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Abstract

Hypothesis : Microgels can deform and interpenetrate and display colloid /polymer
duality. The effective interaction of microgels in the collapsed state is governed by the
interplay of polymer-solvent interfacial tension and bulk elasticity. A connecting neck
is shown to mediate microgel interaction but its temporal evolution has not been ad-
dressed. We hypothesize that the necking dynamics of attractive microgels exhibits

liquid-like or solid-like behavior over different time and length scales.

Ezxperiments : We simulate the merging and pinching of attractive microgels with
different crosslinking densities in explicit solvent using dissipative particle dynamics.
The temporal coalescence dynamics of microgels is investigated and compared with
simple liquid and polymeric droplets. We model the neck growth on long time scales
using Maxwell model of polymer relaxation and compare the theoretical prediction with
simulation data. The mechanical strength of the neck is characterized systematically

via simulated pinch-off of microgels by steered molecular dynamics.



Findings : We evidence a crossover in the coalescence dynamics reflecting the vis-
coelastic signature of microgels. In contrast to the common knowledge that viscoelastic
materials respond elastically on short time scales, the early expansion of the microgel
neck exhibits a linear behavior, similar to the viscous coalescence of liquid droplets.
However, the late regime with arrested dynamics resembles sintering of solid particles.
Through an analytical model relating microgel dynamics to neck growth, we show that
the long-term behavior is governed by stress relaxation of the polymers in the neck
region and predict an exponential decay in the rate of growth, which agrees favor-
ably with the simulation. Different from coalescence, the thread thinning in microgel

breakup primarily highlights its polymeric characteristics.
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Introduction

Microgels are macromolecular particles of sizes from nanoscale to microscale, which can swell
or collapse in solution in response to changes in the external environment such as solvency,
pH, ionic strength, and temperature.!? The unique combination of shape-morphability and
bio-compatibility makes microgels appealing for innovative applications in nanotechnology,
biosensing, and drug delivery in which conventional colloid particles would fail.*™* In the
collapsed state, microgels are found to be strongly attractive to each other upon contact
due to predominant surface tension effect.>® This adhesive contact could have significant
influences on self-assembly, gelation, jamming, and pattern formation of microgel systems.
In particular, the detailed dynamics of attraction could play an important role in governing
the rheological behavior of microgel suspensions.®!® Thus, a mechanistic understanding of
adhesion dynamics can enable experimentalists to prepare and exploit microgel materials
with tailored properties. However, it has remained challenging to experimentally resolve

contact dynamics and coalescence mechanisms of microgels on submicron spatiotemporal
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scales, which leaves clear opportunities for further exploration using numerical and the-

oretical methods. 314

As a hallmark of polymeric materials, viscoelasiticity is expected to affect the merging
of microgels in a fundamental way. The existence of internal or interfacial structures of
viscoelastic droplets can generate elastic resistance that offsets surface tension and prevents
them from full coalescence.!® '8 Similar behavior has been observed in the partial sintering
of polymer particles.'® Recent simulations reveal that microgel coalescence is mediated by
the expansion of a connecting bridge (neck) like in Newtonian droplets !%1320-22 hut, the evo-

lution is arrested, resulting in a dumbbell morphology.® Nevertheless, the effects of network

structure and chain relaxation on the temporal dynamics of neck growth are still elusive.

Methods

We numerically investigate the merging and pinching dynamics of two attractive microgels
in solution using dissipative particle dynamics (DPD) simulations.®?* 2% Microgels are con-
structed as spherical polymer particles sculpted from an infinite tetra-functional network.
Each polymer strand is modeled as a string of coarse-grained polymer beads with bond and
angle potentials, and uniform length throughout the network. The bond and angle parame-
ters are carefully chosen to avoid unphysical chain crossing. The crosslinking density of the
microgel is controlled by the strand length. The important effects of the surrounding medium
on liquid droplet coalescence have been well documented. %% In order to properly capture
the hydrodynamic effects, the surrounding medium is explicitly simulated in our system by
the introduction of solvent beads. The interactions between polymer and solvent beads are
relatively unfavorable, which represents poor solvent conditions.® The poor solvency yields
collapsed microgels of approximately 20 nm in radius regardless of crosslinking densities.
The size of the model microgel is thus experimentally relevant. Our model is parameterized

