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The structural and dynamical properties of ultra-soft colloids—star polymers—exposed to a uni-

form external force field are analyzed by applying the multiparticle collision dynamics technique, a

hybrid coarse-grain mesoscale simulation approach, which captures thermal fluctuations and long-

range hydrodynamic interactions. In the weak-field limit, the structure of the star polymer is nearly

unchanged; however, in an intermediate regime, the radius of gyration decreases, in particular trans-

verse to the sedimentation direction. In the limit of a strong field, the radius of gyration increases

with field strength. Correspondingly, the sedimentation coefficient increases with increasing field

strength, passes through a maximum, and decreases again at high field strengths. The maximum value

depends on the functionality of the star polymer. High field strengths lead to symmetry breaking with

trailing, strongly stretched polymer arms and a compact star-polymer body. In the weak-field-linear

response regime, the sedimentation coefficient follows the scaling relation of a star polymer in terms

of functionality and arm length. Published by AIP Publishing. https://doi.org/10.1063/1.5001886

I. INTRODUCTION

External fields are able to induce drastic conformational

changes of soft materials, such as polymers, colloids, vesi-

cles, etc. In turn, their dynamical and transport properties

are modified, an effect which can be exploited in technical

applications.1,2 The understanding of the relation between the

nonequilibrium structure and the transport coefficients is fun-

damental for the rational design of novel functional materials

as well as the understanding of the functional principles of bio-

logical systems. The intriguing nonequilibrium properties of

soft matter in shear and the Poiseuille flow have been illustrated

for linear3–13 and star polymers14–18 as well as vesicles19–27

and blood cells.28–37

In nature, large macromolecular or colloidal particles sed-

iment to the bottom of a container due to the gravitational force

and the density difference of the particles and the solvent.

Technically, gravity-driven motion is exploited in analytical

ultra-centrifuge techniques for the characterization and separa-

tion of synthetic and biological molecules from mixtures.38,39

Sedimentation of colloidal and polymeric systems is enor-

mously important for scientific and engineering applications

because soft materials whose size and shape are sensitive to

thermal fluctuations and weak external flows exhibit interest-

ing and a priori unexpected physical behavior. An example is

the sedimentation coefficient of DNA molecules in a dilute sus-

pension, which decreases with the increasing driving force,40

denoted as sedimentation anomaly. It is explained by inhomo-

geneous hydrodynamic interactions of the polymer coil.41–43

a)Electronic mail: spsingh@iiserb.ac.in
b)Electronic mail: g.gompper@fz-juelich.de
c)Electronic mail: r.winkler@fz-juelich.de

The coil exterior, especially the chain ends, experiences a

higher drag, while the monomers in the interior are hydro-

dynamically shielded. This implies a deformation of the coil

and a decreasing sedimentation coefficient.41,44 Indeed, the

computer simulations of Refs. 41 and 44 reveal intriguing con-

formational changes of the polymer coil with a strong polymer

stretching of the trailing end and the formation of a rather

compact polymer core.

In the present work, we investigate the steady-state

sedimentation properties of dilute suspensions of ultrasoft

colloids—star polymers. These colloids are particularly inter-

esting due to their intrinsic nature to inhibit colloidal and

polymeric properties.15,17,18,45 A star polymer is a special type

of branched polymer, comprised of several flexible linear poly-

mers which are attached to a common center. The number

of polymer arms controls the properties of the colloid—a

small number of arms leads to polymer-like behavior and

a large number of arms leads to colloidal behavior. The

equilibrium and nonequilibrium properties of star polymers

have been addressed in various experimental and simulation

studies.14–18,46–53

Hydrodynamic interactions are essential for the sedimen-

tation of polymers, as discussed, e.g., in Ref. 41. To adequately

account for fluid-mediated interactions, we combine molecular

dynamics (MD) simulations of a star polymer with the multi-

particle collision (MPC) dynamics approach for the fluid.54–56

MPC is a particle-based simulation approach, which pro-

vides a solution of the Navier-Stokes equations on appropriate

length and time scales.57–59 It includes thermal fluctuations

and is excellently suited for combination with MD simula-

tions.55,56 MPC has been shown to provide valuable insight

into a broad spectrum of nonequilibrium properties of sys-

tems such as polymers,10,11,60–65 colloids,48–50,66,68,69 vesicles

and cells,20,29,33 and active particles.69–76
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We find a strong influence of fluid-mediated interac-

tions on the nonequilibrium sedimentation and conformational

properties of star polymers. The sedimentation coefficient and

the radius of gyration of the star polymer exhibit a non-

monotonic behavior. At intermediate field strengths, the coef-

ficient increases with increasing field strength, assumes a max-

imum, and decreases at large field strengths again. Thereby,

the increase is more pronounced for star polymers with a larger

arm number. The changes in the radius of gyration are strongly

linked to those of the sedimentation coefficient, however, with

the opposite trend, i.e., the radius of gyration decreases first

and increases at large field strengths. Interestingly, the star

polymers exhibit a trailing tail at high field strengths, with a

few strongly stretched polymer arms.

