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Abstract   A  mesoscopic  simulation  is  applied  to  investigate  the  effects  of  hydrodynamic  interactions  and  axial  chains  on  the  dynamics  of

threaded rings. The hydrodynamic interactions significantly speed up the diffusion and relaxation of both free and threaded rings. The decoupled

diffusion and relaxation dynamics indicate the broken of  the Einstein-Stokes relationship.  The diffusion of  a  ring threaded on a flexible chain

exhibits a synergism effect compared to that on an axial rod, which originates from the self-diffusion of the ring and the reptation-like motion of

the axial chain. Meanwhile, hydrodynamic interactions significantly improve the synergism effect, leading to an enhanced sliding motion of the

threaded ring. The faster sliding of threaded rings suggests that the entropic barrier is negligible, which agrees well with the basic assumption of

barrier-less confining tube at equilibrium in tube theory. Our results provide a new perspective on analysis of the effects of topology constraints

on polymer dynamics.
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INTRODUCTION

Understanding  the  effects  of  molecular  topologies  and  entan-
glements  on  the  static,  dynamic,  and  rheological  properties  of
polymer  solutions  or  melts  remains  a  challenging  problem  in
polymer physics.[1] Compared with linear chains, the absence of
free ends for ring polymers generally leads to lower zero-shear
viscosity[2,3] and  higher  recoverable  compliance.[4] Meanwhile,
many dynamic processes requiring free chain ends do not exist
in ring polymer melts,  such as reptation motion and constraint
release.[1] Therefore,  linear  and  ring  polymer  chains  are  widely
used  to  deal  with  the  complex  inter-chain  interactions,[5−10]

being considered as two fundamental chain models in polymer
physics.

A  simple  combination  of  linear  and  ring  chains  brings
about large changes of rheological properties for polymer flu-
ids. For example, even a small fraction of linear contaminants
leads to a drastic increase in viscosity.[3,11] A complete under-
standing  of  mixed  (ring-linear)  chain  topology  blends  is  of
fundamental interest to polymer physics. To interpret the dif-
fusion mechanism of  a  ring polymer  along a  threaded linear
chain,  the threaded-ring model  was  proposed.[5] A  particular
threaded-ring  structure  is  depicted  in Fig.  1,  where  a  ring
polymer  is  threaded  on  a  linear  chain.  Such  threaded-ring
structure is successfully applied to realize the structure trans-
formations between polymers with different topologies,[12−14]

and  to  represent  the  entanglements  or  slip-links  in  polymer

physics.[15−20] In  addition  to  theoretical  applications,  such
threaded-ring  structure  also  plays  an  essential  role  in  mol-
ecular  design.  For  example,  rotaxane  is  a  typical  topologic-
ally  interlocked  molecule  which  has  a  similar  threaded-ring
structure, with both ends of the axial molecule being connec-
ted  to  bulky  groups  that  prevent  unthreading  of  the
ring.[21−26] The  weak  non-covalent  interactions  between  the
linear  and ring components  lead to  unique dynamic  proper-
ties,[27] making  the  threaded-ring  structure  a  versatile  plat-
form  to  develop  various  artificial  molecular  machines,[28−32]

such  as  molecular  shuttles,[33−35] molecular  switches,[36−38]

and molecular muscles.[39] Therefore, the threaded-ring struc-
ture  has  attracted  growing  concerns  in  polymer  physics  and
material  science.  A  great  number  of  studies  have  been  de-
voted to this promising subject.[5,15−17,19,20,40−45]

de Gennes[40] proposed a simple model to analyze theoret-
ically  the  sliding  motion  of  a  ring  in  sliding  gels  and  found
that  a  rather  weak force  is  enough to  drive  the ring to  slide.
However,  the  oversimplified  model  fails  to  account  for  the
softness  of  sliding  gels  with  movable  cross-links.  Compared
with traditional chemical and physical gels, the threaded-ring
structure  in  sliding  gels  greatly  affected  their  mechanical
properties.  Lee et  al.[46,47] pointed  out  that  the  threading
between  the  rings  is  the  main  reason  for  slowing  down  of
ring polymer diffusion in melts. Schroeder et al.[48] directly ob-
served  the  non-equilibrium  dynamics  of  rings  in  the  back-
ground  solution  of  linear  chains  under  extensional  flows,  by
using  single  molecule  fluorescence  microscopy.  They  found
that large conformational fluctuations of ring polymers occur
even  long  after  the  initial  transient  stretching  process,  and
the  fluctuations  can  be  attributed  to  the  threading  events
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between ring and linear chains.
Recently,  Ito et  al.[49] succeeded  in  synthesizing  polyrotax-

