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Abstract   Rotaxanes are a class of mechanically interlocked polymers characterized by the sliding motion of ring molecules along a linear back-
bone. The dynamic behavior of a ring plays a critical role in determining its material properties. In this study, molecular dynamics simulations
were performed to investigate the sliding dynamics of a ring on a rod-coil copolymer in rotaxane. We find that both the mean square displace-
ment  and the diffusion coefficient D of the rings are influenced by the rod-to-coil length ratio α, the stretching degree μ of the coil block,
and the ring size .  The mean square displacement  shows sub-diffusive behavior at intermediate time scales owing to the heteroge-
neous backbone. The diffusion coefficient exhibits nonmonotonic dependence on α and μ. D first decreased and then increased as α increased,
indicating that the ring diffused faster on more homogeneous copolymer chains. D increases with μ under a moderate stretching degree of the
coil block, but decreases under near full extension, which demonstrates that the dynamics of the ring are governed by a competition between
the chain flattening and the coil block’s fluctuation. Similarly, ring size  has a nonmonotonic influence on the diffusion coefficient D.  This
study provides molecular-level insights into the manipulation of sliding dynamics in rod-coil-based rotaxanes, thereby offering a theoretical ba-
sis for the design of functional slide-ring materials through topological control.
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INTRODUCTION

Rotaxanes,  initially  reported  by  Harrison et  al.,[1] are  a  class  of
mechanically  interlocked  molecules  in  which  one  or  more
macrocycles  are  encircled  by  linear  molecular  axles  bearing
bulky  stoppers  at  both  ends.[2−7] Polyrotaxanes  (PR)  are  poly-
mers  that  incorporate  repeating rotaxane motifs  in  their  struc-
tures.[8] Many  polyrotaxanes  have  been  synthesized  and  ap-
plied as polymeric materials.[9−12] Harada et al. successfully syn-
thesized  polyrotaxanes  through  spontaneous  self-assembly
driven  by  host-guest  interactions  between α-cyclodextrin  and
polyethylene glycol chains in an aqueous solution.[13] Okumura
and Ito fabricated a slide-ring gel based on polyrotaxanes with
slidable figure-of-eight cross-links.[14] Furthermore, PR has been
applied in molecular machines.[15−18] For example, in a molecu-
lar shuttle, the position of the ring on the backbone is regulated
by external stimuli such as temperature,[19] pH,[20] or light.[21]

A  distinctive  feature  of  rotaxanes  is  that  the  macrocyclic
components can slide along the axial polymer chain owing to
the  topological  confinement.  This  dynamic  behavior  origi-

nates from the advantageous nature of the mechanical bond,
specifically, the low energy barrier for the rotation of the rings
or  their  translation  along  the  polymeric  thread.[8] The  posi-
tion  and  mobility  of  these  macrocycles  are  crucial  determi-
nants  of  the  functionality  and  properties.[22,23] Therefore,  ex-
ploring the sliding dynamics of the rings in rotaxanes plays a
key  role  in  understanding  the  rotaxane  system  and  has  at-
tracted  considerable  attention.[24−26] Yasuda et  al. investigat-
ed the relative motion between rings and polymer chains us-
ing  molecular  dynamics  simulations.[27] They  found  that  the
rings  exhibited  faster  sliding  diffusion  along  the  fluctuating
chain  than  along  the  fixed  chain.  Mayumi et  al. probed  the
conformational  evolution  of  polyrotaxane  as  a  function  of
concentration via small-angle  neutron  scattering.  Their  re-
sults indicate that while cyclic molecules slide freely along the
polymer axis in dilute regimes, the mobility of the ring is sub-
stantially  suppressed  upon  concentration  increase  owing  to
enhanced inter-ring interactions.[28]