The outline of this paper is as follows. In Sec. II, the star-

polymer model, the coarse-grained description of the explicit

solvent, and the interaction of the external field with the poly-

mer are introduced. Section III presents results for the confor-

mational and dynamical properties of the star polymers. All

results are summarized and discussed in Sec. IV.

II. MODELS

A. Star polymer

We consider a very dilute suspension of star polymers. A

star polymer itself consists of f identical flexible linear poly-

mers, which are linked at a common center by one of their

ends. A polymer is modeled in a coarse-grained manner as a

linear bead-spring chain of Nm beads of mass M; hence, the

total number of beads are Np = fNm + 1. The bond potential is

given by

VB =
ks
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where R
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is the position of monomer k (k ∈ {1, . . ., Nm})

of arm µ (µ ∈ {1, . . ., f }), l is the equilibrium bond length,

and ks denotes the spring constant. The bond length for the

central bead R0 is l0. Excluded-volume interactions between

non-bonded beads are taken into account by the repulsive,

truncated, and shifted Lennard-Jones (LJ) potential77

VLJ = 4ǫ

f
∑

ν,µ=1

Nm
∑

k,j=0


*
,

σ

R
νµ

kj

+
-

12

− *
,

σ

R
νµ

kj

+
-

6

+
1

4


× Θ(21/6σ − ∆R

νµ

kj
). (2)

Here, Θ(x) is the Heaviside step function [Θ(x) = 0 for

x < 0 and Θ(x) = 1 for x ≥ 0]. The distance between the

monomers is R
νµ

kj
= |Rν

k
− R

µ

j
|, with R

ν
0
≡ R0 (ν, µ ∈ {1, . . .,

f }, k, j ∈ {0, . . ., Nm}). Self-interactions are excluded, i.e.,

k , j for ν = µ.

Every star-polymer bead is exposed to the gravitational

field Ĝ = −Ĝey, where ey is the unit vector along the direc-

tion of the y-axis of the Cartesian reference system. Hence, it

experiences the force

FG = MĜ. (3)

In the sedimentation process, fluid is dragged along by a star

polymer, which induces a fluid flow. In an experiment, this

fluid is reflected by the confining container walls and induces

a backflow. To prevent a net fluid flow in our system with peri-

odic boundary conditions, we modify the equations of motion

of the fluid in such a way that the total momentum of the sys-

tem (fluid plus star polymer) is zero. By this requirement, fluid

backflow is introduced. This leads to the additional force on a

bead (cf. Appendix)

Ff = −
M2Np

MNp + mNs

Ĝ, (4)

where m is the mass of the fluid particle, N s is the total number

of fluid particles, and MNp is the total mass of a star polymer.

B. Multiparticle collision dynamics

The ambient fluid is described by the multiparticle col-

lision (MPC) dynamics approach, an off-lattice, mesoscale,

hydrodynamic simulation technique.54–56 In this method, the

fluid is represented by point particles with positions ri and

velocities vi (i = 1, . . ., N s). The particle dynamics proceeds

in discrete steps, the streaming and collision step. During

streaming, the fluid particles of mass m move ballistically in a

closed system. However, the gravitational-field induced back-

flow has to be taken into account, which yields the velocities

and positions after streaming

vi(t + h) = vi(t) −
MNp

MNp + mNs

Ĝh, (5)

ri(t + h) = ri(t) + hvi(t) −
MNp

MNp + mNs

Ĝ
h2

2
, (6)

with the collision time h. In the collision step, the simulation

box is partitioned into cubic cells of side length a to define the

multiparticle collision environment. The solvent particles are

sorted into these cells and their relative velocities, with respect

to the center-of-mass velocity of the cell, are rotated around a

randomly oriented axis by an angle α, i.e.,

vi(t + h) = vi(t) + (R(α) − I)(vi(t) − vcm(t)), (7)

where R is the rotation matrix, I is the unit matrix, and

vcm =
∑Nc

j=1
vj/Nc is the center-of-mass velocity of the cell

with Nc particles. In this stochastic process, mass, momentum,

and energy are conserved. Momentum conservation ensures

hydrodynamic behavior which emerges on larger length and

time scales.55,56,78

The interaction of the star polymers with the fluid is estab-

lished during the collision step.56,57,65,79 Thereby, the bead

velocities are rotated according to Eq. (7) similar to those

of the fluid particles, with the center-of-mass velocity of the

respective collision cell

vcm(t) =

∑Nc

i=1
mvi(t) +

∑Nm
c

k=1
MVk(t)

mNc + MNm
c

. (8)

Here, Nm
c is the number of beads in the considered cell.

