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ABSTRACT: Understanding the dynamics of gels at soft interfaces is
vital for a range of applications, from biocatalysis and drug delivery to
enhanced oil recovery applications. Herein, we use dissipative particle
dynamics simulations to focus on the shape changes of a cubic nanogel
as it adsorbs from the aqueous phase onto the oil−water interface,
effectively acting as a compatibilizer. Upon adsorption at the interface,
the hydrogel spreads over the interface, adopting various shapes
depending on its size and cross-link density. We characterize these
shapes by the shape anisotropy and an effective extent of spreading. We
highlight the differences between these characteristics for cubic and
spherical nanogels and show that the choice of the cubic shape over the
spherical one results in a wider range of topographies that could be
dynamically prescribed onto the soft interface due to the gels’
adsorption. We first validate our model parameters with respect to the
known experimental values for polyacrylamide (PAAm) gels and focus on spreading and shape changes of PAAm nanogels onto the
oil−water interfaces. We then probe the behavior of active gels by changing an affinity of the polymer matrix for the solvent, which
can be caused by the application of an external stimulus (light, temperature, or change in the chemical composition of solvent).
Furthermore, we focus on the interactions between multiple gels placed at the liquid−liquid interface. We show that controlling the
shapes and the clustering of the gels at the interfaces via variations in solvent quality result in tailoring the dynamics and topography
of soft nanostructured interfaces. Hence, our findings provide insights into the design of soft active nanostructured interfaces with
topographies controlled externally via solvent quality.

■ INTRODUCTION
Shape changes often play a critical role in nature to ensure
specific functional responses; examples range from leaves
opening for sun tracking in plants and the projectile dispersion
of seeds1 to shape changes observed in biological cells upon
their adhesion to various surfaces.2 Natural materials inspire
the design of various synthetic shape-morphing materials with
a range of dynamically actuated properties.1 A number of
shape-morphing systems are hydrogel-based since hydrogels
can be readily functionalized to respond to multiple stimuli
such as changes in pH, temperature, and solvent quality.3−6 In
addition, hydrogels can be filled with magnetic nanoparticles,
whereby the shape and functionality of hydrogels can be
controlled by the external magnetic field.7,8 The major
drawbacks of using hydrogels as shape-morphing materials
are their relatively low mechanical strength and slow response
limited by the collective diffusion coefficient of the polymer
matrix. The mechanical strength can be improved by utilizing
strong dual cross-linked hydrogels,9 and the response time can
be reduced by significantly decreasing the size of the samples.
Recent advances allow one to accurately tailor the size of the
gels and to fabricate functional nanogels with sizes within the
range of 20−500 nm10 or even ultrafine nanogels with sizes

below 20 nm.11 Furthermore, the shapes of stimuli-responsive
hydrogels can be readily tailored within a wide range.1,12,13

Variations in shape, size, and rigidity can be utilized to
optimize the biological response and the in vivo performance
of nanoengineered delivery vectors.14−16 In particular, cubic
polymeric microparticles showed an enhanced uptake by breast
cancer cells because they have a larger contact area with the
cell compared to the spherical particles.16,17

Herein, we focus on the dynamics of shape changes of
hydrogel particles upon their adsorption onto liquid−liquid
interfaces. We show that the adsorption dynamics, equilibrium
shape, and extent of spreading of cubic gels depend on the
polymer matrix affinity for phases, gel sizes, and cross-link
densities. Hence, using nanogels with different shapes and
cross-link densities and tailoring their affinity to the solvent via
external stimuli can offer a route to tailoring the topography of
soft nanostructured active interfaces. A number of prior studies
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focused on the adsorption of hydrogels at air−liquid3,18,19 and
liquid−liquid3,20−22 interfaces. Widespread interest in the
behavior of hydrogels at interfaces is largely due to various
potential applications of these systems, including stimuli-
tunable microlenses,23 soft emulsifiers,24,25 biocatalysts,24,26

and drug delivery.10 For example, the encapsulation of a single
enzyme within a nanogel can enhance the biocatalytic activity
of the enzyme and improve its stability.26,27 With respect to
gels adopting various shapes at the interfaces, spherical
hydrogel particles adsorbed at liquid−liquid interfaces were
shown to flatten at the oil−water interface, with the flattening
most pronounced for hydrogels with low cross-link densities
and small dimensions.28,29 Note that the distinct core−shell
structure of the microgels in solution results in a “fried-egg-
like” shape at the interface, where the corona of the gel is
flattened significantly more than the core with a higher cross-
link density.25 In addition, the hydrogels interacting with the
same strength with both liquids were shown to extend
symmetrically into both phases, resulting in the formation of
the homogeneous mixture between the two phases within the
gel.20,28 Note that polymer-grafted nanoparticles were also
shown to localize and self-assemble at oil−water interfaces.30,31
A variety of active microgels based on either polyacrylamide

(PAAm) or poly-N-isopropylacrylamide (PNIPAAm) polymer
matrixes have been fabricated by incorporating light-sensitive
moieties such as azobenzene,32,33 triphenylmethane leuco,34

spyropyran derivatives,35 and redox-active units.36−38 Further-
more, light-induced reversible switching of the degree of
swelling of microgel particles can be triggered by photo-
isomerization and the binding/unbinding of an azobenzene-
containing surfactant. In this case, a stepwise application of UV
and blue light results in effective variations in the hydro-
dynamic radius of the microgels between ∼580 and ∼340
nm.32 The temperature-induced volume phase transition of
PNIPAAm-based or poly(N-vinylcaprolactam) (PVCL)-based
microgels can be used to control their spreading at
interfaces.18,39,40 Note that both PNIPAAm and PVCL have
a lower critical solution temperature (LCST) of around 32
°C.41 Recently synthesized amphiphilic PVCL-based microgels
exhibited a shift in the volume phase transition temperature to
lower values with an increase in the hydrophobic content, and
the corresponding spreading of these microgels at the solid
surface was also regulated by the hydrophobic content.40

Furthermore, the variation in temperature was shown to
control the dynamic interfacial tension in microgel solutions
adsorbing onto the toluene interface. Herein, a range of
copolymer microgels based on VCL, NIPAAm, and N-
isopropylmethacrylamide (NIPMAm) with various copolymer
compositions were considered.39 Such responsive microgels
can be utilized in multiple applications, including the design of
soft responsive emulsion stabilizers.42 In the above examples,
the affinity between the polymer and solvent changes
dynamically with an application of the external stimulus. In
what follows, we will mimic the effects of application of
external stimuli by changing the affinity of the polymer matrix
for the solvent.
Despite significant progress in understanding the behavior of

micro- and nanogels at interfaces, among the open questions
remaining to be addressed are the effects of the shape of the gel
particle on its interaction with the liquid−liquid interface and
dynamic shape changes of active nanogels and their arrays
adsorbed onto the interface in response to the changes in
various external stimuli (temperature, light, and solvent