ane  (several  rings  in  the  rotaxane  structure)  molecules  con-
sisting  of α-cyclodextrins  (CDs)  as  rings  and  poly(ethylene
glycol)  (PEG)  as  axial  chains.  They  designed  and  developed
a  series  of  soft  materials  with  unique  mechanical  proper-
ties[50−53] by cross-linking the ring molecules in the cyclodex-
trin-based  polyrotaxanes,  such  as  the  pulley  effect[54] and
large crack resistance.[55,56] The novel polymeric materials are
referred to as “slide-ring gels” by the developers, named from
the freely sliding motions of  rings on the molecular  level.  To
further understand the novel properties of slide-ring gels and
corresponding  mechanisms, Ito et  al.[57,58] also  investigated
the diffusion dynamics of ring molecule in the rotaxane struc-
ture.  They  quantified  the  sliding  motion  of  CDs  along  a  PEG
polymer  chain  for  the  first  time  by  using  the  full-atomistic
molecular dynamics.[57] They proposed a simple model to cla-
rify the retardation of the sliding motion of CD along PEG via
combing  the  Einstein-Stokes  diffusion  equation  and  the
Arrhenius  equation,  which  is  caused  by  the  energy  barrier
between  CD  and  PEG.  Ito et  al.[58] also  performed  a  series  of
Langevin simulations to investigate the sliding dynamics of a
rigid  ring  threaded  on  different  axial  polymers.  They  found
that the rigid ring on a coil-like chain slides faster than that on
a fixed rod due to the reptation-like chain motion.  Their  res-
ults indicate that the sliding dynamics of a rigid ring is domin-
ated  by  the  coupling  effect  between  the  ring  diffusion  and
the fluctuating behaviors of the axial polymers. However, the
effects  of  hydrodynamic  interactions  on  the  ring  dynamics
are not considered in these studies.

Hydrodynamic interactions have a dramatic effect on poly-
mer dynamics.[1,59] In  simulations,  inclusion of  hydrodynamic
interactions  can  accelerate  polymer-collapse  dynamics,[60,61]

speed up ejection from capsid,[62] and lead to the non-mono-
tonic  increase  of  polymer  size  under  a  shear  flow.[63−67]

However, the effect of hydrodynamic interactions on the dif-
fusion of ring molecule in a threaded-ring structure is still un-
known. The coupling effect between conformations and flow
fields directly results in complex behaviors of a ring molecule
treaded on a linear chain. Therefore, further investigations of
the effects of hydrodynamic interactions on the dynamics of a
threaded-ring  structure  not  only  are  of  great  importance  to
the theory and practice but also provide new insights into the
structure-property  relationship  of  topological  gels  based  on
the threaded-ring supramolecular complexes.

In  this  work,  a  hybrid  simulation  method  (multi-particle
collision  dynamics[68,69] coupled  with  molecular  dynamics,
MPCD+MD)  is  applied  to  investigate  the  effects  of  hydro-
dynamic  interactions  on  the  dynamics  of  rigid  ring  in  the
threaded-ring model. We elucidate the different diffusion be-

haviors  of  rings threaded on between rigid and flexible axial
polymer  chains.  We further  systematically  evaluate  the influ-
ence  of  hydrodynamic  interactions  on  the  ring  dynamics.
The rest of this paper is organized as follows. In the following
section,  we  describe  the  simulation  method  and  polymer
models  in  detail.  Subsequently,  results  and  discussion  are
provided accordingly.  At last,  we briefly summarize the main
conclusions  of  this  work  and  present  our  outlook  for  future
simulations.