Thereby, momentum is redistributed between the fluid and

monomers, and long-range correlations emerge.59

In order to maintain a constant temperature and to remove

the energy introduced by the external field, we apply the



084901-3 Singh, Gompper, and Winkler J. Chem. Phys. 148, 084901 (2018)

Maxwell-Boltzmann scaling (MBS) method, which yields a

Maxwell-Boltzmann distribution of the fluid-particle veloci-

ties.80,81 In the MBS thermostat, the relative velocities—with

respect to the center-of-mass velocity of a collision cell—of

all particles within such a cell are scaled by a stochastic factor,

leaving the dynamical properties of the system unaltered. The

stochastic factor is determined from the Gamma distribution

function of the kinetic energy of the particles in a cell.

C. Parameters

The dynamical behavior of the fluid depends on the vari-

ous model parameters. The transport properties of the solvent

are determined by the collision time h, the rotation angleα, and

the average number of particles 〈Nc〉 per cell,55,56,82–86 which

corresponds to the fluid mass density ρs = m〈Nc〉/a
3. Small

collision times and a large number of MPC particles, 〈Nc〉,

result in fluid-like behavior with a high Schmidt number Sc.

In our simulation, we choose parameters such that the trans-

port of momentum due to collision dominates over diffusion.

Explicitly, we use the collision time h/
√

ma2/(kBT ) = 0.1,

the rotation angle α = 130◦, and 〈Nc〉 = 10. These parameters

correspond to the solvent viscosity ηs = 8.7
√

mkBT/a4, kine-

matic viscosity νs = ηs/ρs = 0.87
√

a2kBT/m, and the Schmidt

number Sc ≈ 17.81

We study the sedimentation behavior of star polymers with

the polymer arm lengths Nm = 10, 20, 40, and 80. In order to

achieve a comparable finite-size effect for the various polymer

lengths on the dynamical quantities, we fix the ratio of the

simulation box size along the field direction (y-axis) and the

radius of gyration of the star polymer for the respective arm

length. A polymer gets elongated in the field direction, thus

the size of the simulation box along the field direction has

to be larger than the polymer length. Explicitly, we apply the

following extensions (Lx, Ly, Lz) of the simulation box for

the various polymer lengths: Nm = 80, Lx/a = 80, Ly/a = 200,

Lz/a = 80; Nm = 40, Lx/a = 60, Ly/a = 130, Lz/a = 60; Nm

= 20; and Nm = 10, Lx/a = 40, Ly/a = 90, Lz/a = 40. Periodic

boundary conditions are applied in all spatial directions. This

corresponds to nearly 107 fluid particles for the polymer length

Nm = 80 and nearly 105 fluid particles for Nm = 10. In general,

mN ≫ MN s, hence the correction term for backflow [Eq. (4)]

is typically negligible. All the simulations are performed over

a range of field strength G = MĜl/kBT, where 10�4 ≤ G < 1.

For the polymer, we use the Lennard-Jones parameters ǫ

= kBT and σ/l = 0.8. The parameters for the harmonic bonds

are l = a and ks/(kBT /l2) = 5000. The mass of a bead is M

= 10 m. The size of the central bead and the bond lengths to

the respective first bead of a polymer arm are twice as large as

those of the polymers themselves. This is necessary to allow

for a large number of arms to be connected to the central bead.

The velocity Verlet algorithm77 is used to integrate New-

ton’s equations of motion of the star polymer with the

integration time step h/20.

For an efficient simulation of the system, we apply a

hybrid procedure, where a graphics processing unit (GPU) is

combined with a central processing unit (CPU). MPC is the

most time-consuming part of our simulation. Hence, we divide

the computational task into two parts. The equations of motion

of the star polymer are always integrated on the CPU. The

MPC dynamics is performed on a GPU. Since MPC stream-

ing of the fluid particles as well as their collisional interactions

are carried out independently, the fluid dynamics is highly par-

allelizable and can be managed in an efficient way on a GPU.

After every MPC streaming step, velocities and positions of

the monomers are transferred from the CPU to the GPU for the

collisional interaction with the fluid particles. After the colli-

sion with fluid, velocities are transferred back to the CPU for

the integration of the bead equations of the solute. A detailed

description of the GPU implementation of MPC is provided

in Ref. 87.

