific
values of k4 and kg.

3.1.4. Discontimuous switching of average position of
phase separated coneentration profiles in external fields.
Solving, the Euler-Lagrange equations, we find two
extremal profiles of the phase separating component
A, ex(z) andyéf(z), and two corresponding profiles
ofl the regulator component R, denoted as cp(x)
and ¢} (z) (the profile of B follows from number
conservation). The phase separating material A can
beraccumulated at larger regulator concentration and
correlates (+) with the concentration of the regulator
material (figure a)). The corresponding solutions
are c}(z) and ch(z). Alternatively, the A-material
accumulates at smaller regulator concentrations (¢ ()
and cp(x)) corresponding to an anti-correlation (—)
with respect to the regulator profile (figure [3.|(b)).
The free energies of the correlated and the anti-
correlated states, F'+ = F[c}, cf] and F~ = Fley, gl
are different for most interaction parameters. The
free energies only intersect at one point xpr =
X5p (figure a)). At this point the minimal
free energy exhibits a kink. This means that the
system undergoes a discontinuous phase transition
when switching between a spatially anti-correlated (—)
and a spatially correlated (+) solution with respect to
the regulator.

To study this phase transition the appropriate
set of order parameters can be defined from the
changes of the free energy upon varying the interaction
parameters (see figure [3.2)):

d
dxi;

where AF(c¢;i(z),c;(x)) = F(ci(z),¢(x)) — F(&,¢;j).
The normalisation N;; is chosen such that —1 < p;; <
1. When inserting equations (3.3)), the order parameter

Pij = (kBTMjVL)_l AF(CZ'(JT), Cj (l‘)) 5 (36)



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - ROPP-101147.R1

Physics of Active Emulsions 18
(b) x1073 (c) PBR
"""" 5 - 3 10
Ft PBR XAB 5
01 | 0
| 2 5
—5 - mixed 10
0 05 1 15 2 0 05 1 15 2 0 051 15, 2

interaction parameter xgr interaction parameter xgr interaction parameter xgg

Figure 3.2. Discontinuous phase transition of a ternary phase separating systems in a periedic potential and with periodic
boundary conditions. (a) Free energy F' as a function of the B-R interaction parameter xgg. FI~ and F'1 ave the free energies of
the correlated and anti-correlated stationary solution with respect to the regulator gradient, respectively. Lines are dashed when
solutions are metastable. At x5p, F'~ and FT intersect and the solution of minimal free energy,exhibits a kink. This shows
that the transition between correlation and anti-correlation is a discontinuous phase trassition. (b) The order parameter ppr
corresponding to the solution of minmimal free energy jumps at x5 - (c) Phase diagrams of ourternary model for spatial regulation
in a periodic potential and periodic boundary conditions (¥vé4 = 0.1). The color code depicts the order parameter pgr. Component
B is spatially correlated (+) with the regulator profile if pgr > 0, and anti-correlated (=) otherwiSe. When the system is mixed,
pBR ~ 0, and spatial profiles of all components are only weakly inhomogeneous (no phase separation). The black lines corresponds to
the transition where the free energy has a kink. Parameters for (a-c): xar = 1, vé4 =.0.5, vép = 0.02, kr/(kpTvL?) = 7.63-1075,

ka/(kgTvL?) =6.10-107°, Q = 0.5. For (a) and (b), xap = 4. For plotting, v = L /256 was chosen.

pi; becomes the covariance,

L
pis = (Wi L) ™! / Az (c(@)es(x) —aey) , (37)

which characterises the spatial correlation between the
concentration profiles ¢;(z) and ¢;(x). If the fields
are spatially correlated (4), p;; > 0, and if they are
anti-correlated (—), p;; < 0, and p;; =/=%1"if the
concentration profiles of component i and j follow
spatially correlated or anti-correlated step functions:
If the regulator is homogeneous, cg(z)'= ¢g, the order
parameter is zero, p;g = 0 for i = A, B.

Varying the interaction parameter Ypgr (fig-
ure b)), the order parameters pprland par jump
at the threshold value x5p5. The jump ofibeth order
parameters in the presence of a régulator,gradient in-
dicates that the spatial correlation/of A and B with
respect to R changes abruptly, which+is expected in
case of a first order phase transition.

By means of the order,parameter ppr (equa-
tion (3.7)) we can now discuss the phase diagrams as
a function of the interaction parameters. In the case
of a spatial correlation (+), weshave p;; > 0, while for
an anti-correlation (=), py; < O, We thus find three
regions (figure c)): A mixed region, where concen-
tration profilesrare onlyweakly inhomogeneous and no
phase separdtion oceurs, and two additional regions,
where components A and B phase separate and A is
spatially«correlated or anti-correlated with the regula-
tor R, respectively. There exists a triple point where
all threesstates/have the same free energy.

In summary, the presence of a concentration gra-
dientyin phase separating systems leads to equilibrium
states of different spatial correlation with the regulator
profile. The regulator gradient creates a bias in the po-

sition of the phase separated concentration profiles for
almost all parameters in the phase diagram. If the ex-
ternal potential acting on the regulator has exactly one
minimum and one maximum, there are two stationary
states with different mean positions of the phase sep-
arating material. One of these stationary states corre-
sponds to a global minimum of the free energy while the
other state may only be locally stable. The parameters
characterising the interactions between the regulator
and the phase separating material determine which of
these states corresponds to equilibrium. There is a dis-
continuous phase transition between both states upon
changing these interaction parameters.

For simplicity we have discussed a phase sepa-
rating system in the presence of an external poten-
tial restricting to inhomogeneities in one dimension.
However, preliminary Monte-Carlo studies in three di-
mensions with phase separated droplets in a regulator
gradient suggest that the position of droplets can be
switched in a discontinuous manner [149].

3.1.5.  Analytic argument of the occurrence of a
discontinuous phase transition In the previous section
we have considered the numerical minimisation of a set
of non-linear Euler-Lagrange equations derived from
the free energy density (equation (3.3)). Here we give
some approximate analytic arguments to understand
the minimal ingredients for the occurrence of the
discontinuous phase transition. To this end, we would
like to simplify the system further and consider the
dilute limit of the regulator, i.e., végp < 1 and thus
approximate ¢p ~ 1 — v1¢4 in equation (3.3). For
such dilute conditions, the equilibrium concentrations
(for A component) in each phase, ci(g) and cg?l)t, are then
well given by the binary A-B system. In addition, for
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strong enough external potential U(x), the regulator
profile follows well, cg(x) = A — Bsin (2raz/L), apart
from the peaks (see figure , where A > 0 is
some concentration offset and B > 0 characterises the
strength of the spatial modulations of the regulator
profile.  For a discussion of the relevance of the
regulator peaks at the interface see Ref. |[146]; here we
simply neglect these peaks for simplicity. We expect
that the extrema of the regulator profile cr(x) at
x = L/4,3L/4, determine the position of the A-rich
condensed phase. As obtained from the numerical
analysis presented in the last section, there are two
solutions, either spatially correlated (4) or anti-
correlated (—) with the regulator. These solutions can
be approximated in the dilute limit of the regulator as:

che) = S+ () = ) © (v = BL/4+ 20/2)

x O BL/4A+x0/2 - 1), (3.8a)
) = el + () =) © (@ = L/4+0/2)
X O (L/4+10/2— 1) , (3.8b)

where ©(-) denotes the Heaviside step function. These
solutions describe the A-rich domains either localised
around the maximal (+) or minimal (—) amount of
regulator. The domain size of the A-rich phase denoted
as zq is determined by conservation of particles, i.e.,
eal = [dxch(z) = [ dacy(x), leading to 2y =.L(c4—
c(()?l)t) / (ci(g) - c(()?l)t) Using the approximate solutions
above we can calculate the difference in free energy
corresponding to correlated and anti-correlated states,

F* —F~ ~WksTL(xar — xBR)B, (3.9)

where W = 27~ !sin (77%0) > 0 is a_positive-eonstant.
Please note that all contribution$ apart from the A-
R and B-R interaction vanish in" the /dilute limit
and due to conservation ofyA and Brmaterial. As
B characterises the concentration modulations of the
regulator profile, the free emergy difference (F+ — F ™)
consistently vanishes for zero B\ (equation 39). In
the case of non-zero B, the free energy difference is
determined by the_difference~«in the interactions of
A and B with réspect to the wegulator R, Ax =
XAR — XBR- Most dmportantly, at Ax = 0, the two
solutions switehy theirnthermodynamic stability: for
Ayx > 0, the anti-correlated state is favoured, while
for Ax < 0, the correlated state is preferred; Ay = 0
indicatessthe tramnsition point. In addition, the slopes
of corrélated and anti-correlated free energy, F'* and
F~, with respect to Ax at the transition point are
not equal.” The difference in slopes implies that the
minimal free energy exhibits a kink at the transition
point Ay = 0, which means that the system undergoes
a/discontinuous phase transition switching from a
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correlated to an anti-correlated state for imcreasing
Ayx. The discontinuous phase transition occurs at
Ax = 0, which agrees with the numerical predictions
shown in figure c¢) (note that thefecorresponding
volume fraction of the regulator ighrather ‘dilute).
Our approximate analytic treatment indicates that
the occurrence of a discontinuousy phase transition
solely relies on the existence of the position-dependent
profile of the regulator and /the interactions of the
regulator molecules with the liquid,condensed phases.
It seems that the peaks of regulator material at the
interface of the condensed phase, which we neglected in
this approximate analytic'argument, are not necessary
to observe the discontinuous transition. Maybe the
discontinuous naturesis also preserved if the regulator
gradient is driven, by boundary conditions? We leave
this question to future research.

3.2. Dynamics andreoarsening of droplets in
concentration gradients

In this seection we discuss the dynamics of multiple
droplets in a ohe-dimensional gradient of a regulator
component_Athat affects the phase separation of
droplets. For simplicity, we consider the case where
the regulator profile is not affected by the phase
separating components. Given a regulator gradient
cr(x) we introduce a set of physical quantities such
as the position dependent supersaturation, which
determine the inhomogeneous ripening dynamics.
These quantities depend on position and will be used
to develop a generic theory of droplet ripening in
concentration gradients. This theory extends the
classical laws of droplet growth derived by Lifschitz
& Slyozov |5 and can explain the positioning of
droplets in concentration gradients by droplet drift and
spatially dependent growth.

3.2.1.  Spatially varying supersaturation. Here we
discuss the ripening dynamics of droplets in a regulator
gradient that varies only along the z-coordinate. To
this end, we modify the concept of a common far
field concentration introduced in section 253 to a
concentration field co(z) that changes on the length
scale of the system size L.

In the absence of a regulator gradient, the
concentration outside approaches the “far field” of
the droplet, c.,, as the distance to the droplet
interface increases. The far field is created by the
surrounding droplets and is well reached if the length
scale corresponding to the mean distance between
droplets ¢ exceeds the droplet radius R, i.e., £ > R.

In the presence of a regulator gradient varying
along the x-coordinate, the far field seen by the droplet
Co(x) is now also position dependent and can be
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regulator concentration cgr
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Figure 3.3. (a) Sketch of a ternary phase diagram as a function
of the homogenous regulator concentration cy and the droplet
material c4. The tie lines (green) connect the equilibrium
concentration values of the coexisting phases. Each position x of
a system subject to a different regulator gradient (e.g. blue line
in (b)) may correspond to a point in the phase diagram along the
orange line. If the position is inside the phase separation region,
droplets can form, while outside phase separation is absent.
The position z, referred to as dissolution boundary, marks the
location below which there is no phase separation and vice versa.
(b) Sketch of a representative regulator gradient cg(x) (blue) and

<O)(x) and %) (z) obtained from

the equilibrium concentration c; out

the phase diagram (a).
approximately written as:

1 Ly L.
coo(@) = / dy / Az cou (2,9, 2),  (3.10)
LyLZ 0 0 ‘

where cout (, ¥, 2) is the concentration field outside the
droplets and L, and L, denote the system/size in the
y and z-direction, respectively. The expression ‘above
is an approximation because we have neglected weak
concentration perturbations close to droplet interfaces
described by the Gibbs Thomson relationship .
However, for the typical case of droplet radii exceeding
the capillary length (R > {,) and the mean inter-
droplet distance being larger than_ the droplet size
(¢ > R), these concentration pefturbations are very
small (see section [2.5.1)).

Finally, to make sure that'the spatial variations of
the position dependent far field are large on the system
size but comparably smallsen therdroplet scale, we
consider the case where all these length scales separate,
{, < R < ¢ < L. This separation of length scales
will allow us to investigate weak perturbations of the
droplet shape parallel toythe concentration gradient
and also to construct the equilibrium concentration at
each position zralong the gradient.

