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Abstract   Having highly tunable molecular topology is one of the most important characteristics of polymers that provides these materials with

a wide range of interesting and unique properties. In particular, ring polymers exhibit a number of properties that are markedly distinct from their

linear counterparts. Here, we compare and contrast the glass formation of unknotted, nonconcatenated ring and linear polymer melts having

variable  molecular  mass  based  on  molecular  dynamics  simulations  of  a  coarse-grained  model.  After  revealing  an  unusual  property  in  the

structure  of  small  rings,  we  discuss  the  mass  dependence  of  the  structural  relaxation  time  determined  from  the  self-intermediate  scattering

function over a wide range of temperatures in both ring and linear polymers. As a general trend, we find that the characteristic temperatures (e.g.,
the  glass  transition  temperature)  and  fragility  of  glass  formation  increase  with  increasing  molecular  mass  in  linear  polymers,  but  the  mass

dependences  of  these  properties  are  rather  weak  in  the  family  of  ring  polymer  models  considered,  in  broad  accord  with  experimental

measurements. Importantly, we show that the glass formation of ring polymers can quantitatively be described by the string model, a model that

is broadly consistent with the entropy theory of glass formation and that takes the mass of string-like clusters as a molecular realization of the

abstract  cooperatively  rearranging  regions.  This  opens  the  possibility  of  applying  the  configurational  entropy-based  theories  to  describe  the

glass formation of ring polymers, once the ring topology is taken into account.
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INTRODUCTION

Ring  polymers  are  a  special  type  of  macromolecules  that  lack
free chain ends. The cyclic topology provides ring polymers with
distinct  conformational  and  viscoelastic  properties  in  bulk,
solution,  and  thin  films  when  compared  to  linear  or  branched
polymers.[1−25] In  particular,  ring  polymers  have  been  found  to
generally exhibit lower intrinsic viscosity, smaller hydrodynamic
volume, higher density, higher glass transition temperature, and
higher  refractive  index  than  their  linear  counterparts.[26]

Consequently,  ring  polymers  have  become  an  attractive
material for use in a variety of fields, such as drug delivery,[27−29]

gene  transfection,[30−33] energy  storage  devices,[34−36] etc.  For
instance, Karim and coworkers[36] recently showed that both the
dielectric  strength  and  capacitive  energy  density  of  polymer
films  can  be  enhanced  by  employing  the  cyclic  topology
because the free chains of linear polymers act as defect sites at
which  the  dielectric  breakdown  can  be  initiated.  Since  cyclic
biomacromolecules  are  commonly  found  in  nature,[37−39] the

study  of  ring  polymers  is  also  of  great  significance  from  a
biological point of view. For a comprehensive discussion of the
physical properties and potential applications of ring polymers,
the  reader  is  referred  to  the  excellent  review  of  Haque  and
Grayson[40] and the references therein.

The  present  work  focuses  on  the  glass  formation  of  ring
polymers,  which  is  a  long-standing  problem  in  polymer  sci-
ence. The seminal arguments by Fox and Flory[41,42] relate the
rate  of  segmental  relaxation  of  polymers  to  the  number  of
free  chain  ends  of  the  molecule.  This  free-volume  idea  re-
mains popular in the polymer science community[43,44] and is
often  invoked  to  rationalize  the  dependence  of  the  glass
transition  temperature  (Tg)  of  polymers  on  molecular  mass.
This picture implies that more free chain ends lead to a high-
er free volume or lower density and thus to a lower Tg, which
is  in  general  accord  with  the  observations  that Tg decreases
with  decreasing  chain  length  in  linear  polymers  in  the  low
molecular mass regime. If the same arguments are applied to
ring  polymers,  then  one  expects  that Tg should  not  exhibit
much  variation  as  molecular  mass  is  altered  since  ring  poly-
mers  do  not  have  any  chain  ends.  This  reasoning  makes  the
study of ring polymers having variable molecular mass highly
attractive in relation to an understanding of the fundamental
nature of polymer glass formation.  Accordingly,  a number of
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experimental  measurements  have  been  made  for  the  mass
dependence  of Tg of  ring  polymers.  While  this  task  might
seem straightforward to be achieved at first sight, the experi-
mental investigations over the past several decades have not
led to  a  clear  conclusion yet.  Many studies  report  that Tg for
ring  polymers  increases  with  increasing  molecular
mass,[2,40,45−54] while others claim that an increase in molecu-
lar mass leads to a reduction in Tg,[55−59] a picture that was dis-
cussed  long  ago  by  Di  Marzio  and  Guttman[60] based  on  the
entropy theory of polymer glass formation. More intriguingly,
several studies have also found a non-monotonic variation of
Tg with molecular mass in ring polymers.[58,59,61−63] The source
of  these  conflicting  reports  has  not  been  fully  understood,
but it has been widely appreciated that the contamination of
linear polymers in a ring polymer melt could affect the meas-
urements  of Tg of  a  neat  ring polymer  melt,  a  point  that  has
been carefully examined in the work of Tu and coworkers.[47]