MODEL AND SIMULATION METHOD

Solvent Model
The  MPCD  algorithm[68,69] includes  two  steps:  the  streaming
step and the collision step.  In the streaming step,  each solvent
particle moves according to the following equation:

ri(t + h) = ri(t) + vi(t)h (1)
where, ri and vi are  the  position  and  velocity  vectors  of  the ith

particle,  respectively. h is  the  time  interval  in  the  MPCD
simulation.  In  the  following  collision  step,  all  solvent  particles
are  sorted  into  cubic  cells  first,  and  then  the  velocities  are
updated via

vi(t + h) = vcm(t) + R(α) [vi(t) − vcm(t)] (2)
where vcm is the center-of-mass velocity of the cell including the
ith particle,

vcm =
∑

i∈cell
mvi

∑
i∈cell

m
=

∑
i∈cell

vi

Ncell
(3)

with Ncell being the number of solvent particles in a cell. R(α) is
a rotation matrix,  which is  used to rotate [vi(t)  − vcm(t)]  around
a randomly chosen axis  with the fixed angle α.  A  random shift
was  introduced  before  each  collision  step  to  guarantee  the
Galilean invariance.[70] In other words, all particles are shifted by
a  translation  vector  whose  components  are  chosen  from  a
uniform  distribution  on  the  interval  [−a/2, a/2].  Here, a is  the
side length of each cell. After the collision step, the particles are
placed  back  to  their  original  positions.  In  each  cubic  cell,  the
mass, momentum, and energy are conserved.

Polymer Model
The  polymer  chain  is  treated  as  a  sequence  of  monomers
interacting with each other via a truncated and shifted Lennard-
Jones (LJ) potential[71] defined as

ULJ (rij) = ⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
4ε [( σrij )12

− ( σrij )6

+
1
4
] ; rij ⩽

6√2σ

0 ; rij >
6√2σ

(4)

where rij is the distance between the monomers i and j. ε and σ
are  the  reduced  energy  and  length  units,  respectively.  For  the
consecutive  monomers,  a  finitely  extensible  nonlinear  elastic
(FENE) potential[72] is applied by

UFENE (rij) = ⎧⎪⎪⎪⎨⎪⎪⎪⎩ −
1
2
kr2bondln [1 − ( rij

rbond
)2] ; rij ⩽ rbond

∞ ; rij > rbond

(5)

where k = 30ε/σ2 and rbond = 1.5σ.[71] In addition, the flexibility of
polymer chain can be tuned by the bond bend potential, which
is given by

UBEND (θ) = kθring (1 + cosθ) (6)

ba

x

y

 
Fig.  1    Schematic  illustration  of  threaded-ring  structures,  with  a
semiflexible  ring  threaded  on  (a)  a  rod-like  polymer  chain  and  (b)  a
flexible linear polymer chain.
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where kθring is  the bending constant of the angle between two
neighboring bonds of ring polymer chains. kθring is set to be 10ε,
corresponding  to  a  persistence  length  of  about  9.09σ.  Such
parameter  is  appropriate  to  maintain  the  ring  rigidity  and  to
avoid  excessive  bond  bend  energy.  The  bonded  monomers
thus  interact via sum  of  the  three  potentials, U(rij)  = ULJ(rij)  +
UFENE(rij) + UBEND(θ).

There  are  three  different  kinds  of  polymer  models  in  this
work: ring, rod, and flexible polymer chains. The ring polymer
is threaded on an axial polymer, where the threading axle can
be  a  rod-like  or  flexible  chain.  During  the  simulation,  posi-
tions of all monomers in the rod chain keep unchanged, while
for flexible axial chain, as a comparison, monomers are free to
move,  resulting  in  significant  conformational  fluctuations  of
the axial polymer.

The time evolution of the polymer monomers is calculated
by the velocity Verlet algorithm:[73]

rj(t + δt) = rj(t) + vj(t)δt + 1
2

fj(t)
M

δt2

vj(t + δt) = vj(t) + 1
2
[ fj(t) + fj(t + δt)

M
] δt (7)

where rj, vj, and fj are the position, velocity, and force vectors of
monomer j,  respectively. M is  the  mass  of  monomer  and δt
denotes the time interval of the velocity Verlet algorithm.

In our simulations, ε, σ,  and the mass of solvent particle m
are  set  to  be  unity.  Therefore,  the  unit  of  time  is  given  by
(mσ2/ε)1/2 = 1. δt is chosen to be 0.0005 and the temperature
of the system is kept at kBT = 1.

MPCD+MD Hybrid Method
The  solvent  dynamics  described  above  should  be  modified  if
a  polymer  chain  is  taken  into  account.  The  hydrodynamic
interactions between a polymer and solvents are introduced in
the  collision  steps.[74] Meanwhile, vcm in  the  collision  step  is
revised as:

vcm =
∑

i∈cell
mvs,i + ∑

i∈cell
Mvp,j

∑
i∈cell

m + ∑
i∈cell

M
(8)

with vs,i and vp,j being the velocity vectors of the solvent particle
and the polymer monomer, respectively.