The separation, of length scales suggests to
divide the system into independent slices of a size
corresponding to the intermediate length scale ¢. The
phase [separation dynamics can then be discussed
locally ‘for each position x corresponding to a slice
element of linear length ¢. For this discussion, we
consider a simplified model with a free energy density
given by equation and calculate the corresponding
phase diagram (figure [3.3|(a)). If the droplet material
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is roughly constant each position x maps ow a single
point in the phase diagram because the regulator
profile is fixed. The corresponding curve in the phase
diagram due to the spatial dependence of the regulator
defines local values of the equilibrium' concentrations
inside and outside of the droplet (figuré3.3(b)). In
other words, droplets in the slice ¢orresponding to,the
position z feel the local equilibrium" cencentrations,
ci(r?) (x) and c(()(‘)l)t (x).  For [simplicity, we restrict
ourselves to a special case where the equilibrium
concentration inside is position independent, ci(g) (z) ~
ci(r?), thus droplet growth is solely determined by
the conditions outside.of therdroplet. Moreover, as
concentration inhomogeneities of droplet material are
in general weak, we ‘do not) consider weak transients
of cg?l)t(x) due to the space and time varying coo(z).
The actual coencentration of droplet material outside,
Coo (), togéthernwith the equilibrium concentration

(0)

outside, e p(x), determine a spatially dependent

out
supersaturation
Coo(®)
cout(x)

There wis' a dissolution boundary located at the
position z = x. where the supersaturation e(z.) =
(,JRY For the considered case of ¢, < R, this
boundary approximately corresponds to a vanishing
supersaturation e£(z.) ~ 0. In the illustration in
figure a), the fluid is mixed for z < z., while
droplets can form (e > 0) for > x.. In the absence of
droplets, the concentration field ¢, (z) evolves in time
satisfying a diffusion equation, which we will derive in
the next section. When droplets are nucleated, their
local dynamics of growth or shrinkage is guided by
the local supersaturation (z) as well as cc(,?l)t(x) (see
Section. This local droplet dynamics then in turn
also influences the concentration field ¢ (). As time
proceeds, diffusion of droplet material occurs on length
scales larger than the intermediate length scale ¢. For
this regime, we will derive a dynamical theory and
extend the Lifschitz & Slyozov theory to concentration
gradients.

3.2.2.  Dynamics of a single droplet in a concen-
tration gradient. A regulator concentration gradient
generates a position-dependent equilibrium concentra-
tion c(()?l)t(x) and a position-dependent supersaturation
e(z) (equation (3.11)). This supersaturation will drive
the droplet dynamics and lead to a position-dependent
growth, drift of droplets and even deformations of their
shape. In the following we discuss the dynamics of
growth of a single droplet where the equilibrium con-
centration, cg?l)t(x), and the concentration of droplet
material, ¢ (), are position dependent. The case of
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multiple droplets is studied in the next section.
The concentration inside the droplet can be
approximated by the equilibrium concentration ¢ ~
(0)

¢, in the limit of strong phase separation (cl(n) >

cg?l)t; see section . This allows us to restrict the
analysis to the concentration field ¢(r, 6, ¢) outside of
a droplet. Here, we use spherical coordinates centred
at the droplet position zg, with r denoting the radial
distance from the centre, and 6 and ¢ are the azimuthal
and polar angles relative to the z-axis. Within the
quasi-stationary approximation (see section the
concentration outside but near the droplet obeys the
steady state of a diffusion equation (2.50). For large r
the concentration field approaches the “far field” which
in the presence of a linear gradient reads (figure [3.4)):

= lim ¢(r,6,9) ~a+ Brcosh. (3.12)
r—00

This inhomogeneous far field concentration is locally
(with respect to inter-droplet distance ¢) characterised
by the concentration o = co(xp) and the gradient
B = 0xCoo(T)|s, at the position of the droplet .
At the surface of the spherical droplet, »r = R, the
boundary condition is

(R 97 SD) - Cout(e) (313)
= (el + Reos(0)duclh ()]a ) (1 + 64 /R) -

Here, ¢, is the capillary length as introdueed in
section m Equation corresponds to the
Gibbs-Thomson relation (see section 7 which
describes the increase of the local “cencentration
at the droplet interface relative to the equilibrium
concentration due to the surface tension of the droplet
interface. The presence of spatial inhomogeneities on
the scale of the droplet R lead to"an additional term
in the Gibbs-Thomson relation. {To/linear order, this

contribution to coh reads 'Ros(60)ds cout( )zo- The
values of § and « characterising,the far field, co (o),
together with the local equilibriumsconcentration at
the droplet surface, cor (6), determine the local rates
of growth or shrinkage of the drop at * = zp in a
spatially inhomogeneous regulator gradient.

The solution/ to the Laplace equation with
cylindrical symmetry is/ of the form c(r,0) =
2o (Airt + Byr "5 Pi(cos 0), where Pi(cos6) are
the Legendre polynomials. Using the boundary

conditions (3:12) and (3.13)), we find
R R3
c(r,d)=a|l=—)+pPcosh (r— o) (3.14)

0\ R
T ( E)?Rt + Roos(0)Dacly (@) s, ) (1 + 1%) =

The/droplet could grow, drift or deform due to normal
fluxes of droplet material at the interface leading to a
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concentration ¢(z)
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": Cout(T) Cout

fR 0 R
coordinate relative to droplet center @

Figure 3.4. Sketch of the concentration field'inside and outside
of a droplet in a position-depéndent supersaturation field. The
droplet center is located at = 0. The equilibrium concentration
inside is ¢’ >4 Right outside the'droplet/at +R the concentratlon
is given by the Gibbs-Thomson relation cd, (equation (3.12)).
Far away from the droplet center, the concentration approaches

Coo () (equation (3.13)).

movement of the interface. The speed normal to the
interface reads v, =1 v,, where n denotes the normal
vector toltherinterface. In case of a spherical droplet,
n = e hwhere enis the radial unit vector in spherical
coordinates: In the limit of strong phase separation,
i.es c(o) > cﬁff}t, el o c( ), and the velocity normal to
the 1nterface Un (equatlon ), can be expressed by
Un =M (J;, — jout)/ci(g). For weak spatial variations
inside and outside of the droplet, the local flux is
defined as j = —DVe. The concentration inside the
droplet is approximately constant and for simplicity we
consider it to be independent of the droplet position.
Thus the flux inside the droplet vanishes, j;, = 0, while
the flux outside reads j..,, = —DV¢|g.

Now we discuss how the normal speed v,
can be used to calculate the droplet growth speed
vg, the droplet drift velocity vy, and the rate of
deformations from the spherical shape, vs. To
this end, we parametrise the surface of the droplet
in terms of Legendre polynomials as there is
no dependence on the polar angle, which gives
R(0,t) = > ,di(t)P;(cosf), where d;(t) are the
expansion coefficients characterising the shape of the
interface. The corresponding interface velocity of an
approximately spherical droplet is v, ~ 9;/R(0,t) =
>, vi(t)P; (cos @), where the speeds for droplet growth,
drift and deformations along the regulator gradient
read v;(t) = 0d;(t). We can now identify the
radius R as dy = (R,Py)/{Py,P), the position
of the droplet center zg as di = (R,P1)/(Pi, P1),
and the deformations are characterised by do =
(R, Py)/(Pa2, Py) Here, the brackets indicate the scalar
product (h, g) = foﬂ df sin 8 h g between the functions g
and h. Most importantly, we can identify vg = dR/dt
as the rate of change of the radius and vy = dxo/dt as
the drift velocity of the droplet center.

Using equation , we find for the droplet
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growth speed
dR D (0) £,
T ci(r?)R [oz — Coup (o) [ 1+ 1B

In the presence of concentration gradients there also
exists a net droplet drift speed

dl’o D 0 Y4
== @ [35 — 0, (@), <1 T 1%)} . (3.16)

(3.15)

where we found in contrast to Ref. [31] an additional
factor of 3 in front of the coefficient 8. Note that both
the growth rate and the drift speed are proportional to
the molecular diffusion constant D of droplet material.

If the far field coo(x) is well parametrised
by a linear gradient (equation (3.12))), there are
no deformations from the spherical shape, vy =
0. Deformations of the spherical shape can
only occur if higher order polynomials P, (cos6)
with m > 2 are necessary to describe the far
field. If we include the quadratic order in the
parametrisation of the far field (equation ),
(rcos0)?02¢q0()|s,, the deformation speed reads
vy = (10/3)(RD/c)2c00 ()]s, This quadratic
contribution does not affect the droplet drift v; but
the growth law vy is changed. The quadratic term
gives an extra contribution inside the brackets of
equation of the form (5/3) R?02¢o0 ()| Thiis;
shape deformations and their impact on the grewth
law in the case of a non-linear far field gradient are
negligible if

2
503 Coo (T)|z, R2<1.

3o (@) 3.17)

For the system under considerationswhere length scales
separate, i.e., R <« ¢ <« L, deformations from the
spherical shape are weak because gradients of the far
field coo () occurs on the length.scale of the system size
L. In recent numerical studies considering a continuous
phase separating Flory-Huggins model in a regulator
gradient maintained byssink and source terms, droplet
deformations are indeed visible when droplets approach
the order of the systemrsize [92].

3.2.83. Dynamical Jequation of multiple droplets in
a concentratjon gradient. We can now describe the
dynamics of. many /droplets, ¢« = 1,...,N, with
positions_z; and.radii R;. If droplets are far apart
from each other, the rate of growth of droplet ¢ reads

ARy ) () [E( ) ZW] .

dt R R; ci(r?) - E

(3.18a)

22
The drift velocity of droplet i, vy (x;) = dx;/dt, is

dt O

L
Saxcoo(x”xl - aﬂcc(()?l)t(m”xl <1 + ﬁ’y):l .

(3.18b)
If the distance between droplets s ‘large relative
to their size, droplets only interact via sthe, far
field concentration field coo(z,£): It'is,governed by
a diffusion equation including gain and loss terms
associated with growth or shrinkage of,drops:

82

OCoo(x,t) = Dﬁcm(u’c, t) (3.18¢)

N
4m d
—H(t 0(x; — x)——R;(1)3,
R(a: — )7 30
where the time-dependent function

) _

H(#) ‘i~ Coo(t) (3.19)

W >V 6 — 2) ERi(1)?

is approximately constant, H ~ ci(g) /V, in the limit
of strongyphase separation ci(g) > ¢(t) and for very
large [inter-droplet distances corresponding to V' >
SV 8@ — x)2ER; (1) with V.

Equation describes the effects of large scale
spatial inhomogeneities on the ripening dynamics for
the ‘case of a regulator gradient varying along the z-
axis. Since large scale variations of ¢ (2, t) only build
up along the z-directions, derivatives of ¢ alo?%f the
0

y and z directions do not contribute as co, and c,; are

constant along these directions.

In the absence of a regulator gradient, cg?l)t and coo
are constant in space implying a position-independent
and common supersaturation level ¢ for all droplets
(equation (3.11)). In this case equation (3.18a))
gives the classical law of droplet ripening derived by
Lifschitz-Slyozov  [5}|6] (also referred to as Ostwald
ripening), and the net drift vanishes (equation (3.18H)).
In the case of Ostwald ripening, droplets larger than
the critical radius R. = ¢, /e grow at the expense of
smaller shrinking drops which then disappear. This
competition between smaller and larger drops causes
an increase of the average droplet size and a broadening
of the droplet size distribution with time. Ostwald
ripening is characterised by a supersaturation that
decreases with time, leading to an increase of the
critical droplet radius R. = £, /e(t) o« t'/3. The
droplet size distribution P(R) exhibits an universal
shape and is nonzero only in the interval [0,3R./2]
(figure [3.5(b), blue graph). In other words, there are
no droplets larger than 3R, /2 and thus also no droplets
exist beyond the maximum of dR/dt at R = 2R.
where larger droplet could grow slower. Therefore, in
homogeneous systems the broadening of P(R) follows
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from larger droplets growing at a larger rate dR/dt
than smaller droplets and because all droplets feel the
same supersaturation level droplet positions remain
homogeneously distributed in the system. In the
presence of a regulator gradient the droplet dynamics
exhibits a different behaviour.

3.2.4.  Droplet positioning via position dependent
growth and drift. There are two novel possibilities of
how droplet material is transported: There is exchange
of material between droplets at different positions
along the concentration gradient due to a position
dependent droplet growth, and droplets can drift along
the concentration gradient.