In  this  regard,  computational  simulations  can  offer  insights
that  potentially  help  resolve  the  issues.  Unfortunately,  there
have been few systematic computational studies of the mass
dependence  of  glass  formation  of  ring  polymers.[56,57] Des-
pite  the  disagreement  on  the  general  trend  in  the  mass  de-
pendence  of Tg of  ring  polymers,  two  conclusions  appear  to
be  quite  clear  when  the  results  of  ring  polymers  are  com-
pared to those of linear counterparts. More specifically, it has
been generally observed that the Tg of ring polymers is high-
er  than  that  of  linear  polymers  having  the  same  molecular
mass and that the mass dependence of Tg is much weaker in
ring polymers than in linear polymers.  In addition, the differ-
ence between the Tg of ring and linear polymers is more pro-
nounced  at  lower  molecular  masses,  and  as  the  molecular
mass increases, the asymptotic values of Tg for ring polymers
in the limit of large molecular mass tend to converge to those
of linear polymers, regardless of the general trend in the vari-
ation of Tg with molecular mass.[2,40,46,47,50−55,58−62]

There  are  additional  fundamental  reasons  to  investigate
the  glass  formation  of  ring  polymers.  From  our  own  stand-
point,  ring  polymers  provide  an  ideal  model  system  to  test
general ideas in the generalized entropy theory (GET) of poly-
mer  glass  formation,[64−67] which  combines  the  analytic  lat-
tice  cluster  theory  (LCT)  for  the  thermodynamics  of  polymer
systems[68,69] and the Adam-Gibbs (AG) relation between the
structural relaxation time and the configurational entropy.[70]

The  GET  provides  a  predictive  theory  of  the  dependence  of
the  structural  relaxation  time  (τα)  and  other  characteristic
properties  of  glass  formation  on  basic  molecular  structural
parameters, e.g.,  backbone  and  side-group  rigidities,  cohe-
sive  interaction  strength,  chain  length,  and  monomer  struc-
ture,  and  thermodynamic  conditions, e.g.,  temperature  and
pressure.  Within  this  framework,  molecular  packing  is  pre-
dicted  to  be  a  dominant  factor  in  determining  both  the Tg

and  fragility  of  glass-forming  polymers,  where  the  fragility
characterizes the strength of the temperature dependence of
τα. For instance, if the molecules can pack efficiently in space,
these  polymers  exhibit  a  relatively  weak T dependence  of τα
and  are  relatively  strong  glass-formers.  In  comparison,  if  the
molecules pack less efficiently in space, these polymers have
a  stronger  variation  of τα with T and  are  more  fragile  glass-
formers.  It  then  comes  as  no  surprise  that  ring  polymers

provide a perfect platform for testing the idea of packing effi-
ciency because molecular packing can be tuned to a large ex-
tent, e.g.,  by  changing  the  molecular  details  of  a  ring
polymer.[52,71,72] Indeed, Vargas-Lara et al.[71] showed that the
glassy  dynamics  of  low  molecular  mass  ring  polymer  melts
are  greatly  influenced  by  the  knot  complexity  as  quantified
by  the  minimal  crossing  number,  and  the  authors  attribute
their findings to alterations in molecular rigidity and packing,
which are exactly the primary physical factors governing glass
formation  predicted  by  the  GET.  We  also  mention  a  related
study based on dielectric  spectroscopy and differential  scan-
ning  calorimetry,[52] where  the  authors  showed  that Tg de-
pends  sensitively  on  the  number  of  linkers  within  a  cyclic
polymer. This result is also in line with the general idea of the
GET since molecular rigidity and packing are evidently varied
as the number of  linkers  changes.  It  should also be emphas-
ized that the dynamics of glass-forming liquids start to exhib-
it  large complex changes at  temperatures  well  above Tg and
that highly fascinating physics has been revealed in the deep
glassy state below Tg, so Tg just represents part of the story of
glass formation. For instance, the temperature dependence of
τα evidently  provides  much  more  insight  into  the  nature  of
glass  formation than Tg alone.  Unfortunately,  systematic  stu-
dies  have  been  rather  limited  concerning  the  temperature
dependence of the dynamics and other characteristic proper-
ties of ring polymers.[52,56,63,73]

In  the  present  work,  we  perform  extensive  molecular  dy-
namics  (MD)  simulations  of  a  coarse-grained  model  to  ad-
dress the essential phenomenology of structural and dynam-
ic properties of ring polymers upon approaching Tg. As a first
step towards a deep understanding of the glass formation of
ring polymers, we focus on the glass formation of unknotted,
nonconcatenated ring polymer melts having variable molecu-
lar mass. For purposes of comparison, we also perform corres-
ponding simulations for  linear polymer melts  so that we can
compare  and  contrast  the  glass  formation  of  ring  and  linear
polymer  melts.  Our  analysis  reveals  a  characteristic  peak  in
the  static  structure  factor  of  small  rings  that  arises  from  the
strong interchain  correlations.  We then discuss  the  mass  de-
pendence  of τα determined  from  the  self-intermediate  scat-
tering function over a wide range of T in both ring and linear
polymers  in  an  effort  to  discern  the  similarities  and  differ-
ences  between  the  structural  relaxation  of  ring  and  linear
polymers. This is followed by determinations of the character-
istic temperatures (e.g., Tg) and fragility of glass formation. As
a general  trend,  we find that  the characteristic  temperatures
and  fragility  of  glass  formation  increase  with  increasing  mo-
lecular mass in linear polymers, but the mass dependences of
these properties are rather weak in the family of ring polymer
models considered, in broad accord with experimental meas-
urements mentioned above.  We also identify  certain aspects
that  are  not  captured  by  the  present  coarse-grained  model,
and accordingly, we discuss how the model can be improved
to describe the mass dependence of polymer glass formation.
Going  beyond  the  phenomenological  analysis,  we  demon-
strate that the glass formation of ring polymers can quantitat-
ively be described by the string model,[65,74,75] a model that is
broadly consistent with the entropy theory of glass formation
and that  takes the mass of  string-like clusters  as  a  molecular
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realization  of  the  abstract  cooperatively  rearranging  regions
(CRR) envisioned by AG.[70] While much work is required to in-
corporate the ring topology into the existing framework,[64−67]

our work opens the possibility of applying the configuration-
al  entropy-based  theories  to  describe  the  glass  formation  of
ring polymers.