III. RESULTS

A. Sedimentation coefficient

Under the influence of the external field and in the station-

ary state, the star polymer drifts along the direction of the field,

with a constant average velocity. Hence, the magnitude of the

total external force FT = MNpĜ is equal to the magnitude of

the frictional force, i.e.,

MNpĜ = γVcm, (9)

where γ is the total friction coefficient of the star polymer and

Vcm =
∑Np

i=1
〈Vi〉 /Ns is its center-of-mass velocity. The ratio

of the center-of-mass velocity and the external force defines

the sedimentation coefficient S, thus

S ≡
Vcm

Ĝ
=

MNp

γ
. (10)

Using Stokes relation, the friction coefficient (γ = 6πηRh)

is proportional to the hydrodynamic radius Rh of the star poly-

mer. With the approximation of the hydrodynamic radius by

the radius of gyration Rg, for which scaling arguments yield

the relation

Rg ∼ lNν
mf (1−ν)/2, (11)

with the critical exponent ν ≈ 0.6,46,88,89 the sedimentation

coefficient should exhibit the scaling relation

S ∼ N1−ν
m f (1+ν)/2 (12)

at least for unperturbed star polymers at low external forces.

Our simulation studies of Ref. 90 on the diffusive dynamics of

star polymers of various functionalities confirm approximately

the dependence Rg ∼ f (1�ν )/2, with ν ≈ 0.63 for the considered

short polymers, but show a somewhat stronger dependence of

the hydrodynamic radius on f, namely, Rh ∼ f δ̂ with δ̂ = 0.29

instead of 0.2. We like to mention that in the free draining

limit, the friction coefficient is proportional to Np and the

sedimentation coefficient is independent of the star molecular

weight.

Figure 1 displays sedimentation coefficients for various

functionalities as a function of the scaled strength G = MĜl/kBT

of the external field. Note that l corresponds to the Kuhn length

of the polymer. The curves are normalized by the respec-

tive asymptotic sedimentation coefficient S0 in the limit of

vanishing field. As expected, the sedimentation coefficient is

independent of Ĝ in the linear response regime for all function-

alities. To achieve accurate results, we have generated nearly
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FIG. 1. Normalized sedimentation coefficients S/S0 of star polymers with

the indicated functionalities for the arm length Nm = 80 as a function of

the external field G = MĜl/(kBT ). S0 is the sedimentation coefficient of the

asymptotic weak-field limit.

50 independent data sets for every f in the weak-field limit

because here thermal fluctuations are strong and the drift is

weak. In an intermediate regime, S/S0 increases with increas-

ing G, passes through a maximum, and decreases again. Since

we are limited in the range of applicable forces, we cannot

extent our studies to large G and, hence, cannot comment

on the behavior for asymptotically large values. However, we

observe a strong dependence on the functionality. Thereby,

S/S0 increases with increasing f for intermediate field strengths

and the maximum shifts to larger G. This is certainly related

to considerable conformational changes of the star polymer as

illustrated in Fig. 2.

The dependence of the sedimentation coefficient S0 on the

arm length and number is shown in Fig. 3. The values of S0 for

various Nm and f are obtained in the linear response regime in

the weak-field limit. In this regime, S0 is independent of G. In

accord with the scaling prediction of Eq. (12), S0 increases with

increasing Nm and f, respectively. Thereby, we find S0 ∼ N0.37
m

in close agreement with Eq. (12) for ν≈ 0.63. The latter value is

FIG. 2. Snapshots of a sedimenting star polymer for the arm number f = 5,

arm length Nm = 80, and several values of the scaled gravitational field

strength G = 10�3, 10�2, 10�1, and 0.5 (left to right). See also movies in

the supplementary material.

FIG. 3. (a) Dependence of the sedimentation coefficient S0 on the length of

polymer arms for f = 5 and f = 40. The solid lines illustrate the power-law

dependence S0 ∼ N1−ν
m , whereν ≈ 0.63. (b) Dependence of the sedimentation

coefficient S0 on the number of polymer arms f for the arm lengths Nm = 40

and Nm = 80. The solid lines are the power-law fits S0 ∼ f δ , with δ ≈ 0.4.

consistent with various simulation studies of equilibrium and

nonequilibrium properties of star polymers for the considered

arm lengths.49,51,67,90 For the dependence of S0 in f, we find the

power law S0 ∼ f δ , with δ≈ 0.4 independent of polymer length.

However, δ is significantly smaller than the value predicted

by scaling considerations [Eq. (12)], which is 0.82. Even if

we consider the somewhat stronger dependence Rh ∼ f 0.29 on

functionality, the value δ = 0.4 is significantly smaller than the

theoretical prediction. The origin of the discrepancy remains to

be resolved, but backflow might influence the hydrodynamic

interactions between the beads.