quality). Taking into account that a number of synthesis
routes recently became available for fabricating hydrogels of
various shapes,3,13,16,17,43 an understanding of the effect of the
gel shape on its spreading over the interface and the overall
topography of the soft nanostructured interface would
ultimately allow one to address potential advantages and
limitations of a given choice of a shape of the gel particle.
Below, we primarily focus on cubic samples and compare the
dynamics of spreading for cubic and spherical gels. Specifically,
we first focus on PAAm hydrogels; PAAm gels find their uses
in numerous applications involving liquid−liquid interfaces,
from enhanced oil recovery applications44 to a variety of drug
delivery applications encompassing contrast imaging,45 tar-
geted cancer chemotherapy,46 and bioadheasive nanogel
design.47 We first validate our model parameters with respect
to the known experimental values for PAAm gels and focus on
spreading and shape changes of PAAm nanogels onto
interfaces. We then probe the behavior of active nanogels by
changing the affinity of the polymer matrix for the solvent.
These changes effectively mimic changes in the degree of
swelling of polymer matrixes under various stimuli such as light
and temperature and in response to the change in the chemical
composition of the solvent. In what follows, we characterize
the dynamics and extent of spreading at the interfaces as a
function of gel properties (cross-link density and size of the
network) and probe the structural transitions in gels and
nanostructured interfaces containing multiple gels in response
to the change in solvent quality.

■ MODEL
We use the dissipative particle dynamics (DPD) approach48,49

to simulate the dynamics of polymer gels. A known advantage
of DPD is that it reproduces correct hydrodynamic behavior,50

hence it has been used in simulations of a variety of complex
mesoscale systems. The particles (or beads) in DPD represent
collections of atoms; the motion of these particles is governed
by Newton’s equations of motion49
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where ri, vi, and pi = mivi are the position, velocity, and
momentum vectors of a particle i, respectively, and Fij is the
pairwise additive force exerted on a particle i by a particle j
with the summation over all of the particles within the chosen
cutoff radius rc. This cutoff radius introduces a characteristic
length scale into the system49 so that rc = 1 in dimensionless
DPD units. The masses of the particles are identical, mi = m.
The total force in eq 1 consists of three contributions: Fij = Fij

C
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where aij is the maximum repulsion between particles i and j
and rij = |rij| is the distance between the centers of mass of

particles i and j, with rij = ri − rj and =eij r

rij

ij
. We note that
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while the soft repulsion potential is the most common choice
in DPD allowing for the large integration steps, other choices
of conservative potentials are possible51 depending on the
systems of interest. Two remaining contributions to the total
force are written as52

γω= − ·rF e v e( )( )ij ij ij ij ij
D D

(3)

σω ζ= Δ −r tF e( )ij ij ij ij
R R 1/2

(4)

where γ and σ are the strengths of the dissipative and random
forces and vij = vi − vj is the relative particle velocity. Both
dissipative and random forces also act along eij. The ζij in eq 4
is a symmetric Gaussian random variable with zero mean and
unit variance:

ζ ζ ζ δ δ δ δ δ= ′ = + − ′t t t t t( ) 0, ( ) ( ) ( ) ( )ij ij ij ik jl il jk

(5)

The condition ζij = ζji is required for the conservation of total
momentum.53 The factor Δt−1/2 in eq 4 ensures that the mean
diffusion over any physical time interval has a finite value
independent of the integration step Δt.49
The dissipative and random forces (eqs 3 and 4) are coupled

through the fluctuation−dissipation theorem.53 To ensure that
the correct thermodynamic equilibrium state is reached, the
following two conditions are imposed:49

ω ω σ γ= [ ] =r r k T m( ) ( ) , 2 /ij ij
D R 2 2

B (6)

kB is the Boltzmann constant, and T is the equilibrium
temperature. The first condition in eq 6 couples the weight
functions, and the second one couples the strengths of the
random and dissipative forces and sets the temperature in the
system. We chose the weight functions to have the same form
as the conservative force49
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Notably, while the soft potential choice for the weight function
in eq 7 is the common choice in DPD, other choices are also
permitted51 as long as the conditions in eq 6 are satisfied. For

the bonded interactions, we consider beads to be connected by
harmonic bonds with the interaction potential

= −U K r r( )ijbond bond b
2

(8)

where Kbond is an elastic (spring) constant and rb is an
equilibrium bond distance. To integrate the above equations of
motion (eq 1), we use a modified velocity Verlet algorithm.49

In effect, DPD can be thought of as a thermostat which
accurately reproduces hydrodynamic interactions.50 In our
studies, we use the DPD module as implemented in the
LAMMPS simulation package.54,55 Below, we introduce the
DPD formulation for the gel matrix with tetrafunctional
junctions and relate the DPD parameters chosen herein to the
known experimental values for PAAm gels as well as to the
continuum framework. We then use this validated model to
focus on the interactions of the cubic PAAm gels with the oil−
water interface. Finally, we note that along with well-known
advantages of DPD, one of the limitations of this approach is
an unphysical crossing of polymer chains, which is essentially a
payoff for using a soft repulsion potential. To estimate an effect
of bonds crossing on the hydrogel shape changes used in this
study, we implemented the modified segmental repulsion
potential (mSRP)56 DPD approach and showed that the
characteristics of spreading remain essentially unaffected (see
below).

Introducing the Polymer Network. We first introduce a
framework for a PAAm gel interacting with the oil−water
interface. The polymerization of an aqueous solution of
acrylamide in the presence of a small amount of tetrafunctional
cross-linker, methylenebis(acrylamide) (MBAM), results in the
formation of a macroscopic 3D network of PAAm provided
that the ratio between the concentration of a cross-linker and
monomers exceeds a critical value.57 The two double bonds in
MBAM (Figure 1a) result in the formation of four covalent
bonds with neighboring molecules. The polymer gel matrix
consists of acrylamide strands interconnecting at the MBAM
tetrafunctional junctions. Both an acrylamide monomer and a
MBAM cross-linker are represented by a single bead each
(Figure 1a,b). The initial configuration of the “unit cell” of a
PAAm gel matrix is modeled as a diamondlike lattice58−60

(Figure 1c), where the lattice points are occupied by the
tetrafunctional cross-links and the basis positions are
connected by the acrylamide monomer strands. The number
of acrylamide beads between the cross-linkers is denoted by Nx

Figure 1. Chemical structures of (a) the N,N′-methylenebis(acrylamide) (MBAM) cross-linker, represented as a green bead, and (b) the
acrylamide monomer, represented as a red bead. (c) 1 × 1 × 1 hydrogel unit cell. (d) Initial setup (after equilibration): 3 × 3 × 3 unit cell with Nx
= 30 in the water phase, placed next to the oil phase (in green). Here and in all of the snapshots below, water beads are hidden for clarity.
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(Figure 1c, red beads). The dangling ends at the basis
positions on the surface of the diamond lattice with a
connectivity of less than 4 were retained without any
modifications.60 This diamondlike lattice (Figure 1c) was
replicated in the x, y, and z directions to form gel samples of
various sizes. We use the convention I × J × K to refer to the
nanogel size, where I, J, and K denote a number of replicas in
the x, y, and z directions, respectively. Each lattice was
prepared with a polymer strand length of Nx = 15, 20, 25, or
30. To investigate the effect of the cross-link density, we
prepared 2 × 2 × 2, 3 × 3 × 3, and 4 × 4 × 4 gels with Nx =
48, 14, and 6, respectively; these three systems have similar
numbers of polymer beads. The details of our simulated gel
networks are listed in Table S1. The gel networks were pre-
equilibrated in the water phase only and then placed in the
water phase in the oil−water system (Figure 1d). Gel and
water beads together constituted 50% of the volume in these
simulations, while the other 50% was occupied by oil. Each
simulation run below was repeated four times with different
initial coordinates, initial random velocities, and random
forces. We also prepared systems with four gels as detailed
below. Periodic boundary conditions were applied in all three
directions in all of the simulations.
Simulation Parameters and Relationship between