The side length of each cubic cell, a, is equal to σ. The aver-
age number density of solvent particles per cell ρ is chosen to
be  10  and  the  mass  of  polymer  bead  is  set  as M = ρm =  10.
The rotation angle α is  chosen to be 130°[75−77] and the time
increment is set as h = 0.1. The data reported are average res-
ults over 100 independent runs.

Simulation Systems
In our simulations, the threaded-ring size can be changed easily
by  varying  the  number  of  ring  monomers, N (5  ≤ N ≤ 30).
Monomers  of  ring  and  axial  polymer  chains  interact  with  each
other via the non-bonded LJ potential, i.e., Eq. (4).

The dimensions of the simulation box for Ring-on-Rod sys-
tem (Fig. 1a) are set as 60a × 20a × 20a (N ≤ 20), 60a × 23a ×
23a (N = 24),  and 60a × 30a × 30a (N = 30).  The rod chain is
fixed in the simulation box and the chain ends are connected
through the periodic boundary conditions (PBC) to avoid de-
threading of the ring from the axial chain. For Ring-on-Chain

system (Fig. 1b), the axial chain is a flexible linear polymer and
the dimension of the simulation box is set to be 19a × 30a ×
30a. The axial rod or linear chain is aligned along the x-axis, as
shown in Fig. 1.

Analysis of Size and Dynamics Properties
The polymer size is characterized by the mean-square radius of
gyration, which is defined by

⟨R2
g⟩1/2

= ⟨ 1
N

N

∑
i
(ri − rcm)2⟩ ; rcm = 1

N

N

∑
i

ri (9)

⟨. . .⟩where  indicates  the  ensemble  average  over  all  available
conformations  of  polymer  chains.  The  center-of-mass  mean-
square displacement (MSD) of polymer chains is given by

MSD = ⟨(rcm (t) − rcm (0))2⟩ (10)

which  is  calculated  based  on  the  Cartesian  coordinates.  To
characterize  the  sliding  diffusion,  the  relative  MSD  along  the
axial chain (r-MSD) is defined as

r-MSD = b2 ⟨(ID (t) − ID (0))2⟩ (11)

where b is  the  average  bond  length  and  ID(t)  represents  the
index  number  of  axial  chain  which  is  closest  to  the  center-of-
mass of the ring molecule.

The above definitions of MSD and r-MSD are based on the
three-  and  one-  dimensional  diffusions,  respectively.  There-
fore, the corresponding diffusion coefficients (D for MSD, and
Dslide for r-MSD) are calculated via

D =
Δ (MSD)

6Δt
; Dslide =

Δ (r-MSD)
2Δt

(Δt ≫ 1τ) (12)

For comparison, the diffusion coefficients of free ring poly-
mers with different chain sizes under PBC (D0) are also calcu-
lated.

The relaxation dynamics  for  ring polymers  is  measured by
the  normalized  autocorrelation  function  of  diameter  vector,
C(t). The function is defined as follows:

C (t) = ⟨Rd (t)Rd (0)⟩⟨R2
d
(0)⟩ ∝ exp (− t

τR
) (13)

where Rd is  the  diameter  vector  that  connects  pair  monomers
separated by N/2 monomers. τR is  the relaxation time of  a  ring
polymer under PBC, which is extracted from the autocorrelation
function, C(t).

RESULTS AND DISCUSSION

Free Ring in Free Space
We  first  discuss  the  static  and  dynamical  properties  of  free
rings  under  periodic  boundary  conditions  (3D  PBC).  As  shown
in Fig.  2(a),  with  the  increase  of  bending  constant kθ,  the  ring
size increases at first and then approaches the saturation value
(kθring > 50), where the ring conformation is nearly a circle and its
radius is about Nb/(2π).  The size of polymer ring with different
monomers is plotted in Fig. 2(b). For both flexible (kθring = 0) and
semiflexible (kθring = 10) polymer rings, the equilibrium sizes are
hardly affected by hydrodynamic interactions. The introduction
of  bond  bend  energy  leads  to  significant  increase  in  ring  size.
For  small  semiflexible  rings  (N ≤ 10),  the  polymer  size  agrees
well  with  the  theoretical  radius  of  the  regular  circle,  while  for
large rings (N > 10), the size displays noticeable deviation from
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theoretical line.
According to the predictions of the Rouse and Zimm mod-

els, diffusion and relaxation of linear and ring polymers satis-
fy the following scaling relationships:

