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We propose a mean-field theory and dissipative particle dynamics (DPD) simulations of swelling and
collapse of a polymer microgel adsorbed at the interface of two immiscible liquids (A and B). The microgel
reveals surface activity and lowers A-B interfacial tension. Attempting to occupy as large an interfacial area
as possible, the microgel undergoes anisotropic deformation and adopts a flattened shape. Spreading over
the interface is restricted by polymer subchain elasticity. The equilibrium shape of the microgel at the inter-
face depends on its size. Small microgels are shown to be more oblate than the larger microgels. Increasing
microgel cross-link density results in stronger reduction of the surface tension and weaker flattening. As the
degree of immiscibility of A and B liquids increases, the microgel volume changes in a non-monotonous
fashion: the microgel contraction at moderate immiscibility of A and B liquids is followed by its swelling at
high incompatibility of the liquids. The segregation regime of the liquids within and outside the microgel is
different. Being segregated outside the microgel, the liquids can be fully (homogeneously) mixed or weakly
segregated within it. The density profiles of the liquids and the polymer were plotted under different
conditions. The theoretical and the DPD simulation results are in good agreement. We hope that our
findings will be useful for the design of stimuli responsive emulsions, which are stabilized by the microgel
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1 Introduction

It has been recently found that polymer microgel particles possess
high surface activity and efficiently stabilize emulsions."™ The
microgels adsorb at a liquid-liquid interface and reduce the
interfacial tension like solid colloidal particles in Pickering
emulsions.*” Due to the softness and deformability of the
cross-linked polymer particles, microgel-stabilized emulsions
find a wide range of practical applications. For instance, high
sensitivity of the microgels to the external stimuli such as tem-
perature, low-molecular-weight salts and pH allows controlling the
stability of the emulsions and breaks them on demand.***™"°

A very promising behavior of the microgel-stabilized emulsions
in comparison with the Pickering emulsions is caused by the
differences in the physical properties of the polymer microgels
and the solid colloidal particles. First, the microgels are soft and
deformable. Being adsorbed at the liquid-liquid interface, the
microgels spread over it and adopt a ‘fried-egg’ shape, while they
are spherical in each of the liquids."™"* Flattening of the microgels,
induced by their ability to diminish the interfacial tension, is
restricted by the elasticity of the microgel subchains. Second, the
adsorbed microgels are penetrable for the molecules of both liquids.
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particles, as well as for their practical applications, for instance, in biocatalysis.

Therefore, the parts of the microgels exposed to the different liquids
are able to swell or collapse differently depending on the solvent
quality of the liquids. The amount of absorbed liquids and
preferential immersion of the microgels also depend on the
solubility of the polymer in the liquids. For instance, the poly-
(N-isopropylacrylamide-co-methacrylic acid) [NiPAM-co-MAA]
microgel is soluble in water and polar oil 1-octanol, while
insoluble in nonpolar oil n-heptane.”*™* Emulsions of both
these oils in water can be stabilized by this microgel, however
the degree of immersion of the adsorbed microgels and the
curvature of the interface (the droplet size) are different for
these systems.'>'* The presence of microgels at the interfaces
of polar and nonpolar oils diminishes the number of unfavor-
able contacts between immiscible molecules of water and oil by
substituting them on polymer-water and polymer-oil contacts.
This mechanism underlies the reduction of interfacial tension
by the microgels and explains their surface activity.

Microgel permeability as well as sensitivity to the external
stimuli makes the microgel-stabilized emulsions attractive for
biocatalysis applications. If substrates and products are poorly
soluble in water, reactions should be carried out in the emul-
sion since enzymes being proteins possess better solubility and
catalytic activity in the aqueous media. Stabilization of the
emulsion by thermosensitive microgels adsorbed at the inter-
face of oil droplets was undertaken in ref. 15. Substrate and
product molecules readily penetrated through the microgels
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which provided emulsion stability at the temperature below
VPTT. As soon as the enzyme-catalyzed reaction was finished,
the emulsion was broken by moderate heating so that the
product could be easily extracted from the oil phase. After the
addition of a new substrate and repeated emulsion preparation,
this process could be carried out again. Thus, the use of
sensitive microgels allows us not only to speed up the reaction
due to the high penetrability of the microgels but also to avoid
enzyme denaturation thanks to mild conditions of emulsion
breakage.

The properties of the microgel emulsifier considerably
depend on the cross-link density. Dense rigid particles provide
higher reduction of interfacial tension, while loosely cross-linked
particles are known to be better emulsion stabilizers.**"** To all
appearances, this is due to the higher lateral overlapping of soft
easily deformed microgels, which are able to form a continuous
elastic polymer layer at the droplet interface and prevent the
coalescence of emulsion droplets.”™" Incorporation of charged
groups into the microgels makes them more swollen in compar-
ison with neutral counterparts due to the osmotic pressure exerted
by counterions and results in enhanced emulsion stability. The
latter should be attributed to the higher swelling and deformability
of polyelectrolyte microgels and electrostatic stabilization of the
droplet.*?

Experimental investigation of adsorption thermodynamics
revealed that the microgel combines features inherent in solid
colloidal particles and single polymer chains.'® The adsorption
energy of microgels with radii of several hundred nanometers was
found to be equal to roughly 10°k5T, which is typical for the solid
particles of similar size producing the Pickering emulsions. Such
a large value of energy indicates that the emulsifier was trapped by
the interface irreversibly. On the other hand, microgels occupied
the interface spontaneously without a considerable free energy
barrier resembling the behavior of polymers rather than solid
colloidal particles.'” For this reason the adsorption kinetics of the
microgels is much faster than that of the solid colloids.'®

Thus, the microgel-stabilized emulsions differ from the Pick-
ering emulsions and require detailed theoretical comprehension.
Understanding of a single microgel behavior at the interface
seems to be the first step in this challenging study. As to earlier
theoretical studies, recent works dealing with the deformation of
soft particles placed on rigid'®*° or elastic substrates® have taken
into account excess surface free energies as well as the elastic
energy contributions, but the particle volume has been assumed
to be unchanged. A model aimed at the description of small solid
iron oxide nanoparticles with grafted poly(ethylene glycol) chains
(spherical brushes) of total diameter up to 30 nm placed at a
liquid-liquid interface was developed in ref. 22.