Droplets grow or shrink with rates that vary
along the gradient because the local equilibrium

concentration cg?l)t(x) and the far field concentration

Coo () are position dependent (equation w) For a
supersaturation e(x) = (coo(x)/cg?l)t(x) —-1) > ¢,/R,
a droplet located at position x grows, and shrinks
in the opposite case. In other words, the critical
droplet radius depends on position, and droplets with
radii below or above R.(z) = ¢, /e(x) shrink or grow.
This position dependence implies a movement of the
dissolution boundary z.(t) which is defined where the
supersaturation &(zc(t)) = ¢, /R (equation [3.11). This
definition can be simplified for the case where the
capillary length, which is typically in the order of the
molecular size, is small relative to the droplet radii, i.e.,
{y < R, leading to coo(2c(t)) > L0 (2c(t)). Taking the

out
derivative in time gives the speed ofathe dissolution

boundary, v.(t) = dwgt(t):

/dcc(a(t)x)t(x)
r=x(t) dx

We can now discuss the movement direction of the
dissolution boundary. If drepletshcandgrow in the
system, the far field concentration should decay, dfif

0. Thus the dissolution boundary always moves toward

_dewo(w)
o dt

ve(t) (3.20)

rz=x.(t)

positions corresponding to smaller values of c‘()?l)t. When
the dissolution boundary, moves through the system
it dissolves all droplets omnits® way. The dissolved
droplet material will diffuse and, feed the growth of
the remaining dropléts. Thus the moving dissolution
boundary positions ithe phase separated material
toward one boundary of the system corresponding to
the lower values of the position-dependent equilibrium
concentration cg?l)t (z).

Another miechanism of positioning is via droplet
drift (equation/(3.18b)). The drift of a droplet results
from an asymmetry of material flux at the interface
parallel to the regulator gradient. To be more specific,
we have to distinguish between the scenario of many

droplets and the case of a single droplet. In the
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case of many droplets to the right of the dissolution
boundary, the presence of these droplets keep the
position-dependent supersaturation small, thus %Cﬁ ~

(0)
%. Using the derived equation for droplet drift|3.16
the drift of droplet ‘d’ in a system with many droplets
roughly follows

dzq . D dév)
o _2@ Lot (3.21)

This equation implies that droplets drift into the
opposite direction of the dissolution boundary. Thus
droplets are pushedatowardsdissolution making it
impossible for them to.escape their dissolution via
drift. This picture can be different for a single droplet.
When diffusionfishfast, “the far field concentration is
expected for be roughly/homogeneous, dg;," ~0. As a
consequence thexdrift points parallel to the direction of
the dissolution boundary in the case of single droplet:

dzo D dc%

The droplet may thereby escape its dissolution by drift.
The drift/of a single droplet in a roughly homogeneous
far-field concentration should be driven by the efflux
of ‘'material at the back, which diffuses to the front of
the /droplet (droplet front is faced into the direction
of movement of the dissolution boundary). Droplet
movement then arises from asymmetric droplet growth
between the back and the front of the droplet. The
associated time-scale of this process is roughly given by
the time to diffuse the droplet radii, i.e., R?/D. If this
time-scale is smaller than the time-scale R/v. necessary
for the dissolution boundary to move the distance R,
a single droplet may escape the dissolution boundary.
Using equation the condition for a single droplet
to drift can thus be written as

®  de
D% < R%. (3.23)

Otherwise, the droplet would dissolve and recondense
via nucleation typically in domains corresponding to
lower values of the position-dependent equilibrium

concentration cé?l)t (z).

3.2.5. Narrowing of the droplet size distribution.
Numerically solving equations for a large
number of droplets we find that the droplet size
distribution narrows during the positioning of droplets
toward one boundary of the system. For details
on the numerics, please refer to reference |[31].
This narrowing of the droplet size distribution in
a concentration gradient is fundamentally different
from the broadening of the droplet size distributions
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Figure 3.5. Sketch depicting the mechanism of the

narrowing of the droplet size distribution due to the presence
of concentration gradients. (a) The black curve depicts the
droplet growth speed dR/dt before the spatial quench, where
the system undergoes Ostwald ripening with a homogenous far
field coo and a homogenous equilibrium concentration c(<)[l),l)t (0).
The corresponding droplet size distribution is shown in (b).
The spatial quench cc()?l)t(x) = cg?‘)t(O) (1 — ma) reduces the
equilibrium concentration at « = L. Therefore, the local
supersaturation increases which amounts to a decrease of the
critical radius at = 0 from Rc(0) to Rc(L) (indicated by
red arrow). This change in supersaturation changes the droplet
growth velocity dR/dt (orange). Subsequent to such a spatial
quench mostly all droplets at * = L grow. However, larger
droplets typically grow less than smaller drops. Consequently,
the size distribution will narrow. The narrowing s most
pronounced close to the rightmost boundary at x = L since,the
moving dissolution boundary dissolves all droplets at * < L. Tn
addition, the dissolution of these droplets will keep the far field
concentration coo () at z = L at increased level which maintains
a small value of critical radius until the dissolutien boundary has
reached the boundary at * = L.

during classical Ostwald ripening/|5,6]; see figure
for an illustration of the mechanism underlying the
narrowing. Imagine we spatially quench-the system by
imposing a spatially varyinglequilibrium concentration
cg?l)t(x) = cﬁ?}t(o) (1 — m z)pwhere c(()?l)t(O) denotes the
equilibrium concentration before the quench and m
is the slope of the “spatial quench”. Such a spatial
quench reduces the critical radius at the right boundary
at ¢ = L from R.(0) (eritical radiusbefore the quench)
to Re(x = L) = {5 /e(x =/L) (equation ) This
quench also shifts themmaximum of dR/d¢ for droplets
at = L to smaller radii since the radius corresponding
to the maximum occurs at R = 2R.. After the
spatial guench there are many droplets with radii
R > 2R.(x = L). According to dR/d¢ (figure a))
these droplets /jgrow more slowly than those around
R = 2R, which leads to a narrowing of the droplet size
distribution P(R) at x = L. The critical radius R.(z =
L) remains small because dissolution of droplets at
/< L leads to a diffusive flux toward * = L and
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thus keeps the concentration ¢ (L) at increased levels.
These conditions hold for a longer time if the spatial
quench has a steeper slope. As a result the distribution
narrows more for steeper quenches. For weak, enough
slopes of the quench, the narrowing ofithe droplet size
distribution vanishes, however| droplét positioning still
occurs as long as this slope is not /zero.

When the dissolution boéundary, reaches the
rightmost boundary close to #= L the critical radius
catches up with the mean droplet size. Concomitantly,
narrowing of the droplét size distribution stops.
Because all droplets are| approximately of equal size
the exchange of material between droplets via Ostwald
ripening is slowed down dramatically. This slowing
down of inter-droplet=diffusion via Ostwald ripening
leads to a long phase where.droplet number and size is
almost constant. Close to the end of this arrest phase,
the droplet distribution begins to broaden slowly and
the dynamics appreaches classical Ostwald ripening.

In summary, a concentration gradient of a
regulator. component that affects phase separation
can significantly change the dynamics of droplet
coarsening. The regulator gradient causes an
inhomogeneity of the equilibrium concentration and
the concentration field far away from the droplet. Both
induce ‘a position-dependent ripening process where
droplets can drift along the gradient and dissolve
everywhere besides to a region close to one boundary
of the system. During this positioning process of
droplets to one boundary the droplet size distribution
can dramatically narrow for steep enough quenches
which causes a transient arrest of droplet growth. After
this arrest phase the positioned droplets are subject to
a locally homogenous concentration environment and
the system recovers the dynamics of classical Ostwald
ripening.

4. Droplets driven by chemical turnover

Droplets can also be controlled by chemical reactions
that directly affect the concentrations of the segregat-
ing species. For instance the building blocks B that
form droplets could emerge from precursors P by a
chemical reaction. While simple conversion reactions
typically suppress phase separation, chemical reactions
that are driven by an external energy input allow to
control the droplet size as well as the droplet count
and can even lead to spontaneous droplet division. To
describe such phenomena, we start by deriving the dy-
namical equations from a thermodynamic consistent
description of phase separation in the presence of chem-
ical reactions.
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4.1. Thermodynamics of chemical reactions

Before we consider the coupling of phase separation
and chemical reactions, we review the thermodynamics
of chemical reactions in homogeneous systems. To
highlight the core concepts, we here focus on very
simple chemical reactions.

4.1.1.  Chemical reactions in homogeneous systems
We start by considering an isolated system where the
two chemical species, the building block B and the
precursor P, are converted into each other by the
reaction

P=B. (R1)

At constant temperature T and volume V| the system
is described by a free energy F(Np,Np), where N;
are the particle numbers of type ¢ = P,B. The
thermodynamic equilibrium of the system corresponds
to the minimum of F. The necessary condition for
this minimum reads pupdNp + updNp = 0, where
the chemical potentials are up = OF/ONp|y_  and
pp = OF/ONp|y,. Note that in contrast to phase
separation without reactions, species can now be
converted into each other and only the total numbér
of particles, M = Np + Np, is conserved. This implies
dNp = —dNp, such that the equilibrium condition
requires up — ug = 0. Consequently, at equilibrium,
the chemical reaction equalises the chemical potentials
of the two species.

The difference between the chemical potentials,
uwp — pp, also affects the relaxation rate toward
equilibrium. This rate is quantifiednwby the total
reaction flux s = —dep/dt = dep/dt, wheree; = N;/V
denotes the concentrations in the homogeneous system
for ¢ = P, B. Since the reaction can preceed in both
directions, the total reaction fluxesn= s5 — s_ is
given by the difference of the forward reaction flux s_,
associated with the conversion of P to' B and the
reverse flux s, . As a consequence of detailed balance,

the ratio of the two reaction fluxes,obéy (see|Appendix
C)

5> _ o (_M) ’ (1)

which we call detailéd balance of 'the rates [150]. The
relation showssthat the net direction in which the
reaction proc¢eeds depends on the sign of the chemical
potential difference /up — pp. Moreover, the net
reactionflux s vanishes at chemical equilibrium (up =
pup) since s, = s.. Close to chemical equilibrium,
equation.(4.1) can be linearized and the reaction flux
s = S_, — 8. can be expressed as

s=—M\(cp,cB) (up — pr) , (4.2)
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where the function A,(cp,cp) determines the reaction
rate. A;(cp,cp) is an Onsager coefficient, which must
be positive to ensure a positive entropy production

rate [109/124]; see [Appendix B

4.1.2. Chemical reactions in“inhomogeneous.Systems
and stability of homogeneous states  To describe chem-
ical reactions in inhomogeneous systems, /we assume
local thermodynamic equilibrium, i.e., there exist lo-
cal volume elements where thermodynamic quantities
such as concentrations and temperature can be de-
fined. This is possible when the local volumes equi-
librate quickly compared tortherates of the processes
that we want to describe. In particular, the exchange
with neighbouring velumes, associated with diffusive
transport, and the conversion of particles into differ-
ent species, associated,with chemical reactions, should
take place on timescales longer than the equilibration
timescale of the volumes. If this is the case, a system
of reacting and,diffusing particles can be described by
concentration fields ¢;(r) for all species i.

To study. the interplay of the chemical reaction
(R1]) with phase separation, we first consider a binary,
incompressible system described by the concentration
of the droplet component, cg(r) = ¢(r), while cp(r) =
vl — ¢(r) with v denoting the molecular volume of
Prand’ B. The behavior of the system is governed
by the free energy F[c], which is now a functional of
the concentration field ¢(r). For simplicity, we here
consider the form

Fld = /d?’r (f(c) + g|Vc|2) ) (4.3)

which combines a local contribution of the free energy
density f(c) with a term that accounts for the free
energy costs of spatial inhomogeneities proportional to
k, analogous to sectionZ 1.5l The exchange chemical
potential i = up — pp is thus given by i = §F|c|/dc.
The resulting equilibrium condition of the chemical
reaction is fi(r) = 0, which includes the equilibrium
condition for phase separation, fi(r) = const.; see
section 2271

The dynamical equation of the system follows from
the conservation law

et V-j=s, (4.4)

where j is the diffusive flux and s is the net flux
of the production of species B by the reaction .
These two thermodynamic fluxes are driven by their
respective conjugated forces Vi and [i; see

Bl Using linear response theory, 7 = —AVj and
s = —A.f1, we arrive at the dynamical equation
dc =V - [Ac) Vii(c)] = Ac(c) i(c) , (4.5)
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Figure 4.1. Schematic representation of the impact of chemical
reactions on phase separation. (a) In chemical equilibrium, a
system that is able to phase separate settles in the minimum
of the free energy density corresponding to the homogeneous
concentration cg. Phase separated states with concentrations
c1 = ¢1/v and ca = ¢2/v are no more stable. (b) Growth rate as
a function of the wavenumber ¢ = |q| (g: wave vector) for phase
separation in the absence of chemical reactions (grey), phase
separation in the presence of a chemical reaction tending toward
chemical equilibrium satisfying detailed balance of the rates
(blue), and phase separation combined with non-equilibrium
chemical reactions which break detailed balance of the rates
(red). The sign of s'(cp) can be adjusted by the chemical
potential difference between fuel and waste, fi2, for example. The
homogeneous concentration c¢g is defined as the concentration at
which s(cp) = 0.

which describes a binary system that exhibits phase
separation and chemical reactions. Note that
we recover the Cahn-Hilliard equation if chemical
reactions are absent (A, = 0); see equatiomy(2.37).
Conversely, in the limit where A, is constamt and
diffusive fluxes vanish (A = 0), we obtain the Allen-
Cahn model [151], which is the deterministic version
of model A [125].