These Parameters and Experimental Values. The
repulsion parameter between the water beads and between

the same type of beads is taken as =a 78ii
k T
r
B

c
, which is

calculated on the basis of the compressibility of water at room
temperature for the degree of coarse-graining set as Nm =
3.48,49 The same degree of coarse-graining and the same
repulsion parameter had been used in DPD simulations of
various systems, from Nafion membranes61 to PAAm chains62

or asphaltene-PAAm chains63 in oil−water emulsions. There-
by, three water molecules are represented by a single bead,48

while four oil beads form an oil molecule with each bead
representing three CH2 groups.

48,62 The repulsion coefficient
for the dissimilar beads can be estimated on the basis of the
affinity between those beads as49 aij = aii + 3.27χij, where χij is
the Flory−Huggins polymer−solvent interaction parameter.
For PAAm gels in water,64,65 χPW = 0.48 gives aPW = 79.57.
(Herein and in the following description, the values of aij are

provided in reduced DPD units,49 k T
r
B

c
). We note that to

accurately reproduce the swelling of gels one needs to account
for the dependence of the Flory−Huggins interaction
parameter χPW on the polymer volume fraction (for details,
see the section on the comparison with continuum theory
below), which in turn results in an increase in aPW. Hence, we
set aPW = 80 for the polymer−water interaction and a
significantly higher value for the water−oil repulsion as aWO =
100.62 In addition, we simulated a linear PAAm chain with a
length of N beads in water and a polymer chain representing an
oil in water with aPW = 80 and 100, respectively. The
dependence of the mean square radius of gyration ⟨Rg

2⟩ on the
chain length ⟨Rg

2⟩ ∝ (N − 1)2ν gives anticipated values for the
scaling exponent,66 ν, with ν = 0.558 and 0.304 for PAAm in
water (good solvent) and oil in water (poor solvent),
respectively.62

Finally, to simulate the shape changes of active stimuli-
responsive gels in response to changes in external stimuli, we
varied the solvent quality from good to poor by varying the
gel−solvent repulsion parameter aPS. A list of all of the system

parameters is given in Table S2. These changes effectively
mimic the change in the affinity of the polymer matrix for the
solvent under various stimuli such as light and temperature and
in response to the change in the chemical composition of the
solvent. In what follows, we characterize the dynamics and
extent of spreading at the interfaces as a function of gel
properties (cross-link density and the size of the network) and
probe the structural transitions in gels and nanostructured
interfaces containing multiple gels with a response to the
change in solvent quality.
The total number density in the box was kept at 3rc

−3, and
the bond constant and the equilibrium bond length were set to

500k T
r
B

c
2 and 0.7rc, respectively.22 The cutoff radius rc,

temperature, and mass of a bead are set equal to 1.0 in
reduced DPD units.48,49 The strength of the random force is
chosen as σ = 3, and the time step is set at 0.02τ; the unit of
energy is kBT. The system sizes (box dimensions and number
of beads) are listed in Table S3. The simulations are performed
for 3 × 106 steps. The above choice of the degree of coarse-
graining with three water molecules representing a single bead
allows one to relate the dimensionless value of rc to the
corresponding dimensional value of 0.646 nm.49 The
dimensionless unit of time can be related to the characteristic
dimensional value τ by relating the diffusion coefficient of
water beads Dsim to a known value of the dimensional diffusion

coefficient of water Dwater as
48,49 τ = N D r

D
m sim c

2

water
. We calculate the

dimensionless diffusion coefficient of water beads Dsim by
averaging a mean square displacement over five runs of 5 × 104

time steps each and determining the slope of rw
2(t)/6 against

time and find Dsim = 0.1487(12). Using Dwater = 2.43 × 10−5c
m2/s, we obtain τ = 76.6 ps. With this scaling, the linear size of
the cubic samples in the water phase ranges from
approximately 14 to 37 nm, exhibiting a significant extension
along the interface during the spreading. In what follows, we
will provide the values of time and size in reduced DPD units
estimated above. It is worth noting that the dimensionless units
in DPD can also be related to macroscopic parameters
depending on the problem of interest and a set of macroscopic
properties that needs to be reproduced in the given problem.67

In the latter cases, the DPD reduced units can significantly
exceed the above estimates; however, other properties such as
the dimensionless compressibility of solvent discussed above
are no longer reproduced.67 We also note that DPD
simulations of spherical gels with sizes similar to the sizes of
cubic samples used herein (in reduced DPD units) have been
performed,20,28,68 and these simulation showed a good
correspondence with the behavior of microgels at oil−water
interfaces observed in concurrent experiments.69

■ RESULTS AND DISCUSSION
Comparison with Continuum Theory. We first relate

our DPD approach to the continuum theory of polymer
networks and compare characteristic values obtained from our
simulations with the existing experimental data on PAAm
networks. Hence here we first analyze the equilibrium swelling
of a number of gel samples placed only in a water phase (Table
S3). Hydrogels in a solvent undergo swelling depending on the
quality of solvent and the elasticity of the polymer network.
We calculate an equilibrium polymer volume fraction, ϕ, by
calculating the fraction of polymer beads within a sphere with
the radius set by the radius of gyration as R / 3g . The center
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of the sphere is chosen at the center of mass of the gel particle.
In such a manner, we focus only on the properties of the core
of the gel particle.
At a continuum level, the swelling is often described by the

Flory−Rehner (FR) theory, which takes into account osmotic
and elastic pressures acting on the hydrogel network. The
balance of osmotic and elastic stresses in equilibrium is given
by the FR equation70