Figure 4 displays the scaled sedimentation coefficient

S/S0 for the polymer lengths Nm = 10, 20, 40, and 80 and

the two functionalities f = 5 and 40 as functions of the

Weissenberg number Wi. The Weissenberg number is defined

as follows. At weak external fields, a star polymer experiences

a shear force on its surface during sedimentation, which gives

rise to the shear rate γ̇ ∼ Vcm/Rg. Within the blob model of

a star polymer,46,47 this leads to the scaling relation for γ̇ in

terms of the arm length and functionality

γ̇ ∼ ĜN1−2ν
m f ν . (13)

The relaxation of a polymer arm is dominated by the relax-

ation of its largest blob47 and, hence, we define a Weissenberg

number via Wi = γ̇τB, with the blob relaxation time τB. In the

presence of hydrodynamic interactions, τB ∼ R3
B

, where RB is

the blob radius. The latter scales as RB ∼ Rgf −1/2 ∼ Nν
mf −1/2

with arm length and functionality.47 Thus, we finally obtain

the scaling relation for the Weissenberg number

Wi ∼ ĜN1+ν
m f ν−3/2. (14)
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FIG. 4. Scaled sedimentation coefficients S/S0 of star polymers with the indi-

cated arm lengths as functions of the Weissenberg number Wi [Eq. (14)] for

the arm numbers (a) f = 5 and (b) 40.

In the following, we present the sedimentation coefficient

as a function of the Weissenberg number, taking Wi as Wi

= GN1+ν
m f ν−3/2. As displayed in Fig. 4, a reasonable scaling

of the curves for various arm lengths is only achieved for the

functionality f = 40 and longer arms. The predicted depen-

dence on functionality is not reproduced by the simulations.

This is not surprising, since the obtained scaling in Fig. 3(b)

deviates from the simple scaling prediction.

As with increasing functionality, the ratio of S/S0

increases with increasing external field strength in the non-

linear response regime. This increase is consistent with simu-

lation results of linear polymers.44 The onset of the non-linear

regime is reasonably well captured by prediction (14). As dis-

played in Fig. 4(b), in particular for the longer polymer arms,

the sedimentation coefficient shows a non-monotonic depen-

dence on the external field; it passes through a maximum value

and then decreases again with increasing Wi. We expect a sim-

ilar behavior for the shorter polymers; however, for them, we

cannot reach large field strengths without violating limitations

of the MPC method, e.g., small Mach numbers. The influence

of the external field seems to be more pronounced for star poly-

mers with a larger number of arms. Over the accessible range of

field strengths, the values S/S0 for star polymers of functional-

ity f = 40 are always higher than their linear-response-regime

values [Fig. 4(b)], whereas the values of S/S0 for f = 5 are

below the linear-response-regime values [Fig. 4(a)].

Considering the sedimentation velocities and the sizes

of the star polymers, a remark on the Reynolds number is

in order. Taking characteristic values for the sedimentation

velocity and the radius of gyration, the Reynolds number Re is

Re = 2S0ĜRg0/ν ≈ 10G for S0 = 3 and Rg0 = 15a. Hence, the

Reynolds number is larger than unity for G & 0.1. This implies

that the observed saturation or weak decrease of the sedimen-

tation coefficient (Fig. 1) appears for Reynolds numbers larger

than unity. A priori, the effect of the Reynolds number on S

in this regime is not evident. A comparison of our results with

those of Refs. 41 and 44 at zero Reynolds number for linear and

ring polymers shows qualitative agreement—S increases first

with increasing G and decreases again at larger G. Thereby, in

Refs. 41 and 44 larger G values are considered. Hence, from

a qualitative point of view, we consider our results for star

polymers as representative and expect a similar behavior for

smaller Reynolds numbers. This is supported by Fig. 5, show-

ing a non-turbulent flow field of a sedimenting star even at Re

> 1. In any case, the simulation results for the larger G val-

ues reflect the sedimentation behavior of star polymers at the

respective Reynolds numbers.

B. Structural properties

Strong external fields induce large-scale conformational

changes of the ultra-soft colloids, as illustrated in Fig. 2 for our

star polymers. In order to characterize these conformational

changes, we compute the radius-of-gyration tensor, which is

defined as

Gαβ =
1

Np

〈 Np
∑

i=1

∆Riα∆Rjβ

〉

. (15)

Here, ∆Riα is the position of the ith bead relative to the star

center-of-mass and α, β ∈ {x, y, z}. In the limit of a van-

ishing field, a star polymer is isotropic and all the diagonal

FIG. 5. Flow field of a star polymer in the laboratory reference frame for the

arm length and number Nm = 80, f = 60, and field strength G = 0.5. The

coordinate r is the radial distance with respect to the sedimentation direction

(y axis). The star polymer drags along the fluid, which is indicated by the

velocity-field vectors and solid black line. The flow lines in the head region

reflect the recirculation of the fluid.41 Despite the strong field corresponding

to Reynolds numbers larger than unity, the flow is laminar.
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components are equal, i.e., Gαα = G00
αα = R2

g0
/3, where Rg0 is

the equilibrium radius of gyration [Eq. (11)].