In the present paper, we consider the peculiarities of the
swelling of a single polymer microgel placed at the interface of
two immiscible liquids within a model proposed by us earlier.>*
The theoretical analysis is supported by computer simulations.
Our theory takes into account both the microgel deformability
and penetrability for both liquids. We examine the microgel
spreading at the interface and calculate the interfacial tension
inside and outside the microgel. Increasing liquid miscibility
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within the polymer particle is predicted. Effects of the solvent
quality, microgel size and cross-link density on the anisotropy
of swelling are studied.

2 Theoretical model

We consider a polymer microgel placed at the interface of two
immiscible liquids denoted as A and B. The amount of liquids
is infinite (the thermodynamic limit), and their phase boundary
is flat. For the sake of simplicity, the case of symmetrical
systems is considered, i.e., A and B molecules interact with
the polymer chains evenly. Owing to this symmetry, the center
of mass of the microgel lies in the interface plane which divides
the microgel into two equal parts. Otherwise, the center of mass
is shifted from this plane to a liquid which is a better solvent
for the microgel.*>*’

The microgel comprises v subchains, each containing N
statistical segments of the length a. In the reference state, the
subchains are ideal Gaussian coils of the polymer volume
fraction ¥, and the radius of the microgel of the spherical
shape is determined as R, = (3Nv/4my,)"? (hereinafter all
geometrical dimensions are given in a units); microgel volume
in this state is denoted by V.

The exact shape of the deformed microgel at the interface
depends on the density and distribution of cross-links as well as
on the value of A-B interfacial tension and the particle size."® In our
model, the microgel is assumed to be uniformly cross-linked and the
existence of dangling chains is omitted. Thus, one can reasonably
propose that the microgel undergoes affine anisotropic deformation
at the A-B interface: its shape can be approximated by an ellipsoid
(spheroid) with two equal lateral semi-axes of length o.R,, and the
third semi-axis of length o,R, is normal to the phase boundary
(Fig. 1). Here o, and o, are lateral and normal swelling ratios,
respectively. The polymer volume fraction inside the deformed
microgel is given by ¥ = /o, ’o, and independent of the spatial
coordinates due to the affinity of deformation (i.e. uniform swelling).
The volume of the microgel and the covered area of the interface are
given by Vi, = Nv/y and Sy = o, *Ro%, respectively.

In order to analyse the microgel swelling and possible
flattening, we minimize the Helmholtz free energy of the
system Fy. In the following consideration, the free energy
and its contributions are expressed in kg7 units, kg and T being
the Boltzmann constant and the absolute temperature, respec-
tively. The free energy can be written as a sum of three terms
responsible for the (i) subchain elasticity, (ii) short-range
interactions and (iii) excess interfacial free energy, respectively:

Ftot = Fel + Fvol + Fsurf- (1)

The elastic free energy of the anisotropically deformed
microgel reads

P ) o2 o 1 o2
Fao=v|Z Nm(1-2)+% Nm(1-%
(2)
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liquid A

Fig. 1 Schematic representation of the microgel at the interface of two
liquids.

Here the first term in the square brackets, accounting for the
entropy loss under subchain stretching, is written as an accurate
analytical approximation of the inverse Langevin function.*** It
takes into consideration that subchain elongation is restricted by
its contour length N, i.e. each swelling ratio, o, and o,, does not
exceed /N. At small elongations (o5 < V/N,i=r, z) this
expression reproduces well-known results 1{o,> + o,%/2] for the
Gaussian elasticity of polymer networks. The second term in
eqn (2) corresponds to a reduction of the number of available
conformations of the subchains under microgel compression
(collapse).>*>”

The surface and the volume terms of the total free energy Fio.
are written in the framework of the Flory-Huggins (FH) lattice
theory.?*2® Though a number of more sophisticated theoretical
models aimed at the consideration of liquid phase equilibrium
have been developed,®* > we use the FH theory because of its
clarity and the fewest number of numerical parameters. Despite
its simplicity, the FH lattice theory properly predicts the behavior
of both LCST and UCST polymers if the appropriate dependence
of the FH interaction parameter y,p on temperature T is taken
into account.>® The FH interaction parameter is the function of
the free energy change Af in the process of transfer of a polymer
unit from the polymer to the solvent, yap = Af/2kgT, which in turn
contains enthalpy and entropy contributions, Af = Ak — TAs. For
water and polymers containing hydrophobic groups (e.g. pNiPAM)
both entropy and enthalpy changes in this process are negative,
Ah < 0 and As < 0, since these groups are surrounded by water
molecules ordered in the ice-type structure called the clathrate
cage. Thus, yap(7) is found to be an increasing function, and the
polymer reveals LCST behavior (pNiPAM-based gel collapses
under heating). If polymer units are capable of hydrogen bonding
with each other, the polymer dissolution is accompanied by
breaking of these bonds so that Ah > 0 and As > 0. These
polymers, for instance copolymers of poly(acrylamide) and
poly(acrylic acid), reveal UCST behavior.>® Since the aim of this
paper is the development of a general theory, we calculate the
equilibrium characteristics of the system as a function of the FH
interaction parameters. In order to pass from the theoretical
y-dependencies to the T-dependencies which can be observed
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experimentally, one should additionally introduce y(7) relation
specific for each polymer/solvent pair.

The microgel interior and outer solution are considered as
ternary and binary mixtures, respectively, and the free energy
densities of short-range interactions in these regions, fi, and
Jfout, take the following forms:

Sin=0alnda+ (1 — Y — pA)IN(1 — Y — Pa) + yapPa(l — ¥ — ba)

- XAP(l - l//)2§ (3)
Sour = Paln @y + (1 — Pp)In(1 — D) + yapPa(1 — P4) — Yap-
(4)

Here ¢, and @, are the volume fractions of the solvent A inside
and outside the microgel, respectively. The FH interaction
parameter between A and B molecules is denoted as yag, and
zap is the one corresponding to the contacts between the
polymer segment and the molecules of the A and B liquids
(owing to the symmetry of the system y,p = ygp). Note that the
free energy of short-range interactions

Fu = Vol fin o) = i =fo) )
as well as the elastic free energy are linear functions of the
parameter v.