MODEL AND SIMULATION DETAILS

Model Description
We  investigate  the  mass  dependence  of  polymer  glass
formation  based  on  a  coarse-grained  bead-spring  model,[76,77]

where  each  chain  is  composed  of  a  number  of  connected
statistical segments. The interactions of our polymer model are
given by the following two potentials.

First,  a  truncated-and-shifted  Lennard-Jones  (LJ)  potential
is  utilized  to  describe  the  excluded  volume  interactions
between a pair of nonbonded beads,

ULJ (r) = 4ε [(σr )12
− (σr )6] + C (rcut) , r < rcut (1)

where r denotes the distance between two beads and σ and ε
set the length and energy scales of the system, respectively. The
constant C(rcut) ensures that the ULJ goes smoothly to zero at the
truncation distance rcut, which is chosen to be rcut = 2.5σ so that
attractive nonbonded interactions are included.

Second,  bonded  interactions  between  two  neighboring
beads  along  a  polymer  chain  are  modeled  using  the  finitely
extensible nonlinear elastic (FENE) potential,

UFENE (r) = −
1
2
kbR

2
0ln [1 − ( r

R0
)2] + UWCA (2)

where kb = 30 ε/σ2 and R0 = 1.5 σ.  The first term of Eq. (2) is an
attractive potential which extends to R0 and the second term is
the  purely  repulsive  Weeks-Chandler-Andersen  (WCA)
potential,[78] which  has  the  same  form  as  Eq.  (1),  but  with  a
cutoff  distance  of rcut =  21/6 σ.  With  the  parameters  described
above, the polymer chains have an equilibrium bond length of
approximately  0.97 σ,[76] introducing  a  length  scale  that  differs
from  the  equilibrium  distance  of  nonbonded  beads  governed
by ULJ.  These  two  competing  length  scales  allow  for  the
formation of an amorphous glass at low temperatures.

In our polymer system, the chain length N of both ring and
linear  polymers  varies  from  3  to  20,  and  the  number Nc of
chains is adjusted to keep the total number of beads fixed ap-
proximately  at Nb=8000.  The  lower  limit  of N=3  for  chain
length corresponds to a case where the ring topology can still
be  defined  in  the  present  coarse-grained  model.  A  model
with  small  values  of N may  not  be  considered  as  a  polymer,
but we include the results for these models to examine poly-
mer glass formation over a broad range of molecular masses.
The upper limit of N=20 for chain length lies in a mass range
where  the  segmental  properties  of  polymer  melts  do  not
change much with varying the chain length.

τ ≡
√
mbσ2/ε

In  the following,  we describe all  quantities  and results  ob-
tained from our  simulations  in  terms of  standard reduced LJ
units.  All  beads  have  the  same  mass mb.  Length,  time,  tem-
perature and pressure are then measured in units of σ, τ, ε/kB,

and ε/σ3,  respectively,  where .  The  Boltzmann
constant  is  set  to  be kB=1 for  convenience,  and this  factor  is
explicitly included in some equations for the sake of clarity.

Simulation Details
The  Large-scale  Atomic/Molecular  Massively  Parallel  Simulator
(LAMMPS)  molecular  dynamics  package[79,80] is  utilized  to
perform  MD  simulations  in  three  dimensions  under  periodic
boundary  conditions,  and  the  equations  of  motion  are
integrated  with  a  time  step  of  Δt =  0.005 τ.  To  prepare  an
equilibrated  polymer  melt  that  is  subsequently  used  for  the
study  of  glass  formation,  we  run  simulations  in  the NPT
ensemble at a relatively high temperature of T = 1.5 ε/kB and a
pressure  of P =  0.0 ε/σ3,  where  a  Nosé-Hoover  thermostat  and
barostat  are  employed  to  maintain  the  temperature  and
pressure,  respectively,  as  implemented  in  LAMMPS.  These
simulations  are  performed  for  at  least  105 τ,  followed  by  a
subsequent  run  of  the  same  duration  under  the
aforementioned  thermodynamic  conditions  to  determine  the
number  density ρ = Nb/V,  where V is  the  volume  of  the
simulation  box.  The  polymer  melt  with  the  desired  density  is
further  equilibrated  at  the  same T for  at  least  105 τ in  the NVT
ensemble,  which  is  much  longer  than  the  longest  relaxation
time of the melt so that the proper equilibration of the polymer
melt can be achieved.