ϕ χ ϕ ϕ ϕ ϕ
ϕ

ϕ
ϕ

+ + − − − =c( ) ln(1 )
2

02
0

0 0

1/3i

k

jjjjjjjj
i

k
jjjjj

y

{
zzzzz

y

{

zzzzzzzz
(9)

where c0 is the dimensionless parameter proportional to the
number density of junction points (cross-links) as defined
below, χ(ϕ) is the interaction parameter capturing the affinity
between the polymer and solvent, and ϕ0 is the volume
fraction of polymer in the reference state (during preparation).
Parameter c0 in eq 9 is defined via the number density of
elastically active polymer strands calculated in reference state ν

as = νc V
N0

s

A
(note that for the tetrafunctional network, the

number of junction points is a half of the number of elastically
active strands70), NA is Avogadro’s number, and Vs is the molar
volume of solvent (18 × 10−6 m3 mol−1). The above
framework corresponds to affine deformations of a polymer
network. An affine network model is the simplest network
model that captures rubber elasticity and is able to account for
the network deformability based on the entropic elasticity of
polymer chains. For the phantom network model, c0 in eq 9

needs to be replaced by = −( )c c1
f0

ph 2
0, where f is the

functionality of the network ( f = 4 for the tetrafunctional

PAAm network). c0 can be estimated as71 =
ρ ϕ

c
V

N M0
x

s p 0

0
, where ρp

is the mass density of polyacrylamide polymer72 (1.35 × 10−6 g
m−3), M0 is the molar mass of a monomer (71 g mol−1), and
Nx is the number of monomers within one polymer strand. In
experiments, ϕ0 can be varied by changing the concentration of
polymer during synthesis.64,65,73 Notably, an affine assumption
could break down for sufficiently low74 ϕ0. We use an
experimentally relevant value of ϕ0 = 0.1564,65 in our analysis
to first calculate c0 as given above and then solve eq 9 for ϕ and
fit this solution with the values calculated from DPD
simulations (black solid line in Figure 2). The error bars
indicate the standard deviation for more than 500 samples
taken from 1 simulation run at different instants in time after
the system reached equilibrium.
We take the polymer−solvent interaction parameter in eq 9

to be χ(ϕ) = χ0 + χ1ϕ + χ2ϕ
2. The same functional dependence

for χ(ϕ) has been used to fit experimental data for PAAm
gels64 (herein only the linear term was used with χ2 = 0), in a
theoretical study of PAAm gels,75 in fitting experimental data
on PNIPPAm gels,71 and in DPD simulations on PNIPPAm
gels.76,77 On the basis of available experimental data, we set χ0
= 0.4864,65 and find the best fit at χ1 = 0.305, χ2 = 0.549.
Notably, a similar fitting can be obtained for a different value of
ϕ0 (ϕ0 = 0.2, χ1 = 0.245, χ2 = 0.649, fitting is not shown),
which justifies the somewhat arbitrary choice of ϕ0. These
fittings match well with the dependence predicted by Suekama
et al.64 Furthermore, this dependence also gives χ(ϕ) ≈ 0.49
for ϕ ≈ 0.01−0.1, which is the value reported in experi-

ments.64,65,78,79 This value of χ(ϕ) in turn corresponds to
repulsion parameter aij = 80 chosen in our DPD simulations.
In addition to analytical estimates of c0 based on respective

physical parameters, c0 can also be calculated numerically from

the DPD simulations using the relation ρ= ϕ
ϕ

c V
N0

DPD
c

0 s

A
, where

ρc is the number density of polymer strands in equilibrium. For
each value of Nx, we calculate the number density of polymer
strands in the swollen equilibrium state ρc within the same
spherical volume as for ϕ. Nearly perfect matching between the
analytically and numerically calculated values (c0 and c0

DPD) is
evident in Figure 2 (dashed line and red symbols, respectively).
Hence, our results show that an affine network approximation
is a reasonable approximation describing the elasticity of the
PAAm polymer network considered, which is consistent with
prior DPD studies on PNIPAAm polymer gels.76,80

Finally, the shear modulus of a swollen hydrogel can be
estimated for an affine network in a good solvent as64,66

= ̃ ϕ
ϕ( )G Gc0

1/3

0
, where ̃ =G N k T

V
A B

s
. At T = 300 K, G̃ ≈ 138.5

MPa, and the estimates for the gels considered in these
simulations are in the range of 265−600 kPa owing to the high
values of ϕ (similar high elastic moduli were observed
experimentally for the gels with high polymer volume
fractions81). Using the above functional dependence with the
lower values of ϕ ≈ 0.1 brings G down to about 100 kPa,
which corresponds to the experiments on the PAAm gels with
similar polymer volume fractions.64,75

Shape Changes and Dynamic Restructuring of a
Cubic Nanogel at the Oil−Water Interface. To character-
ize the spreading dynamics and an equilibrium conformation of
a hydrogel at the oil−water interface, in the series of
independent simulations we varied the degree of polymer-
ization of the strands between the junctions Nx, sample sizes,
and cross-link densities. In our reference scenario, we first
equilibrated a 3 × 3 × 3 sample with Nx = 30 in water and
placed the sample near the oil−water interface (Figure 1). The
dynamics of this system effectively encompass two stages.
During the first stage, the gel diffuses out of the water toward

Figure 2. Polymer volume fraction ϕ (left y axis, solid line) and cross-
link density c0 (right y axis, dashed line) as functions of Nx. The solid
and dashed lines are from respective analytical calculations. The
symbols (filled for ϕ and unfilled for c0) represent data points from
simulations, where circles, triangles, and squares correspond to 4 × 4
× 4, 3 × 3 × 3, and 2 × 2 × 2 gels, respectively.
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the interface until it contacts the interface, and during the
second stage, it adsorbs onto the interface (Figure 3a−c).
Adsorption onto the oil−water interface and spreading over
this interface are energetically favorable because they minimize
a number of unfavorable contacts between the immiscible
water and oil beads. The equilibrium gel shape and the extent
of gel spreading are defined by the interplay between the
energy gain due to the shielding of the oil−water interface and
the elastic energy payoff upon spreading. The side and top
views (Figure 3c,d, respectively) of the nanogel at equilibrium
show that the cubic gel considered herein flattens at the
interface, which is consistent with prior studies showing the
flattening of nanogels with spherical shapes.21,25,28

To quantify the shape and extent of spreading, we calculate
the time evolution of the radius of gyration, Rg, and the shape
anisotropy, κ2. Both values are defined by the eigenvalues (λ1,
λ2, λ3) of the gyration tensor with the components

= Σ Σ − −= >S x x y y( )( )xy N i
N

j i
N

i j i j
1

12 . Here, the summation is

taken over all beads within the nanogel. The squared radius of
gyration, Rg

2, is calculated as the first invariant of a
diagonalized gyration tensor Sp as Rg