It is well known that a homogeneous mixture of two immis-
cible liquids of the symmetric (1:1) composition becomes
unstable and separates into two coexisting phases as soon as
1ap €xceeds the critical value, 4z = 2. Volume fractions of the
liquid A in these phases, ®n > 1/2 and Pp;, < 1/2, are
determined by the equality of the chemical potentials and the
pressures (see Fig. 2, black curve):

— dfoul _ dfout . (6)
‘uout d(pA ‘pA:‘pmin d¢A 'pA:‘pmaj7
d ou
Iow = (¢Ad];b : 7fout)
A PA=Pryin
dfou )
= — 7
( Ad¢A ‘fou{ ‘pA:‘Pmaj ( )

Relationship @, + Pmin = 1 is a consequence of the symmetry
of the system including equal volumes of A and B molecules,
each occupying one lattice site. To find the values of ®,,; and
®min, eqn (6) and (7) have to be solved numerically. The FH
parameter y,p is a measure of liquid immiscibility: the higher
the value of g, the closer the value of @,,; to unity and @, to
zero (Fig. 2). Finally, dimensionless surface tension between
these phases expressed in kgT/a” units®*

q’maj
Yout = 2\/ XABJ d(pA \/fOLll(¢A) - :u’out(pA + 170“t (8)

min

depends solely on y,p and increases as y,p increases.

A mixture of A and B liquids within the polymer particle at
¥as > 2 is either homogeneous, with volume fractions ¢, = ¢g =
(1 — ¥)/2, or separated. In the latter case each (micro)phase
takes up a half of the microgel, and these (micro)phases are
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Fig. 2 Theoretical binodals of the mixture of A and B liquids outside the
gel (Yo = 0) and within it for different values of the polymer volume fraction
in the reference state: g = 0.6 and Yo = 0.4. N = 5 and yap = O (both
liquids are very good solvents for the gel). The critical point in each curve is
depicted by a bold dot.

symmetric, i.e. volume fractions of A and B liquids in foreign
(micro)phases are equal:

(z).&l) = ¢(2) = (bnlaj; (9)
4)&2) = 4)531) = ¢min; (10)
¢maj + ¢min + lp =1 (11)

The last relationship expresses a space-filling condition.
Similar to the case of outer solution, the values of ¢, and
¢min fulfil conditions

dfin dfin
dPAlpp=gmin  APAlGs=
dﬁn dﬁn
1, = (qu ’ —ﬁn) _ (¢A —fm) (13)
dga A=tmin dea A=t

and the dimensionless interfacial tension at the A-B interface
within the microgel given by

Dmaj
Vin = 2\/XABJ ‘ dpa/fin(Par W) — ttinda + Iin (14)

'min

is a function of both y,g and the polymer volume fraction
inside the microgel, . The interfacial tension within the
microgel is always lower than out of it, Y44t > 7in. In subsequent
calculations numerical parameters are chosen in such a way so
that the microgel thickness 2a,R, exceeds by far the thickness
of the phase boundary inside the microgel, and eqn (12)-(14)
are applicable.

Because both liquids are considered to be equally good
solvents for the microgel, yap < 1/2, there is no excess surface
free energy on the outer surface of the microgel. Hence, the
surface term Fg,,¢ is directly proportional to the surface area
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Ssurt Of the liquid-liquid interface which is covered by the
microgel:

3Nv
4y,

2/3
Four = Ssurf(yin - youl) = TEO(rz ( ) (yin - Voul) (15)

Excess free energy Fj, at the triple boundary line (liquid A-liquid
B-microgel) is disregarded since it is negligible as compared to the
surface term, Fy,,r. Indeed, Fy;, is proportional to the line tension
x and the line length which is of the order of microgel dimen-
sions, Fi;, ~ Rok, while the line tension is related to the surface
tension via k ~ ay. Thus, the ratio F;,/Fsut ~ a/Ry is much lower
than unity owing to the microgel dimensions which exceed by far
the specific microscopic length of the system, R, > a.

The equilibrium free energy of the system is calculated
numerically via minimization of F, with respect to the linear
swelling ratios o, and ,. In doing so, we take into account that
both the volume fractions ¢min, ¢msj and the surface tension y;,
depend on o, and a,.

3 Computer simulations

Dissipative particle dynamics (DPD) computer simulations of
microgel swelling in the bulk (if A and B liquids form a
homogeneous mixture) and at the interface of the two liquids
(if they are segregated) were performed. Details on the design of
the spherical microgel can be found in ref. 18 and 35-37. In
brief, fully stretched subchains (each of M beads) were con-
nected through tetrafunctional junctions and repeated a unit
cell of the diamond crystal lattice. Then, we constructed a cubic
frame out of the unit cells. To provide a ‘spherical’ shape of the
microgel, we inscribed a sphere into the frame and ‘cropped’ all
the beads that were outside the sphere. As a result, we obtained
a microgel containing both subchains and dangling chains.
The number of subchains v and their length M varied. The
simulations were performed in a cubic box with imposed
periodic boundary conditions in all coordinates. The linear
sizes of the box were taken as L, = L, = L, = 60 expressed in units
of bead diameter. The density of the system was chosen to be
p = A/V =3 so that the total number of beads of all types in the
boxwas ./" =3 x 60° The composition of A and B liquids (beads)
was always symmetric (1:1). For any beads of the ith type, the
DPD interaction parameter a; was fixed, a; = 25. The relation-
ship between the DPD interaction parameters a; quantifying
incompatibility of the beads of different types (liquid-liquid and
polymer-liquid), and the corresponding FH interaction para-
meters is given by*®3°

7 = (0.286 £ 0.002)-(a; — 25) (16)

The parameter a,g was varied between 25 and 60 that accords
with the y,p-range from 0 to 10. As in the theoretical treatment,
only the symmetric case is studied in the DPD simulations,
axp = agp. However, the obtained principal results on microgel
conformations and miscibility of the liquids inside it remain valid
in the case of small asymmetry as well. At that, better quality of
one of the solvents leads to the deeper immersion of the microgel

