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ABSTRACT: We report on the behavior of two immiscible
liquids within polymer microgel adsorbed at their interface. By
means of dissipative particle dynamics (DPD) simulations and
theoretical analysis in the framework of the Flory—Huggins
(FH) lattice theory, we demonstrate that the microgel acts as a
“compatibilizer” of these liquids: their miscibility within the
microgel increases considerably. If the incompatibility of the
liquids is moderate, although strong enough to induce phase
separation in their 1:1 composition, they form homogeneous
mixture in the microgel interior. The mixture of highly
incompatible liquids undergoes separation into two (micro)-
phases within the microgel likewise out of it; however, the
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segregation regime is weaker and the concentration profiles are characterized by a weaker decay (gradient) in comparison with
those of two pure liquids. The enhanced miscibility is a result of the screening of unfavorable interactions between unlike liquid
molecules by polymer subchains. We have shown that better miscibility of the liquids is achieved with densely cross-linked
microgels. Our findings are very perspective for many applications where immiscible species have to be mixed at interfaces (like

in heterogeneous catalysis).

he ability of solid colloidal particles to efliciently stabilize

emulsions has been known since the beginning of the
20th century."” In these systems, commonly called as Pickering
emulsions, the degree of immersion of the colloidal particles
into immiscible liquids as well as the contact angle are
determined by the values of the surface tensions between
particle, oil, and water. In turn, they %overn surface curvature
and volume of the stabilized droplets.” Once the particles are
adsorbed at the interfaces, it is very difficult to control the
values of the surface tensions by the external stimuli, and
ultimately the size of the droplets and stability of the emulsions.
Also, when densely packed at the interface, the particles
strongly reduce the penetrability of the droplet surface by other
dissolved substances hindering application of Pickering
emulsions, for example, in catalysis.

In the middle of the past decade, it was proposed to use soft,
adaptive polymer particles, that is, microgels instead of solid
ones for the emulsion stabilization.” ® As compared to the rigid
colloids, polymer microgels possess the ability to swell and the
penetrability for low-molecular-weight substances. Being
responsive to pH, temperature, and solution ionic strength,
these particles can serve as a tool controlling droplet size and
emulsion stability.~ Alternation of external condition affecting
microgel charge and degree of swelling may result in breaking
of emulsions on demand, for example, in the case of P(NiPAM-
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co-MAA) microgels heating and pH reduction induce microgel
shrinking that in turn makes the droplet interface more rigid,
facilitating coalescence of oil droplets and resulting in emulsion
breakage.”"”

microgel permeability makes the microgel-stabilized emulsions
11

The sensitivity to external stimuli as well as

promising for many applications including biocatalysis.

In this Letter we demonstrate one more effect, which makes
the microgels even more attractive for emulsion stabilization. In
addition to deformability,' "
adsorption kinetics'* in comparison with the solid counterparts,
penetrability, and stimuli response, they can serve as

increased coverage area and

compatibilizers of immiscible molecules. In particular, we
demonstrate that two initially immiscible liquids, A and B (oil
and water), can partially or fully be mixed within the microgel
adsorbed at their interface. If the incompatibility of the liquids
is relatively low, they form a homogeneous mixture within the
whole microgel particle being segregated outside. As the
incompatibility grows, separation into two (micro)phases
within the microgel occurs. Enhanced liquid miscibility should
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be attributed to the screening of unfavorable A—B contacts by
the microgel subchains.

We performed dissipative particle dynamics'>~"” (DPD)
simulations of a single spherical microgel particle placed at the
interface of two immiscible liquids. Simulations were carried
out in a cubic box of linear sizes L, = L, = L, = 60 measured in
units of the bead diameter. Details of the microgel design can
be found in Supporting Information and refs 18 and 19. Total
number of the beads in the microgel was chosen large enough,
M, = 12066, to detect two distinct (micro)phases in the
microgel interior, at least at high incompatibility of A and B
liquids when the thickness of phase boundary was far fewer
than the total microgel thickness in the direction perpendicular
to the interface (z-axis). Each subchain comprises M = S beads.