Growing  interest  has  focused  on  polyrotaxanes  based  on
rod-coil  block copolymer backbones.[29−31] By harnessing the
combined  properties  of  orientable  rigid  rods  and  adaptable
flexible coils,[32] this unique architecture enables the creation
of  supramolecular  materials  with  hierarchical  organization
and dynamic functionality. Using Brownian dynamics simula-
tions  coupled  with  length-dependent  kinetic  theory,  Gao et
al. systematically investigated the living supramolecular poly-
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merization  of  rigid  cylindrical  micelles  by  employing  the
seeded growth of  rod-coil  block  copolymers  as  a  model  sys-
tem.  Their  study  revealed  that  the  micelle  length  governs  a
marked  transition  in  growth  kinetics,  which  is  attributed  to
the  rigidity  and  restricted  diffusion  behavior  of  the  micelles,
which is  driven by the epitaxial  propagation of  a  liquid crys-
talline  structure  and  represents  a  diffusion-controlled  pro-
cess.[33] The rod-coil block copolymer backbones in polyrotax-
anes enable  entropy-driven localization of  rings  and tunable
sliding dynamics,  allowing precise control  over  ring distribu-
tion  and  mobility,  which  in  turn  enhances  the  mechanical
properties and dynamic functionality of the material.[34−39] Ito
et  al. employed  a  poly(ethylene  oxide)-b-poly(propylene  ox-
ide)-b-poly-(ethylene  oxide)(PEO-PPO-PEO)  triblock  copoly-
mer as the backbone to control β-cyclodextrins (β-CD) on the
PPO  chain[35] and  revealed  that  the  macroscopic  mechanical
properties of the system can be effectively tuned by altering
the  position  of  the  rings  along  the  polyrotaxane  backbone.
We can also control the location of the rings on the polyrotax-
ane  by  tuning  the  interactions  between  the  rings  and  back-
bone,  for  instance,  through the introduction of  coordination
or covalent bonds.[40−42]

Molecular dynamics simulation is a computational method
that computes and tracks the trajectory of each atom in a sys-
tem  over  time  using  Newton's  equations  of  motion  at  the
atomic  scale,  thereby  uncovering  the  microscopic  structures
and  dynamic  processes.[43,44] To  simulate  polymer  dynamics,
Kremer  and  Grest  developed  a  coarse-grained  bead-spring
model[45] which has been widely adopted for the analysis and
visualization  of  molecular  motion  in  polymer  systems.  Be-
cause  of  the  critical  role  of  ring  positioning  and  sliding  dy-
namics along the polymer backbone in determining the phys-
ical properties of PR and its derivatives, Wang et al. proposed
an  entropy-based  method  to  control  both  ring  positioning
and  sliding  dynamics  along  the  PR  in  the  modeling  of  rod-
coil-rod  triblock  copolymers.[34] The  results  show  that  the
rings prefer to reside in the rod block regions because of en-
tropy reduction in  the coil  blocks.  However,  the relative mo-
tion  between  the  rings  and  the  backbone  of  the  rod-coil
block copolymer was not discussed.

In this study, we investigated the sliding dynamics of a ring
on  a  rod-coil  block  copolymer  in  rotaxane  using  molecular
dynamics  simulations.  A  coarse-grained  model  is  presented

Nr

Nf α
μ

Nring

as a rotaxane with a ring threaded on a rod-coil block copoly-
mer  with a  rod block length of  and a  coil  block length of

. We focus on the influence of the rod-to-coil length ratio 
and the stretching degree of the coil block  on the diffusion
motion of the rings while simultaneously considering the ef-
fects of the ring size .

MODEL AND METHOD
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Nring
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The coarse-grained model for the rotaxane system consisted of
a rigid ring threaded onto an axial  block copolymer backbone.
The backbone comprises a rod (blue line) of  monomers and a
coil (red line) strand of  monomers, as shown in Fig. 1. In this
study, the coil block length  was fixed at .  The ring is
modeled as a ring polygon, and the ring size can be modified by
varying the number of monomers . The model system can
be characterized by three parameters: the ratio of the rod to coil

length ,  relative  extension  of  the  coil  strand ,

and ring size . Here,  denotes the root mean square end-
to-end  distance  of  the  coil  chain  and  is  its  con-
tour length, with  representing the bond length. All monomers
had the same mass  and diameter .

The  truncated  and  shifted  Lennard-Jones  (LJ)  potential,
known  as  the  Week-Chandler-Andersen  (WCA)  potential,[46]

can  be  employed  to  describe  the  interactions  between  any
two non-bonded monomers,[47,48]

ULJ (r) = ⎧⎪⎪⎪⎨⎪⎪⎪⎩4ε [(σr )12
− (σr )6

+
1
4
]

0, r > rC

, r ≤ rC (1)

rC

where ε is  the  depth  of  the  potential  well,  representing  the
characteristic unit of energy, and σ is the unit of the length. r is
the distance between one pair of monomers, and the cutoff dis-
tance  was set as 21/6σ.