This journal is © The Royal Society of Chemistry 2016
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into this liquid (see ref. 23 for details). Though solvent quality of a
couple of immiscible liquids for polymer microgels is hardly
exactly the same, it can be approximately equal. E.g. water and
low polar oil toluene are highly immiscible (solubility of toluene
in water is low, 0.52 g 17" at 20 °C) but both are known to be good
solvents for poly(N-vinylcaprolactam).*’

In order to characterize the microgel shape and dimensions,
lateral, R,, and normal (with respect to the plane of the inter-
face), R,, components of the gyration radius were calculated:

1 P
R’ = 3p2 Z <(xi - X/')2 + (yi _}f/')2> (17)
i j=1..P

R} = # E<( -3)°) (18)

Here, P is the total number of beads in the microgel. The
Cartezian axes x and y are chosen to be in the plane of the
interface and the z-axis is normal to the plane. The angle
brackets denote the averaging. The corresponding components
in a pure A (or B) liquid are denoted with index 0, R? and R).

4 Results and discussion

In the total free energy of the system, the elastic, F,;, and the
volume, F,,, contributions are proportional to the number of
subchains v, while the surface term, Fy.f depends on 12~
Therefore, if we consider a macroscopic gel, v — oo, the surface
effects are negligible and Fy,,s can be omitted. We start our
analysis with the macroscopic gel (so-called volume approxi-
mation) and then pass to relatively small polymer microgels.

4.1 Swelling of a macroscopic gel in a mixture of two liquids

Let us consider a polymer gel which is immersed into an excess
amount of A and B liquids. Since surface effects are dis-
regarded, the gel swelling is uniform: o, = o, = (Yo/¥)"".
Minimization of the free energy allows us to plot binodals of
the system (Fig. 2). Certainly, this approach is equivalent to the
conventional consideration of the equilibrium of four phases:
A and B liquids outside the gel, and two phases enriched by
A and B liquids inside the gel. Eqn (6), (7) and (12), (13) should
be solved together with the following relationships, reflecting
the equality of chemical potentials and (osmotic) pressures

inside and outside the gel:*!
Hin = Hout (19)
d F. Fe
Iy + ‘//@ (fin + leg> - leg = Hou (20)

The different curves in Fig. 2 correspond to the different
values of the polymer volume fraction i, in the reference state,
Vo = 0.6 and Y, = 0.4, ie. the gels have equal length and
flexibility of the subchains but different excluded volumes of
monomer units. The black curve corresponds to the mixture of
liquids outside the gel, y, = 0. Coordinates of the critical point
in this case are equal to @4 = 1/2 and yag = 2. Two other curves
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show that the miscibility of the liquids inside the gel increases
and phase separation takes place at considerably higher values
of ysp. For instance, the mixture of A and B liquids with y,g = 3
splits into two phases outside the gel, while the mixture
remains homogeneous inside the gel with ¥, = 0.6 (Fig. 2). In
general, the denser the gel, the better the miscibility of the
liquids within it.

To find coordinates of the critical point in this symmetric
system, it is necessary to solve the following equations:

dZ

W(Fcl + Fvol) =0
A
3

W(Fcl + Fvol) =0 (21)
A

d

w(Fel + Fvol) =0

The first and the second equations allow getting analytical
formulae connecting coordinates of the critical point:
O (2)

Note that this result does not depend on the solvent quality, i.e.
on y,p, and remains valid for poor solvent (y,p > 0.5) as well.
The derived value of ¢§ is a direct consequence of the sym-
metry of the system. The expression defining yas shows that the
increase of polymer volume fraction inside the gel promotes the
miscibility of the liquids. Finally, the equilibrium value of ,
which is a measure of the gel swelling, was found by numerical
solution of the third equation in the system (21) with condi-
tions (22). The enhanced miscibility of the liquids within the
gel is explained®® by a shielding of unfavorable contacts
between A and B molecules by monomer units of the gel: the
larger the concentration of the monomer units (i), the better
the miscibility.

The equilibrium volume of the swollen gel (volume swelling
coefficient), Vyei/Vo, and the polymer volume fraction within the
gel, ¥, are presented in Fig. 3 as a function of y,g. Both the
functions are nonmonotonous. The molecules of A and B types
are indistinguishable at y5g = 0, and the gel volume is equal to
one in pure A (or pure B) liquid. The ratio V,eV, exceeds unity
because of the volume interactions: y,p = 0 corresponds to the
good solvent conditions. At that, higher swelling of the gel with
bulkier monomer units (i, = 0.6) with respect to the reference
state, where the subchains are Gaussian coils, is a consequence
of their stronger steric repulsion. On the contrary, strong
segregation of the liquids occurs inside the gel at very high
immiscibility of the liquids, yag > 1, and the coexisting phases
are practically pure. It means that half of the gel swells in
almost pure A liquid and another half in almost pure B liquid.
Therefore, the swelling coefficients of the gel have to be equal at
Zas = 0 and yag — 00. It is clearly seen in Fig. 3a that the gel
volumes at yg = 0 and yp = 10 are already very close to each other.

Extra swelling of the gel at 0 < yap < 2 is related to
homogeneous mixing of the liquids outside the gel. Such
mixing is accompanied by gain in the entropy and penalty in
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Fig. 3 Theory. Dimensionless volume of the swollen gel, Vge//Vo (volume
swelling coefficient) (a), and polymer volume fraction y inside the gel (b) as
a function of yag at different values of the polymer volume fraction in the
reference state, Yo = 0.6 and 0.4; N = 5, yap = 0.

the energy: there are plenty of unfavorable contacts between
A and B molecules in the homogeneous mixture. As an alter-
native, the energy can be reduced if some of the A and B
molecules will enter the gel where the number of unfavorable
contacts will be reduced by the monomer units of the gel.
Thus, the gel swells. In the range 2 < y,p < xap, the outer
solution undergoes phase separation, but the mixture remains
homogeneous inside the gel (Fig. 2).*"**> The gel shrinkage
with g is driven by ‘optimization’ of the energy of the system
as well. Despite a partial shielding of unfavorable contacts
between A and B molecules in the gel by the monomer units,
the number of contacts is large enough and increasing yap
leads to a considerable increase of the energy. On the other
hand, the number of A-B contacts outside the gel is minimum
because of the phase separation. Therefore, escape of some of
the A and B molecules from the gel and their segregation
outside the gel is energetically favorable. This escape and gel
shrinkage stops when the increasing fraction of monomer
units provides enough shielding of the A-B contacts. Finally,
further gel swelling at 7,5 > 75 is related to the segregation
of the liquids both outside and inside the gel. Segregation of
A and B molecules in combination with the shielding effect
of monomer units allows the entry of some of the A and B
molecules into the gel without essential penalty in the energy.
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The limiting swelling degree at y,g — o0 is equivalent to the
swelling in one-component solvent.