to represent the widely-used thermoresponsive poly(N-isopropylacrylamide)(PNIPAM) mi-



crogels dispersed in water at temperatures around 60 °C,® which is above its volume phase
transition temperature around 32 °C. Under this condition, the collapsed microgels become
attractive to each other.’® Simulation data are collected from five independent runs for
each system of interest. A typical simulation of our system takes approximately 48 hours by
using 4 Nvidia Tesla P100 GPU along with 4 Intel Xeon ES-2695 v4 CPU (72 CPU cores
at 2.10 GHz). Neck radius quantification and additional simulation details are described in
Supplementary Material. While exploring the microgel size effect is of general interest, DPD
simulations of large microgels require a significant amount of computational resources and

are left to future study.

Results and Discussion

Temporal coalescence dynamics

To highlight the distinct behaviors of microgel necking, we simulate two reference systems
with one being simple liquid droplets composed by monomer beads, and another being
polymer droplets of short linear chains (N = 10). The necking process of attractive microgels
with a strand length equal to the chain length in the polymer droplets is simulated for
comparison. Figure 1(a) shows both simple liquid and polymeric droplets coalesce into well
mixed droplets, while the microgels only adhere to each other through a stable neck. The
arrested coalescence of microgels underscores the importance of elastic effects as a result
of polymer network deformation. Figure 1(b) shows the temporal evolution of the neck
growth in simple liquid droplets reproduces the characteristic viscous (r* ~ 7) to inertial
(r* ~ 7'/2) transition. 23 Here, 7 is the simulation time scale and r* is a dimensionless
neck radius defined by r* = r/ Rg, where Rg is the radius of gyration of the droplet before
contact. Interestingly, all three systems show linear neck expansion (~ 7) on short time
scales. Learned from previous studies on the Newtonian coalescence of viscous droplets, this

common regime indicates that the viscous effect dominates at early stages of coalescence.
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Figure 1: (a) Representative simulation snapshots before and after the complete evolution of
the necks between pairs of simple liquid droplets, polymer droplets, and attractive microgels.
Unlike the simple liquid and polymeric droplets, microgels do not coalesce. Notably, the
snapshots in the two rows are not scaled to their actual sizes in the simulations, and the
solvent beads are not shown for clarity. (b) Corresponding necking dynamics of the three
systems presented in (a). All three systems show the linear viscous regime, but microgel
neck expansion is significantly slower than the Newtonian and polymer droplets, especially
on long time scales. Standard deviations among independent runs are small and not shown
in the plot. The triangles with numbers indicate the slopes of fitting lines. The inset is a
zoomed-in schematic of the neck region between two merging microgels.



The short-chain polymers are slightly more viscous compared to monomers. Thus, the neck
growth of polymer droplets is slower than the simple liquid droplets but the scaling relation
remains linear on short time scales.3! On long time scales, polymer droplets show sublinear
dynamics, which is qualitatively consistent with recent experiments.3>33 In contrast to simple
liquid and polymeric droplets, microgels exhibit a unique late-time contact dynamics. The
rate of the neck growth decreases significantly over time and the neck development eventually
ceases.

The early dynamics of polymeric droplets and microgels observed in our simulations is
counterintuitive because viscoelastic spheres should behave like elastic solid on a short time

t 34,35

scale of interes In addition, our data is in contrast to few recent studies on coalescence

32,33,36 reporting power-law coalescence. Nevertheless, the di-

dynamics of polymer droplets
mensional neck radii of microgels at the early stage of coalescence would be on the order
of a few nanometers. At such small length scales, the continuum mechanical description
of viscoelasticity may be inapplicable and such a nanoscopic neck itself may not be readily
realizable and accessible in physical experiments.'® We contend that strain during the initial
expansion is localized at the droplet/microgel surface and is too small to induce substantial
conformation change of polymer chains. The strain response thus primarily depends on the

viscous behavior of these surface chains. This could explain slower growth observed and the

neck growth closely follows the dynamics of Newtonian coalescence.