The  bonded  interactions  between  all  neighboring
monomers within the polymer backbone and rings are repre-
sented by the FENE-LJ potential.[45]

Ubond(r) = UFENE(r) + ULJ(r) (2)

where

UFENE = −
KR2

0

2
ln [1 − ( r

R0
)2] , r < R0 (3)
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Fig.  1    Schematic  illustration  of  rotaxane  consisting  of  a  rod-coil  copolymer  threaded  by  a  ring  chain,  where  and  are  the  numbers  of
monomers  in  rod and coil  blocks,  respectively,  and  denotes  the contour  length of  the coil  chain, i.e.,  with  representing the
bond length.
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Here,  the  spring  constant K was  set  to K =  30kBT/σ2,  and  the
maximum extension of the spring was R0 = 1.5σ.

The rigidity of  the chain is  modeled by the angle-bending
potential  applied  to  each  set  of  three  consecutive
beads:[27,49,50]

Ubending = 1
2
kb[θ − θ0]2

(4)

kb

kb kb=0
kb = 100kBT/rad2 θ0

θ0 (Nring) = 180[(Nring − 2) /
Nring] Nring

where the bending constant  represents the bending energy,
and θ denotes  the  angle  between  two  consecutive  bonds.  To
ensure a flexible rod-coil copolymer and rigid ring, the bending
energy  was  chosen  as  for  the  axial  block  copolymer
and  for the ring.  is the internal angle of an
N-sided  regular  polygon.  Here, 

 for the ring chain with  monomers.
The  constant  temperature  of  the  system  is  controlled  by

the Langevin thermostat,  and the motion of all  monomers is
described by[51,52]

m
d2ri
dt2

= Fi (t) −mγ
dri
dt

+ FR
i (5)

m ri
Fi (t)

γ γ = 0.5τ−1

FR
i (t)

where  represents the mass of the monomer,  is the position
of the i-th monomer,  and  is  the conservative force result-
ing  from  the  addition  of  the  Lennard-Jones,  FENE,  and  angle-
bending  terms.  The  friction  constant  was  set  to .

 is  the noise  force and satisfies  the fluctuation-dissipation
theorem: ⟨FR

i (t) FR
j (t′)⟩ = 2kBTγδijδ (t − t′) (6)

T T=1 ε/kB

kB

τ0 = 0.01τ

ε = σ = m = 1 τ = (mσ2/ε) 1
2 = 1

Here,  the  temperature  was  fixed  at  in  units  of ,
where  is  the  Boltzmann  constant.  The  time  step  was

.  In this work,  all  the measurements were performed
in  LJ  units,  where  the  units  of  energy,  length,  mass,  and  time

were taken to be 1 (i.e., , ).

100 × 100 × LZ

LZ

1σ

LZ
LZ = Nr + Ree

All  molecular  dynamics  simulations  were performed using
the  Large-scale  Atomic/Molecular  Massively  Parallel  Simula-
tor (LAMMPS) package.[53] In our simulations, a single ring was
threaded onto a rod-coil  block copolymer chain and embed-
ded  within  a  simulation  box  with  dimensions  of

.  In  the  initial  configuration,  the  ring  was  ran-
domly  positioned  along  the  backbone,  and  each  indepen-
dent  simulation  run  used  a  different  random  seed  to  gener-
ate  its  initial  position,  thereby  ensuring  that  all  simulations
started from random configurations. This guarantees that the
reported  diffusion  results  represent  the  equilibrium  dynam-
ics  of  the  system  and  are  not  biased  by  the  initial  ring  loca-
tion. The rod-coil block copolymer chain ends were connect-
ed  under  periodic  conditions  to  prevent  the  ring  from  de-
threading, which realizes a periodically connected chain.  is
defined as the end-to-end distance of the rod-coil copolymer.
Because  the  rod  block  is  a  fixed  rod-like  chain,  the  bond
length of the rod block chain remains at , and the position
of the monomer for the rod block is fixed during the simula-
tion process. Thus,  is the sum of the end-to-end distance of
the rod block and coil block, that is, . The rod-coil
copolymer  was  aligned  along  the z-axis,  and  we  confirmed
that the rings were not detached from the axial copolymer.