Figure 6 shows normalized mean square radii of gyration

R2
g and its components R2

gL
and R2

gT
along and transverse to the

external field, respectively, as functions of the field strength G

for various functionalities. In the linear response regime, G

. 2 × 10�4, the size of a colloid is equal to its unperturbed

equilibrium value. In an intermediate regime, R2
g decreases

with increasing field strength. This compression of the ultra-

soft colloid is more pronounced for high-functionality star

polymers. Both, the transverse and longitudinal components

R2
gL

and R2
gT

are reduced. In the case of f ≤ 10, mainly R2
gT

decreases with increasing G. We attribute this reduction in

colloid size to hydrodynamics. The front of the star polymer

experiences a drag force, which causes a compression. In addi-

tion, the flow surrounding the non-draining colloid exerts an

inward force, which strongly affects RgT . This is similar to

the flow field of a linear polymer as discussed in Ref. 41.

FIG. 6. (a) Overall radii of gyration of star polymers and their components

(b) along and (c) perpendicular to the field as a function of the external field

for the indicated functionalities and the arm length Nm = 80. The inset in

(a) shows the dependence of the equilibrium radius of gyration R2
g0

on the

functionality f.

Above a functionality-dependent-field strength, the longitudi-

nal component of the radius of gyration along with Rg increases

with increasing G. This increase is most pronounced for low-

functionality star polymers. As illustrated in Fig. 2, in the limit

of high fields, polymer arms are stretched, lag behind the cen-

ter of the star polymer, and yield an increase of its radius of

gyration. In this regime, the front-back symmetry of the star

polymer is broken. Polymer arms in front of the star-polymer

center are compressed, whereas arms behind the center are

stretched significantly. This implies that the monomer density

in the front core is higher and therefore also the gravitational

pull. A similar anisotropic shape appears for other soft col-

loidal objects in a gravitational field, such as red blood cells.37

Within the accuracy of our simulations, the components of the

radius-of-gyration tensor seem to approach constant values at

large field strengths. [Note the pronounced fluctuations (error

bars) of R2
gT

at larger G values due to large-scale shape changes

of the head (cf. Fig. 8).] We attribute this, on the one hand, to

the maximal possible stretching of the polymer arms and, on

the other hand, a saturation of the compression of the major

part of the star polymer by the fluid flow. The latter is to be

expected for the transverse component of the radius of gyra-

tion, since excluded-volume interactions allow for a minimal

size only.

The inset in Fig. 6(a) shows the dependence of the equilib-

rium radius of gyration on the functionality for the arm length

Nm = 80. The solid line indicates the power-law dependence

R2
g ∼ f 1−ν , with the exponent ν ∼ 0.63, which is consistent

with the theoretical expectation according to Eq. (11).

The dependence of the star-polymer radius of gyration on

the polymer arm length is displayed in Fig. 7 for f = 5 and f

= 40 as a function of the Weissenberg number. Here, we find

good agreement between the curves for the various arm lengths

as long as flow leads to a shrinkage of the star polymers. The

appearance of strongly extended tails breaks the universality.

Again, the predicted scaling relation (14) fails to describe the

obtained functionality dependence. For short arm lengths, we

observe a monotonic decrease of the star-polymer size and a

crossover to a non-monotonic behavior for longer arms. In the

case of short polymers (Nm . 20), the radius of gyration and

its components RgL and RgT always decreases for all Wi and

both functionalities over the considered range of external field

strengths. The size of the longer-arm star polymers increases

again at higher field strengths due to the appearance of strongly

stretched polymers. We expect such an increase for all poly-

mer lengths. There is a critical field strength, which has to

be exceeded to achieve the increase in size. This critical field

strength depends on the arm length and the functionality and

seems to be different for the longitudinal and transverse parts

of the radius of gyration. Whereas R2
gL

clearly increases for Nm

& 40 and Wi > 1 (f = 5) [Wi > 10�1 (f = 40)], the respective

values for the other arm lengths still decrease. The transverse

components of the radii of gyration behave rather similarly, and

R2
gT

increases again for Wi & 1. Thereby, the relative change

in R2
g for the fewer-arm stars is always larger than that of the

higher functionality stars.

The star-polymer structure is highly dynamic. Although

the overall shape is rather stable for a long time with the
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FIG. 7. (a) Overall radii of gyration of star polymers and their com-

ponents (b) along and (c) perpendicular to the field as a function

of Wi for the indicated arm lengths. Open symbols correspond to

f = 40 and closed symbols to f = 5. The inset in (a) shows the dependence of

the equilibrium radius of gyration R2
g0
∼ N2ν

m on the arm length Nm, where ν

= 0.63.

majority of polymer arms close to the center of mass and

an extended trailing tail,41,44 the individual polymers undergo

considerable conformational changes. This is illustrated in Fig.