4.2 Swelling of a microgel at the liquid-liquid interface

In this case we have to consider the surface effects taking into
account the interfacial free energy term, Fy, The binodal of
the symmetric mixture of the liquids inside the microgel is
shown in Fig. 4. The increase of y,p induces abrupt rather than
gradual (micro)phase separation of the liquids inside the
microgel. In other words, the homogeneous AB mixture segre-
gates at once into two (micro)phases with a finite difference in
concentrations of coexisting phases, 4)&1) — d)&z), while in the
macroscopic gel qbﬂf) - q&ﬂf) = (¢maj — Pmin) — 0 continuously at
7aB — Zag- This result is caused by the finite size of the system
and can be clarified as follows. In the macroscopic gel (v — <0),
the phase separation is described by the volume contributions ~ .
The appearance of an additional positive term in the free energy of
the microgel, Fy,¢ ~ 1*'°, is responsible for the additional penalty
of the free energy in the separated liquids: the formation of the
interface in the finite-size object costs more energy than in the
infinite one. In other words, one needs to spend more energy in
order to induce phase separation in the finite size object.
Therefore, the transition to the separated state in the microgel
is ‘delayed’, i.e. shifted towards higher values of y,5, and occurs
in a jump-like manner. Though it is well known that the FH
theory is a mean-field theory and fails to properly predict
critical behavior and values of the critical exponents,*® the
character of phase transitions between homogeneous and
separated states of the liquids is described correctly within
the theory. The transitions inside and outside the microgel are
discontinuous and continuous, respectively.

Dependencies of the interfacial tension inside and outside
the microgel on y,p are shown in Fig. 5. As long as the mixture
is homogeneous, the corresponding tensions are equal to zero.
The interfacial tension outside the microgel gradually increases
with y,p from 0 at the critical point, y4s = 2. In contrast, y;,
jumps from zero to some small value at the binodal, ;(Rié“ =3.51
(see Fig. 5, inset), and increases further with y,g continuously.

5.0
v=5-10%
VvV — ©
4.5
o 4.01
<
=
3.5‘ \/
30 ¥ T T T T T T T T T L 1
00 0.1 02 03 04 05 06
L

Fig. 4 Theoretical binodals of the mixture of A and B liquids within the
microgel (v = 5 x 102, red curve) and the macroscopic gel (v — oo, black
curve) at o = 0.6, N = 5and yap = 0.
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Fig. 5 Theoretical interfacial tensions within the microgel vy;, (red curve)
and out of it yo. (black curve) at g = 0.6, N = 5and yap = 0. Inset is a zoom
of the rectangular area and demonstrates continuous and abrupt growth
of the interfacial tension outside and inside the microgel, respectively.

The jump of y;, is related to the abrupt separation of the liquids
within the microgel at xRiB“ = 3.51. Fig. 5 demonstrates that the
interfacial tension of segregated liquids is always higher out-
side the microgel than inside. This fact reveals the surface
activity of the microgels. We can also see in Fig. 5 that you
increases faster than y;,. It means that the microgel will be
more strongly ‘bound’ to the interface at higher values of yg,
i.e. its adsorption will be accompanied by higher gain in the
energy. Also, we can expect that the microgel will flatten at the
interface with the increase of y,g to occupy as large an area as
possible to minimize the total interfacial energy.

The microgel deformation at the interface is clearly seen in
computer simulations (Fig. 6).

Different snapshots correspond to different values of the
DPD interaction parameter a,g which quantifies the incompat-
ibility of the liquids. This parameter ranges from a,g = 34 to
axg = 60, which accords with the range of the FH interaction
parameter 2.574 < yap < 10.01. The higher the liquid immis-
cibility, the stronger the microgel flattening. The value axp = 34
corresponding to yag = 2.574 is high enough to provide phase
separation of liquids in the outer solution (Fig. 6). The DPD
interaction parameters between the polymer and liquid beads,
axp = agp = 25, corresponded to a good solvent for microgel
subchains, yap = ygp = 0. Some snapshots depict microgel
protrudes into one phase slightly more than another despite A
and B molecules interact with the polymer evenly. This should

aas=36 aas=40

aas=34
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be attributed to the thermal fluctuations of the microgel,
because the snapshots correspond to momentary rather than
averaged microgel location and shape. At the same time, the
snapshots show that the ellipsoidal microgel shape is appro-
priate theoretical assumption if immiscibility of the liquids is
not too high. Deviations from the ellipsoidal shape are primarily
caused by dangling chains at the particle edges (Fig. 6, asg = 60)
occupying extra interfacial area almost without penalty in the
elastic free energy. At very high values of yap and low cross-link
densities, the microgel shape resembles pancake rather than
ellipsoid."®

Effects of (i) microgel dimensions, (ii) cross-link density and
(iii) solvent quality for polymer subchains on microgel swelling,
deformation as well as A and B liquid miscibility within the
particle are studied below (subsections A, B and C,
respectively).

A Effect of the microgel size. The effect of the microgel size
on its spreading over the interface and anisotropy of swelling is
presented in Fig. 7. In the range 0 < y,g < 2, two liquids are
homogeneously mixed and the microgel adopts a spherical
shape in the solution, i.e. o, = a,, and the degree of swelling
does not depend on the number of subchains v. The results of
the volume approximation are exactly reproduced in this range
of yag because yin = Your = 0 and Fg,¢ = 0. Both linear swelling
ratios, a, and o,, are higher than unity at y,5 = 0 owing to the
repulsive volume interactions (y,p corresponds to the good
solvent).