g3(t)
To evaluate the sliding dynamics of the ring along the rod-

coil  polymer in the rotaxane, we calculated the mean square
displacement (MSD), , of the center of mass of the ring in

g3(t)coordinates  along  the  backbone  of  the  rod-coil  polymer.
Here,  is described by:[27,54]

g3(t) = b2 < [i (t) − i (0)]2 > (7)

b = 1σ i (t)

g3(t)

where the bond length of the rod-coil polymer was . 
denotes the index number of the monomer in the backbone of
the rod-coil polymer closest to the ring, which is sequentially as-
signed to the monomers of the backbone from one end to the
other with the period considered. The brackets <> represent the
statistical  average.  Based  on ,  the  diffusion  coefficient  of
the ring along the rod-coil polymer is estimated as

D = lim
t→∞

g3(t)
2t

(8)

g3(t) 0 < t < 108

10 < t < 102 102 < t < 103 103 <
t < 104 104 < t < 106 g3(t)
10 < t < 100 100 < t < 103 103 < t < 104 104 < t < 106

g3(t)

Here,  was  calculated in  the time range of .  To
reduce the size of the output data, simulations were performed
with  different  time  ranges  ( , , 

,  and ),  and  was  calculated  for
, , ,  and .

The data output intervals were 10, 100, 1000, and 10000 for the
corresponding  time  ranges.  For  statistical  accuracy,  we  con-
ducted 500 simulation runs for each time range, and all the da-
ta for  were obtained by averaging these simulation runs.

RESULTS AND DISCUSSION

Effects of the Rod-to-coil Ratio α

α
μ = 0.23

α
Nr g3(t)

Nring Nring α
α=0.03 α=0.07 g3(t)

Nr

g3(t)
g3(t) ∼ tβ β≈1

g3(t) ∼ t

g3(t) ∼ tβ

β

β=0.83
2×103 < t < 2×104 α=1 β=0.86 9×103 < t <

5×104 α=2.5 β=0.88 104 < t < 9×104 α=3.3

In  this  section,  the  influence  of  the  rod-to-coil  ratio, α,  on  the
sliding dynamics of the ring is investigated. We focused on the
diffusion motion of the ring along the rod-coil copolymer of var-
ious . Here, the relative extension of the coil block was fixed at

, which corresponds to that of the coil strand in the di-
lute solution. The length ratio between the rod and coil blocks,

,  was  varied  from  zero  to  seven  by  adjusting  the  rod  block
length, . Fig. 2 illustrates the time evolution of  for a ring
with a ring size of =10 (a) and =12 (b) for various . As
shown in Fig. 2(a), for the case of  and ,  ex-
hibits  a  linear  time  dependence,  where  is  so  small  that  the
rod-coil copolymer backbone can be approximated as a flexible
chain.  In  other  cases,  the  curve  displays  three  distinct
regimes.  In  the  short-time  regime  (0<t<103),  the  curves  nearly
overlap,  and ,  indicating  that  the  ring  moves
freely  within  the  homogeneous  rod  block  or  coil  block.  In  the
long-time  regime,  the  ring  motion  exhibits  long-time  normal
diffusion,  characterized  by .  In  the  intermediate  time
regime,  a  clear  subdiffusive  behavior  was  observed.  To  eluci-
date the intermediate-time sub-diffusion in detail, we fitted the
data using a power-law relationship  and extracted the
scaling exponent  and the fitting range. The original data and
fitted curves for the ring’s subdiffusive regime are shown in the
inset  of Fig.  2(a).  As  observed  in  the  inset  of Fig.  2(a), 
with  for ,  with 

 for , and  with  for ,
confirming the sub-diffusive behavior  in the intermediate time
regime.  This  phenomenon  can  be  attributed  to  the  heteroge-
neous architecture of the rod-coil copolymer backbone, and the
ring prefers to locate on the rod blocks, which has also been re-
ported  in  literature.[34] In  the  diffusion  process,  when  the  ring
slides  the  distance  of  the  rod-block  length,  it  encounters  the
rod-coil  interface,  and  the  probability  of  the  ring  passing
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α=2.5
α=1

α
g3(t) Nring

through  this  interface  vanishes,  resulting  in  slower  dynamics
and the onset of the sub-diffusive regime. Thus, we find that the
subdiffusive  regime  starts  at  a  later  time  for  compared
with  that  of  in Fig.  2(a).  After  the  Brownian motion shut-
tling  action,  the  ring  can  slide  through  the  rod-coil  interface.
Consequently,  the  sub-diffusive  regime  ends,  followed  by  a
long-time  normal  diffusive  regime.  Moreover,  a  similar  de-
pendence of  for =12 is also observed in Fig. 2(b), and
the subtle intermediate-time sub-diffusion suggests that larger
rings can more readily traverse the rod-coil interface.