We study the effects of chemical-reactions by
first analyzing homogeneous equilibrium states e(r) =
cog, which are governed by the equilibrium condition
fa(r) = 0. This condition impliessvanishing chemical
reaction flux, see equation , and f'(cg) = 0,
so that ¢p is a (local) extremumyof the free energy
density f(c). To assess the stability of these states, we
consider harmonic perturbations with wave vector g,
as described in section[Z4l Tn'the linear regime, these
perturbations grow with'a rate

w(q) = —[Alco) @A (CoO)J{f" (co) +ra®] . (4.6)

The system is stable if all/ perturbations decay, i.e., if
w(q) < 0 for allswavewectors g. Since A, A, > 0, the
stability is governed by the sign of the second bracket
in equation and the homogeneous state becomes
unstableswhen f“(ep) < 0 [152]. This condition is
identical to thé condition for the spinodal instability
in the ‘ease without chemical reactions (A, = 0).
However, ‘in the presence of chemical reactions, only
therhoemogeneous states with f/(cp) = 0 are stationary
states because particles numbers of P and B are not
conserved. In contrast, in the absence of chemical
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reactions, all homogeneous states are stationary with
the homogeneous concentrations of P and»B being
conserved. Particle conservation also implies w(Q)=0,
while the ¢ = 0 mode is unstable swhen chemical
reactions are present; see figure b).

Taken together, we showed that ‘ifsthe /system
settles in a homogeneous state it/will attain minimal
free energy [152,/153]; see figure a). The major
difference to the case without' chemical reactions is
that the species are not conserved individually and
the system can thus relax/by altering the composition
locally. In the next section, we)will show that this
local conversion destabilises,all.inhomogeneous states
including the ones c¢orresponding to coexisting phases.

4.1.3.  Dissolution._of droplets by chemical reactions
We now investigate 'the stability of inhomogeneous
states to seé how chemical reactions that can relax
to equilibrium (@w= 0) affect droplets. As an
example] we first discuss the Ginzburg-Landau free
energy/ presented in equation . When chemical
reactions are, present, this free energy permits two
stable homogeneous solutions, corresponding to the
two minima of the free energy density. Without
chemiecal /reactions, we have shown in section [2:2]
that there is also a stable inhomogeneous stationary
statepwhich consists of two bulk phases separated by
an interfacial region. In the simple case of a one-
dimensional system, the interfacial profile ¢j(x) is given
by equation . This interfacial profile is also a
stationary state in the case with chemical reactions,
since the symmetric free energy implies vanishing
chemical potentials in the two bulk phases and thus
satisfies the equilibrium condition pu(r) = 0.

To scrutinise the stability of the interfacial profile
in the presence of chemical reactions, we determine
whether a small change dc in the concentration
profile could possibly decrease the free energy.
Mathematically, this corresponds to calculating the
second variation AF[cy,dc] of the free energy, which
is given by equation . The stationary state
is stable if AF[c1,dc] is positive for every nonzero
variation dc. We show in that indeed
almost all perturbations dc increase the free energy.
The only exception is d¢ = 0,c1, for which AF = 0,
implying that this perturbation does not decay in time
and the state is marginally stable. This perturbation
corresponds to an infinitesimal translation, indicating
that interfaces can move without changing the total
free energy when chemical reactions are present. Note
that this perturbation does not conserve the mass of
the individual species and is thus forbidden in the case
without chemical reactions discussed in section[2.2.21
Taken together, we showed that the sigmoidal interface
profile given by equation is neither stable nor
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unstable in the special case of the Ginzburg-Landau
free energy, where both minima have the same energy.

In the general case where the minima of the
free energy density are at different energies (see
figure (a)), the global free energy decreases when the
interface moves such that the phase with the smaller
free energy density expands [153]. Consequently,
coexisting phases in asymmetric free energies are
unstable due to presence of chemical reactions.
Similarly, curved interfaces are unstable (also in
the case of a symmetric free energy density), since
the associated Laplace pressure implies elevated
concentrations on both sides of the interface; see
equations . The Laplace pressure, and thus the
concentrations and the free energy, decrease when the
interface moves towards its concave side, implying that
droplets shrink [153]. Taken together, these arguments
show that inhomogeneous states are generally unstable
when chemical reactions are present and the system
attains the global free energy minimum everywhere;
see figure a).

A hint of these dynamics is visible in the
simulation results shown in the middle column in
figure[1.3] where the chemical potential difference fu
is very close to zero in the bulk phases but finite at
the interfaces. In fact, the chemical potential deviates
from zero more strongly at interfacial regions of larger
curvature. One consequence of this observations is
that the local entropy production A,.ji? by the chemical
reactions is also largest at the interfaces.

Taken together, we showed that droplets are
destabilised by the simple conversionhreaction
obeying detailed balance of the rates. Imyparticular,
the system always settles in a homaogeneous, state,
even if droplets appear initially due'to a spinodal
instability or nucleation. The reason forthe initial
appearance of droplets is that diffusion is fast on small
length scales and the formation)6f droplets locally
reduces the free energy deusity. ~On longer time
scales, the chemical reaction drives the system into a
homogeneous equilibriumsstate. To compensate this
destabilisation of droplets due to the reaction
we will introduce an additional chemical reaction in
the bulk phases. _This chemical reaction is driven
by fuel, and thereby/breaks detailed balance of the
rates and can prevént the chemical reaction driving
the system tohomogeneous equilibrium state. This
additional chemical teaction allows us to control the
behaviour of droplets. In particular, we will show
that systems where droplet material is produced in
one phase while it is destroyed in the other can
lead to'interesting phenomena such as mono-disperse
emulsions or dividing droplets.
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Figure 4.2. [Illustration of the fuel-driven chemical reactions
and the diffusive fluxes relevant for an active emulsion. (a) The
key feature.required for an active emulsion is that precursor
molecules [P aresturned into building blocks B by a chemical
reaction/that consumeés energy. This energy could be supplied
by fuel/that turns into waste during this transition. Energy is
dissipated whenithe building block of higher chemical potential
spontaneously transitions to the precursor of lower chemical
potential. “The reaction rates, and thus also the lifetime of the
building block, depend strongly on the chemical composition,
i.e., whether the reaction takes place in a droplet or not [79}[154].
(b),. This schematic depicts the processes occurring inside and
outside’of a building block rich droplet in an active emulsion
considering the example of an externally maintained droplet.
Building blocks inside such a droplet are turned into precursors.
The resulting precursors diffusive out of the droplet where
they may get transformed into building blocks again by the
consumption of fuel. These building blocks may in turn diffusive
into the droplet and replenish the spontaneously degraded
building blocks inside the droplet.

4.2. Phase separation with broken detailed balance of
the rates

The detailed balance of the conversion reaction
between the precursor P and the building block B
can be broken effectively by coupling the system to
an external energy supply. This can for instance be
achieved by adding a second reaction that converts P
into B using additional energy supplied by fuel and
waste components, which we respectively denote by
F and W; see figure[f.2fa). The associated chemical

reactions,

P=B, (R1)
P+F=B+W, (R2)

will allow us to drive the system out of equilibrium by
controlling the concentrations of F' and W externally.
To study the interplay of these reactions with phase
separation, we describe the system using a free energy
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density f4(cp,cp,cr,cw). A simple choice is
fa=ksT [Z ¢ilog(ve;) + xvepep | (4.7

where the sum captures the entropic contributions of
all species ¢ = P, B, F, W and the last term accounts
for the interaction between P and B. For simplicity, we
consider the case where the additional components F
and W are dilute and do not interact with P and B.
In this case, the additional components do not affect
the phase separation of P and B. Without chemical
reactions, this system phase separates similar to the
binary system discussed in section[2l In particular, the
chemical potentials p; = 9f4/0c; fori = P, B, F,W are
homogeneous throughout the system and the chemical
potential difference = pup — pup between P and
B is generally non-zero and equal to the Lagrange
multiplier fixing the conservation of components; see
equation .

When chemical reactions are present, they are
driven by the chemical potential differences of their
products and reactants. If the system is isolated, it will
typically evolve toward a homogeneous thermodynamic
equilibrium, as described in section 1.3l In contrast;
this thermodynamic equilibrium may not be reached
in open systems, for instance when the concentrations
of the fuel and waste components are controlled at
the boundary by coupling the system to a reservoir:
In particular, the chemical potential difference g =
e — uw between fuel and waste can be directly
controlled at the boundary. To shownthat imposing
fi2 # 0 breaks detailed balance of the conversion rates
between the precursor P and the building block B, we
next investigate the forward and backwaxd fluxes of the
two reaction pathways and . These fluxes
must obey conditions analogous t0 equation ,

(1) T
S5 H
—— =exp|—— 4.8a
551) P ( kBT) ( )
(2) -
55 M2 Y
— = —_— ] . 4.8b
s@ B ¢ < ksT ) ( )

These equations show, that detailed balance of the
individual reaction pathways can only be obtained for
vanishing exchangefchemical potentials, i1 = o = 0.
Moreover, thefotal forward flux s_, = s + 52 and
total reversd flux s\ = s(Y) + s(2) of the conversion
between P and B obey

_ B 1 B
e B |1+ —— (ekBT —1) . (4.9)
S 1+ @
which is only compatible with the detailed balance of
the rates given by equation (4.1) in the special case
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iz = 0. Consequently, detailed balance of the rates is
broken for fis # 0.

The detailed balance conditions given by equa-
tions only constrain the ratios of the forward and
backward fluxes of the two chemical reactions and
. Analogous to equation((4.2] , the total reactlon
fluxes s(¥) = s P s() for each pathway can, be, ex-
pressed in the hnearlzed regime‘as

= _A(l) (C) I
s

(4.10a)
(4.10b)

where Agl) and AEQ) are Omnsager coefficients that set
the reaction rates. [ Thesescoefficients can depend on
the concentrations ¢'={cp,cp, cr,cw } but must be
positive to ensure that therentropy productions ALY ji2
and A,(f2)(/1 —jiz)? arepositive; see m For
simplicity, we here consider the case where the fuel
F and the 'waste W are dilute and diffuse fast, so
the local composition can be described by a single
concentration ¢ = cg ~ v~ ! — cp, where we consider
the.case of equal molecular volume v for precursors P
and building ‘blocks B. In particular, AEI) and A$2)
mainly depend on ¢ in this case and we do not need to
describe the dynamics of the additional components F
and, W, explicitly. However, their chemical energy jio
affects the conversion between P and B. In particular,
detailed balance of the conversion between P and B
18 broken in the reduced system where only these two
components are described.

The dynamical equation of the system with
broken detailed balance of the rates is given by the
conservative diffusion fluxes driven by V[ together
with the non-conservative reaction flux sio; = s() 452

given in equations (4.10). Using a conservation law

analogous to equation (4.4)), we obtain
dre =V - (Ale) Vii(c)) + kALY () V2e + s(c) |

(4.11)
where AgtOt) = Agl) + A](rQ) and we split the total
reaction flux siot into a contribution akin to a diffusion
term related to surface tension and a local contribution
s(e) = Agz)(c)ﬂg Al ( Vf/(c). We will show below
that the term s(c) can affect the dynamics significantly,
while the additional diffusion term has only a minor
influence since it only increases the effective diffusion
constant. Note that if detailed balance is obeyed
(fiz = 0), equation (4.11)) reduces to equation (4.5)
when AEtOt) is replaced by A,. In this case, the system
approaches the homogeneous equilibrium states that
we discussed in section[.Jl Conversely, more complex
behavior can be expected when detailed balanced of
the rates is broken by maintaining a non-zero chemical
potential difference fis.
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Figure 4.3. Influence of chemical reactions on phase separation. Shown are concentration profiles (upper row) and associated
chemical potentials (lower row) of a binary system with equal amounts/of P and B in different situations: Without chemical
reactions the system undergoes coarsening by diffusive transport (left'e¢olumn).;With an additional conversion reaction between the
two species, the bulk phases relax quickly and the interface moves due to localised reactions (middle column). If detailed balance is
broken, the system is driven away from equilibrium everywhere andiymore complex dynamics can occur (right column).