The  equilibrated  melt  is  then  cooled  or  heated  at P =  0.0
ε/σ3 in the NPT ensemble with a rate of 10−4 ε/(kBτ),  allowing
us  to  obtain  the  density  as  a  function  of T under  constant
pressure  conditions.  Specifically,  both  linear  and  ring  poly-
mer melts are cooled down to a temperature of T = 0.2 ε/kB, a
value  that  is  typically  much  lower  than  the  glass  transition
temperature Tg. This procedure provides us with rough estim-
ates of Tg because the slope in the T dependence of thermo-
dynamic  properties,  such  as ρ and V,  exhibits  a  noticeable
change  at  a  temperature  near Tg.  The  present  study  focuses
on a regime of T well above Tg, thereby avoiding the nonequi-
librium phenomena in the glass state.  Since we focus on the
regime of T where equilibrium properties can be accessible to
the present simulations, the lowest temperatures at which we
can  perform  equilibrium  simulations  are  generally  much
higher than T = 0.2 ε/kB and the specific values of these tem-
peratures  depend  on  the  chain  topology  and  the  chain
length.  In  particular,  when  the  chain  length N is  increased
from 3 to 20, the lowest T ranges from 0.39 ε/kB to ~0.42 ε/kB

for  the linear  polymer melts  and it  remains fixed at  0.43 ε/kB

for the ring polymer melts. We then perform additional simu-
lations for each T in the NPT ensemble to determine the num-
ber  density  more  accurately  using  the  configuration  ob-
tained  from  the  cooling  or  heating  process.  This  is  followed
by  a  further  equilibration  of  the  polymer  melt  with  the  de-
sired density for each T in the NVT ensemble, which typically
lasts over a period ranging from 10 times to 100 times longer
than  the  segmental  structural  relaxation  time.  Relevant
quantities  and  properties  of  interest  are  finally  analyzed,  as
discussed  below.  This  enables  us  to  obtain  reliable  equilibri-
um data on the segmental level. It should be pointed out that
the chain conformations on large length scales are not read-
ily  equilibrated at  very  low T due to the very  long relaxation
times of polymer chains.  Hence, there could be nonequilibri-
um effects for the properties on large length scales.

RESULTS AND DISCUSSION

Structural Properties
We  start  by  analyzing  the  variation  of  structural  properties  of
polymer  melts  with  molecular  mass.  While  the  structures  of
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linear polymer melts are not commonly discussed in the context
of  glass  formation,  the cyclic  topology may lead to  changes  in
structure  that  are  relevant  to  the  understanding  of  the
segmental dynamics. We first focus on the static structure factor
of the beads,

S(q) = 1
Nb

⟨∑Nb

j=1
∑Nb

k=1
exp [−iq ⋅ (rj − rk)]⟩ (3)

⟨⋯⟩where i is  the  imaginary  unit, q =  |q|  is  the  wave  number, rj
represents  the  position  of  particle j,  and  the  brackets 
denote the usual thermal average.

Fig. 1 displays the q dependence of S(q) at a relatively high
temperature  of kBT/ε =  1.50  and  a  low  temperature  of
kBT/ε=0.43 for ring and linear polymer melts. Upon a compar-
ison  between  the  ring  and  linear  polymer  melts  in Figs.  1(a)
and 1(b), our simulation results indicate that the primary peak
of both systems at about q = 7.0 σ−1 exhibits a mild depend-
ence  on N.  Intriguingly,  we  find  a  characteristic  peak  or
shoulder  at  around q =  3  ~  4 σ−1 in  ring polymer  melts  with
small N.  This  result  suggests  the existence of  structural  char-
acteristics in small ring polymer melts, and below, we provide
insight into this structural feature by analyzing the static cor-
relations between the chain centers of mass.

We can provide insight  into the characteristic  peak of S(q)
in  small  rings  by  analyzing  the  interchain  correlations.  The
dashed lines  in Fig.  1 show the results  of  the static  structure
factor Scm(q) for the chain centers of mass. The computations
of Scm(q)  follow  the  same  method  as  in  Eq.  (3)  but  with  the
bead positions replaced by the chain centers of mass and the

bead  number  replaced  by  the  chain  number.  The  peaks  in
Scm(q)  clearly  indicate  the  presence  of  strong  interchain  cor-
relations  in  small  ring  polymer  melts.  We  also  find  that  the
peak  magnitude  becomes  most  pronounced  for  the  ring
polymer melt with N = 4 and progressively decreases with in-
creasing N.  It  can  naturally  be  expected  that Scm(q)  is  com-
pletely  featureless  in  the  large N limit.  Evidently,  it  is  the
strong  interchain  correlations  that  lead  to  the  characteristic
peak  in S(q).  It  should  be  noted  that Scm(q)  also  displays  a
peak in linear polymer melts with small N (Fig. 1b), but the in-
terchain correlations are likely not sufficiently strong to cause
a  pronounced  feature  in S(q),  in  contrast  to  the  small  ring
polymer melts.

Moreover, Fig. 1(c) indicates that the characteristic peak or
shoulder in S(q)  is  nearly invisible at low T.  This trend can be
expected since the compressibility of glass-forming materials
tends  to  vanish  upon approaching the  glassy  state,[81] an  ef-
fect  that  suppresses  the  occurrence  of  structural  features  in
the  low q regime.  We  note  in  passing  that  the  statistics  be-
come poorer at lower T in our results of S(q) and Scm(q). This is
due to the significant increase of τα upon lowing T so that the
protocol based on the time averaging is less effective. This is-
sue can be alleviated by extending the total  simulation time
and  increasing  the  number  of  independent  runs  at  low T.
Nonetheless,  the  structural  characteristics  of Scm(q)  are  evid-
ent even at low T, as shown in Fig. 1(d).