D

ΔE > kBT

The sliding dynamics of the rings along the rod-coil copoly-
mer  backbone  can  be  characterized  by  the  diffusion  coeffi-
cient of the ring, . As shown in Fig. 3(a), the diffusion coeffi-
cient D exhibits a similar nonmonotonic dependence on α for
the three different ring sizes. The diffusion coefficient, D, first
decreases  and  then  increases  with  an  increase  in α.  This  be-
havior can be interpreted from the perspective of the energy
gap ΔE of  the system within the framework of  the transition
state theory.[34] The theory states that once the energy barri-
er exceeds the thermal energy (i.e., ),  transitions be-
tween the involved states become increasingly rare,  and the
transition  time  increases  exponentially  with  the  barrier
height.  The  current  system  is  a  typical  two-state  system,
where  the  ring  remains  on  either  the  rod  block  or  the  coil
block.  Because  the  two  states  have  different  energy  levels,

D
α

V (x)

there is an energy barrier when the ring slides on the rod-coil
copolymer. At a small α,  the rod segments are short, and the
backbone resembles a flexible chain with strong thermal fluc-
tuations and a relatively low energy barrier,  thereby facilitat-
ing  ring  sliding  and  yielding  the  highest  observed D values.
As α increaseds,  the  increasing  rod-block  length  enhanceds
the  heterogeneity  of  the  backbone  and  raiseds  the  sliding
barrier,  making  the  diffusion  of  the  ring  more  difficult  and
leading to a decrease in D.  When α exceeds a certain thresh-
old,  the  heterogeneity  of  the  backbone  decreases,  and  the
backbone  structure  gradually  homogenizes  into  a  rod-like
chain,  which  leads  to  an  increase  in  the  diffusion  coefficient
D.  To further  explain  the non-monotonic  behavior  of  with
respect to , we calculated the potential of mean force (PMF),

, of the ring threaded on the rod-coil copolymer, which is
given as:[55]

V(x) = −kBTlnP(x) (9)

P (x)
x

x x=1

x = Nr + Nf

α

where  denotes the probability of the ring being located at
the -th segment of the backbone. The PMFs were considered
within one period, where  varied from  (corresponding to
the  ring  closest  to  the  first  monomer  in  the  rod  block)  to

 (corresponding  to  the  ring  closest  to  the  last
monomer in the coil block). Fig. 3(b) shows the PMFs of the ring
threaded  on  the  rod-coil  copolymer  for  different  with
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Fig. 2    Time dependence of  of the ring threaded on the rod-coil block copolymer with different rod-coil length ratios α. (a) =10; the inset
shows a power-law fit  in the intermediate-time window. (b) =12. Here, the stretching degree of the coil block is μ= 0.23.
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 and .  We found that the PMF shape relies on
the rod-to-coil ratio , and there exists a free energy barrier for
the ring to diffuse from the rod block to the coil block. Accord-
ing  to Fig.  3(b),  the  free  energy  potential  barrier  increases
with an increase in  for , which leads to a decrease in the
diffusion coefficient .  With a further increase ,  the height of
the energy barrier remains nearly constant, but the width of the
energy barrier decreases. Because the wider the energy barrier,
the more difficult it is for the ring to jump over the energy barri-
er, we find that  increases as  increases from  to 2.5 and
3.3, see Fig. 3(b). These results indicate that the sliding dynam-
ics of the ring on the rod-coil block copolymer are very sensitive
to  the  shape  of  the  free  energy  potential.  As  illustrated  in Fig.
3(c),  the  ring  exhibits  fast  diffusion  at α =  0.03  and  5  but  slow
diffusion at α = 1, due to the combined effects of barrier height
and  width.  In  addition,  the  minimum  value  of  occurred  at