Equation without the additional diffusion
term has been proposed before as a simple combination
of phase separation with chemical reactions
50], albeit without an explicit breaking of detailed
balance . Instead, simple reaction rate laws s(c)
have been analyzed . For instance,
it has been shown that first-order [rate laws are
equivalent to systems with long-ranged interactions of
the Coulomb type and that such interactions

affect pattern formation 160], e.g., in block
copolymers [157,[161/{164].

The effect of the chemicalireactions with broken
detailed balance of the rates camwbe highlighted by
considering the stationary homogeneous states ¢(r) =
cp. Equation implies that ¢y must satisfy
s(co) = 0, i.e., chemical reagtions are balanced. When
detailed balance is‘obeyed (fiz = 0), this condition is
equivalent to the equilibrium condition f'(¢p) = 0 that
we encountered before. Conversely, the homogeneous
stationary states are, altered when detailed balance of
the rates is broken (jin # 0).

We examinegthe stability of the homogeneous
states using a linear stability analysis, as described in
section[24l We find that perturbations described by
wave vectors'q grow in the linear regime with a rate

w(g).= s'(co) — a°C(co) — g Aco)r (4.12)

whiere C(co) = Alco)f"(co) + /iA](rtOt)(co) and primes

denote derivatives with respect to c. The associated
stationary state is stable only if w(q) is negative for all
q, which is the case if the maximum

s'(co) ¢(co) 20
max(w(q)) = ) C2(co) (4.13)
g S (CO) + m C(CO) <0
is negative. In the simple case without reactions
(A (¢) = 0, implying ¢ = Af”(co) and s'(c) = 0),
we obtain the spinodal instability for f”(cg) < 0, which
is discussed in section 24 and shown by the grey line in
figure b). If the reactions obey detailed balance of
the rates, implying s(c) = —A, f’(¢) and thus s'(cg) =
—A;(co)f"(co), the homogeneous states corresponding
to minima of the free energy density are stable; see
section 1.2 and the blue line in figure [£.1|(b).
Chemical reactions that break detailed balance of
the rates (fi2 # 0) can modify the stability of stationary
states; see red lines in figure b). Equation

implies that a homogeneous state can become unstable
when s'(co) > 0 [165,[166]. This case corresponds to
an auto-catalytic reaction, since it implies that the
production of building blocks B accelerates with larger
concentration of B. Conversely, homogeneous states
are generally stabilized by auto-inhibitory reactions,
where s’(cg) < 0. In particular, these effects can
be observed for homogeneous states close to the
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equilibrium states that we discussed before, where
f"(co) > 0 and thus ¢ > 0. In this regime, our
stability analysis suggests that droplets form and grow
easily in auto-catalytic systems, while spontaneous
formation might be suppressed by auto-inhibitory
reactions. In particular, the behavior can be regulated
independent of the free energy density using the
externally controlled chemical potential difference fis.

Although it is not directly relevant to active
droplets, the dynamics of homogeneous stationary
states with ¢ < 0 is also interesting. It implies f”(cg) <
0 and the corresponding homogeneous stationary states
are thus closer to maxima of the free energy density.
In this case, there exists a regime with weakly auto-
inhibitory reactions (—(?/(4kA) < s'(co) < 0) where
a range of finite wave vectors ¢ becomes unstable and
pattern formation is expected. This regime has been
studied extensively in the literature [45,[46}50] and
typically leads to stripe-like patterns. Since we here
focus on active emulsions, we exclusively consider the
case ¢ > 0 below.

In this section, we discussed a model system
where additional fuel and waste components break
the detailed balance of the rates of the conversion
of the main components P and B. We showed
that this combination of phase separation with
non-equilibrium chemical reactions can suppress the
instability associated with spinodal decomposition and
we will now analyse the impact on the dynamies of
droplets.

4.2.1. Coarse-grained description of active droplets.
We next discuss the dynamics of active droplets in the
case of strong phase separation, where the interfacial
width w is small compared to the droplet radius R.
In this case, the volume occupied=by thevinterface
and thus the chemical reactions finside the interfacial
region are negligible. Conversely, wé will show that the
chemical reactions producing and destroying droplet
material in the bulk phases ‘influence the droplet
dynamics significantly. (We here consider a coarse-
grained description, where a thin interface separates
the inside of the droplethwith a high concentration
of droplet materialeBuafrom the dilute phase outside,
analogous to sectionf2.5.2k Theé dynamics in both
phases is described by /Jequation , but since
the concentration variations are small within the
phases, it can be approximated by a reaction-diffusion
equation |75,

dic ~ D, V3¢ + s(c) , (4.14)
where D, = ( )f”( ) + /fA(tOt)( ) denotes the
diffusivity in the two phases a = in, out. The first term
in the expression for D, stems from the conservative
fluxes and is thus equivalent to equation (2.41]) while
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the second term captures the apparent diffusion due
to chemical conversion. Note that the diffusivity D;,
inside the droplet is generally different tham, the
diffusivity Doy outside. The same approximation that
led to equation can also be used to linearize the
reaction flux in the two phases,
o) = {rm — Ein(c — cfﬁ)()o) nside Y] 1)
Cout — kout (¢ — ciyp). outside

where T, = s(ci(g)) and Doy = s(c(()?l)t) are the reaction
fluxes when the concentrations arg at their equilibrium
values c( ) and c(()?l)t in_ the two phases, respectively.
Dev1at10ns from these wvalues are accounted for by
kin = —s’(ci(g)) and Kous = —s’(c(()?l)t), which can be
interpreted as /elasticity “coefficients of the chemical
reactions [167].

The basal fluxes Iy, and I'oy need to have
opposite sign. for droplets to exist. If they had the
same sign, droplet.material would either be destroyed
(Tin, Tous %.0) on produced everywhere (T, Tous > 0),
whieh, both“implies a homogeneous stationary state.
To see under’ which conditions the basal fluxes have
opposite sigh, we express them as

= A () = AP () )(u fio),  (4.16a)
routz—AS(é?t)u AP () (i — fiz) ,  (4.16b)

using equations (4.10). To give a concrete example,
we here consider weak chemical reactions, so that
the diffusive fluxes almost equilibrate the exchange
chemical potential fi, which is therefore approximately
homogeneous. If the building block B is of higher
energy than the precursor P (ii > 0), equations
imply that droplet material is produced outside the
droplet (I'oyt > 0) and destroyed within (I, < 0) if
the fuel supplies sufficient energy (fis > i > 0) and the
Onsager coefficients obey

AD Oy g AD (O
o) ( out) &_2 _ @ ( 1(18)) . (417)
AP (egn) R A (o)

For instance, if fi is equal in the two phases and
the external energy input is given by ﬂg = 2,
reaction must be faster than reaction inside
the droplet, ALY (c (0)) A(z)( (0)) while the oppomte
is true outside, A(l)( 0)) < A(2)( Out) In this case, the

Cout
conversion reaction proceeds from the building
block B to the precursor P spontaneously (s(!) < 0),
while reaction (R2) converts fuel to waste to produce

the high-energy building block B from P (52 > 0);

see figure If the coefficients Agl) and A§2) obey
equations (4.17)) the total reaction flux sy = s(1) 4 5(2)
is then positive outside the droplet, while it is negative
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Figure 4.4. Schematic picture of an externally maintained

active droplet, where droplet material is produced in the solvent
phase. (a) Concentration ¢ of droplet material as a function
of the radial distance r. The chemical reactions modify the
profiles compared to the passive droplet shown in Figure a).
(b) Reaction flux s as a function of r. Droplet material is
produced outside the droplet while it is degraded inside. The
droplet dynamics can strongly deviate from the passive case. In
particular, Ostwald ripening can be suppressed and droplets even
divide spontaneously (see section and .

inside. A concrete implementation of such a system is
discussed in the Supporting Information of Ref. [78§].
We showed that droplet material can be produced
in one phase while it is destroyed in the other when
the basal fluxes I'y, and I'oy; have opposite sign. Do
similar conditions apply to the elasticity coefficients ki,
and kout? We showed in section[L2] that negative
s'(¢) has a stabilising effect and we would thus
expect that droplets can persist if & > 0; see also
figure [4.1(b). Conversely, since positive /8(€)ncan
destabilise homogeneous phases, the active droplets we
discuss here might be unstable if & < 0. However,
there is a smallest length scale g l. below which
the instability cannot develop. This'length scale can
be determined from equation andrsthe condition

W(Gmax) = 0, yielding

(0)) 12
q—l ~ [C(Clg )] y (418)

B R

for weak reactions, s'(ci(r?)) < C(ci(g)). In the case
where g1 is large compared to the droplet radius,
the instability is effectively suppressed and the droplet
could be stable even if k. < 0. Conversely, the dilute
phase will typically be largéseompared to gl , such
that an instability’would developathiere if kqyy < 0. In
the following, we ‘thus consider all values of kj,, but
restrict our diseussionto koyi > 0.

We distinguish different classes of active droplets
based on where droplet material is produced. If the
reactionfluxes Ty and I'y,; have the same sign, droplet
material is produced or destroyed in the entire system
and the only stable stationary state are homogeneous.
Consequently, stable droplets can only exist if T'y,
andy by, have opposite sign: We denote the case
where droplet material is produced outside the droplets
(Lgut > 0, Ty, < 0) as externally maintained droplets,
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while the opposite case where droplets produce their
own material (I, > 0, Touy < 0) is called dnternally
maintained droplets.

4.2.2. Droplet growth equation. We begin by studying

a single, isolated active droplet surrounded, by/a large

dilute phase. The droplet grows if/there is a net,flux of

droplet material toward its surface, sec equation (2.47).

In the simple case of a spherical droplet of given
4

radius R and volume Vg = ?”R?’, the growth rate reads

dVd ~ Ji - Jout
R OB

out

(4.19)

where we neglected surface tension effects in the
denominator and. defined the integrated surface fluxes
Jinjour = ArR¥m Jinjous-  These fluxes can be
determined ffom the' stationary solutions c.(r) that
follow from solving equation with the boundary
conditions atithe interface given in equation , see
figure [&:d](a).

The flux Ji, inside the droplet interface can be
obtained in the quasi-static limit, where it equals the
rdaction flux ‘S, = [ d®rs(c.(r)) inside the droplet
volume. In the typical case where the radius R is small
compared to the length ¢, = (Din/|kin|)% generated by

thereaction-diffusion system, the concentration inside
(0)

the droplet is c.(r) ~ ¢;,’, implying

Jin ~ Pian . (420)

Droplet material is thus transported toward the
interface (Jin > 0) only in internally maintained
droplets (T, > 0).

The integrated flux Jo,t outside the droplet
interface can also be obtained in a quasi-static
approximation. In contrast to the passive case
discussed in section2.5.2] the supersaturation ¢ =
(Coo — cg?])t) / c(()?l)t far away from droplets is now created
by chemical reactions. In the typical case where
the dilute phase is large compared to the length
scale Loyt = (Dout/ \kout\)%, the chemical reactions
equilibrate far away from droplets and the composition
thus reaches the value ¢, = c(()?l)t + Dout/Kout,
so $(c) = 0; see figure[f4|b). The associated
supersaturation reads e = Ioyut/ (koutc(()?l)t) and is thus
positive if T'oyy > 0 since the reaction is auto-
inhibitory outside droplets (kout > 0); see section L2171
The resulting transport of droplet material can be
quantified by the flux outside the droplet interface,
which reads

l
Jout 47TDoutRCc(,?l)t (Rj - €> (421)

in the typical case R < foyt. The first term in the
bracket captures the effect of surface tension, which
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is typically small. Neglecting this term, we find that
droplet material is transported toward the interface
(Jout < 0) if the dilute phase is supersaturated (¢ > 0),
which is the case only in externally maintained droplets
(Cout > 0).

The droplet growth rate following from combining

equations (4.19)—(4.21)) reads

dR Do e ¢, Ry
o~ owtfout [0y Tl (499)
At Ry =)\ B 3Douchn

The first term in the bracket describes droplet growth
due to a supersaturated environment (¢ > 0) or
shrinkage in undersaturated environments (¢ < 0).
The second term, which is only relevant for small
droplets, captures the reduction of growth due to
surface tension . The last term describes the growth
of the droplet due to production of droplet material
inside if I, > 0 or its shrinking when Ty, < 0.
Note that equation reduces to equation
if chemical reactions are absent (I';, = 0) and the
supersaturation ¢ is imposed.

