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A. Dissipative Particle Dynamics

All simulations in this work are modeled with dissipative particle dynamics (DPD). DPD

is a mesoscale coarse-grained method that is widely used in polymer gel simulations1–8 be-

cause of its computational efficiency and ability to capture hydrodynamics by simulating

explicit solvents. It has also been shown to reproduce correct necking dynamics of two wa-

ter droplets.9 In DPD, each bead represents several molecules or molecules groups and its

dynamics is described by Newton’s second law mdv
dt

= fi. A DPD bead interacts with other

beads through three types of pair-wise forces: fi =
∑

j(F
C
ij + FD

ij + FR
ij). The sum is carried

out for all neighbor beads j within the cut-off r0. For convenience, all DPD beads have the

same mass m and cut-off interaction distance r0, both are set to 1 per convention.1 The

conservative force is given by FC
ij = aij(1 − rij/r0)eij, where aij is the maximum repulsion
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between bead i and j, rij = |ri − rj| is the inter-bead distance, and eij = |ri − rj|/r0 repre-

sents the force direction. The dissipative force is related to the relative velocity between the

two beads vij = vi − vi via FD
ij = −αwD(rij)(eijvij)eij. The random force which represents

a Gaussian noise is given by FR
ij = βwR(rij)ξijeij. Here, the random variable ξij satisfies

〈ξij(t)〉 = 0 and 〈ξij(t)ξkl(t
′
)〉 = (δikδjl + δilδjk)δ(t − t

′
). The temperature of the DPD

system is controlled inherently through the fluctuation-dissipation theorem, which demands

[wR(rij)]
2 = wD(rij) = (1−rij/r0)2 and β2 = 2kBTα, with kB being the Boltzmann constant.1

As per convention, we set α = 4.5, and the energy scale kBT in DPD under room temper-

ature is also set to unity, which yields the characteristic time scale τ =
√
mr20/kBT = 1.

Polymer beads are further subject to a harmonic bond potential Ebond = 0.5Kbond(rb − rb0)2

and an angle potential Eangle = 0.5Kangle(1 + cos θ). The bond and angle strengths are set

to Kbond = 128 kBT/r
2
0 and Kangle = 4 kBT , respectively. The equilibrium bond length is

set to rb0 = 0.5 r0, θ is the angle between two consecutive bonds. The equation of motion is

integrated using the velocity-Verlet algorithm. The total number density is set to 3. Simu-

lation time step is set to ∆t = 0.01 τ . Note that this relatively small time step is necessary

for avoiding nonphysical bond crossing in DPD simulations of dense polymer systems. We

test polymer melt and attractive microgel systems with the above setting, no bond crossing

is observed. However, increasing ∆t >= 0.015 τ will results in significant bond crossing.

B. Microgel and Droplet Models

To easily control the internal network structure of microgel particles, each microgel in this

work is modeled as a tetra-functional polymer network within a spherical cutoff.3,7 A polymer

strand within the microgel has N coarse-grained polymer beads. Each microgel has approxi-

mately 90,000 beads, and have a radius R ≈ 20 r0 in the collapsed state. The microgel beads

in DPD simulations can be mapped to physical oligomer units of poly(N-isopropylacrylamide)

PNIPAM microgels. Each solvent bead in our simulations represents 12 water molecules.5,7,10
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Thus the volume of one DPD bead is 360 Å3. Mapping the solvent number density in DPD

ρDPD = 3 r30 to the water density ρwater = 1 g/cm3 gives r0 ≈ 1 nm and the characteristic

massm = 216 Da.5,7,10 Since all beads have the same mass in DPD, a coarse-grained polymer

bead represents 1.9 N-isopropylacrylamide (NIPAM) monomers. Knowing the characteristic

length and energy yields the intrinsic time scale τ = (mr20/kBT )0.5 = 9.6 ps. Thus, the phys-

ical radius of the attractive microgels in this work is about 20 nm assuming uniform density

within the gel. We vary N = 4, 7, 16, 30, and 50, which yield microgels with crosslinking

densities of approximately ψ = 11%, 7%, 5%, 3%, and 1%, respectively. Note that we remove

the dangling chains at the microgel-solvent interface so all polymer strands have a uniform

length. the difference in total bead number for different ψ is within 2%.

The interaction between solvent and polymers determines the microgel swelling states.

We choose the repulsive parameter between like beads to be: ass = app = 25 kBT/r0, with the

subscripts s and p representing solvent and polymer species, respectively. The repulsive pa-

rameter between the unlike polymer and solvent beads, aps , is related to the Flory-Huggins

χps parameter characterizing the polymer-solvent interactions by aps − 25 = χpskBT/0.306.

aps between thermal-responsive microgels (e.g., PNIPAM) with a lower critical solution tem-

perature (LCST) and water has been investigated in our previous studies.3,5,10 Thus, we set

aps = 32.5 kBT/r0 in this work to yield collapsed microgels with polymer concentrations

over 90%.5,10 All microgels are initially isolated in a simulation box of 60 r30 for running

1×106 time steps for equilibration. Two identical attractive microgels are then placed into a

simulation box of 120 r0× 60 r0× 60 r0. The centers of mass of the microgels align with the

center line of the x axis with a small separation distance of 1 r0 between microgel surfaces.

We then bring them together with a small initial velocity of magnitude 0.01 r0/τ , similar to

experimental analysis and other simulation approach.11

The two reference systems of liquid droplets and polymer droplets are created in a similar

way as microgels. Except that there is no bond between liquid droplet beads and no crosslinks

connect polymer chains in polymer droplets. The total bead number in one droplet is similar
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for all three spices (Ntot ≈ 90, 000). The equilibrium and necking initiation process in these

two systems are the same as microgel particles. However, liquid droplets beads are more

likely to diffuse into the outer fluid compared to polymeric systems, so we increase the bead-

bead interaction between liquid droplets and the outer fluid to als = 100 kBT/r0. All the

droplets have radii of approximately 20 nm before interaction.

C. Neck Radius Calculation

We calculate the neck radius by assuming the neck as a short cylinder between the two

microgels. We divide the simulation box into small spatial bins with a thickness of ∆x =

0.2 r0 in the direction of the approaching coordinate x, and count the polymer or droplet

beads in each slabs. In every 10 time steps, the minimum sum of bead count in three

consecutive bins will define the location of the neck. The bead number count Nsum in these

three bins will serve to calculated the neck radius r assuming impressibility: πr2 · 3∆x · ρp =

Nsum, where ρp is the polymer number density. To avoid the noise of very early time, the

characterization of the neck radius begins when r > 2.5 r0, similar to the necking analysis in

other simulation studies.11 Five independent runs will be performed for one necking growth

analysis. The initial time for r = 2.5 r0 is determined by interpolating the neck-evolution

profiles to satisfy the condition that the necking starts in τ = 0.
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Supplementary Figures

Figure S1: (a) Individual fittings of neck growth to Eq. (5) for microgels with different
crosslinking densities. (b) The dependence of resulting fitting parameters: characteristic re-
laxation time of polymer relaxation τc and corresponding neck radius rc on microgel crosslink-
ing density.
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