The values of the interaction parameters between the beads
of the liquids and polymer, a,p and agp, were chosen in such a
way to correspond to the cases when both liquids are good
solvents for the microgel subchains and they interact with the
microgel evenly, a,p = agp = 25, and when one of the liquids
(A) is a solvent of lower quality for the microgel than another
(B), axp = 26 and 27, agp = 25. The DPD interaction
parameters are related to the FH interaction parameters via'® Xi
= (0.286 + 0.002) - (a;; — 25). To provide liquid immiscibility,
high enough values of a5 > 32 (i.e., yap > 2) were chosen. The
microgel tendency to occupy the AB interface should be
attributed to the reduction of the surface tension due to the
screening of unfavorable A—B contacts by polymer units.
Similar effect is known for nanostructured block copolymers
swollen in nonselective solvent which is inhomogeneously
distributed in nanodomains with maxima at AB interfaces
reducing surface tension.”’”*

Snapshots of the system at a,g = 40 (Y45 = 4.29) are shown
in Figure 1. Good quality of a bottom solvent, agp = 25 (ygp =
0), is also fixed. The first row (a) corresponds to the case when

Figure 1. Snapshots of the microgel at the interface of two immiscible
liquids at different combinations of the solvent quality of the liquids
for the microgel. Left-to-right: distribution of B (green) molecules (the
microgel and A molecules are not shown); side view of the microgel
and two liquids; distribution of A (red) molecules. (a) Both liquids are
equally good solvents for the microgel, ayp = agp = 25. The decrease of
the solvent quality of the red liquid, a,p = 26(b), 27(c), at fixed agp =
25 leads to deeper immersion of the microgel into the better solvent
(green liquid); a,g = 40.
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both liquids are equally good solvents, a,p = 25 (y,p = 0), and
two other rows exhibit microgel structures in (b) a good upper
solvent of slightly lower quality than the bottom one, a,p = 26
(xap = 0.286), and in (c) an upper solvent being approximately
O-solvent, ap =27 (yap = 0.572). The left and the right images
in each row correspond to visualization of one liquid only (B
and A, respectively). Outside the microgel, a minor fraction of
each liquid presents in the foreign liquid due to the entropic
reasons: the higher the incompatibility of the liquids, the
smaller the fraction in the foreign liquid. On the other hand, in
the microgel location, distinct protrusion of both liquids is
observed. The concentration of the corresponding liquid inside
the microgel exceeds the average concentration of the minor
fraction in the foreign liquid. It means that miscibility of two
liquids within the microgel is higher than outside. Also, Figure 1
(middle snapshot in each row) demonstrates deformation
(oblateness) of the microgel at the interface, which is promoted
by minimization of AB interfacial energy and opposed by the
elasticity of the subchains. This effect was detected in a number
of experimental****” and computer simulation'*'* studies.
The decrease of the solvent quality for one of the liquids (A)
results in deeper immerse of the microgel into the better
solvent (B),”” Figure 1.

For simplicity, hereafter we focus on the symmetric case
assuming that A and B liquids interact with the microgel units
identically. Dimensionless z-axis concentration profiles (volume
fractions) of the two liquids (both are good solvents, a,p = agp
= 25) and the microgel are plotted in Figure 2 at different
degrees of incompatibility of A and B liquids: ayg = 34 (yap =
2.57), anp = 45 (yap = 5.72), and axp = 60 (yo5 = 10.01). These
curves were obtained after averaging over the middle part of the
microgel limited by one-third of its z-axis gyration radius, where
its thickness is highest and hardly depends on the radial
coordinate. Lateral (radial) density profiles can be found in
Supporting Information, Figure S3. At moderate incompati-
bility (Figure 2a), the liquids are homogeneously mixed within
the particle with equal volume fraction (¢, = ¢b5) owing to the
symmetry of the system. If the liquids are strongly immiscible,
two separate (micro)phases are observed within the microgel
(Figure 2c). In this case, the density profiles have plateau inside
the microgel (solid lines), which correspond to the
concentration of the coexisting (micro)phases. Due to the
presence of the microgel monomer units, the average
concentration of the (micro)phases is smaller than outside
(dashed lines) and the gradient of the concentration decay is
smaller. Also, we can observe the increased concentration of
monomer units at the interface (maximum of the polymer
concentration at z = 0). This effect is due to the screening of
unfavorable A—B interactions: polymer redistribution toward
inner A—B interface, though accompanied by entropy penalty,
diminishes the number of contacts between A and B molecules.
It is similar to lamellae-forming diblock copolymers swollen in a
nonselective solvent when concentration of low-molecular-
weight solvent has maxima at nanodomain interfaces.”> At
intermediate values of A—B interaction parameters (Figure 2b),
the thickness of the (micro)phase boundary is on the order of
the microgel size and it is questionable to distinguish different
(micro)phases. There is rather smooth gradient of concen-
tration of the liquids in the microgels.