DRouse ∝ N−1, DZimm ∝ N−ν ∝ N−0.588

τRouse ∝ N2 , τZimm ∝ N3ν ∝ N1.76 (14)

As  shown  in Fig.  2(c),  hydrodynamic  interactions  signific-
antly speed up the diffusion of both flexible and semiflexible
rings.  For  systems  without  hydrodynamic  interactions  (NHI),
the diffusion coefficient scales inversely with chain length for
rings  with  different  flexibilities  (D ~ N−1),  which  is  consistent
with theoretical prediction of the Rouse model. The diffusion
coefficients for flexible and semiflexible rings exhibit obvious
difference as the chain length increases, if the hydrodynamic
interactions  (HI)  are  taken into account.  The flexible  ring dif-
fuses  a  little  faster  due  to  its  compact  conformation  and
stronger  hydrodynamic  interactions  between  monomers.
The diffusion scaling is valid only for large rings, because the
hydrodynamic  interactions  are  closely  related  with  the
monomer density. The hydrodynamic interactions also accel-
erate  the  relaxation  behavior  of  polymer  rings  (Fig.  2d).  On
the contrary, chain rigidity greatly slows down the relaxation.
For  flexible  rings  with  and  without  hydrodynamic  interac-
tions,  the  relaxation  dynamics  are  in  accord  with  the  Zimm

and  Rouse  scaling  relationships,  respectively.  The  scaling  in-
dexes for  HI  and NHI  are significantly  increased by the chain
rigidity,  indicating  that  the  relaxation  of  semiflexible  rings  is
hindered by extended conformations.

Threaded Ring on Fixed Rod
Before  considering  the  general  form  of  the  threaded-ring
structure,  we  started  with  a  particularly  simple  version,  where
the ring polymer chain is threaded on a fixed rod (Ring-on-Rod).
As shown in Fig. 3(a), the time evolutions of MSD for HI and NHI
have similar curve shapes, but the value of MSD for HI is greater
than  that  for  NHI,  suggesting  that  hydrodynamic  interactions
significantly  improve  the  motion  of  threaded  ring.  For  the
smallest ring (N = 5, data not shown), the corresponding MSD
keeps  unchanged  for  either  HI  or  NHI  during  the  whole
simulation,  and  the  ring  seems  to  be  “frozen”.  Here,  the
“frozen”  state  implies  strong  interactions  between  the  ring
and axial chains, which is caused by the nonbonding potential
between monomers of  the two components.  For  ring chains
with N = 6, although MSD scales linearly with time at long time
scales,  the  maximum  value  of  MSD  approximately  equals  3,
which means that the diffusion ability of such a ring is extremely
limited. Based on the x- and y- components of MSD (Figs. 3b and
3c)  for  the  ring  with N =  6,  it  is  clear  that  the  axial  diffusion
contributes  exclusively  to  the  ring  motion.  Moreover,  for  small
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Fig. 2    The size and dynamics properties of free ring polymers with (HI) and without (NHI) hydrodynamic interactions under periodic
boundary  conditions.  (a)  The  effect  of  bending  constant  of  the  bond  angle kθring on  ring  polymer  size.  (b)  Polymer  size  with  different
numbers of monomers N in the ring chain with kθring = 0, 10. (c) Diffusion and (d) relaxation of flexible/semiflexible ring polymers under
periodic boundary conditions.
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rings,  it  makes  no  difference  whether  hydrodynamic  interac-
tions are considered.