Once y5p exceeds 2, the liquid-liquid interface appears and
the adsorbed microgel undergoes flattening (o, > o), whereas
swelling of the macroscopic gel remains isotropic, o, = o, at
v — oo. The smaller the microgel, the higher the ratio o,/a,
defining the swelling anisotropy. For the smallest microgel with
v = 500 (Fig. 7), the interfacial area covered by the microgel,
Ssurf, at high yap is almost twice larger than the cross-section
of the microgel in pure A (or B) liquid (yap = 0), though
the subchains are rather short, N = 5. The decrease in the
normal swelling ratio a, compensates the increase of ,, so that
the polymer volume fraction inside the microgel changes
moderately.

The value of v at which the microgel starts to undergo a well-
pronounced flattening can be estimated analytically. Excess
surface free energy provoking microgel deformation reads

3Nv
47'“//0

2/3
Forr = ﬂ:o‘rzRO2 (Vin - Vout) = _Tml‘2( ) (Vout - Vin) (23)

aas=60

ans=45 ape=50

Fig. 6 Computer simulation snapshots of the polymer microgel consisting of v = 2428 subchains, each of the length M = 5, at the interface of A and B

liquids; aap = agp = 25, aag ranges from 34 to 60.

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 Theory. (@) The ratio of the interfacial area occupied by the
microgel Sq,¢ to the area of cross-section So of the spherical microgel
swollen in the homogeneous mixture, Squ/So. and (b) the radial, «, (solid
line), and the normal, o, (dashed line), swelling ratios of the microgel versus
agat Yo =0.6, N =5, and yap = 0. The curves correspond to the microgels
of different numbers of subchains: v = 5 x 102, 10% and 10*. Black curves
represent the case of the macroscopic gel, v —» .

while the free energy of the microgel stretching in the limit of
low deformations is given by the Gaussian approximation

Fo ~ vo,’. (24)

Both these terms depend on the radial swelling ratio in the
same manner: they are proportional to o,”. Flattening of the
microgel occurs if the surface tension overcomes the elastic
contribution which gives the following criterion:

* * 97[N2(yout — yin)3
vt = TR a— (25)
Thus, only small enough microgels undergo flattening. Since in
the reference state y, depends not only on the structure of the
monomer unit but also on the subchain length as i, ~ l/ﬁ,
we get v* ~ N°. Virtually the dependence of v* on N is slightly
weaker and the exponent is a bit lower than 3 because loosely
cross-linked microgels are less capable of enhancing liquid
miscibility and reducing interfacial tension inside itself (see
Fig. 9 below, 7;, is an increasing function of N). Notably, the
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dependence of v* on N is so strong, i.e. microgel cross-linking
density is a crucial factor affecting microgel flattening.
Unfortunately, the value of the inner surface tension y;,
cannot be expressed analytically at a given jy,g, and it is difficult
to obtain the precise estimation of the microgel size v*. To
avoid this difficulty, let us adopt the following assumption

Yout = Vin = Vout[l - (1 - l//)z] [26)

supported by our calculations of the surface tensions (see Fig. 5)
and which is reasonable in the strong segregation approximation
(zap > 1) when o =~ myap/4 and 7, ~ 71 — ¥)*yap/4.>® The
value of {y can be chosen equal to the polymer volume fraction
in the microgel swollen in a pure A (or B) liquid. Then we get
v* ~ 3 x 10° at g = 6, which is in agreement with exact
numerical results, Fig. 7a.

Finally, we would like to note that in the present considera-
tion it is necessary to use the form of the elastic free energy
accounting for a finite chain extensibility. Indeed, if we assume
the chain elasticity to be Gaussian, one can find that the
subchain end-to-end distance exceeds its contour length for
the small microgels, v < v*. In order to avoid this problem,
either the Langevin form of the elastic free energy*>**** or its
analytical approximation®**° (eqn (2)) should be adopted.

Swelling of microgels of various sizes was performed in DPD
computer simulations. To demonstrate that the microgels of
the different sizes swell anisotropically, the components R, and
R, of the gyration radius were plotted as a function of yap
(Fig. 8). They can be directly compared with the theoretical
swelling ratios o, and «, since the microgel was approximated
as an ellipsoid (spheroid), with X- and Y-semiaxes equal to o.R,
and the Z-semiaxis equal to o,R,. Indeed, the components R,
and R, of the gyration radius of the spheroid known to be
V20,Ry/V/'5 and «,Ry/V/5, respectively, are linear functions of
respective microgel semiaxes. Similar to the theoretical calcula-
tions, the components of the gyration radius are presented in
dimensionless form (Fig. 8).

At yap < 2, the microgel swelling in the homogeneous
mixture of the liquids is isotropic, R/R} = R,/R, (Fig. 8). In
accordance with the theoretical predictions (Fig. 7a), small
microgels undergo stronger flattening at y,z > 2, and the
radial microgel size changes non-monotonically. The larger
the microgel, the higher the value of ¥} and the broader the
range 2 < yap < ;diié‘ where the microgel lateral dimensions
diminish. At that, both theory and simulations predict growth
of the microgel thickness upon increasing liquid incompat-
ibility until the mixture segregates into two phases within the
microgel (yas = y5%). The lateral dimensions in the vicinity of
72 for large enough microgels can be even lower than ones in
a pure A/B liquid (compare Fig. 7 and 8a). In contrast, for the
small microgels, the decrease of the covered interfacial area at
2 < yap < XRE‘ is rather moderate. It is natural that the
behavior of small microgels with long subchains resembles
the behavior of single chains placed at the A-B interface.
They reveal monotonously increasing lateral dimensions with
increasing yap. A slight difference in the numerical values of

This journal is © The Royal Society of Chemistry 2016
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Fig. 8 Computer simulations. Lateral, R,, and normal, R,, components of
the gyration radius of the microgel adsorbed at the interface as a function
of the interaction parameter yag. They are normalized to the corres-
ponding components in pure A (or B) liquids, R® and R2. The curves are
plotted for the microgels of different sizes: v = 380, 756, 1560, and 2428.
The parameters M = 10 and yap = ygp = O (i.e. app = agp = 25) are fixed.

the swelling ratios and normalized gyration radii (e.g. «, and R;)
should be ascribed to different choices of the reference states.
Microgels with the Gaussian subchains in the theory (o, = o, = 1)
and the microgels swollen in a pure A (or B) liquid in simula-
tions (RY and RY) were adopted to be these states.