Increasing miscibility of the liquids inside the polymer
microgel can be explained in the framework of the mean-field
Flory—Huggins lattice theory.”® We chose the lattice cell size
equal to a4, and all geometrical dimensions below are given in
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Figure 2. Concentrations of liquids A (red) and B (green) without
microgel (dashed lines @, and @) and within the microgel (solid
lines ¢b,, ¢y) as functions of normal coordinate z at different degrees
of incompatibility of the liquids: (a) ag = 34; (b) axg = 45; () ap =
60. Black solid line ¢ depicts the polymer volume fraction; a,p = agp =
2S.

these units. Let ¢, ¢, and ¢ be volume fractions of the
corresponding liquids and polymer within the microgel, and
space-filling condition reads ¢, + ¢y + ¢ = 1. Free energy
density within the microgel (all energies here and below are in
kT units) is given by

fo=elng + (1 -9 —¢)In(l g —¢)+ .00 -0 —¢)
— 11— @)

where both liquids are considered to interact with the microgel
equally, yap = ¥gp, like in computer simulations. To analyze the
range of stability of the homogeneous mixture of the liquids
within the microgel, let us calculate the critical point (¢%; ¥)
via solution of the equations 0*f;,/d¢x = 0 and 0°f,,/d¢hs = O:
cr 1- % cr 2
Y. )
In the case of pure liquids without the microgel, ¢ = 0, eq 1
reproduces the well-known result ¢y = 1/2 and ™ = 2. It is
clearly seen that in the presence of the microgel, ¢ > 0,
miscibility of the liquids is enhanced: equal amounts of A and B

liquids are subjected to phase separation without the microgel
at 2 < y,5 < ¥~ (above the spinodal of pure liquids), while they
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are homogeneously mixed inside the microgel within this y,p-
range (below the spinodal). Densely cross-linked microgels
providing higher values of ¢ promote the mixing of the liquids
better as compared to loosely cross-linked ones. Note that the
polymer volume fraction ¢ also depends on whether the liquids
are mixed or exhibit phase separation that, in turn, affects
microgel dimensions and volume. Moreover, the surface effects
cannot be neglected. Thus, the above arguments are appealed
to illustrate increasing liquid miscibility within the microgel,
while more strict analysis is performed below.

Since microgel swelling (ie, ¢) depends on y, the total
free energy of the microgel and the external solution should be
constructed and minimized. We consider a microgel with v
subchains, each of N statistical segments of the length a, which
undergoes anisotropic but uniform swelling (i.e., ¢ is assumed
to be independent of spatial coordinates) being adsorbed at the
flat interface between two immiscible liquids. The conforma-
tions of the subchains are quantified by two linear swelling
coeflicients: radial @, and normal a,. Elastic-free energy of the

subchains can be written as®
a? a? a?
1-—|+—In1-—=
N 6 N

2
K :u[%+%)+u[“—‘—ﬂln
a; 2a; 3 3
where the subchains are assumed to have Gaussian dimensions
in a reference state, so that the polymer volume fraction in this
state ¢hy = a,a’¢h. Free energy of interactions between A and B
molecules and the microgel is given by

E’Ol = Vmg(f;n - fout)
with microgel volume V,,,, = Nv/¢ and
S = Q@+ (1 - @) In(1 - @) + gz ®(1 — D) — 1

with @, being liquid A volume fraction in the outer solution.
Finally, the excess free energy at the interface of these liquids,
which is negligible in the case of macroscopic gel, should be
also taken into account

P;urf = ”arZROZ (ym - yout)

with the microgel radius in a reference state, Ry = (3Nv/
47¢py)"3, and dimensionless surface tensions given in kyT/a*
units

<Dmaj
}/out = 2'\/)(AB /;) d(b\/fout ((I)) - ’L%)utq) + HOUt

P
Yo = 2 JXrg f ‘d(p\/fin((p) - p e + I,
Pin

Coexisting phases are in chemical, y;, = ft,, and mechanical,
IL, + d/d¢(fi, + Fa/ Vmg)d) — Fo/Ving = Iy equilibrium. @,
D, are liquid A volume fractions in coexisting phases outside
the microgel, and ¢, 1 are the ones inside it. Minimization
of the total free energy

Eot(ar’ az) = Fel + Fvol + P;

urf

with respect to the swelling coeflicients @, and «, allows
plotting binodals of the system (Figure 3). The values N = 5, v
= 2413, ¢y = 0.5, and y,p = 0 (good solvent), corresponding to
the microgel investigated in simulations, are fixed in subsequent
calculations. The calculated binodals support the simple
spinodal analysis. Two pure (without microgel) liquids coexist
with each other above the binodal (dashed line in Figure 3).
However, if parameters of the system correspond to the region
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Figure 3. Binodals of two immiscible liquids outside the microgel
(dashed) and inside the microgel (solid).

between the two binodals, two liquids are homogeneously
mixed inside the microgel. Above the binodal of the microgel
(solid line in Figure 3), the liquids are segregated in it.