A natural question then arises as to what causes the inter-
chain  correlations  in  small  rings.  The  correlation  hole  effects
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Fig. 1    Static structure factors S(q)  and Scm(q)  for the beads and the chain centers of mass at a temperature of kBT/ε=1.50 and
0.43 for polymer melts having variable chain length N, respectively. Panels (a) and (c) and (b) and (d) correspond to the results for
ring and linear polymer melts, respectively. Solid and dashed lines correspond to S(q) and Scm(q), respectively.
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might be a relevant factor in this context. The correlation hole
has  a  size  comparable  with the overall  chain size,  giving rise
to  a  characteristic  feature  in  the  single-chain  static  structure
factor at the distance corresponding to the polymer coil radi-
us,  as  discussed  by  de  Gennes.[82] In  more  recent  years,  the
correlation hole effects have been utilized to explain the non-
Gaussian deviations of the form factor.[83,84] To check this pos-
sibility, we have examined S(q) and Scm(q) versus qRg (data not
shown),  where Rg is  the chain radius of  gyration.  If  the inter-
chain  correlations  are  caused by  the correlation hole  effects,
the characteristic peak should appear at qRg≈1, regardless of
the  chain  length.  However,  our  analysis  indicates  that  the
characteristic  peak  position  of Scm(q)  corresponds  to  a  dis-
tance  considerably  smaller  than  the  polymer  coil  radius  and
changes with varying the chain length. It is thus unlikely that
the  interchain  correlations  in  small  ring  polymer  melts  are
due to the correlation hole effects. The origin of the intercha-
in correlations deserves a further study.

As  a  backdrop  to  frame  our  investigation  of  the  dynamic
properties  of  glass  formation  below,  we  further  analyze  the
structures of our polymer model at a low temperature of kBT/ε
= 0.43, where dynamic heterogeneity is evident. Fig. 2 shows
the center-of-mass radial distribution function, gcm(r), for both
ring  and  linear  polymers  having  variable N,  which  is  calcu-
lated according to its standard definition,[85]

gcm (r) = V
Nc

2
⟨∑Nc

i
∑Nc

j≠i
δ(r − rcm,ij)⟩ (4)

where rcm,ij denotes  the  distance  between  the  centers-of-mass
of  the ith and jth chains.  As  can  be  seen, gcm(r)  for  small  ring
polymer melts exhibit multiple peaks, and the ring polymer melt
with N=4 appears to have the strongest interchain correlations,
which have a dramatic influence on the dynamics, as discussed
below.  As N increases, gcm(r)  for  ring  polymer  melts  becomes
more featureless and is similar to that of linear polymer melts.

To  further  understand  the  structural  features  of  small  ring
polymer  melts,  we  also  calculate  the  probability  distribution
function P(θ) of bond angle θ,

θ = cos
−1 ( bj ⋅ bj+1∣bj∣ ∣bj+1∣ ) (5)

where bj = rj − rj−1 represents the bond vector between adjacent
particles j and j − 1 on the polymer chain. As shown in Fig. 3, P(θ)
for linear polymer melts is  nearly independent of chain length.
In  sharp  contrast, P(θ)  for  small  ring  polymer  melts  differs
significantly from those having large N. More specifically, P(θ) for
the ring polymer melt with N=3 exhibits a single peak with the
peak  position  close  to  2π/3,  corresponding  to  an  equilateral
triangle chain conformation.  In the case of N=4, P(θ)  displays a
double-peak  distribution,  with  the  peak  positions  being
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Fig.  2    Radial  distribution  function gcm(r)  for  the  chain  centers  of
mass  at kBT/ε=0.43  for  polymer  melts  having  variable N.  Panels
(a) and (b) correspond to the results for ring and linear polymer melts,
respectively.
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Fig.  3    Probability  distribution  function P(θ)  of  bond  angle θ at
kBT/ε=0.43  for  polymer  melts  having  variable N.  Panels  (a)  and  (b)
correspond  to  the  results  for  ring  and  linear  polymer  melts,
respectively.
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approximately symmetrical about π/2, indicating that the chain
conformation adopts  a  rhombus shape.  This  is  associated with
the  structural  features  revealed  by gcm(r).  As N increases, P(θ)
gradually  becomes uniform,  exhibiting a  similar  distribution to
that  of  linear  polymer  melts.  Evidently,  the  topological
constraint of the ring topology on chain conformation gradually
weakens with increasing N.

Structural Relaxation Time
The structural relaxation time τα is a key quantity in the study of
glass formation, from which the characteristic temperatures and
fragility  of  glass  formation  can  be  determined.  To  investigate
the  influence  of  molecular  mass  on  the  relaxation  of  ring  and
linear polymer melts,  we determine τα from the self-part of the
intermediate scattering function,

Fs(q,t) = 1
Nb

∑Nb

j=1
exp {−iq ⋅ [rj( t) − rj(0 )]} (6)

where rj(t) is the position of the jth bead at time t. We choose the
wave number to be q = 7.0 σ−1, which is close to the position of
the primary peak of S(q), so that we analyze the dynamics at the
segmental  length  scale.  We  then  define τα by  the  time  where
Fs(q,t) decays to 0.2, following the previous works.[86−92]