4.2.8. Single droplet in an infinite system. We begin
by discussing the growth of a single droplet in‘an
environment with constant supersaturation €. This
corresponds for instance to an infinite system where
the supersaturation reaches its equilibrium valueceq =

Cout/ (koutcﬁ,ﬁﬂ) far away from an isolated droplet. The
stationary states of this system can be determined from
equation and correspond to radii R for which
the bracket vanishes. The associated cubie equation in
R has at most three solutions, which we now, classify.
If the chemical reactions are too strong, there are no
physical solutions. In particular, if |I'y,| > I'0%% with

_ 4Cc(>?1)tDoutl5|3

02 T

max
Fin

(4.23)

two solutions are complex while the third one is either
negative (if I'y, < 0) or smaller than the interface width
(if Ty > 0), which is beth unphysical. Consequently,
stable droplets can only exist for moderate chemical
reactions, |I'i,| < IPRa% In this case, the polynomial
equation has three real solutions. One of the solutions
is always negative and thus unphysical, while the other
two read

12
RM '~ ?” . (4.24a)
0\
R(2) ~d <3Doult—‘5€out> o gl , (424b)
—Llin €

which “is correct up to linear order in ¢,/R. The
dynamics in the vicinity of these states follow from
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Figure 4.5. Growth, rate dR/dt¢ of a single droplet in an

infinite system as a function of the droplet radius R. Shown
are the values givennby edquation (4.22) for passive droplets

(blue line; Iy, = 0, € =10.1), externally maintained droplets
(orange line; Fin/c(o) = =10"%*kg, ¢ = 0.1), and internally

out

maintained_droplets (green line; Fin/Cg?l)t = 10"%kp, e = —0.1)

for ci(?/c(o) = 10. where kg = Dout/f?y. Unstable stationary

out
states are marked with open circles, while the only stable one is

marked with a black disk.

a'linear stability analysis of equation , where the
droplet,radius is perturbed away from the stationary
state and we determine whether the dynamics will
bringithe droplet back to its stationary state or not [75].
This gives us enough information to discuss the growth
behavior of active droplets qualitatively.

In the case of externally maintained droplets
(Tin < 0, € > 0), we have 0 < RV < R®) since
ITin| < I'Max Here, the radius R(Y) corresponds to
an unstable state, while R(®) is stable, see figure[£:5]
Droplets smaller than R dissolve and disappear, so
RM is a critical radius similar to the one discussed
in section [2.5.2] Externally maintained droplets that
are larger than the critical radius R grow until they
reach the stable stationary state with radius R®.
This state is not present for passive droplets in an
infinite system and must thus be a consequence of the
chemical reactions. This can be seen by analyzing
the two fluxes Jin and Jou;, which must be equal
in the stationary state. However, Ji, scales with
the droplet volume, while J,, scales with its radius,
see equation .Consequently, if the droplet radius
exceeds R(z), the loss due to Ji, dominates and the
droplet shrinks back to the stationary state. The
chemical turnover inside the droplet thus stabilizes
the stationary state. Note that the two stationary
states given in equation only exist if the chemical
reactions are not too strong (|I'y| < TR*). In
the limiting case Ty, = —I'}** the situation is
degenerated and the two stationary states are identical.
The corresponding radius R = (3(,)/(2¢) can be
determined from equation and corresponds to
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the smallest externally maintained droplet that can be
stable.

In the case of internally maintained droplets
(Tin > 0, € < 0), the first solution given in
equation is negative and thus unphysical. The
second solution is always positive, but unstable to
perturbations.  Consequently, R is the critical
droplets size of internally maintained droplets, which
can be significantly larger than critical sizes in
externally maintained droplets. Nucleation is thus
typically suppressed efficiently, but it can be promoted
by catalytically active particles, which catalyze the
production of droplet material at their surface [74,
75]. Internally maintained droplets larger than the
critical size grow up to the system size and there is
no characteristic stable size. This is because such
droplets grow quicker if they become larger and this
autocatalytic growth only stops when the dilute phase
is depleted of material P, which can only happen in a
finite system [75].

4.2.4. Single droplet in a finite system. So far, we
only considered systems that are large compared to
the droplet size, so the supersaturation ¢ is effectively
constant. In contrast, in small systems a growing
droplet can deplete the surrounding dilute phase
significantly. In particular, the average concentration ¢
of droplet material in the dilute phase evolves.as

de Jout
E_S(C)_FV—Vd 5

where the first term on the right handiside originates
from the chemical reactions in the diluteyphase and
the last term accounts for the diffusive fluxnat, the
interface of the droplet of volume Wy. In “large
systems (V' > V4), the last term is. negligible and ¢
relaxes t0 co,, where chemical equilibrium is obeyed,

$(coo) = 0. At this point, the supersaturation ¢ =
(0)

out

(4.25)

(¢ — ¢out) /c(()%)t attains its \equilibrium value eoq =
Tout/ (koutcg?l)t) and is thus independent of the droplet
size, consistent with ourfassumptions in the previous
subsection. In small systems, however, the last term
in equation is not megligible and ¢ depends on
the droplet volumesVgr For instance, in the case of
externally maintained droplets, we have J,;; < 0 and
the concentration ‘¢ outside the droplet is thus lower
than co,. ConSequently, the supersaturation is smaller
for smaller systems and we would expect a reduced
stationary droplet radius R, see equation .
Indeed,/when we solve for the stationary states of
equations and , we find in the simple case
of large diffusion and small surface tension that there
is a stationary state with volume

Foutv

Voot
1—‘out_l—‘in

(4.26)
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which is stable for externally maintained droplets and
unstable for internally maintained ones. Consequently,
the size of stable stationary droplets that are externally
maintained depends on system size in/small systems,
while it is independent of the systém size in large
systems, see equation .

Similar to passive droplets, we, find that active
droplets also have a critical radius, below which they
shrink and disappear. Consequently, droplets can
only be nucleated spontaneouslynif a concentration
fluctuation creates a large enough initial droplet.
In externally maintained droplets, this mechanism
is similar to passive droplets, #vhere the nucleation
barrier is higher for/larger surface tension and smaller
supersaturation. Conversely, the critical radius is
generally largerafor internally maintained droplets,
but it becomes smaller for larger surface tension and
smaller supersaturation. This is because only a large
enough droplet can.produce enough droplet material
to balance the efflux into the dilute phase. This
efflux i 'smaller for larger surface tension, so surface
tension actually helps to nucleate internally maintained
droplets.

Once 'droplets exceed their critical radius they
grow spontaneously by absorbing droplet material from
the surrounding (passive and externally maintained
droplets) or by producing more droplet material
(internally maintained droplets). In the first case,
the droplet growth rate is larger for smaller droplets
and higher supersaturation. However, the growth of
externally maintained droplets comes to a stop at
a finite size, at which the loss of droplet material
due to the chemical reactions inside is balanced by
its influx over the surface. Conversely, internally
maintained droplets grow indefinitely in an infinite
system, similar to passive droplets. However, in
contrast to passive droplets, this growth accelerates
because of its autocatalytic nature. Consequently,
in the simple case of a binary fluid in an infinite
system, only externally maintained droplets reach a
finite droplet size, while both passive and internally
maintained droplets grow to occupy the whole system.

4.8. Arrest of droplet coarsening: Suppression of
Ostwald ripening

If many active droplets are present in the same system,
their dynamics will be coupled because they share
the material in the dilute phase. Intuitively, this
coupling will be stronger if the droplets are closer
together. For instance, for externally maintained
droplets, the length scale over which they deplete the
surrounding dilute phase is given by £, and we thus
expect that such droplets do not interact significantly
when they are further apart. In particular, their
stationary state radius R(®) given in equation



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - ROPP-101147.R1

Physics of Active Emulsions

(a) Passive droplets

(b) Externally maintained droplets
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(c) Internally maintained droplets
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Figure 4.6. Behavior of two droplets as a function of their radii Ry and Rg, normalized with the interface width w. The black arrows
indicate the temporal evolution of the state variables R; and Rz following from equation , with € given by equation .
The blue and orange lines are the nullclines, which indicate where the growth rate of droplets 1 and 2 vanish, respectively. Their
intersections are stable (disks) or unstable fixed points (open circles). (a) Passive droplets (I'iy, =T'out = 0) (b) Externally maintained
droplets (Tj, < 0, Tout > 0) (c) Internally maintained droplets (T'i, > 0, Tout < 0).

should not be affected much. Conversely, if externally
maintained droplets are close, they compete strongly
for the material produced in the solvent and might
thus only reach a smaller size. This is in strong
contrast to passive and internally maintained droplets
that grow unbounded and will thus interact eventually,
independent of the initial separation.

We study the interaction of multiple droplets. in
the simple case of sparse systems, where droplets are
far apart from each other. In this case, the growth
dynamics of the droplets are coupled because they all
exchange material with the same dilute phase, but
direct interactions between droplets can-be neglected.
Considering N droplets in a finite system of volume V',
the supersaturation ¢ in the dilute phasesevolves as

de

— ~ 4.2
g (4.27)

N
1
Fout — koutc(()(l)l)t<€ + V Z Jout,i 5

=1

which follows by generalizing equation to many
droplets in the limit that V" isilarge compared to the
total volume of all droplets, Vi>> >°.V;. Here, R;
and V; = %’TR? are the respective radii and volumes
of the droplets for"é = 1,..5, N ,and Jou,; is the
flux of droplet material right outside the interface
of the i-th droplet integrated over its surface, which
follows from &quation . For simplicity, we here
consider the quasi-static case, where the concentration
profile between,droplets relaxes quickly compared to
the growth of the droplets themselves, which is the
typical situation [75]. In this case, ¢ will attain its
stationarysstate value

AT N Ly Doyt + LoV

Cout 4.28
kout V 4 4m Doy Zz R; ( )

Ex =

Note thatyin the limit of a dilute system, V/N > ¢3

out’
we recover the.supersaturation at chemical equilibrium,
edy = Fous/ (koutc(()?l)t). Conversely, in passive or dense
systems, the supersaturation is set by the equilibrium
condition'at the droplet surfaces, e, = £,/R., when all
dreplets have the same radius R..

The growth rate of each individual droplet is still
deseribed by equation , but with the supersat-
uration now given by equation (4.28). In the simple
case of two droplets in the same system, the growth dy-
namics can be illustrated graphically. Figure[4.6]shows
that passive and internally maintained droplets exhibit
Ostwald ripening. Conversely, a new stable stationary
state (black dot) can emerge for externally maintained
droplets, where both droplets coexist at the same size.
Figure[4.6] thus indicates that Ostwald ripening can be
suppressed in active droplets.

To understand when Ostwald ripening is sup-
pressed, we next analyze the state where all droplets
have the same stationary radius R,, which can be de-
termined from the stationary state of equation .
Similar to the discussion of isolated droplets above, we
can then use a linear stability analysis to discuss the
qualitative dynamics in the vicinity of this state. The
detailed analysis given in Ref. [75] shows that there
are two independent perturbation modes with quali-
tatively different dynamics: The fast mode associated
with the total droplet volume describes the fact that all
droplets quickly take up excess material from the di-
lute phase until the stationary state of the total droplet
volume is reached. All other perturbation modes are
associated with a slower exchange of material between
droplets. These modes all have the same perturbation
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growth rate w given by

1 Dowec%) 2T
w= <gV outCout, | ”‘) . (4.29)

e —con \ T 3

If w is positive, the associated mode is unstable and
material will flow from smaller to larger droplets,
e.g., during Ostwald ripening. Conversely, negative w
indicates stable states, where this coarsening is
suppressed.

Passive systems (I, = 0) are always unstable
(w > 0) and the droplets thus exhibit Ostwald
ripening as discussed in section and shown in
figure[f:6fa). The redistribution of material between
droplets is driven by surface tension, which causes a
larger concentration of droplet material right outside
of smaller droplets, see equation . Moreover, the
associated perturbation rate w is smaller for larger
mean droplet size, such that exchange of material will
be slower between larger droplets. This implies that
the coarsening of droplets slows down and only stops
when a single droplet remains.

Internally maintained droplets (I'y, > 0) are also
unstable and the associated growth rate is larger
than that of passive droplets.  This is because
the autocatalytic growth allows larger droplets ‘to
outcompete smaller ones, independent of surface
tension effects. Internally maintained droplets are thus
more unstable than passive ones, but théy can be
stabilised by particles that catalyse the productien of
droplet material within the droplets [74,/75].