2 = I1 = tr([Sp]) = λ1 +
λ2 + λ3, and the shape anisotropy is defined as82

κ = −
I
I

1 32 2

1
2

(10)

where I2 = λ1λ2 + λ2λ3 + λ3λ1 and λ1 ≥ λ2 ≥ λ3. Shape
anisotropy is often used to characterize shapes of various
objects with complex geometries including polymers with
complex architectures.83−85 It is scaled between κ2 = 0 for an
object with high symmetry (for example, spherical or cubic
symmetry) and κ2 = 1 for the points located on a line.82 For a
planar object with λ1 = λ2 and λ3 = 0, κ2 = 0.25.82 Finally, we
define the extent of spreading at a given moment in time, α(t),
as the ratio of the square root of the largest eigenvector (largest
length estimate) of the gyration tensor at the interface, λ1 , to

the same value calculated in water averaged over the last 2 ×
104τ in equilibrium λ ⟩.1

w (Notably, all three eigenvalues in
water are approximately the same.)
The time evolution of both κ2 and Rg for the same

simulation run is shown in Figure 3 (blue and black curves,
respectively); herein, (a−c) marks correspond to the snapshots
in Figure 3a−c. In the water phase, the nanogel retains its
highly symmetric initial configuration (Figure 1d), hence κ2 ≈
0 until the time instant the gel comes into contact with the
interface (Figure 3, blue curve). As the gel begins to spread
over the interface, both κ2 and Rg increase, reaching their
respective saturation values at equilibrium, with an apparent
faster increase in the shape anisotropy κ2 than in Rg. Note that
κ2 plateaus at an equilibrium value of κ2 ≈ 0.25, confirming the
close-to-planar morphology observed in Figure 3. Side views
with the oil phase removed and an interface marked for the
same time instances are shown in Figure S1a−c. We note that
the adsorption of the cubic gels onto the interfaces and the
subsequent flattening are consistent with the previously
observed flattening of the spherical microgels at liquid−
liquid21,25,28 and air−liquid interfaces;19 we focus on the
differences between the behavior of spherical and cubic
microgels at interfaces further below.

Effect of Gel Size. Notably, such close-to-planar spreading is
observed only for relatively small samples. To investigate an
effect of the gel size on the shape anisotropy and the extent of
spreading, we compared the dynamics and equilibrium
characteristics of 2 × 2 × 2, 3 × 3 × 3, and 4 × 4 × 4 gel
matrices with Nx = 30. The equilibrated conformations for
these gel sizes are shown in Figure S2a,b, Figure 3c,d, and
Figure S2c,d, respectively. For the largest sample (4 × 4 × 4),
in addition to the spreading over the interface, a significant
portion of the gel remains within the water phase. This is
evident in Figure S2d and is confirmed quantitatively by
calculating a shape anisotropy (Figure S2e) saturating at κ2 =

Figure 3. (a−d) Morphology snapshots for a 3 × 3 × 3 Nx = 30 gel as it adsorbs onto the oil−water interface at (a) 1.17 × 104 τ, (b) 1.43 × 104 τ,
and (c, d) 6 × 104τ ((c) is a side view and (d) is a top view (xy plane)). (e) Time evolution of a radius of gyration (Rg, black curve, left axis) and
shape anisotropy (κ2, blue curve, right axis). The time instances corresponding to the (a−c) snapshots are marked by the dashed lines in (e).
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0.236 ± 0.003 (averaged over four independent runs). This
value is lower than 0.25, indicating a deviation from the planar
shape. The effect is more pronounced for gels with a larger size
(Figure S2e) or lower Nx (Figure S2f).
Effect of Nx. In the next series of simulations, we focused on

the 3 × 3 × 3 gel network with Nx = 15, 20, 25, 30. With an
increase in Nx and a fixed number of cross links, the effective
cross-link density decreases; however, the total number of
polymer beads in these simulations also increases. (An effect of
the cross-link density for gels with a matching number of
polymer beads is considered in the section below.) As can be
anticipated, the radius of gyration, Rg, also increases with an
increase in Nx (Figure S3, red line). Notably, the ratio Rg/Nx
saturates at approximately the same constant value, with the
fastest saturation for the lowest Nx (Figure S4, black curve). An
increase in Nx results in an overall slower spreading process,
and for the highest value considered herein, saturation value
Rg/Nx is somewhat lower (blue curve in Figure S4).
Furthermore, an increase in Nx also results in a lower elastic
modulus (see the section above on the comparison with
continuum theory) so that at higher Nx the penalty for gel
deformation at the interface is lower and the sample is more
readily able to adopt a close-to-planar conformation by
maximizing the interfacial coverage. We find that the shape
anisotropy, κ2, for Nx = 30 and 25 reaches values close to 0.25
at equilibrium, indicating a planar conformation, while a more
densely cross-linked gel (Nx = 15) spreads considerably less (κ2

≈ 0.2) (Figure S2f).
Effect of Cross-Link Density. To isolate the effects of cross-

link density, we kept the number of gel beads close to the
constant value for various Nx (choosing samples of 2 × 2 × 2
for Nx = 48, 3 × 3 × 3 for Nx = 14, and 4 × 4 × 4 for Nx = 6
with the total number of gel beads 6144, 6048, and 6144,
respectively). Hence, the 2 × 2 × 2 sample has the lowest
cross-link density and the smallest number of elastically active
polymer strands, and the 4 × 4 × 4 sample has the highest
cross-link density and the largest number of elastically active
polymer strands. Correspondingly, the elastic energy penalty
for spreading at the interface will be lowest for the 2 × 2 × 2
sample and highest for the 4 × 4 × 4 sample. (Recall that an
affine network model that accounts for the network
deformability based on the entropic elasticity of polymer
chains is shown to be a good approximation for our polymer
networks (see above).) The snapshots of the samples
equilibrated at the interfaces (top view) for each of these
gels are shown in Figure 4a,c,e. As the cross-link density
increases, the gel morphology resembles its initial shape more
strongly since the spreading is more restricted due to an
increase in the elastic energy penalty. Figure 4b,d,f shows the
2D number density distribution of gels in the yz plane averaged
over the x axis (perpendicular to the interface) for gels with Nx
= 48, 14, and 6, respectively. These images show that an
equilibrated gel morphology for a loosely cross-linked (Nx =
48) gel (Figure 4a, top view) takes the shape of a thin layer
spread over the interface (Figure 4b). Figure 4e,f shows the
morphology snapshot and 2D-density distribution, respec-
tively, for the densely cross-linked (Nx = 6) gel. The spreading
of this gel is restricted, and the gel takes a complex shape. The
portion of the gel remaining in the water phase remains close
to its initial cubic shape with a significant amount of water
absorbed within the polymer matrix. The sample with an
intermediate cross-link density (Nx = 14, Figure 4c,d), is highly
deformed but does not form the thin layer observed for a

loosely cross-linked gel. In this case, the gel is localized
between the water and oil phases with the highest polymer
volume fraction at the interface and somewhat protrudes into
the oil phase. These observations demonstrate the effects of
hydrogel elasticity on equilibrium shape. To estimate the effect
of bond crossing on the observed shape changes and gel
restructuring at the interface, we used the modified segmental
repulsion potential (mSRP)56 DPD approach and compared
the evolution of the extent of spreading and the effective
change in the thickness of the samples for the case of a densely
cross-linked gel. Our results showed that these characteristics
and the overall shape of the gel at the interface remain
essentially unaffected (Figure S5).
The time evolution of both, the number of gel−oil contacts,

npo (Figure 5a), and the shape anisotropy, κ2 (Figure 5b) from
the moment the gel sample is in contact with the interface (this
time instant differs for independent simulation runs) shows a
gradual increase in these values during the spreading until the
gels are equilibrated at the interface. We count a pair of beads
to be in contact if the distance between them is within rc. The
number of gel−oil contacts is the highest for the loosely cross-
linked (Nx = 48) sample that undergoes the largest spreading
(black curve in Figure 5; the equilibrium shape (side view) in
this case is shown in Figure 4b). Correspondingly, the
equilibrium values of the number of contacts are lower for
the remaining two cases (red and green curves in Figure 5a).
We note an increase in the size of error bars with an increase in
Nx. An increase in Nx results in an increase in the fraction of
dangling ends, hence some of the initial contacts are attributed
entirely to dangling ends contacting only the interface or to the
short contact with a small fraction of a polymer strand. Both
the number of contacts and the shape anisotropy for all four
independent runs for Nx = 14 and 48 are shown in Figure
S6a,b,d,e, illustrating that the initial shape restructuring takes
different times due to the increased effects of fluctuations for