To calculate the corresponding concentration profiles, we
minimize the following functional™’

Fo@ = [ (6 0E) + KV @) + w2

with k = a’,p and boundary conditions @o(—0) = Ppin
¢pa(+0) = ¢,y at a fixed polymer volume fraction ¢
independent of z. The function ®,(z) was calculated in a
similar way. Density profiles shown in Figure 4a, ¢, and d
correspond to those in Figure 2a—c since respective values of
the FH interaction parameter y,; and the DPD simulation
parameter a,g match, y,5 = 0.286 - (asy — 25). Detailed
comparison of the theoretical and simulation results is shown in
Supporting Information, Figures S4 and SS.

At relatively low values of y,5 (Figure 4a) the liquids form
homogeneous mixture within the particle, ¢, = ¢z = const(2).
As FH interaction parameter exceeds critical value y3p = 3.01,
the liquids segregate symmetrically within the microgel.
However, the volume fractions of the liquids in foreign phases
are bigger in comparison with those outside the microgel
(Figure 4b—d). It is also seen that phase boundary inside the
microgel is thicker than outside. In a strong segregation limit,
Xas >> 1, the volume fraction of the liquid in the foreign phase
is given by @, & ¢** in the outer solution and ¢, ~
e (=Pxw within the microgel. If the liquids are highly
incompatible (e.g, yag = 10), the values ¢, and @, may
differ 10 times, even in a rather loosely cross-linked microgel (¢
= 0.23). The value of the surface tension inside the microgel in
this limit is given by y;, & mya(1 — ¢)*/4, that is 1/(1 — ¢)*
times lower than the surface tension between A and B liquids
outside the microgel. The effect of oil—water surface tension
diminution as a consequence of microgel adsorption to the
interface has been experimentally observed, and temperature-
sensitive microgels reduce surface tension in a collapsed state
(ie, above VPTT) stronger than in a swollen one (i.e., below
VPTT),”" in accordance with the theoretical prediction
described above.

The miscibility of liquids is governed by the interplay
between the gain in translational entropy and the loss in the
interaction energy between A and B molecules. Since the
symmetric case is considered, entropy gain under mixing of
equal volumes of A and B liquids equals to kg In 2, regardless of
mixing that happens within or without the microgel. However,
the energy penalty because of unfavorable A—B interactions is
proportional to the probability that an A molecule has a contact
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Figure 4. Concentrations of liquids A (red) and B (green) outside
microgel (dashed lines @, and ®@y), inside the microgel (solid lines ¢,
¢p), and polymer volume fraction (¢)) as functions of normal
coordinate z at different values of the FH interaction parameter
between A and B liquids.

with the molecule B, that is, to ¢y = (1 — ¢)/2. Thus, the
microgel subchains screen unfavorable A—B interactions, and
the microgel serves as efficient compatibilazer of immiscible
liquids.

To conclude, the ability of polymer microgels to enhance
miscibility of liquids was revealed by means of DPD simulations
and explained theoretically in terms of the FH lattice model.
Moderately immiscible liquids can form a thermodynamically
stable homogeneous mixture within the microgel. In the case of
strong incompatibility of the liquids, phase separation into two
(micro)phases enriched by different components occurs.
However, these (micro)phases are characterized by lower
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difference in concentrations and wider interfacial thickness in
comparison with the coexisting phases outside the microgel.
The physical reason for the enhanced compatibility of the
liquids inside the microgel is related to the screening of
unfavorable A—B contacts by monomer units of the microgel.
One of the experimental systems, where the predicted effect
could be observed, is poly(N-vinylcaprolactam) (PVCL)
microgel adsorbed at water—toluene interface. Water and
toluene can be considered as immiscible solvents (solubility of
toluene in water is very low: 0.52 g/L at 20 °C**). However,
both solvents are good solvents for PVCL chains.”® The
discovered effect opens new possibilities for optimization of
extraction/separation processes and design of new catalyst
systems for efficient and sustainable chemical transformations.
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