 for  and moved to  for . A shift in
the minimum position occurs because larger rings are less sen-
sitive to the spatial inhomogeneity of the backbone rigidity. The
overall  rigidity  of  the  backbone  becomes  more  uniform  only
when  the  rod  block  is  sufficiently  long  (i.e., α is  large).  Mean-
while,  when  the  ring  size  was  increased  from  to  12
and 14,  increased for ,  but  decreased for ,  as
shown in Fig.  3(a).  In the former case,  the friction between the
ring and the axial copolymer is weakened, and the contribution
of the coil-block chain fluctuation increases with increasing ring
size; thus, the diffusion coefficient  increases with an increase
in .  According  to  Yasuda et  al.,  chain  fluctuation  can  en-
hance the diffusion of the ring, and the sliding diffusion coeffi-
cient increases as the ring size increases for rings threaded onto
a fluctuating coil polymer.[27] Our results are in good agreement
with their work. For the latter case, rings exhibit one-dimension-
al diffusion on rod-like polymer as , and the sliding dy-
namics is mainly dominated by the self-diffusion of the ring, in
which larger ring diffuses slower.[27]

Effects of the Relative Extension of the Coil Block μ

α=1

Next,  we  investigate  the  sliding  dynamics  of  rings  on  polymer
backbones with varying relative extensions of the coil block μ. In
this section, the ratio of the rod to the coil length is fixed at 
in this section. The relative extension of the coil block in rod-coil
polymers, μ, can be modulated by adjusting the end-to-end dis-

Ree

g3(t)
Nring Nring

μ=0.8 μ=0.9 g3(t)

g3(t)
g3(t)

g3(t) ∼ tβ β ≈ 1

μ=0.1 μ=0.4

μ g3(t)
μ Nring

tance of the coil block . Fig. 4 presents the time evolution of
 for rings sliding along rod-coil copolymer chains with dif-

ferent μ for ring sizes of =10 (a) and =12 (b). As shown
in Fig. 4 (a), for the case of  and ,  varies linear-
ly  with  time.  This  indicates  that  the  flexible  coil  blocks  weare
nearly  fully  extended,  resembling  rigid  axial  chains,  where  the
ring  showeds  normal  diffusion  when  sliding  along  a  homoge-
neous rod-like polymer chain. For the other cases, the observed
trends of  are consistent with those shown in Fig. 2. In the
short-time  regime,  the  curves  of  almost  overlap,  and  the
motion of the ring is normal-diffusive, with  and .
In  the  long-time  regime,  the  rings  exhibit  a  long-time  normal
diffusion along the backbone. In the intermediate time regime,
a  sub-diffusion  behavior  is  observed.  Owing  to  the  inhomo-
geneity of the rod-coil copolymer, there is an energy difference
between  the  ring  on  the  rod  block  and  the  ring  on  the  coil
block. Ring experiences an energy barrier when diffusing along
the  rod-coil  copolymer,  which  greatly  hinders  the  diffusion  of
the  ring  and  leads  to  sub-diffusion  behavior.  As  the  stretching
parameter  increases  from  to ,  the  coil  block  be-
comes  more  stretched  and  oriented.  Ring  can  easily  pass
through the rod-coil interface; thus, a less obvious sub-diffusive
behavior for  a larger  is  shown in Fig.  4.  In addition,  ex-
hibits a similar dependence on  for =12, as shown in Fig.
4(b).  However,  a  subtle  intermediate-time  sub-diffusion  for  a
larger ring indicates that a larger ring size reduces frictional in-
teractions between the ring and backbone.

μ
D

ΔE
μ μ

C(t)

We  calculated  the  sliding  diffusion  coefficient, D,  of  the
rings  along a  rod-coil  block  copolymer  with  varying degrees
of stretching of the coil block μ, as shown in Fig. 5(a). The dif-
fusion  coefficient D exhibits  a  non-monotonic  dependence
on  for the three different ring sizes.  By increasing the rela-
tive extension of the coil block,  first increases and then de-
creases. This behavior stems from the change in the free ener-
gy difference ,  for  the ring residing in  the rigid  block  ver-
sus  the coil  block  with various .  To quantify  the effect  of 
on the local orientation fluctuations of the coil block, we cal-
culated the bond vector autocorrelation function ,  which
is defined as