Fig. 4 displays the t dependence of Fs(q,t) at two different T
for  ring  and  linear  polymer  melts  having  variable N.  It  is  ob-
served that molecular mass has only a mild impact on the dy-
namics at high T in both ring and linear polymer melts. At low
T, Fs(q,t) for ring polymers do not change much with increas-
ing N,  except  for N=4,  while Fs(q,t)  for  linear  polymer  melts
shows a much stronger N dependence. As a typical feature of
glass-forming  liquids,  the  structural  relaxation  slows  down
drastically  upon  lowering T and  the t dependence  of Fs(q,t)
develops  a  two-step  decay  at  low T.  Here,  the  short-time β-
relaxation reflects a fast inertial relaxation process that is pre-
valent at high T, which becomes progressively diminished by
the onset of local caging in the liquid at lower T, where relaxa-
tion  correspondingly  becomes  non-Arrhenius,[93] as  dis-
cussed  below.  The  long-time α-relaxation  is  strongly  associ-
ated  with  the  disintegration  of  dynamic  clusters  of  caged
particles.[94,95]

It  is  noteworthy that Fs(q,t)  for  the ring polymer  melt  with
N=4  exhibits  an  anomalous  behavior  at  low T,  as  shown  in
Fig. 4(a), where the relaxation time cannot be obtained with-
in  the  simulation  time  window.  A  further  investigation  re-
veals that this system cannot reach equilibrium in the NPT en-
semble, as the volume of the simulation box varies even after
a long simulation time. This issue is associated with the strong
interchain  correlations,  as  discussed  earlier.  For  this  reason,
the  results  for  the  ring  polymer  melt  with N=4  are  excluded
from the following discussion.

Fig.  5(a)  summarizes  our  simulation  data  for τα as  a  func-
tion of 1/T for ring and linear polymer melts with various N. It
is evident that τα increases dramatically upon cooling, a typi-
cal  feature  of  glass-forming  materials.  In  the  high T regime,
the T dependence of τα follows the Arrhenius equation, as an-
ticipated from transition state theory (TST),[96,97]

τα = Aoexp (ΔHo

kBT
) (7)

where Ao is  a  prefactor  and  ΔHo is  the  activation  enthalpy.  In
Fig. 5(b), we confirm that the Arrhenius equation applies at high
T in our polymer model having variable N.  The simulation data
for both ring and linear chains collapse onto a master curve in
the  high T Arrhenius  regime.  In  the  relatively  low T regime,
however,  the T dependence  of τα deviates  from  the  Arrhenius
behavior[98,99] and  can  typically  be  described  by  the  Vogel-
Fulcher-Tammann (VFT) equation,[100−102]

τα = τoexp ( DT0

T − T0
) (8)

where τo is  the  high T limit  of τα, D is  a  fragility  index  that
quantifies the strength of the T dependence of τα, and T0 is the
hypothetical “ideal glass transition temperature”[64] at which τα
extrapolates  to  infinity.  Angell  has  emphasized  that  the
parameters of the VFT equation are quite sensitive to the range
of T chosen  for  the  fits.  The T range  that  can  be  reached  in
simulations  is  actually  much  higher  than Tg,  where τα only
changes several orders of magnitude, making the estimations of
D and T0 highly uncertain.
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Fig. 4    Self-intermediate scattering function Fs(q,t) as a function of time t at fixed T for polymer melts having variable N. Panels
(a)  and  (b)  correspond  to  the  results  for  ring  and  linear  polymer  melts,  respectively.  Solid  and  dashed  lines  correspond  to  the
results for kBT/ε=1.50 and 0.43, respectively. Symbols indicate the positions where Fs(q,t) decays to the value of 0.2, a condition
that serves to define the structural relaxation time τα. The wave number is chosen to be q = 7.0 σ−1 in the present work. Notice the
unusual behavior of the ring polymer melt with N=4 at kBT/ε=0.43.
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We found that it is challenging to obtain reliable fitted res-
ults for variable N when all the three parameters (τo, T0, and D)
are  allowed  to  vary  simultaneously.  Inspired  by  the  previous
work,[86,89,91] we  fix τo at  average  values  obtained  by  fitting
the data for ring and linear polymer melts of all chain lengths,
which  are τo≈0.30  and τo≈0.28  for  ring  and  linear  polymer
melts,  respectively,  while T0 and D are  treated  as  independ-
ent  fitting  parameters.  Although τo may  not  be  exactly  con-
stant  when N is  varied,  we  have  achieved  a  reasonable  de-

scription of  all  simulation data  for  both ring and linear  poly-
mers  having  variable N based  on  the  above  procedure,  as
shown  in Fig.  5(c).  Nevertheless,  it  should  be  emphasized
again that the fitted results may still have factors that contrib-
ute to uncertainties.

To illustrate the dependence of τα on N more explicitly, Fig. 6
shows τα as a function of N for a range of T for both ring and
linear  polymer  melts.  At  high T, τα for  both  ring  and  linear
polymer melts exhibit little variation with N.  This is true even
at low T for ring polymer melts. However, as temperature de-
creases, τα for linear polymer melts first increases with increas-
ing N and then tends to plateau at large N, a trend that is con-
sistent with measurements.