Multiple externally maintained dteplets (T, < 0)
can coexist when w < 0. This is ‘the case if their
radius R, exceeds the critical value

1
3Douily e\’
Rtan = (——i;;cmt : (4.30)

see equation . Thisyéxpression’ reveals that
the stability originates from &, competition of the
destabilising effect of surfacestension, which tends to
increase Rgtan, and the [stabilising effects induced by
the diffusive fluxes driven by the chemical reactions.
This is similar to_the isolated droplets that we
discussed in the previous\section:/the influx toward
a droplet scales at.most with the droplet radius, see
equation , while'the material loss scales with the
volume. ConSequently, multiple externally maintained
droplets can'stably coexist when the supersaturation
in the dilute phase sustains the influx.

We showed that multiple active droplets interact
because they compete for the same material from the
dilute phase. The associated diffusive fluxes between
droplets_are caused by surface tension effects and
chemical reactions. The flux due to surface tension
is/generally destabilising and causes the classical
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Ostwald ripening. Conversely, the flux due toschemical
reactions can be either destabilising (for imternally
maintained droplets) or stabilising (for externally
maintained droplets). If the stabilising €ontribution of
the chemical reactions is stronger than‘the destabilising
one due to surface tension, multiple active'droplets can
coexist in a stable state; see figur¢[G|(b).

4.4. Spontaneous division of active droplets

So far, we analyzed the growth rate of active droplets
assuming they maintain @& spherical/’shape. We found
that the droplet growth dymamics are often determined
by a competition between surface tension effects and
diffusive fluxes toward«the)droplet interface. Both
effects depend on the droplet/radius, or, more precisely,
on the mean curvature of the droplet interface, which
is given by R7! for sphefical droplets. In contrast, this
mean curvature varies in non-spherical droplets, which
suggests ghat,the competition between the two effects
plays asrole inthe shape dynamics of active droplets.

The dynamics of a non-spherical droplet are
deseribed by the same physical principles that we
discussedrso) far. In particular, the interface velocity
in"its normal direction, given by equation ,
depends on the local net flux of droplet material,
which follows from the reaction-diffusion equations
in “the bulk phases. Solving these equations
numerically reveals that active droplets can show
behaviours that are not present in passive droplets [78].
Figure[4.7h shows that externally maintained droplets
can divide spontaneously, which can also happen
multiple times [78]. A linear stability analysis with
respect to the droplet shape reveals that the shape
becomes unstable when the mean droplet radius R
exceeds the critical value [78]

114,

Raiv ~ , 4.31
d 5 (4.31)

which is an approximation in the limit of large
diffusive length scales (lin,fout > R) and equal
diffusivities inside and outside the droplet (Diy, =
Doyt). Figure[L7b shows that there are typically three
different regimes of externally maintained droplets for
a given turnover Iy, of droplet material inside the
droplet. If the supersaturation e that is set by the
chemical reactions in the dilute phase is too low,
droplets cannot exists at all. For intermediate values
of €, droplets larger than the critical radius grow to
their stationary size as discussed in section£.2.21 For
even larger ¢, droplets at the stationary size become
unstable (R, > Rg;y) and growing droplets start
dividing before they reach a stationary size. After
division, these droplets can grow further and divide
again. This proliferation continues until the system is
depleted of droplet material and the supersaturation
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Figure 4.7. Spontaneous division of externally maintained droplets. (a) Sequence of shapes of a dividing droplet at different times
as indicated (reproduced from [78]) (b) Stationary droplet radii R as a function of the supersaturation e for three different turnovers

(Tin/To = 0,1, 5; from left to right, with T'g = —10_5C§S)Dout&72) and ci(g)/cg?l)t = 10. Solid lines indicate stable stationary states,
while dotted lines indicate states that are unstable with respect toysize (black) or shape (orange). The radii R were determined
from equation , assuming that droplets become unstable when R,> Rg;, given by equation . (c) Stability diagram of
externally maintained droplets as a function of the supersaturationie and the turnover I'y;, normalized by I'g = Cg(l)l)t Dout&? 2, Droplets
dissolve and disappear (white region), are stable and attaifvasspherical shape (blue region), or undergo cycles of growth and division
(orange region). The lines were determined analogouslyito (b) using the same parameters. (d) Schematics of deformed droplets and
the surrounding concentration fields created by surface temsion effects (left) and an external supersaturation (right). Material is
transported from dark to light regions by diffusive fluxes (black arrows) perpendicular to the isocontours (black lines). Fluxes due
to surface tension transport material from régions of high to low curvature, thus making droplets more circular (left). Conversely,
the influx driven by an external supersaturation amplifies non-spherical shapes (right). The concentration fields have been obtained
by solving the stationary diffusion equation . The boundary condition at the surface of the deformed droplet accounts
for surface tension effects (left) and a constant concentration coo far away from the droplet represents the external supersaturation

(right).

decreases to a point where the stationary state is stable
with respect to shape changes. “Whether externally

ident from the closer isocontour lines in figure[L.7|(d).
This effect generally destabilises the spherical shape

maintained droplets divide or. not depends on the
balance between the availability of droplet material
(supersaturation €) and the turnover inside the droplet
(reaction flux Ty, ), see figure[d.7(c).

The instability of the shape of externally main-
tained droplets can be qualitatively explained by a
competition of surface tension effects with diffusive
fluxes , similar to_the multiple droplets discussed
in the previgus section. Because of surface tension,
interface regions of larger mean curvature exhibit a
larger concentration of droplet material right outside
the intetface, see equation (2.45)). This reduces the in-
flux ofl droplet material and thus attenuates growth
at regionspefthigh curvature, stabilising the spheri-
eal shape, see figure[d.7]d). Conversely, an externally
driven material influx enhances the growth at regions
of high curvature where the influx is larger, which is ev-

and has been described for phase separating systems
by Mullins and Sekerka [169,[170]. In the presence of
internal turnover 'y, of active droplets, the degrada-
tion of building blocks inside may balance their influx
leading to a roughly maintained droplet volume. Such
a droplet that is fastest growing at its high curvature
edges but of roughly maintained volumed may exhibit
a narrowing of its waistline. However, whether the in-
stability can dominate the stabilising surface tension
effects and lead to a pinching off and thereby the di-
vision into two drops depends on the parameters, as
shown in figure[d7|(c).

In internally maintained droplets the diffusive
fluxes are reversed. Consequently, both the surface
tension effect and the closer isocontour lines enhance
the efflux of material at regions of higher curvature,
which thus stabilizes the spherical shape of internally
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maintained droplets. We thus expect that internally
maintained droplets are more stable with respect to
shape perturbations than passive droplets.

5. Summary and outlook

5.1. Summary of the physics of active emulsions

In this review we have discussed the physics of
phase separation and the dynamics of droplets under
conditions that deviate from passive systems. In par-
ticular, we discussed demixing systems in the presence
of a concentration gradient of a component that affects
phase separation and droplets in the presence of chem-
ical reactions that are driven away from thermal equi-
librium, see figure[5.1} In both systems the dynamics of
phase separation is significantly affected. The systems
favour non-equilibrium stationary states and exhibit
novel phenomena that are not present in phase sepa-
rating systems at thermal equilibrium. We therefore
refer to this novel class of physical systems as active
emulsions.

The difference to passive systems becomes appar-
ent already at the level of a single droplet, which can
exhibit a qualitatively different growth speed in case
of active droplets, see figure[5.1[a). For passive sys-
tems, the growth speed as a function of the radiusyof
the droplet has an unstable fixed point. The associated
critical radius increases over time and drives the coatrs-
ening in emulsions. Actively spendingpenergy to create
and maintain a regulator gradient that affects phase
separation can reduce the critical radius”in a position-
dependent manner. Droplets at one end of the regula-
tor gradient grow faster than droplets atthe other end.
Eventually, the larger droplets outcompete the smaller
ones, much like in Ostwald ripening/but the positional
bias by the gradient effectively’ positionsthe surviving
droplets toward one end. Concemitantly, these larger
droplets all grow to a similar, size, ives the droplet size
distribution narrows during the positioning dynamics
(figure [5.1[(b)). This narrowing is in stark contrast to
the universal size distribution of passive droplets un-
dergoing Ostwald gipening. As'most droplets are po-
sitioned to one end,sthe ripening arrests for a certain
time period, thus breaking the universal growth law in
passive systeins where droplet size increases propor-
tional to t'/2 (figure (c)) Besides this position-
dependent. dissolution and growth process, droplets
also drift along the gradient (figure[5.1(d)). During this
drift, droplets ¢an deform (figure e)). In contrast,
in passive systems, droplets maintain their spherical
shape and do not drift. However, when all droplets are
at one end of the gradient, the environment becomes
locally homogeneous and the dynamics slowly returns
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to classical Ostwald ripening.

If the regulator concentration gradient is, created
by an inhomogeneous external potential, a' phase
separated system can favour novel equilibrium states.
The condensed phase either sits aty the minimum
or the maximum of the extérnal potential, i‘e., the
concentration profile describing the condensediphase is
either correlated or anti-correlated withythe regulator
profile. The system can also undergo a discontinuous
phase transition between these two states when the
interactions between thes/meolecules are changed. In
the absence of an external potential there is no
positional bias and each' position of the condensed
phase corresponds t6 the same free energy.

Droplet dynamies@an also be affected by spending
energy to drivedehemical reactions that involve the
droplet material away. from equilibrium. In this case,
single droplets can exhibit a stable stationary state at a
finite size, see figure[5.Tfa). Consequently, all droplets
larger than the critical size tend toward this stationary
radius,leading to @ suppression of the Ostwald ripening
that would eccur in passive systems. These dynamics
leads to.an infinitely sharp distribution in the absence
of fluctuations (figure [5.1(b)) with a mean droplet
size that saturates at this stable radius (figure [5.1fc)).
Chemical reactions can thus modify the dynamics of
phase separation such that the universal broadening
is replaced by an evolution to a non-equilibrium
stationary state of a monodisperse, active emulsion.
Moreover, in the presence of non-equilibrium chemical
reactions, droplets can also undergo shape instabilities
triggering the division of droplets, see figure[5.1f(e).
In contrast, passive droplets only exhibit the reverse
process of droplet fusion, which is driven by surface
tension effects. In active droplets, this stabilising
tendency of surface tension can be overcome by
the influx of droplet material sustained by the non-
equilibrium chemical reactions.

5.2. Active emulsions are relevant for biology and
provide versatile applications

Demixing systems in the presence of external
forces, like a maintained regulator gradient or non-
equilibrium chemical reactions, share some inherent
similarities. Both systems break the universal
coarsening dynamics of Ostwald ripening and modify
the stationary state of the system. While a
regulator gradient causes a bias in the position of
the single stationary droplet, the non-equilibrium
chemical reactions can select a state composed of
multiple droplets of equal size. The breaking of the
universal dynamics occurs via additional fluxes that
are absent in classical phase separation. These fluxes
are generated by the dissipation of energy, either to
assemble and maintain a concentration gradient that
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Figure 5.1. Overview of the novel behaviour and phenomena that occur in active emulsions. Curves in green correspond to droplets
in a gradient of molecules which affect phase separation while blue curves indicate droplets in the presence of non-equilibrium chemical
reactions. Results for passive systems are depicted as black lines: (a) Droplet growth speed and (b) droplet frequency as a function
of droplet radius R. The (unstable) critical radius is indicated by an open red circle, while there can be a stable stationary radius in
the case of non-equilibrium chemical reactions (shown as bold and red circle). (c) Mean droplet radius as a function of time ¢. The
radius of passive droplets grows o< t'/3, while dctive emulsion break this scaling law. (d) Positioning of droplets to one boundary of
the system (bottom) in the presence of a regulator gradient (top) by droplet drift and position-dependent dissolution and growth.
(e) In the presence of a regulator gradient droplet can/deform (top), while in the presence of non-equilibrium chemical reactions
droplets can even undergo a shape instability, and divide (bottom).

in turn interacts with the demixing cemponents or to
drive chemical reactions of the'demixing components
away from their equilibriums

Active fluxes are ubiquitous in living systems
to keep them away from thermal equilibrium. In
fact, if such systems were t0 reach equilibrium,
they would be mon-living, ‘passive matter. At
the same time, \it' has/ been jshown that liquid
phase separated,compartments are important for the
spatial organisation, inside a large variety of cells
(see reference [86] and references therein).  Such
compartments camorganise biomolecules in space and
time to/control chemical reactions, which is an essential
building), block for biological function. However, how
these compartments are controlled by cells is poorly
understood., Studying the physics of phase separation
in non-equilibrium environments is thus highly relevant
for'cell biology [87].