Figure 4. Equilibrated gel morphologies (top view, left column) and
close-up polymer number density profiles in the yz plane averaged
over the x axis (side view, right column) for matching numbers of
polymer beads: (a, b) 2 × 2 × 2, Nx = 48; (c, d) 3 × 3 × 3, Nx = 14;
and (e, f) 4 × 4 × 4, Nx = 6. The cross-link density increases from top
to bottom. The right column side-view images are the cut-out
portions of the simulation box with the following y1, y2 and z1, z2
coordinates (in units of rc) within the box: 12.5, 87.4 and 38, 58 for
(b), 12.5, 32.5 and 17, 37 for (d), and 10, 30 and 18, 38 for (f).
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larger Nx, leading to larger error bars while averaging over four
independent runs. The densely cross-linked gel deforms to a
smaller extent compared to the loosely cross-linked gels, which
is reflected in the lower saturation values of κ2, and thus
equilibrates faster. Interestingly, a parametric plot of the data in
Figure 5a,b shows that all three cases follow the same curve,
κ2(npo), with higher values reached for the loosely cross-linked
gels (Figure 5c). Herein, the data averaged over runs for each
of the cases is shown with the black curve superimposed onto
the red and green curves, and the data for each individual run
is provided in Figure S6c−f. The time evolution of the extent
of spreading, α(t), also confirms that, owing to the lower
elastic energy penalty, the spreading is more pronounced for
the loosely cross-linked gel, which extends about 2.5 times with
respect to its equilibrium size in water, and relatively small for
the dense gel (Figure 5d). Notably, Figure 5a−d also shows
that loosely cross-linked gels spread slower than densely cross-
linked ones, and the same trends were observed in prior studies
on the spreading of spherical gels with different cross-link
densities.21 Thus, the network elasticity affects both the
equilibrium and dynamic properties of hydrogels at interfaces.
Controlling the Extent of Spreading and Shape

Anisotropy. To summarize how one can control the shape
anisotropy and the equilibrium extent of spreading by varying
the physical properties of the gel, we plot α (solid curves) and
κ2 (dashed curves) as a function of 1/Nx for all of the scenarios
considered above (Figure 6). Recall that the dimensionless
cross-link density defined in the continuum theory section
(above), c0, is proportional to 1/Nx. The extent of spreading
decreases with an increase in cross-link density (decrease in
Nx), with similar values of α for gels of different sizes (nearly
overlapping red, green, and black solid curves). Notably, α is
the highest for the loosely cross-linked gels and lowest for the
densely cross-linked gels. These distinct cases (marked by blue

and black circles) correspond to cases (b) and (f) in Figure 4.
Summarizing the behavior of the shape anisotropy, κ2, we note
that the close-to-planar spreading (κ2 ≈ 0.25) with the highest
surface coverage is observed either for the small samples (black
dashed curve) or in the limit of the low cross-link densities
(observed trend at high Nx for the red and green curves).
Finally, an average radius of gyration, Rg, at the interface
increases with Nx for all of the cases considered. This increase
is the steepest for the 4 × 4 × 4 samples and the lowest for the
2 × 2 × 2 sample (Figure S3).

Comparison of the Spreading of Cubic and Spherical
Gels. To elucidate the effect of shape, we compared the
dynamics and an equilibrium extent of spreading for cubic and
spherical nanogels with the matching number of polymer
beads. For the case of the spherical gel, a sphere was inscribed

Figure 5. Time evolution of (a) polymer−oil contacts, npo, (b) shape anisotropy, κ2, and (d) extent of spreading, α(t), for the simulation runs

shown in Figure 4. All data points are averaged over four runs. λ1
w values for 2 × 2 × 2, Nx = 48; 3 × 3 × 3, Nx = 14; and 4 × 4 × 4, Nx = 6 are

7.964, 5.837, and 5.039, respectively, in units of rc. (c) Parametric plot of κ2(npo) using the data in (a) and (b). The black curve is superimposed
onto the red and green curves. Time t = 0 in (a), (b), and (d) reflects the time the gel beads first come into contact with the oil beads.

Figure 6. Equilibrium extent of spreading, α (left y axis, solid lines),
and shape anisotropy, κ2 (right axis, dashed line), as a function of 1/
Nx. The three open circles on the plot point to the gel with matching
numbers of polymer beads (2 × 2 × 2, Nx = 48; 3 × 3 × 3, Nx = 14;
and 4 × 4 × 4, Nx = 6; the simulation runs are in Figure 4).

Langmuir pubs.acs.org/Langmuir Article

https://dx.doi.org/10.1021/acs.langmuir.9b03486
Langmuir XXXX, XXX, XXX−XXX

H

http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b03486/suppl_file/la9b03486_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b03486/suppl_file/la9b03486_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03486?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03486?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03486?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03486?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03486?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03486?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03486?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03486?fig=fig6&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.9b03486?ref=pdf


within the 5 × 5 × 5 gel with Nx = 6, and the beads outside the
sphere were discarded. This spherical gel has a similar number
of polymer beads to 4 × 4 × 4, Nx = 6 cubic gels (Table S3).
The swollen equilibrated morphology in water is shown in
Figure 7 for spherical and cubic gels. These gels retain their
geometrical shape in water due to the relatively high cross-link
density. Upon adsorption at the oil−water interface, the
spherical gel adopts a hemispherical shape (Figure 7c), which
is consistent with the number of prior studies on spherical
gels.25,29 Notably, this hemispherical shape is distinctly
different from the shape of the cubic sample with the matching
number of polymer beads and the same cross-link density
spread over the interface (shown in Figure 4f). The evolution
of spreading of a spherical gel placed close to the oil−water
interface is shown in Figure S7. The initial time corresponds to
the time instant the gel contacts the interface. Both Rg and κ2

increase with gel adsorption onto the interface. Despite
relatively closely matching values of ⟨Rg⟩ for the gels at the
interface in equilibrium, with ⟨Rg⟩ values only slightly smaller
for spherical (Figure S7) than for cubic gels, the corresponding
shape anisotropies differ significantly. The ⟨κ2⟩, in equilibrium,
is approximately two times smaller for a cubic gel (Figure 7d),
indicating that the initial symmetry is preserved to a
significantly larger extent. Next, we compare the equilibrium
extent of spreading of these gels at the interface, α (Figure 7e),
and the effective change in thickness in equilibrium (Figure
7f), defined as a ratio of the square root of the smallest