Visco-to-viscoelastic crossover

The necking dynamics of microgels with crosslinking densities of ¢ = 1%, 3%, 5%, 7%, and
11% are shown in Fig. 2. We observe a reasonable collapse of data for all the microgels
during early stages of coalescence. The consistent linear expansion again confirms that
microgels behave like liquid droplets on short time scales. The crosslinking density has no
notable effects on the neck growth in this regime. The late dynamics however is modulated

by the crosslinking density. The neck growth rate decays faster for microgels with higher



crosslinking densities. The final neck radius measured at the completion of adhesion also
decreases monotonically. Clearly, the long-time evolution of the neck is governed by the
elastic response of microgel. Based on these results, we hypothesize a separation in time
scales in coalescence dynamics, which is dictated by a crossover time 75. On short time scales
T < To, the necking exhibits the Newtonian behavior governed by the viscosity-capillarity
competition. The surface polymer chains flow into the neck region without experiencing chain
deformation and the topological constraint from the network connectivity. On long time
scales 7 > 19, the elastic resistance to further growth becomes prominent as the expansion
now not only involves the motion of concentrated polymer chains in the neck region but also
entails the network deformation in the bulk of microgel. We anticipate that the polymer chain
relaxation plays an important role in this regime, which we term as viscoelastic regime. We
model the transient contact dynamics in this regime by connecting microgel equation of

motion to neck expansion.

Theoretical analysis of viscoelastic necking dynamics

We consider the necking of two microgels of the same size is symmetric in the approaching
axis that connects the centers of mass of the microgels. The 1-D dynamics of one microgel

approaching another can be described by the Langevin equation:

ov oU

where m is the mass of microgel, v is the approaching velocity, and ( is the friction coefficient.
U is the interaction potential and x is the approaching coordinate with the origin defined at
the mid-plane of the neck. f is a random force capturing thermal fluctuations, which satisfies
the fluctuation-dissipation theorem.3” Using Stokes-Einstein relation, we can estimate the

2pR?

momentum and diffusion time scales of microgel motion as 7, = o~ and 7, =

247nR3
kgT

respectively. Here, p, R, n and kg7 are the solvent density, equilibrium microgel radius,
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Figure 2: Necking dynamics of microgels with different crosslinking densities. The inset
snapshot corresponds to the final steady-state structures of microgels at ¢ = 3% and ¢ =
11%. The inset schematic shows the model geometry and the balance between surface tension
and elastic forces. The triangle with numbers indicates the slope of a fitting line.



solvent viscosity, and characteristic thermal energy. 7, is much smaller than 7, for a microgel
of 20 nm radius suspended in water in the standard temperature range of volume phase
transition. Therefore, the inertia of the microgel can be ignored and only the overdamped
dynamics is resolved. We also neglect the random force term f given that it is much smaller
than the interaction force at the late time of neck evolution.® The equation is now simplified
to 0 = —Cv — %—g. As shown in Ref.!! assuming the axisymmetric flow, the approaching
velocity of microgels v = dx/dr can be related to the neck growth velocity by v ~ 0.5 dr/dr.
The force derived from the interaction potential U has two components: the surface tension
force that promotes adhesion and drives the neck expansion and the elastic force in the neck
that arrests further growth. The surface force applied on one particle can be approximated
by «v-27mr-cosf = v-2mr-r/R, where « is gel-solvent surface tension. The elastic resistance
is given by 772 - 0, where o, is the stress in the cross section of the neck. The equation of
motion can now be cast in terms of the neck radius:

d
Céz—ar-mg—i—fy-%ﬂ"-% (2)

In this study, we assume the deformation of collapsed microgel is small and treat R as a
constant. The friction is mainly attributed to the Stokes drag of individual polymer chains at
the interface of the two microgels, so the friction would scale with the neck area: ¢ = (ymr?.
Supposing the elastic modulus of the microgel is G, we have o, = G\, where X is the
effective strain of the microgel. Considering small overall deformation during this necking
regime, A is also assumed to be a constant. By canceling the area dependence in all term,
the equation becomes:

dr 2y

where a = (p/\ is a scaling constant with units of [n - 7].