Characteristic Temperatures and Fragility of Glass
Formation
The  glass  formation  is  a  broad  thermodynamic  transition  with
multiple characteristic temperatures rather than a conventional
phase  transition.  This  aspect  has  been  emphasized  by  the
GET,[64−67] which is  capable of  capturing the essential  trends in
the  characteristic  temperatures  of  glass  formation.  These
characteristic  temperatures include the onset at TA,  the middle
or crossover at Tc,  and the termination at T0 of glass formation,
as well as the common glass transition temperature Tg, where T0

is often referred to as the “ideal glass transition temperature”,
as  mentioned earlier.  Below,  we determine the characteristic
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ln(τα/Ao) = ΔHo/kBT

ln(τα/τo) = DT0/(T − T0)
Fig.  5    (a) τα versus  inverse  temperature ε/kBT for  a  range  of N;  (b)
Data  reduction  of  the T dependence  of τα based  on  the  Arrhenius
equation.  The  dashed  line  indicates .  (c)  Data
reduction of the T dependence of τα based on the VFT equation. The
dashed  line  indicates .  Filled  and  open
symbols correspond to the results for ring and linear polymer melts,
respectively.
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Fig.  6    τα as  a  function  of N for  a  range  of T.  Panels  (a)  and  (b)
correspond  to  the  results  for  ring  and  linear  polymer  melts,
respectively. Lines are a guide to the eye.

  Song, X. Y. et al. / Chinese J. Polym. Sci. 2023, 41, 1447–1461 1453

 
https://doi.org/10.1007/s10118-023-3004-5

 

https://doi.org/10.1007/s10118-023-3004-5


temperatures  and  fragility  of  polymer  glass  formation  based
on  our  simulation  data  using  the  method  established  in  our
previous works,[86−92] which we briefly describe below.

The onset temperature TA is determined on the basis of the
mean squared displacement (MSD),[103−105]

⟨r2(t) = 1
Nb

∑Nb

j=1
∣rj (t) − rj (t0)∣2⟩ (9)

∂lnr2(t) /∂ln(t)
More specifically, the onset temperature is identified by the

appearance of a minimum around t=1 τ in the logarithmic de-
rivative of the MSD, . The timescale defining TA

is closely related to the particle localization,[106,107] and hence,
TA is  also  referred  to  as  the  localization  temperature.  Above
TA, a high-temperature Arrhenius regime typically exists in the
dynamics of glass-forming liquids, as discussed earlier.

The crossover temperature Tc is determined by fitting simu-
lation data with 5 τ < τα < 5×103 τ for each N to a power-law
equation, τα ~  (T − Tc)−γ,  where γ is  a  fitting  parameter.  This
power-law  scaling  has  been  widely  discussed  within  the
mode-coupling  theory  framework,[108] and  the  fitted  critical
temperature Tc is  often  termed the  “mode-coupling temper-
ature”. The GET also predicts that the power-law form applies
to τα over a limited T range above Tc but below the onset tem-
perature, TA,[64] where Tc can be precisely defined based on a
thermodynamic  condition  and  this  characteristic  temperat-
ure  separates  the  dynamics  of  the  glass-forming  liquids  into
two  distinct  regimes.  It  should  be  noted  that  the  power-law
relation  is  only  used  in  the  present  work  to  determine  the
general trend of Tc as a function of N, and no further analysis
is conducted in relation to the mode-coupling theory.

Finally, T0 and Tg are  determined  from  the  VFT  fits  to  the
simulation data, as described above. This approach provides a
reasonable  description  of  all  our  simulation  data  and  yields
relatively reliable estimates of T0.  We then estimate Tg by ap-
proximating  1  reduced  time  unit  as  1  ps  and  by  using  the
common empirical definition of Tg, i.e., τα(Tg) = 100 s. Alternat-
ively, Tg can be estimated from the T dependence of the dens-
ity or specific volume during a cooling process,  where a kink
is  typically  utilized  to  define  the  temperature  at  where  the
glass transition occurs. This method should yield estimates of
Tg that are qualitatively similar to those based on the VFT fits,
although  some  quantitative  differences  might  be  expected
between the two methods. It should be emphasized that our
estimates  of Tg are  only  utilized  to  indicate  the  qualitative
trends  in  polymer  glass  formation  in  the  present  work.  All
simulation estimates of Tg are subject to significant uncertain-
ties,  and  the  approach  in  the  present  work  has  the  virtue  of
simplicity.

Despite extensive studies on the mass dependence of glass
formation  in  ring  polymers,  a  clear  conclusion  has  not  been
reached yet. Our simulation data allow us to perform a more
detailed analysis of the characteristic temperatures Tx (x = A, c,
g,  or  0)  of  glass  formation  in  ring  and  linear  polymer  melts.
These  results  are  summarized  in Fig.  7.  For  linear  polymer
melts, our simulation results indicate that Tx increases with in-
creasing N and gradually approaches a plateau at large N. We
further  find  that  the  relationship  between Tx and N can  be
well described by the empirical Flory-Fox equation,[109]

Tx = Tx,∞ −
Kx
N

(10)

∞where Tx,  and Kx are fitting parameters. Turning to the results
for  ring  polymer  melts,  the  characteristic  temperatures  remain
nearly  unchanged  as N is  varied.  Our  simulation  results  also
indicate  that Tx for  ring  polymers  is  generally  higher  than  that
for  linear  polymers  at  the  same N.  However,  the  difference
between  the Tx of  ring  and  linear  polymers  become
progressively diminished as N increases, consistent with existing
experimental  results.[2,40,46,47,50−55,58,59,61,62] These  findings
indicate that  the influence of  chain topology on polymer glass
formation weakens as N increases, as expected.