eigenvector of the gyration tensor at the interface, λ3 , to the

same value in water in equilibrium λ3
w . (Notably, all three

eigenvalues in water are approximately the same.) Figure 7
shows that the most loosely cross-linked gels considered herein
stretch approximately by factors of 2.42 and 2.28 for cubic and
spherical gels, respectively, while the densely cross-linked gels
show significantly lower extent of spreading by a factor of
about 1.2 (approximately the same for both shapes). We note
that the contact radius normalized by the hydrodynamic radius
(a measure similar to the extent of spreading defined above)
was shown to decrease with an increase in the cross-linker
fraction in the experimental studies of microgels adsorbing and
spreading at the liquid−air interface.21 Notably, the height of
the gel adsorbed at the interface decreases with the decrease in
the cross-link density. In all cases considered, the fraction of
the gel extending into the water phase is significantly larger for
the cubic than for the spherical gels with a matching number of
polymer beads and the same cross-link density (Figure 7f). To
summarize, we find that the cubic samples of approximately
the same initial sizes retain their shapes better than the
spherical samples, with the larger fraction of gels extending out
into the water phase and a larger range of complex shapes
observed for these samples (Figure 4). Hence, the choice of
the cubic shape over the spherical one could result in a wider
range of topographies that can be dynamically prescribed onto

Figure 7. Equilibrated morphology of (a) spherical and (b) cubic gels in water. (c) Two-dimensional number density profile for the spherical gel at
the interface. (d) Time evolution of κ2 at the oil−water interface for cubic and spherical gels. (e) Extent of spreading, α, for spherical and cubic gels
with a matching number of polymer beads. (f) Effective thickness of the gel in the direction perpendicular to the interface (normalized by the linear
dimension in water) for cubic and spherical gels as a function of 1/Nx.
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the soft interface when the gels are adsorbed from a solvent
onto the soft interfaces.
Multiple Gels at Interfaces as Soft Nanostructured

Surfaces. So far, we have focused on a single nanogel
adsorption onto the interface. However, for various practical
applications the collective behavior of multiple nanogels at the
interface is of interest. At relatively high saturation of the gels
at interfaces, each gel would interact not only with the solvent
but also with neighboring gels.25,86 Herein, we consider PAAm
hydrogels with various cross-link densities (and matching
numbers of PAAm beads) at the interface and characterize
their time evolution and equilibrium conformations. Four gels
with 2 × 2 × 2, Nx = 48; 3 × 3 × 3, Nx = 14; and 4 × 4 × 4, Nx
= 6 are pre-equilibrated in water and then placed in the water
phase in close proximity to one of the interfaces. The vertical
dimension was chosen to be sufficiently large, and the gel
concentration in water is sufficiently low that the gels migrate
to and adsorb onto a single interface. Note that the spreading
of multiple gels is constrained in the xy plane by the periodic
boundary conditions. For the case of multiple gels, the
spreading of an individual gel over the interface is controlled
not only by the cross-link densities and the size of the samples
as discussed above but also by the interactions with the
neighboring gels (or interface saturation). Figure 8a−f shows
equilibrium gel morphologies (top row) and polymer densities
(bottom row) for all three cases (the cross-link density
increases from left to right). The evolution of Rg for loosely
cross-linked gels (Nx = 48) shows a small change from its
swollen conformation (Figure 8, black solid line), indicating
that the spreading of these gels is strongly restricted with

respect to that of a single gel (case shown in Figure 4; the Rg
for a single gel in this case is shown by the black dashed curve).
Correspondingly, while a loosely cross-linked single gel flattens
at the interface (black dashed line corresponding to κ2 ≈ 0.25),
the same gel as part of an array is only able to reach κ2 ≈ 0.1
(black solid line) (Figure 8h). On the contrary, the
neighboring gels essentially do not interact in the case of
most densely cross-linked gels (Nx = 6, Figure 8f) so that the
dashed (singe gels) and the solid (multiple gels) curves overlap
in Figure 8g,h. An intermediate response is observed for gels
with Nx = 14; the spreading is restricted with respect to the
single gel but is not as pronounced as for Nx = 48. In effect, the
equilibrium radius of gyration and shape anisotropy saturate to
approximately the same values at Nx = 14 and 6, indicating a
strong dependence on the surface coverage. Finally, the gel
density profiles indicate that with an increase in the cross-link
density the flattened core−shell morphology with more dense
cores extending into the water phase and loosely cross-linked
more flattened coronas are observed (Figure 8b,d,f). To
quantify this flattened core−shell morphology, we computed
the density of the gel beads as a function of their distance from
the gel center (r = 0 in Figure 8 is taken at the center of each
gel, and curves are averaged over four gels). We calculated the
center of mass of each gel and counted the number of gel
beads in the r + δr volume element for every frame in
equilibrium for the last 1200 frames. Then we normalized this
value with the volume element and averaged over all of the
frames considered. Figure 8 shows that with the decrease in the
cross-link density the core is more diffuse (black curve). The
densely cross-linked gels maintain a well-defined core and a

Figure 8. (a−f) Equilibrium gel morphologies and polymer densities for 2 × 2 × 2, Nx = 48 (a, b); 3 × 3 × 3, Nx = 14 (c, d); and 4 × 4 × 4, Nx = 6
(e, f) (the cross-link density increases from left to right). (g) Time evolution of a radius of gyration, Rg, and (h) shape anisotropy, κ

2, averaged over
four gels. Dashed and solid lines, respectively, represent single and multiple gels. (i) Number density of the polymer in equilibrium as a function of
its distance from the center, averaged over four gels.
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core−shell boundary (green curve in Figure 8i), and this
boundary becomes more diffuse with the decrease in cross-link
density.
Solvent Quality Effect. In the next series of simulations, we

probe the effect of solvent quality by changing the polymer−
solvent interaction parameter, aPS. First, we focus on the
response of a single nanogel (3 × 3 × 3, Nx = 30) to the
variations in solvent quality and then on the effects of solvent
quality on the interactions between the multiple gels at the
interfaces. We varied the polymer−solvent interaction
parameter, aPS = (80,85,90,95), mimicking a transition from
the good to poor solvent. The change in solvent quality can be
achieved via variations in temperature or pH or by illuminating
the systems as described above provided that either PAAm
copolymerized with various stimuli-responsive moieties or
thermoresponsive PNIPAAm-based gels or their copolymers
are used. In these series of simulations, we kept the solvent−oil

and polymer−oil interaction parameters the same as above
(aSO = 100 and aPO = 85) and varied only the polymer−solvent
interaction parameter. We find that while for aPS = 80 and 85
the gels nearly flatten at the interface, achieving a shape
anisotropy of κ2 ≈ 0.25 (Figure 9a,c), whereas a decrease in the
effective quality of solvent with respect to the oil (an increase
in aPS) results in a significantly lower extent of spreading and
samples protruding into the lower phase deeper than extending
into the upper phase (Figure 9b). In other words, it is most
energetically favorable for the gel to spread over the interface
in the case depicted in Figure 9 since the energy gain due to
the shielding of the oil−solvent contacts is high enough to
overcome an energy penalty for the chain stretching during the
gel restructuring. Notably, in this case the gel protrudes into
both phases to the same extent as could be anticipated (an
affinity between polymer beads and both upper and lower
phases are the same), as was observed in prior studies for the

Figure 9. (a, b) Number density profiles (side view) for gels with polymer−solvent repulsion parameter aPS = 85 in (a) and aPS = 95 in (b) for the
densely cross-linked 3 × 3 × 3, Nx = 30 gels. (c) Time evolution of the shape anisotropy, κ2, for the values of aPS given in the legend.