8. For a movie, see the supplementary material. The emer-

gence of an extended tail leads to an increase of the radii of

gyration R2
g and R2

gL
. This increase is more pronounced for

low-functionality star polymers as reflected in Figs. 6 and 7.

For high-functionality star polymers, the relative weight of the

small number of arms (.5) in the trailing tail is less impor-

tant than for low-functionality star polymers. More remarkable

is the increase of RgT at large field strengths. Here, the flow

field seems to perturb the lower-field flow-induced compact

structure and implies larger conformational changes of the

polymers.

We have shown that the symmetry of the colloidal struc-

ture of the star polymer is broken in the limit of high field

strengths. The asymmetric distribution of polymer arms in

the high-field limit can be qualitatively illustrated by the

probability distribution of the center-to-end distance of the

FIG. 8. Snapshots of sedimenting star polymers for different times. The arm

length is Nm = 80, the strength of the external field is G = 0.5, and the arm num-

bers are f = 5 (a) and f = 40 (b). See also movies in the supplementary material.

polymer arms. As an example, Fig. 9 shows the normalized

probability distribution function P(Rce) of the center-to-end

distance of polymer arms for various field strengths. In the

weak-field limit, the distribution of the center-to-end distance

exhibits a peak at Rce/l ≈ 20 corresponding to the equilib-

rium value. With increasing G, the peaks shifts toward smaller

values of the center-to-end distance and broaden substantially

for large values of G due to compressive force. At the same

time, the probability for extended polymer arms increases. This

signifies that on average a few arms are stretched while the

majority of arms are compressed. In the limit of strong fields,

the distribution function exhibits two peaks, at Rce/l ≈ 10 and

Rce/l ≈ 80. The smaller peak at Rce/l ≈ 80 corresponds to

nearly fully stretched arms. The height of the peak, smaller

than the small-distance peak, reflects that only a few arms are

strongly stretched but that these stretched conformations are

rather stable and persistent. Due to fluctuations, stretched arms

collapse and are replaced by others. Thereby, the collapse pro-

cess is very fast, which leads to a low probability in the range

40 . Rce/l < 70.
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FIG. 9. Normalized probability distribution function P(Rce) of the center-

to-end distance of polymer arms of length Nm = 80 and the star-polymer

functionality f = 40 for various field strengths G (as indicated).

IV. SUMMARY AND CONCLUSIONS

We have investigated the steady-state sedimentation

properties of ultra-soft colloids (star polymers) via hybrid

mesoscale computer simulations. We find that the mobility

of the ultra-soft colloid exhibits a non-monotonic dependence

on the external field strength G. The sedimentation coeffi-

cient reaches a maximum value at an intermediate range of

G. Thereby, for star polymers with fewer arms, the maxi-

mum appears at smaller field strengths and the sedimentation

coefficient assumes smaller values in the high-field regime

than the asymptotic value in the limit of vanishing field. The

non-monotonic behavior of the sedimentation coefficient is

related to flow-induced conformational changes of the star

polymers. The increase of the sedimentation coefficient fol-

lows from a decrease of the radius of gyration. In the limit of

high field strengths, the mobility decreases due to the stretch-

ing of various polymer arms along the field direction. Hence,

the nonequilibrium dynamical properties of the star polymers

are tightly linked with their structure. In the limit of strong

external fields, the star polymers are no longer spherically

symmetric. They rather exhibit a compact advancing struc-

ture, which is followed by a tail of a few polymer arms. The

number of polymers in the tail strongly fluctuates and depends

on the functionality.

The nonmonotonic behavior of the dynamical and struc-

tural properties appears in our simulations for Re & 1. Never-

theless, we expect a very similar behavior for Reynolds num-

bers significantly smaller than unity. Our expectation is sup-

ported by the zero-Reynolds-number simulations of Refs. 41

and 44, where linear and ring polymers exhibit a qualitatively

similar behavior.

For weak fields, the star polymers sediment while main-

taining their equilibrium shape, and the sedimentation coeffi-

cient exhibits the arm length and functionality dependence S0

∼ N1−ν
m f δ , with δ ≈ 0.4. An additional speed-up with increas-

ing arm number is obtained for stars in the non-linear regime

over a certain range of gravitational constants, with trailing

polymer arms. An additional factor is also obtained in the non-

linear regime for different arm lengths. However, the increase

or even decrease of S is less pronounced by varying the arm

length than by varying the functionality. Hence, non-linear

effects can enhance sedimentation and promote separation of

star polymers of different sizes.

SUPPLEMENTARY MATERIAL

See supplementary material for two movie files which

are provided to illustrate the star-polymer conformations.