C(t) = ⟨ BBB(t) ⋅ BBB(0)∣BBB(t)∣ ∣BBB(0)∣ ⟩ (10)
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Fig. 4    The time dependence of g3(t) for the ring threaded on the rod-coil block copolymer with different coil stretching degrees μ for (a) = 10
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μ α=1 Nring=12 μ
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μ
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D μ

where  is the bond vector at time , and the average is ob-
tained over all  the bonds of the coil  chain and over many suc-
cessive configurations. Fig. 5(b) shows the decay of  for dif-
ferent  values with  and . Increasing  shifts the

 curves  to  the  right,  indicating  that  function  requires
more time to decorrelate.  For  example,  at ,  the autocor-
relation  decayeds  rapidly,  reflecting  strong  chain  fluctuations,
whereas at , the autocorrelation remaineds high over the
entire time range, indicating suppressed fluctuations. These re-
sults indicate that conformational fluctuations of the coil  chain
are gradually suppressed as  increases. At a moderate stretch-
ing degree (0 < μ < 0.5), the coil chain is compressed or slightly
stretched,  and  the  free  energy  difference  remains  large,
which  hinders  ring  diffusion.  As μ increaseds,  the  gradual
stretching of the coil block promoteds the diffusion of the ring,
and  gradually  decreaseds,  which ledleads to an increase in

. At a large stretching degree (μ >0.5), the coil block is signifi-
cantly  stretched,  and  chain  conformational  fluctuations  are  re-
duced. According to a previous study,[27] chain fluctuations can
enhance the sliding motion of the ring along the coil. Thus, the
diffusion  coefficient  of  ring  decreases  with  increasing  be-
cause the fluctuation of the coil block is suppressed.

For  the  current  rod-coil  polyrotaxane  system,  the  ring  re-
sides  on  either  the  rod  block  or  the  coil  block  at  any  given

ΔE
kBT

> 1

nhop

α=1 Nring=12 nhop

μ μ < 0.8
μ > 0.8

D μ

D
μ=0.8 Nring=10 μ=0.5 Nring=14

μ∗

time,  forming a typical  two-state system. Fig.  3(b)  shows the
two distinct states for the ring location, which have different
energy levels,  confirming the two-state  nature.  According to
transition  state  theory,  when  the  energy  barrier  exceeds  the
thermal  energy,  transitions  between  the  two  states  become
rare.  Consequently,  hopping events  of  the ring from the rod

to the coil block occur when . The hopping frequency,

,  defined  as  the  average  number  of  hopping  events  per
unit  time,  was  calculated.  For  a  ring  threaded  on  a  rod-coil
copolymer with  and , Fig.  5(c) shows that 
first  increases  with  for ,  indicating  that  coil  flatten-
ing  facilitates  ring  hopping,  and  then  decreases  for ,
indicating that suppressed chain fluctuations reduce the ring
mobility.  These observations are consistent with the trend in
the diffusion coefficient D.  In conclusion, the non-monotonic
dependence  of  on  stems  from  the  coupling  effects,  as
shown  in Fig.  5(d).  Stretching  flattens  the  coil  block,  which
promotes  the diffusion of  the ring.  However,  stretching sup-
presses the fluctuation of the coil  block, which inhibits diffu-
sion. Besides, We found that the maximum value of  occurs
at  for  and moves to  for . The
optimal  value shifteds to lower  values as  the ring size  in-
creaseds. This indicates that the coil block can be considered
flattened under weak stretching for larger rings, and the sup-
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μ∗
pression of chain fluctuations by stretching plays a dominant
role after .

Effects of the Ring Size Nring

α=1
μ=0.23

g3(t)
Nring g3(t)

g3(t) g3(t) ∼ tβ β ≈ 1

g3(t) Nring

g3(t)