As  the  ring  size  increases  further,  the  strong  interaction
between  rings  and  axial  chains  is  greatly  reduced,  and  the
MSD  of  rings  is  drastically  enhanced  compared  with  that  for
small rings. The corresponding MSD curves exhibit three char-
acteristic regions. In short-time and long-time regions, MSD ~
t. In the transition region, MSD ~ ta (a < 1), which is caused by
the transition from 3D diffusion at the initial stage to 1D diffu-
sion  at  long  time  scale  of  the  threaded  ring.  In  a  very  short
period of time, large rings diffuse freely without being aware
of the axial chain at small length scales. As the time increases,
the  motion  of  threaded  ring  is  largely  restricted  by  the  axial
chain, resulting in a sub-diffusion region. At a long-time limit,
the  ring dynamics  can be reduced to  one-dimensional  diffu-
sion, where the axial diffusion plays a dominant role. We also
estimated  the  sliding  motion  of  threaded  rings  and  the  res-
ults  are  presented in Fig.  3(d).  As  the  ring  size  increases,  the
reduction  of  repulsive  interactions  between  rings  and  axial
chains  leads  to  significantly  enhanced  sliding  motions  of
threaded rings.

The  diffusion  coefficients  based  on  the  Cartesian  coordin-
ates  for  ring  polymers  with  different  sizes  can  be  calculated
quantitatively by using Eq. (12) at long time scales, as shown

in Fig. 4(a). It is clear that the hydrodynamic interactions also
speed  up  the  ring  diffusion  on  a  fixed  axial  chain.  The  diffu-
sion coefficients for both HI and NHI increase at first with the
ring size and reach a peak value at N = 8, because large rings
significantly  reduce  the  interaction  between  the  threaded
ring and axial  chain.  By  further  increasing the ring size,  such
interaction  becomes  negligible,  resulting  in  the  decrease  of
ring mobility. This is consistent with the above discussion that
a  large ring slows down its  diffusion dynamics  in  free  space.
The motion of threaded rings can be considered as a one-di-
mensional  diffusion,  which  means  that  the  relative  diffusion
D/D0 for  large rings should be 1/3.  Our simulation results  for
NHI show that the relative diffusion D/D0 approaches a satu-
ration value about 0.37 (Fig. 4b), in agreement with the theor-
etical prediction. It is worth noting that D/D0 exhibits a mono-
tonic  dependence  on  the  chain  length  for  systems  with  hy-
drodynamic  interactions  being  considered,  indicating  that
the ring dynamics is closely related to hydrodynamic interac-
tions.

Threaded Ring on Flexible Chain
The sliding dynamics of rings threaded on a flexible axial chain is
investigated as a comparison with the axial rod. Fig. 5(a) shows
the center-of-mass mean-square displacement (MSD) for ring
polymers  with  and  without  hydrodynamic  interactions.  As
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mentioned  before,  small  rings  are  “attached”  to  fixed
positions  on the axial  chain.  Therefore,  MSDs for N = 6 result
mainly from the conformational fluctuations of the flexible axial
chain. Obviously, the absolute diffusion of rings and fluctuation
of  axial  chain  are  significantly  enhanced  by  the  inclusion  of
hydrodynamic interactions. Given that the flexible axial chain is
connected via periodic  boundary conditions,  the x-component
of MSD at longer times is greater than that of small rings (Fig. 5b

NHI),  indicating the dominant  role  of  sliding diffusion for  large
rings is the hydrodynamic interactions.

At  short  time  scales,  MSD  and  its x-component  for  large
rings scale linearly with time.  Subsequently,  the ring dynam-
ics behaves like the super-diffusion mode, MSD ~ ta,  and a >
1.  In  this  time  scale,  the  ring  itself  diffuses  along  the  axial
chain, and the axial chain reptates back and forth through the
ring. Such two motion modes couple with each other, result-
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ing in  cooperative  movement  of  the  threaded ring.  The slid-
ing  motion  is  characterized  by  r-MSD,  as  shown  in Fig.  5(c).
The  ring  dynamics  displays  a  one-dimensional  diffusion  at
long  time  scales.  In  order  to  analyze  the  contributions  of
different  components  in  the  threaded-ring  structure,  we
design two different simulation systems with the same initial
conformations: (1) fixed ring with free axial chain; (2) free ring
with  fixed  axial  chain.  A  group  of  representative  results  for
N = 14 is given in Fig. 5(d). Here, “Fix ring” corresponds to the
reptation  motion  of  axial  chain  and  “Fix  axial  chain”  corres-
ponds  to  the  self-diffusion  of  ring,  respectively.  As  shown  in
Fig.  5(d),  the  reputation-like  motion  of  axial  chain  plays  a
dominant role in the relative sliding motion of threaded rings.