Movie S1: A sedimenting star polymer is shown with

respect to its centre bead for the functionality f = 5 and G

= 0.5 at the arm length Nm = 80. Movie S2: The same set of

parameters are applied as in S1, except the number of arms is

f = 40.
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APPENDIX: FLUID BACKFLOW

The equation of motion of a monomer of the star polymer

in the laboratory reference frame (indicated by a prime) is

given by

MR̈
′µ

k = F
µ

k
+ MĜ, (A1)

where the F
µ

k
are intramolecular forces following from poten-

tials (1) and (2). The center-of-mass velocity of the total

system, star-polymer plus MPC fluid, is then

Mtot r̈
′
cm = NpMĜ, (A2)

with M tot = NpM + N sm and

r
′
cm =

1

Mtot

*.
,

∑

k,µ

MR
′µ

k
+
∑

i

mr
′
i
+/
-

. (A3)

Introducing the coordinates R
µ

k
= R

′µ

k
− r
′
cm and ri = r

′
i
− r
′
cm

of the monomer and fluid particle positions with respect to the

total center of mass implies
∑

k,µ

MR̈
µ

k +
∑

i

mr̈i = 0, (A4)

i.e., conservation of the total moment in the center-of-mass

reference frame. We set this moment to zero initially. From

Eq. (A1), we then obtain

MR̈
µ

k = F
µ

k
+ MĜ + Ff , (A5)

with

Ff = −
M2Np

MNp + mNs

Ĝ. (A6)

Similarly, we obtain for the fluid particles

mr̈i =
m

M
Ff . (A7)
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M. Watzlawek, H. Löwen, G. Ehlers, and P. Schleger, in Trends in Colloid

and Interface Science XIV , Volume 115 of Progress in Colloid and Polymer

Science, edited by V. Buckin (Springer Berlin Heidelberg, 2000), pp. 88–92.

46G. S. Grest, K. Kremer, and T. A. Witten, Macromolecules 20, 1376

(1987).
47G. S. Grest, K. Kremer, S. T. Milner, and T. A. Witten, Macromolecules 22,

1904 (1989).
48M. Ripoll, R. G. Winkler, and G. Gompper, Phys. Rev. Lett. 96, 188302

(2006).
49S. P. Singh, D. A. Fedosov, A. Chatterji, R. G. Winkler, and G. Gompper,

J. Phys.: Condens. Matter 24, 464103 (2012).
50S. P. Singh, R. G. Winkler, and G. Gompper, Phys. Rev. Lett. 107, 158301

(2011).
51S. P. Singh, A. Chatterji, G. Gompper, and R. G. Winkler, Macromolecules

46, 8026 (2013).
52S. Gupta, S. Kundu, J. Stellbrink, L. Willner, J. Allgaier, and D. Richter,

J. Phys.: Condens. Matter 24, 464102 (2012).
53J. Sablic, M. Praprotnik, and R. Delgado-Buscalioni, Soft Matter 13, 4971

(2017).
54A. Malevanets and R. Kapral, J. Chem. Phys. 110, 8605 (1999).
55R. Kapral, Adv. Chem. Phys. 140, 89 (2008).
56G. Gompper, T. Ihle, D. M. Kroll, and R. G. Winkler, Adv. Polym. Sci. 221,

1 (2009).
57A. Malevanets and J. M. Yeomans, Europhys. Lett. 52, 231 (2000).
58C.-C. Huang, G. Gompper, and R. G. Winkler, J. Phys.: Condens. Matter

24, 284131 (2012).
59C. C. Huang, G. Gompper, and R. G. Winkler, J. Chem. Phys. 138, 144902

(2013).
60N. Kikuchi, A. Gent, and J. M. Yeomans, Eur. Phys. J. E 9, 63 (2002).
61M. A. Webster and J. M. Yeomans, J. Chem. Phys. 122, 164903 (2005).
62J. F. Ryder and J. M. Yeomans, J. Chem. Phys. 125, 194906 (2006).
63S. Frank and R. G. Winkler, Europhys. Lett. 83, 38004 (2008).
64S. Frank and R. G. Winkler, J. Chem. Phys. 131, 234905 (2009).
65C.-C. Huang, R. G. Winkler, G. Sutmann, and G. Gompper, Macromolecules

43, 10107 (2010).
66J. T. Padding and A. A. Louis, Phys. Rev. Lett. 93, 220601 (2004).
67D. A. Fedosov, S. P. Singh, A. Chatterji, R. G. Winkler, and G. Gompper,

Soft Matter 8, 4109 (2012).
68A. Nikoubashman and C. N. Likos, J. Chem. Phys. 133, 074901 (2010).
69Y.-G. Tao and R. Kapral, Soft Matter 6, 756 (2010).
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