It is necessary to note that uniform mixing of the liquids
within the microgel at 2 < yas < y38 has already been
confirmed by us in computer simulations,”® and the corres-
ponding density profiles of the liquids within the microgel can
be found below.

B Effect of the microgel cross-link density. Analytical esti-
mates (25) of the parameter v*, below which the microgel
demonstrates high oblateness at the interface, reveal that the
cross-link density is one of the crucial factors controlling the
microgel behavior. To explore more thoroughly the influence of
the cross-link density on the microgel shape, its surface activity
and ability to mix liquids, we plot a set of curves corresponding
to the microgels of various subchain lengths, N = 5, 7 and 10
(Fig. 9). Different microgels have equal dry mass, Nv =5 x 10%
the polymer volume fraction in the reference state depends on
the subchain length, i, ~ 1/V/N. Decreasing cross-link density
(increasing N) results in stronger flattening of the microgel

This journal is © The Royal Society of Chemistry 2016
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(Fig. 9a and b) and higher anisotropy of the swelling (Fig. 9d),
which is defined by the aspect ratio of an oblate spheroid, «,/a.,.
Irrespective of the subchain length N, the swelling of the
microgel becomes non-uniform exactly at y,g = 2 (Fig. 9d), i.e.
as soon as phase separation in the outer solution occurs and
the interface is formed. Below the critical point, it is expectable
that the lateral and normal swelling ratios are equal o, = a,. In
pure A (or B) liquid (yap = 0) higher swelling of loosely cross-
linked microgels is due to the fact that both liquids are good
solvents for the subchains, yap = ygp = 0. Densely cross-linked
microgels promote liquid miscibility and lower interfacial ten-
sion stronger than the weakly cross-linked microgels (Fig. 9e
and f, respectively).

It is necessary to stress that the dependence of the polymer
volume fraction within the microgel y on y,p differs from that
for the macroscopic gel in the region of high y,p (compare
Fig. 3b and 9c). Shrinkage of the microgel at high immiscibility
of the liquids diminishes the number of A-B contacts within
the microgel and lowers the surface tension inside it. The
shrinkage is higher for the loosely cross-linked microgel,
N = 10, because low polymer density within it results in a
higher excess surface free energy. Contraction of the macro-
scopic gel is absent in the region of high y,g since surface
effects are negligible.

The theoretical results are supported by computer simula-
tions of microgels with different numbers of beads in each
subchain M = 3, 5 and 10. All microgels, albeit cross-linked with
different densities, contain approximately equal total numbers
of beads: 8039, 8025 and 8049, respectively. The corresponding
components of the gyration radius vs. yap are shown in Fig. 10.

For any value of the subchain length M, R, demonstrates
non-monotonous behaviour. As predicted theoretically (Fig. 9a), it
increases up to yap = 2, then decreases in the range 2 < yap < ¥3in
(inset in Fig. 10a), and increases again as yp exceeds 5. The shift
of 73 for denser microgels towards higher values is also observed
in the inset of Fig. 10a.

In accordance with the theoretical predictions, loosely cross-
linked particles undergo stronger flattening than densely cross-
linked ones. Stronger decay of the microgel thickness takes
place in loosely cross-linked microgels, compare Fig. 10b
(simulations) and Fig. 9b (theory).

Theoretically predicted slight microgel shrinkage (ie.
increase of ) in the region of high y,s is not confirmed by
simulations if one calculates the microgel volume as the
volume of ellipsoid, Ving = 4TR,’R,/3. This discrepancy is caused
by two assumptions adopted in the theory. First, the microgel
elliptical shape is not justified for loosely cross-linked micro-
gels, especially at high yap. The shape deviation is seen in Fig. 6
at a,g = 60 and has been discussed in ref. 18 in detail. The
second assumption concerns constancy of the polymer volume
fraction within the microgel. In fact, for highly incompatible
liquids, the microgel density reaches a maximum value exactly
at the phase boundary to diminish the number of unfavourable
A-B contacts (see Fig. 13c and discussion below or ref. 23).
Thus, contraction of the whole microgel is not required to lower
an excess interfacial energy since the latter can be achieved by
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Fig. 9 Theory. Lateral (a) and normal (b) microgel swelling ratios, polymer volume fraction within the microgel (c), microgel aspect ratio o,/o, (d),
interfacial tensions (f) vs. yag and binodals of the mixture within the microgel (e) at yap = 0. The curves correspond to microgels of different subchain
lengths: N = 5 and yo = 0.6 (green), N = 7 and yo = 0.507 (yellow), and N = 10 and o = 0.424 (red).

redistribution of polymer density toward the internal phase
boundary.

C Effect of the solvent quality. The above theoretical
calculations deal with the case of a good solvent, yp = 0. As
the solvent quality worsens, microgel swelling goes down and
the range of miscibility of the liquids inside the particle broadens.
Comparison of the binodals in 0-solvent (y,p = 0.5) and good
solvents (yap = 0.25 and ysp = 0) is done in Fig. 11. We can see that
the miscibility of the liquids inside the microgel is better for the
f-solvent. If yp exceeds 0.5, both liquids become poor solvents for
the microgel. To describe such a case, it is necessary to modify the
developed theory by addition of a term responsible for the excess
free energy at the external surface of a collapsed microgel.'®
However, qualitative predictions on the behavior of the system
in the poor solvents can be done without rigorous calculations: a

6808 | Soft Matter, 2016, 12, 6799-6811

further increase of y,p above 0.5 should enhance the miscibility of
the liquids. Similarly to the increasing cross-link density, decreas-
ing solvent quality leads to a higher microgel surface activity, i.e.
higher values of (youc — 7in)- These results coincide with experi-
mentally observed diminution of oil-water interfacial tension at
increasing temperature provoking collapse of microgels adsorbed
at this interface.™