The elastic stress is composed of a contribution from the bulk network deformation and

the one from the concentrated polymers in the neck region. We can thus express the total



modulus G, into a time dependent part G(7) that accounts for the polymer viscoelasticity
in the neck, and a constant part G, describing the intrinsic network elasticity: G, =
G(T)+ Gpet- Grer 18 a constant that only depends on network properties. The affine network
model predicts Gyt = 3p,kpT /N, where p, is polymer density inside the gel and N is the
strand length.?® Integrating the equation a2 = —G(7) — Gper + 2% from 7 = 79 to 7 = 00
should yield the necking dynamics in the long time regime. Moreover, this equation can
be further simplified by noting the finite neck radius r(7 = 00) = re,q at the steady state,
which means the constant terms —G,,.; and % should cancel each other. This result can
be understood by the balance between the network elasticity and capillarity at the steady
state. Assuming the neck growth is a quasi-steady process during the late-stage adhesion,
the cancellation of bulk elasticity and surface tension effect is valid at any instance. This
30

treatment was also used in a recent theoretical analysis of Newtonian droplet coalescence.

Now we have

dr
0t = —G(7) g

G(7) is essentially a dynamic elastic modulus associated with the viscoelastic relaxation of
accumulated polymers in the neck area, which decays over time. Using the Maxwell model
G(1) = Gy - exp(—7/7.), where Gy is a constant elastic modulus at 7 = 7y, and 7. is the
characteristic relaxation time of the polymers, the necking dynamics in the regime of 7 > 7y

can be obtained as

T (5)

T = Tena — Teb - €xp( -

where b = Go/a and 7. are fitting parameters.
The prediction of this model shows favorable agreement with our simulation data, as
shown in the individual fittings in Fig. S1(a). The variations in the polymer relaxation time
7. and the corresponding neck radius 7. for microgels of different crosslinking densities are

given in Fig. S1(b). Generally, microgels with lower crosslinking densities (longer polymer

strands) have larger 7. and r.. The trend of variations for 7. qualitatively agrees with the
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Figure 3: Normalized necking growth r/r. as a function of normalized time 7/7.. The
characteristic relaxation time of each microgel 7. is obtained from the fitting to Eq.(5).
Black dotted line corresponds to the early linear scale relaxation(~ 7/7.) and blue dashed
curve represents the late dynamics modeled by Eq.(5). The intersection of the two fitting
curves determines the crossover time 7.
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Rouse model prediction 7, ~ N~2. However, polymer chains in microgels are connected by
crosslinkers, we do not expect it follows the exact Rouse scaling. Note that the difference in 7,
between low crosslinkers 1% and 3% is small, which is probably caused by the entanglement
effect for long polymer chains. If we normalize the necking radius by r/r. and time by 7/,
the simulation data for all five microgels collapse reasonably on one master curve, as shown
in Fig. 3. The crossover between the viscous and viscoelastic regimes is presented by a
crossover time 7y, which is dictated by the intersection of the curve given by Eq. (5) and
the linear fitting of the viscous regime. This results provides evidence for the separation
of regimes in microgel neck growth and the dominant effect of polymer relaxation on the
late-stage dynamics.

Our simulation results and theoretical model show a transition from a viscous regime to
a viscoelastic regime in microgel necking. To verify this new insight, experiments are needed
to measure some key observations, for example the crossover time 7y. Previous experimental

11,3039 reported that the crossover (from viscous to inertial regime) time of liquid

studies
droplet coalescence scales with the square root of droplet size v/ R, and thus increases as the
droplet size increases. Although we have yet to obtain a theoretical prediction of 7y, the re-
sults imply its dependence on the fluid-like behavior of microgel in the viscous regime. Thus,
while the crossover time 7y for the microgels in this study may be too small for experimental
measurements, we expect 7y of larger microgels to be measurable by current experimental
techniques. For example, the sintering dynamics of sub-micro polymeric particles have been
be measured by 3D tomography, nanoindentation and confocal microscopy. 4°

The polymer strands used in this work are relatively short (N = 4 — 50). Thus the
entanglement of polymers is expected to have minor effects on the chain dynamics. As a

13® with equal modes, serves well

result, the Maxwell model, a special case of the Rouse mode
here for describing the polymer relaxation in the long-time viscoelastic regime. We envision
the use of more sophisticated and accurate Rouse model would push the solution success

toward earlier times, as it involves multi-mode relaxation on different time scales. However,
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the analytical solution of using Rouse model will be non-trivial. The Eq.(5) based on Maxwell
relaxation provides a simple and elegant prediction for microgel necking dynamics in the long

time regime.