The sliding diffusion coefficients for ring polymers with dif-
ferent sizes can be calculated quantitatively by using Eq. (12)
at  long  time  scales,  as  shown  in Fig.  6(a).  It  is  clear  that  the
sliding  diffusion  of  rings  is  significantly  enhanced  by  hydro-
dynamic  interactions  for  both  systems  of  Ring-on-Rod  and
Ring-on-Chain.  For  rings  threaded  on  an  axial  rod,  the  dif-
fusion  increases  at  first  and  then  decreases,  with  the  peak
value at N = 8 (see inset  of Fig.  6a).  As for  rings threaded on
the flexible axial chain, the inclusion of hydrodynamic interac-
tions results in a monotonic increase of ring diffusion. Mean-
while, compared with the ideal rod-like chain, the flexible axi-
al chain results in faster sliding motions of threaded rings, im-
plying  a  weaker  entropic  barrier.  It  is  worth  noting  that  the
entropic barrier plays a crucial role in dictating polymer trans-

portation  through  narrow  channels  under  external  fields.  In
such situation, the polymer chain is strongly stretched and far
from  its  equilibrium  state,  while  for  the  threaded  ring  under
equilibrium  conditions,  the  simulation  results  suggest  that
the entropic  barrier  is  negligible.  Theoretically,  the tube the-
ory  is  the  most  widely  accepted  model  to  characterize  the
rheological  behavior  of  entangled  polymers.  In  tube  theory,
the  complex  many-body  effects  of  molecular  interpenetra-
tion  are  simplified  as  a  smooth,  tube-like  confinement  on  a
test  chain.  The  faster  sliding  of  threaded  rings  agrees  well
with  the  basic  assumption  of  barrier-less  confining  tube  at
equilibrium.  Moreover,  hydrodynamic  interactions  signific-
antly amplify the speedup effects of flexible axial chain on the
ring diffusion.

We also calculated the relaxation of rings at three different
situations (in free space, threaded on rod, threaded on chain),
and the results  are given in Fig.  6(b).  Similar  to the results  in
free  space,  hydrodynamic  interactions  speed  up  the  relaxa-
tion dynamics.  In addition,  small  rings threaded on a flexible
chain relax faster than that on a rod chain, which results from
the cooperative relaxation of ring and axial chains. Such a dif-
ference disappears with the ring size. A comparison between
the  results  of Figs.  6(a) and 6(b) indicates  that  the  diffusion
and  relaxation  are  decoupled  for  threaded  rings,  suggesting
the breakdown of the Einstein-Stokes relation.

CONCLUSIONS

We systemically studied the sliding dynamics of rings threaded
on  different  axial  polymers  and  quantitatively  evaluated  the
effects  of  hydrodynamic  interactions  by  using  a  hybrid  simu-
lation method which combines multi-particle collision dynamics
with  molecular  dynamics.  We  found  that  the  hydrodynamic
interactions  significantly  speed  up  the  diffusion  and  relaxation
behaviors  of  free  and  threaded  rings.  Moreover,  the  diffusion
motion  of  ring  itself  couples  with  the  reptation-like  motion  of
the  flexible  axial  chain,  leading  to  an  enhanced  cooperative
movement of the threaded ring. Both the absolute diffusion and
the  reptation-like  motion  are  accelerated  by  taking  account  of
hydrodynamic interactions.  Finally,  the diffusion and relaxation
behaviors  for  threaded  rings  are  decoupled,  indicating  the
breakdown of the Einstein-Stokes relationship.

Furthermore,  the  faster  sliding  dynamics  of  threaded  ring
on flexible axial chain in equilibrium implies that the entropy
barrier  for  threaded  ring  exerted  by  the  axial  chain  is  negli-
gible.  Such  results  agree  well  with  the  basic  assumption  of
barrier-less  confining  tube  at  equilibrium  in  tube  theory,  a
widely  accepted model  in  describing the entangled polymer
melts.  In  addition,  the  conformational  behaviors  of  polymer
chain  non-monotonically  depend  on  its  rigidity,  and  the
semiflexible chain usually possesses stronger conformational
entropy.[78,79] Therefore,  our future work will  focus on the ef-
fects of axial chain rigidity on the dynamics and hydrodynam-
ic  interactions  of  threaded  rings.  And  further  investigations
will  be performed to deal with the intrinsic relation between
threaded-ring structure and polymer rheology. We hope that
our results of this work provide novel insights in understand-
ing the effects of topologies and entanglements on the prop-
erties of polymeric fluids.
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