The case of the microgel placed at the interface of two
equally poor solvents was studied using the DPD computer
simulations. The values of R, and R, vs. ysp are plotted in Fig. 12
for the liquids both being good or poor solvents. First, in the
range 0 < yap < 2 the microgel swelling is isotropic, and the
components of the gyration radius satisfy condition R, = V2R,
valid for the sphere. Above y,g = 2, the microgel undergoes
flattening in both poor and good solvents. Interestingly, the

This journal is © The Royal Society of Chemistry 2016
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Fig. 10 Computer simulations. Lateral, R,/R?, and normal, R,/R?, compo-
nents of the gyration radius of the adsorbed microgel as a function of the
interaction parameter yag at yap = xgp = O (aap = agp = 25). The curves
correspond to the microgels differing in the number of beads in the
subchain, M = 3, 5 and 10, and having approximately equal total numbers
of beads: 8039, 8025 and 8049, respectively. The inset corresponds to a
zoom in the range 1 < yag < 5, where the graphs change in a non-
monotonous way.
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Fig. 11 Theoretical binodals of phase separation of the liquids within the
microgel for different solvent qualities: yap = 0, 0.25 and 0.5. Yo = 0.6, and
N =10and v = 5 x 10°.

microgel lateral dimensions in the poor solvent do not reveal
non-monotonicity with increasing incompatibility of the liquids.
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Fig. 12 Computer simulations. Effect of solvent quality on the lateral, R,,
and normal, R,, microgel dimensions. Black and red curves correspond to
the good (aap = 25, i.e. yap = 0) and poor (aap = 30, i.e. yap = 1.43) solvents,
respectively. Each subchain contains M = 5 beads; the total number of
beads in the microgel is 12 066.

Fig. 13 shows the density profiles (volume fractions) of both
A and B liquids and the polymer along the normal Z-axis. To
calculate them within the microgel, the averaging over the
microgel central part limited by one third of its Z-axis gyration
radius was performed. In the central part of the microgel its
Z-thickness hardly depends on the lateral coordinates, see
Fig. 6. The total microgel Z-thickness decreases with increasing
7as for both good and poor solvents (Fig. 13a and c).

The polymer volume fraction within the microgel depends
on the solvent quality of A and B liquids. In the case of good
solvent, yap = 0 (Fig. 13a and c), it changes as the incompat-
ibility of the liquids increases; the average value is around
W ~ 0.3. At yap = 2.57 (Fig. 13a), slightly above the point of the
phase separation in the outer solution y,p = 2, it occurs to be
somewhat lower, y = 0.28, and for highly incompatible
liquids, yap = 7.14, it is slightly higher, i = 0.33. One can
roughly estimate y34' ~ 3 and find that the theory accords
with the simulations: the liquids are mixed below this thres-
hold (Fig. 13a) while two (micro)phases are formed within the
microgel above this value (Fig. 13c). The peak of the polymer
density in the vicinity of Z = 0 provides diminution of the
number of unfavourable contacts between A and B molecules
at the interface of (micro)phases.”®
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Fig. 13 Computer simulations. Volume fractions of A and B liquids, and polymers as a function of normal coordinate Z (red, green and black curves,
respectively). Solid lines (¢a, ¢ and i) correspond to the profiles passing through the microgel. Dashed lines (@ and @g) are those outside the microgel.
Top and bottom rows correspond to moderately (aag = 34, i.e. yag = 2.57) and highly (aag = 50, i.e. yap = 7.14) immiscible liquids, respectively. Left and
right columns depict cases when the liquids are good (aap = 25, i.e. yap = 0) and poor (aap = 30, i.e. yap = 1.43) solvents for the microgel, respectively. Each
subchain consists of M = 5 beads; the total number of beads in the microgel is 12 066.

The microgel density at the interface of two poor solvents,
zap = 1.43 (Fig. 13b and d), remains almost unchanged,
Y = 0.83, at any degree of immiscibility of the liquids. The
threshold value of the FH interaction parameter provoking
(micro)phase separation appears to be very high, y%i' ~ 12,
so that the liquids form a homogeneous mixture in the whole
studied range of yap < 10, e.g. at yap = 7.14 (Fig. 13d).

The local maxima in concentrations of the A and B
liquids appear near the microgel surfaces at yap = 2.75 and
yap = 1.43 (Fig. 13b). They resemble a non-selective solvent
concentrating at the interface of polymer domains in micro-
phase separated block-copolymers®®*” to reduce the interfacial
tension.

5 Conclusions

In the present theoretical and computer simulation studies,
swelling and collapse of a single polymer microgel at the
interface of two immiscible liquids have been examined by
means of the Flory-Huggins lattice model and dissipative
particle dynamics. The symmetric case, when molecules of
both liquids interact with the polymer equally, was studied.

6810 | Soft Matter, 2016, 12, 6799-6811

If the liquids are highly immiscible, the microgel interior
segregates into two (micro)phases of equal volumes, both
with equal polymer content but each enriched with the
corresponding liquid. In the case of relatively moderate
immiscibility, a homogeneous mixture of liquids inside the
whole microgel is the thermodynamically favorable state of
the system. The enhanced miscibility of the liquids inside the
microgel as compared to the outer solution is due to the
decrease of the number of unfavorable interactions between
their molecules, while the entropy of mixing remains
unchanged, kgln2 per molecule. Binodals of the mixture of
the liquids within the microgel are plotted and interfacial
tension values within and out of it are calculated. At any
degree of immiscibility of the liquids, the presence of the
microgel at the interface leads to the decrease of the inter-
facial tension, which in turn causes microgel flattening
restrained by elasticity of stretched polymer subchains. The
microgel at the interface undergoes anisotropic deformation:
it is elongated in the lateral directions and flattened in the
normal one. Low cross-link density and small dimensions
facilitate the microgels to adopt a flattened shape. Higher
reduction of interfacial tension is exhibited by densely cross-
linked particles.

This journal is © The Royal Society of Chemistry 2016
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