Pinching of attractive microgels

It is also of interest to explore the strength of the neck between these attractive microgels.
To investigate the adhesive properties of microgel neck, we model the breakup of microgels
by pulling them apart at a constant speed using steered molecular dynamics (SMD) sim-
ulation.® Figure 4(a) shows that the two microgels produce a long and stable neck prior
to it ruptures. This behavior is reminiscent of elasto-capillary thinning and breakup of
viscoelastic droplets.304142 The necking radius variations shown in Fig. 4(b) demonstrate
microgels with low crosslinking densities can endure greater separation and requires more
mechanical work for eventual pinch-off (Fig. 4(d)). To quantify the microgel morphology

N ( (i)_TC’M)(T,

() _,.cM

n n)?

during pinch-off, we calculate the gyration tensor S,,, = (1/N)>_
where 7"5,? is the m'™ Cartesian coordinate of the position vector of the i*" constituent DPD
bead of the microgel. Figure 4(c) shows nonmonotonic microgel deformation quantified by
the principal moment of gyration tensor in the pulling direction A, which characterizes the
deformation along the pulling direction. This behavior indicates that the microgels start
to recover their shape before their necks completely break. Our results confirm microgels
with low 7 are more liquid-like and the adhesion between them is stronger® as a result of
dominant surface tension effect.

The pinching behavior also provides important information on the interplay among iner-
tia, surface tension, interparticle interaction, and microgel structure. The longer endurance
of neck at lower crosslinking densities implies that the surface tension exhibit a dominant
effect on the contact of these fluid-like microgels. They are able to maintain the neck even

after the shape recovery begins. On the other hand, the early break of highly crosslinking

microgels highlights the importance of inertia and elasticity for relatively rigid particles.
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Figure 4: (a) Represented snapshots showing the formation of elongated thread during the
pinch-off of microgels with ¢» = 1%. (b) Neck radius changes over time during the breakup
of microgels with varies crosslinking densities. (c) Variations in the principal moment of
gyration tensor of the microgels in the direction of pulling coordinate A2. (d) Accumulated
work during the pulling. The shaded area represents standard deviations of five independent

runs. The spring constant and pulling speed is set to 5000 kgT'/rg and 0.0024 ro/7, where
7o is the cut off interaction distance in DPD simulations.®
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Conclusions

In summary, this work presents the first attempt to explore the role of polymer viscoelas-
ticity in determining the necking dynamics of attractive microgels in the collapsed state.
In contrast to common expectation that elastic behavior of polymer sphere dominates on
short time scales during coalescence,® the early dynamics of microgel necking is found to
be surprisingly similar to viscous coalescence of Newtonian droplets.!?3? On the long time
scales, the necking dynamics is observed to be arrested by the network structure of micro-
gels.'® In this regime, the neck growth coincides with the relaxation of polymer chains in the
neck. Based on the Maxwell polymer relaxation model, the simple theoretical prediction of
late neck growth shows favorable agreement with the simulation data. The result suggests
a novel viscous-to-viscoelastic crossover in the coalescence of strongly attractive microgels.
On the other hand, the breakup of microgels is mediated by the formation of elongated
polymer thread and subsequent thinning before eventual rupture. This pinch-off behavior
largely highlights the polymeric nature of microgels. This work shed light on the intriguing

interface dynamics of these emerging soft particles on different length and time scales.

In addition, the findings of this work provide useful insights for designing microgels with
tailored properties in experiments. The correlation between the necking dynamics and poly-
mer relaxation suggests that the rheology of attractive microgels depends sensitively on the
density and length of polymer chains at the surface of the microgel. Consequently, the
rheology of microgel suspensions can be controlled by modifying network structure or graft-
ing dangling chains at the microgel surface. Moreover, the characterization of the pinching
behavior shows that microgels with lower crosslinking densities dissipate more work and
endure stronger deformation. This result sheds light on the manipulation of the interplay
among inertia, elasticity, and capillarity in microgel materials through tuning interfacial

chain structure.
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