Furthermore,  we  investigated  the  sliding  dynamics  of  a  ring
threaded on a  rod-coil  copolymer  with a  rod-to-coil  ratio 
and  a  relative  extension  of  the  coil  block .  The  mean-
squared displacement  of the ring was measured for differ-
ent ring size . As illustrated in Fig. 6, the  curves exhibit
three  distinct  dynamical  regimes,  which  is  consistent  with  the
behaviors  observed  in Figs.  2 and 4.  In  the  short-time  regime,
the  curves closely overlap,  and , reflecting
the  normal  diffusive  motion  of  the  ring  along  the  rod  or  coil
blocks.  At long times, the ring dynamics exhibit long-time nor-
mal diffusion, where  increases with .  However, when
the ring size exceededs a certain threshold, a decrease in 
wais observed. In the intermediate time scale, sub-diffusive be-
havior  occurs,  which  is  attributed  to  the  heterogeneous  archi-
tecture  of  the  rod-coil  copolymer  backbone.  The  ring  is  con-
fined  to  the  rod  block,  and  it  is  difficult  for  the  ring  to  slide
across  the  rod-coil  interface  into  an  adjacent  coil  block,  which
corresponds to the intermediate subdiffusion regime.
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coil  block  polymer  for  different  ring  sizes .  Here,  the  rod-coil
length ratio is α = 1 and the coil stretching degree is μ = 0.23.
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Finally,  the  dependence  of  the  diffusion  coefficient D on
ring size,  was examined. As shown in Fig. 7(a), the diffu-
sion coefficient D of  the rigid rings exhibits  a nonmonotonic
relationship with ring size . The radius of gyration, , of
the ring for different ring sizes,  is calculated, and the re-

sults are shown in Fig. 7(b). Here . As shown in Fig.

7(b),  increaseds  monotonically  with .  For ,
with  an  increase  in ,  the  friction  between  the  ring  and
the  rod-coil  copolymer  backbone  gradually  decreases,  lead-
ing to an increase in . However, for , , where
the ring sizes  are  sufficiently  larger  than the  chain  diameter.
Hence,  the  interaction  between  the  ring  and  backbone  be-
comes  negligible,  and  the  sliding  dynamics  of  the  ring  are
mainly  dominated  by  the  diffusion  of  the  ring.  Because  the
diffusion coefficient  is  inversely  proportional  to  the  effective

mass  ( ),[27] the  diffusion  coefficient  of  ring  de-

Nringcreases as  increases.  These  results  are  consistent with
those of a previous work.[27]

CONCLUSIONS

g3(t)
μ

Nring

g3(t)

D
μ

Based  on  the  Kremer-Grest  model,  large-scale  coarse-grained
molecular  dynamics  simulations  were  performed  to  systemati-
cally  investigate  the  sliding  dynamics  of  rings  along  a  rod-coil
backbone  in  rotaxanes.  The  simulation  results  demonstrated
that  the  sliding  dynamics  of  the  rings,  characterized  by  the
mean square displacement  and diffusion coefficient D, are
systematically  modulated by three key parameters:  the rod-to-
coil length ratio α, stretching degree of the coil block , and ring
size .  A  key  feature  of  the  ring dynamics  is  the  intermedi-
ate-time  sub-diffusion  in ,  which  originates  from  the  het-
erogeneity  of  the  rod-coil  copolymer.  When  the  ring  encoun-
ters the rod-coil interface, the ring’s probability of crossing van-
ishes, marking the onset of the subdiffusive regime. After shut-
tling through Brownian motion,  the ring slides through the in-
terface and ends in this regime. First, the dependence of D on α
exhibits  a  nonmonotonic  variation,  characterized  by  an  initial
decrease followed by an increase.  This  indicates  that  the more
homogeneous the axial polymer chain is, the faster the ring dif-
fuses. Then, the diffusion coefficient of ring  increases first and
then  decreases  as  increases,  which  suggests  that  the  sliding
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dynamics of the ring are governed by the competition between
chain flattening and coil block fluctuation. In addition, ring size

 also has a non-monotonic influence on diffusion. D first in-
creases  and  then  decreases  with  increasing ,  which  indi-
cates that the sliding dynamics are dominated not only by the
friction between the ring and the axial chain but also by the self-
diffusion  of  the  ring.  This  study  provides  molecular-level  in-
sights  into  how  these  dominant  factors  govern  the  sliding  dy-
namics of rings in rod-coil-based rotaxanes and helps us to con-
trol the sliding dynamics in molecular designs.
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The sliding dynamics of the ring chain in rod-coil rotaxanes depend non-monotonically on the rod-coil ratio α, coil stretch
μ,  and  ring  size.  Intermediate-time  sub-diffusion  arises  from  backbone  heterogeneity.  Diffusion  is  fastest  on  homoge-
neous chains and under moderate coil stretching, thereby guiding the design of tunable slide-ring materials.
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