Figure 10. (a−e) Shape changes and aggregation of gels at the interface (top view) upon changing the solvent quality from good (aPS = 80) to poor
(aPS = 95) for 4 × 4 × 4, Nx = 6 and then back to the good solvent for the densely cross-linked 4 × 4 × 4, Nx = 6 gels. (a) Good solvent. (b) Onset
of the poor solvent which equilibrates to (c). (d) Onset of good solvent and equilibration to (e). For clarity of representation, neither solvent nor
oil beads are shown. The morphology snapshots correspond to time instances t = 1.804 × 104, 1.824 × 104, 4.804 × 104, 4.88 × 104, and 6.804 ×
104τ (from left to right). (f, g) Time evolution of the extent of spreading, α(t), in (f) and the shape anisotropy in (g) with the change in solvent
quality from good to poor to good. The data are averaged over four gels. Marks (a)−(e) correspond to the snapshots in the upper row. The
morphology snapshots for the loosely cross-linked gels are given in Figure S8.
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spherical samples.20,28 On the contrary, when the quality of the
upper solvent drops, the spreading of the same gel into a thin
layer is no longer energetically favorable because of the added
cost of the gel−solvent interface (Figure 9b); hence, the shape
anisotropy remains lower and an extent of spreading
significantly decreases (Figure 9c).
To probe the interactions between the multiple nanogels

placed within the solvents of various qualities, we decreased
the affinity between the polymer and solvent by changing aPS =
80 (good solvent, the same cases as considered in Figure 8a,e)
to aPS = 95 (poor solvent, the highest polymer−solvent
interaction considered in Figure 9), while keeping the
remaining system parameters fixed as given above. We
analyzed densely and loosely cross-linked nanogels for the
system with four gels in a periodic box. Here, we use different
colors for each gel to be able to visually distinguish individual
gels (Figure 10a−e). It can be seen that individual gels do not
interpenetrate and remain clearly distinguishable. The absence
of gels’ interpenetration has been previously noted in
simulations on amphiphilic arborescent microgels87 and
experiments involving the compression of the interfacial
microgel monolayer.88 We find that upon a drop in solvent
quality the individual gels first shrink (Figure 10b) and then
agglomerate into a single cluster (Figure 10c). We note that
this behavior is consistent with gel aggregation upon the
decrease in solvent quality observed experimentally for
spherical gels.89 Upon changing the solvent quality back to
the good solvent, the gels move away from each other for both
densely (Figure 10d,e) and loosely cross-linked gels (Figure
S8). The densely cross-linked gels completely recover their
initial characteristics relatively quickly (red curves in Figure
10f,g for the extent of spreading and shape anisotropy,
respectively). We note, however, that the gel positions are
reshuffled with respect to each other after the recovery
(compare the same gels in Figure 10a,e). The same
characteristics for the loosely cross-linked gels (black curves
in Figures 10e,f) are also recovered to a large degree; however,
the large error bars corresponding to the averaging over four
gels indicate that for the case of loosely cross-linked gels
variations between the shapes of individual gels are greater
than that for densely cross-linked gels. Overall, the shape
anisotropy is lower for densely cross-linked gels in both
solvents, indicating that they retain a higher symmetry in any
solvent (Figure 10g).
Interestingly, the extent of spreading, α, is higher for the

loosely cross-linked gels than for the densely cross-linked
samples in a good solvent; however, the tendencies are
“flipped” in a poor solvent (Figure 10c). The latter effect could
be understood by recalling that each gel not only deswells in
poor solvent but is also able to be immersed more deeply in
the lower phase (Figure 9b). Therefore, the differences
between the extent of spreading in good and poor solvents
are expected to be significantly higher for loosely cross-linked
than for densely cross-linked gels. The morphologies of the
loosely cross-linked gels are shown at the interfaces with
changing solvent quality. It is worth noting that while the
cluster of four densely cross-linked gels attains approximately a
square cross section at the interface (Figure 10c), the cluster of
four loosely cross-linked gels has a close to circular cross
section (Figure S8b). Finally, the values of the largest linear
dimension, λ1 , of loosely and densely cross-linked gels within

these distinct four-gel clusters in poor solvent are comparable
(Figure S8d).

■ CONCLUSIONS
We investigated dynamic shape changes and the restructuring
of cubic hydrogels upon their adsorption onto the liquid−
liquid interfaces. We first validated our model parameters with
respect to the known experimental values for PAAm gels and
focused on spreading and shape changes of PAAm nanogels
onto the oil−water interfaces. We then probed the behavior of
active hydrogels by changing the affinity of the polymer matrix
to the solvent, which can be caused by the application of an
external stimulus (light, temperature, and change in the
chemical composition of solvent). We had shown that the
dynamics of the adsorption and spreading process and an
equilibrium shape of the gel is determined by the size, cross-
link density, and quality of the solvents. Nanogels reduce
interfacial tension by spreading over and to some degree
flattening at the interface. We showed that these gels are able
to adopt various shapes depending on their physical properties.
Loosely cross-linked gels and small gels (low total count of
polymer beads) spread significantly and adopt close-to-planar
shapes. Densely cross-linked gels and gels of larger sizes adopt
various complex shapes owing to a larger contribution from the
elasticity of a polymer network that in turn results in the
retention of a significant fraction of the gel in the water phase.
We quantified an enhancement in the extent of spreading and a
deviation from the symmetric equilibrium shapes captured by
the shape anisotropy that could be achieved by using loosely
cross-linked gels. Furthermore, by comparing the spreading of
gels of spherical and cubical shapes, we showed that the cubic
samples of approximately the same initial sizes were able to
retain their shapes significantly better, with the larger fraction
of gels extending out into the water phase. Our results show
that the choice of the cubic shape over the spherical one results
in a wider range of topographies that can be dynamically
prescribed onto the soft interface upon the gels’ adsorption.
We then probed the structural transitions in gels and

nanostructured interfaces containing multiple gels and focused
on the response of these nanostructured surfaces to solvent
quality caused by a variation in external stimuli. We showed
that when the solvent quality changes from good to poor the
nanogels that are adsorbed at the interface first shrink and then
aggregate into a cluster that has either an approximately square
cross section in the interface plane for the densely cross-linked
gels or an approximately circular cross section for the loosely
cross-linked gels. Upon changing the solvent quality back to
the good solvent, the gels move away from each other. These
results show that controlling the shapes and clustering of the
gels at the interfaces by means of changing solvent quality
results in tailoring the dynamics and topography of soft
nanostructured interfaces. Hence our findings provide insights
into the design of soft active nanostructured surfaces with
topographies controlled externally via solvent quality.
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