Although several novel phenomena arising from
active fluxes have been discovered in phase separating
systems, many aspects have not been addressed, yet.
For example, in order to realise an experimental
system in which non-equilibrium reactions suppress
Ostwald ripening or drive the division of droplets,
a better understanding of the couplings of the
chemical pathways to phase separation is necessary.
To this end, one major challenge is to find a
proper choice of chemicals. Promising candidates
are synthetically designed reaction cycles including
a fuel-driven reaction from a precursor component
toward a building block capable to form liquid-
like assemblies [154].  Specifically, what is the
minimal system that can be realised experimentally
that shows dividing droplets for example? If such
experimental conditions were found, such systems
could be used to set the droplet size in microfluidic
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devices in the context of chemical engineering [171] or
support the potential role of phase separated liquid-like
compartments for the origin of life [41].

Droplets can also carry information encoded
in their chemical composition, i.e., a specific set
of molecules dissolved inside. Controlling such
droplets with non-equilibrium chemical reactions not
only allows the change of the droplet size but also
the information content. Such a system offers
the opportunity to perform aqueous computing at
larger-than-molecular scales [172,[173]. In addition,
concentration gradients can be used to position these
droplets. As droplets have reached their target position
this chemical information can be released by droplet
dissolution, which can be induced by modifying the
interactions between the droplet material and the
solvent. Such a liquid system could represent a first
building block for aqueous computing, which allows to
process chemical information in space.

Controlled active emulsions could also be used
to physically seal or open junctions in microfluidic
devices. The control over the droplet position also
enables to modify the physical properties of target
surfaces inside devices by wetting. All these tasks
require a solid theoretical understanding of how the
formation, position and composition of droplets can
be controlled and how physical parameters should be
chosen.

In summary, we have discussed a new class of
physical systems which we refer to as active emulsions.
These emulsions are relevant to cell biology. Theyw
may allow to develop novel applications,in the field of
chemical engineering or aqueous computing. Maybe,
active emulsions could be relevant in the research
of how life could have emerged from an inanimate
mixture composed of set of simple.chemically active
molecules. However, the class of active emulsions also
challenge our theoretical understanding/of spatially
heterogeneous systems driven’ far away from thermal
equilibrium and can be ‘used, to) refine existing
theoretical concepts. In particular, these active
emulsions are characterised by non-equilibrium fluxes
that maintain these/'system away from thermal
equilibrium. The physics of phase separation in the
presence of non-equilibrium chemical reactions pose
several theoretical\challenges and questions, such as
the role of fluetuations; the couplings of diffusive and
chemical fluxes, and\what are the minimally required
ingredients necessary for the phenomena discussed in
this review.
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Appendix /A. Stability of the interfacial profile

The stability of the inhomogeneous solution ¢ (x) given
in equation can be assessed by considering the
change in free energy AF[cy, €] due to an infinitesimal
perturbation €(z) [174]. Using equation (2.30)), we have

AF[crhel /d3r F’j (BtanhQ(g) - 1) + g (6xe)2] .
(A1)

The reference state cp(x) is stable if all perturbations
increase the free energy, i.e., if AF[cr,e] > 0 for all
permissible functions e(z). Note that without chemical
reactions the mass of the individual components is
conserved, which implies that only those e(z) are
permissible that obey the constraint [ edz = 0.

To see whether all perturbations lead to posi-
tive AF', we determine the perturbation e, (z) with the
minimal AF. If this value is positive, all other per-
turbations also increase the free energy and the base
state cr(x) is stable. A necessary condition for e, (z)
is that it satisfies the Euler-Lagrange equations corre-
sponding to equation . Defining the linear opera-
tor A(e) = 0AF/de,

A(e) = be [3 tanh? (g) - 1} — kOZe (A.2)

the Euler-Lagrange equations can be expressed as

Ale) = X. (A.3)

Here, X is a Lagrange multiplier that ensures mass
conservation in the case without chemical reactions,
while A = 0 in the case with chemical reactions. Using
partial integration on equation , we also have

AF[er, d = % / PreA(e) | (A.4)
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where we neglected the boundary terms assuming that
the perturbation vanishes at the boundary or the
system exhibits periodic boundary conditions. To
evaluate AF, it is convenient to express e.(x) in
terms of the eigenfunctions e, (z) of the operator A.
The associated eigenvalue problem (e, = A(e,) has
already been considered in the context of Schrodinger’s
equation with a potential similar to the first term in
equation [175]. In particular, it has been shown
that the discrete part of the spectrum consists of only
two eigenvalues, (y = 0 and (; = %b, while the
continuous spectrum obeys ¢ > 2b. In the following,
the sum symbol will denote both summation over the
discrete and integration over the continuous part of the
spectrum. The solution €, (z) can then be expressed as
o0
e(x) = Z anen(x), (A.5)
n=0

where a, are the corresponding series coefficients,
which have to obey S°° ja,(, = A. Using this in
equation , we find

AF[cr, 6] = gi(rb/dxai{e,L(x)}z >0, (A.6)
n=1

where A is the cross-sectional area A = [dydz.
Equation implies AF > 0 if any a, # 0 for
n > 1, so the base state is stable with respect to these
perturbations. In particular, the state c¢; would only
be unstable if there are perturbations with agh# 0
and a, = 0 for n > 1. Note that the term for
n = 0 does not appear in equation since the
eigenvalue (y vanishes. The associated eigenfunction
is €(z) = Ozc(x), which does not’ conserve, the
mass of the individual components singe [ eo(z)dx =
2(b/a)*/?.  Consequently, this mode is forbidden if
chemical reactions are absent, so that all perturbations
increase the free energy in this case! Conversely, with
chemical reactions, ay # 0Vis’allowedwand this mode
is marginal since it does not change the free energy,
AF(CI, 60) =0.

Taken together, we showed that the interfacial
profile ¢r(z) given in gquation is stable in the
case without chemical reactions. Chemical reactions
introduce a marginal mode, “whic¢h corresponds to
a translation of thé interface. /However, for finite
systems, the beundaryeconditions , and thus the
interface profile ¢j(wz), are only approximate and all
inhomogeneous states might be unstable in very small
systems [43].

Appendix B./Entropy production of a system
with phase separation and chemical reactions

To derive dynamical equations for a binary fluid
exhibiting phase separation and chemical reactions, we
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here consider the associated entropy production. For
a closed, isothermal system of constant volume, the
entropy production is related to the change of, free
energy, dS/dt = —T~'dF/dt. For simplicity;swe here
consider the free energy Flca,cp] = fdgr f(ea,cn),
neglecting the contributions® proportional to the
gradients of the concentration fieldsy Hence,

dF :
n = /dST (a0ica + ppdicp) (B.1)

:—/d?’r[,uA(V~jA—8)+MB(V'jB+3)]

= /d37’ [Ga- Vpa+355Vus +s(pa—pp))
+ boundary terms ,

where we have usedwus = 0f/0ca, up = 9f/0cg,
and the conservations laws O;cy = —V - j4 + s and
Owcg = —Y - jp —»s? Note that the boundary terms
originating from partial integration can be neglected
when appropriate boundary conditions are applied or
an infinite system is considered.

For, each) component 4, the flux 7, can be split
inte a/convective part with velocity v and an exchange
current j. As discussed in section[2.4] incompressibility
and equal molecular volumes then imply j 4, = vea+3J
and yp = veg — 3. Moreover, changes of the intensive
thermodynamic quantities are coupled, implying the
Gibbs-Duhem relationship cadps + cpdup = dp,
where p is the pressure. Hence,

dF

= (B.2)

:/d3r(j~Vﬂ+pV~v+sﬂ) :
where i = 4 — pp is the exchange chemical potential.
In the case of equal molecular volumes of A and B,
incompressibility implies V - v = 0 |142], leading to

ds 1 R _
—:T/d?’r(ﬁrv,ufsu) .

- (B.3)

This expression reveals that the thermodynamic fluxes
j and s are coupled to the thermodynamic forces Vi
and [, respectively. Expressing the fluxes as linear
functions of their forces, we obtain j = —AVj and s =
—A,fi, where the Onsager coefficients A and A, must
be positive to obey the second law of thermodynamics
(dS/dt > 0). The entropy production only vanishes at
equilibrium, where the equilibrium conditions Vi = 0
and 1 = 0 are obeyed and the fluxes vanish.

Appendix C. Thermodynamic constraints on
chemical reaction rates

We consider a binary system consisting of particles
A and B with a simple conversion reaction B = A.
Assuming local equilibrium, the system is described
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by the concentrations c4 and cp of the A and B-
particles. Since the particles occupy all the space,
both concentrations are connected via the relationship
ca = v~ — ¢p, where v is the molecular volume of
both species. The concentration of A particles obeys

Oca = 5 — S, (C.1)

where s_, and s, denote the respective forward and
backward reaction flux or the respective number of
reaction events per unit volume and time. To derive
the condition on the ratio of these fluxes given in
equation , we here analyze the associated lattice
model introduced in section 2.1}

We consider a system of M lattice sites and
focus on the reactions occurring at the arbitrary
lattice site m. The probabilities to find an A or B
particle at this site are given by P(o,,t) or P(&,,t),
respectively. Here, the configuration of all particles
on the lattice where lattice site n is occupied by an
A particle (o, = 1) is denoted as o, = 01,...,0, =
1,...,0p. Conversely, &, = o01,...,0n, = 0,...,0p, i
a configuration where the n-th site is occupied by B.
These probability functions are related to the volume
fraction ¢ = vey of A particles and concentration fields
by

¢= Plont)=1-Y P(n,t), (C.2)
Q, Q.

where €, or €, denote the set of all possible
configurations with an A or B particleat lattice site n,
respectively. The time evolution of the probabilities is
captured by the master equation

= kg(&n)P(&nat) y ki(an)P(Unat) )

where k™ (7,) and k? (o) denote theforward and
backward rates, which generally depend on the
configuration. The equations diseussed so far also hold
when the reaction is not/in equilibrium.

When the chemicalireactions are equilibrated, the
probability distribution is‘time independent, leading to
the condition of detailed balance:

K (0) P ah) = M (0,)P*(0,) . (C4)

Here, the equilibriuin distribution to find a specific
configuration, gy, ...,.0 7, is given as

PYay,...,opm) = lexp (—W) , (C.5)

Z
with._the Hamiltonian H(oyq,...,0p) defined in
equation (2.2) and the partition function Z given by
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equation . Using equation , we have
K(00) _ P(0)
k(on)  Ped(on)
= exp (—W) . (C.6)

For the considered case of a single' reaction. step and for
short ranged interactions, theforward and backward
rates do not depend on the fullhconfiguration {c}.
Instead, the rates solely depend) on the particle
configurations in the wvicinity of site n, which is
determined by the ,characteristic length scale of
the interaction. In particular, using a mean field
approximation, the rates solely depend on the local
volume fraction/eg:. In this.case, the energy difference

appearing in equationy(C.6[) simplifies to

H (o N (5,) = ~ 1E0)

=M a9 0 ©D

where/ E(¢) is/the mean field energy given by
equation ([2.6))/such that

%{? = zMleand+eap(l —2¢) —epp(l—9)] .
(C.8)

Combining equations ((C.6]) and (C.7)), we find that the

rates solely depend on the local volume fraction ¢, i.e.,

K (6,) = ks (6) and K (0,) = ke (6),
We now return to the case where chemical
reactions are not equilibrated.  Taking the time

derivative of equation (C.2) and using equation (C.3)),

we write the time evolution of the composition as
06 =" [k (&)@, 1) — K2 (6) P(or, )]
Qy
=k (0)(1—¢) — k()9 , (C.9)

where we have used that the forward and backward
rate solely depend on ¢ within the mean field
approximation. Comparing with equation , we
can identify the forward and backward reaction flux
as s = k(o) (1/_1 - CA) and s = k. (¢)ca, since
¢ = vca. Hence, the ratio of the reaction fluxes reads

@ 0-9) (i
e kD) b p( kBT>' (C.10)

where we defined

g=zleand +eap(l —2¢) —epp(l —9¢)]

+ kT n (14_1’(;5) , (C.11)

which can be identified with the exchange chemical

potential it = pg — pp = Vg—f; associated with the
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free energy density f(¢) given in equation (2.8). Note
that equation does not contain any gradient
term since we here focused on the simple case of
homogeneous mean field. However, equation is
referred to as detailed balance of the rates [150].

Detailed balance of the rates can be generalised to

any chemical reaction of the form >, b;B; = 3, a;4;,
where a; and b; denote the stoichiometric coefficients
corresponding to the component A; and B;:

s Ap
s exp (kBT> , (C.12)

where the chemical potential difference between
products and educts, called the affinity of the reaction,
is given by Ap =3 ajpua; — >, bipp,. Note that the
chemical potentials i can be replaced by the exchange
chemical potentials pig if the chemical reaction also
conserves volume.
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