It  should  be  pointed  out  that  although  the  mass  depend-
ence  of Tg has  been  found  to  be  generally  weaker  in  ring
polymers than in linear polymers in experiment, Tg still varies
with N to  some  extent  in  the  low  molecular  mass
regime.[55−59] This is in contrast to the present simulation res-
ults showing nearly no dependence of Tg on molecular mass.
This  evidently  points  to  the  fact  that  the  present  coarse-
grained  polymer  model  is  inadequate  to  fully  capture  the
mass dependence of glass formation in ring polymers. Even in
the case of linear polymer melts, we emphasize that the mass
dependence of Tg in our polymer model is much weaker than
that in real polymers. For instance, Tg can be varied by a factor
of  1.2−1.6  by  changing  the  molecular  mass  over  a  large
change in experiment.[110,111] By contrast,  our  simulation res-
ults indicate that Tg is increased by a factor less than 1.1 when
N is  increased from 3 to 20,  as  shown in Fig.  7(c).  We expect
that  the  inclusion  of  higher-order  intramolecular  potentials,
such  as  angle  and  torsional  potentials,  should  be  highly  im-
portant  for  quantitatively  recovering  trends  observed  in  the
mass  dependence  of  glass  formation  of  real  polymers.  Our
coarse-grained  polymer  model  is  rather  idealized,  so  future
work is  required to assess the individual importance of addi-
tional interactions.

Regarding  the  dependence  of  fragility  of  glass  formation
on molecular mass, Fig. 8 displays the ratio T0/TA as a function
of N for  both  ring  and  linear  polymer  melts.  Calculations
based  on  the  GET  indicate  that  there  is  unique  correspond-
ence  between D and T0/TA in  polymer  melts  with  a  broad
range  of  chain  stiffness  and  cohesive  energy
parameters,[112,113] so  the  overall  breadth  of  glass  formation
provides  an  alternative  measure  of  fragility.  As  discussed
above, the VFT fragility index D is highly sensitive to the range
of T for the fittings, and previous studies have noted the diffi-
culty of estimating the fragility index using the VFT equation
to  fit  the  data  over  a T regime  much  higher  than Tg.[86,88] In
the present study,  we obtained meaningful  fitting results  for
T0,  but  a  reliable  trend  for D cannot  be  determined,  a  situ-
ation that also occurs in polymer melts having variable cohes-
ive interaction strength considered in our previous work.[88] In
contrast to D, T0 is relatively insensitive to the fitting proced-
ure, and hence, the fragility characterized by T0/TA should be
more reliable.

As shown in Fig.  8,  the fragility  of  linear  polymer melts  in-
creases with increasing N and tends to plateau at large N.  By
contrast,  the  fragility  of  ring  polymer  melts  is  nearly  inde-
pendent  of N.  These  trends  are  basically  the  same  as  that
found  for Tx.  Quantitively,  the  fragility  of  ring  polymers  is
higher  than  that  of  linear  polymers.  Therefore,  we  can  con-
clude  from  our  simulations  that  the  characteristic  temperat-
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ures  and  fragility  of  glass  formation  increase  with  increasing
molecular  mass  in  linear  polymers,  but  the  mass  depend-
ences  of  these  properties  are  rather  weak  in  the  family  of
ring  polymer  models  considered.  These  general  trends are
broadly  consistent  with  experimental  measure-
ments.[2,40,46,47,50−52,55,58,59,61−63]

String Model Description of Glass Formation
In  this  section,  we  utilize  the  string  model  to  gain  insight  into
the mass dependence of glass formation in our polymer model.
The  GET  framework  has  been  under  active  development,[64−67]

which  offers  a  promising  theory  for  understanding  the
thermodynamics  and  dynamics  of  glass-forming  polymers.  As
mentioned  earlier,  the  GET  combines  the  LCT[68,69] for  the
thermodynamics of  polymer systems having explicit  monomer
structures  and architectures  with the AG postulated relation[70]

between the structural  relaxation time and the configurational
entropy.  However,  computing  the  configurational  entropy  is  a
challenging  task  for  polymer  systems  based  on  MD
simulations.[94] Therefore, we focus on the string model of glass
formation  in  the  present  work,[65,74,75] which  is  broadly
consistent with the GET but uses quantities that are more easily
accessible from MD simulations.

Extensive  simulations[74,91,92,95,98,99,103−105,114−117] revealed
that  the  most  mobile  particles  in  glass-forming  liquids  form
string-like  structures,  which  are  defined  in  terms  of  their  co-
operative  exchange  motion  over  the  lifetime  in  which  the
strings  exist.  This  cooperative  motion  aligns  with  the  philo-
sophical  assumptions  of  the  AG  model[70] and  provides  a
quantitative realization of  the hypothetical  CRR proposed by
AG.[70] However,  the  AG  theory  does  not  offer  a  quantitative
picture  of  the  structure  and  polydispersity  of  the  CRR.  De-

 

0 5 10 15 20
N

0 5 10 15 20
N

0 5 10 15 20
N

0 5 10 15 20
N

0.60

0.61

0.62

0.63

0.64

0.65

0.66
T

A
 (
ε
/k

B
)

T
c 

(ε
/k

B
)

T
g
 (
ε
/k

B
)

T
0
 (
ε
/k

B
)

a

Ring

Ring

Linear

0.37

0.38

0.39

0.40

0.41

0.42

0.43
b

Ring

Linear

0.32

0.33

0.34

0.35

0.36

0.37
d

Ring

Linear

0.34

0.35

0.36

0.37

0.38

0.39
c

Linear

 
Fig.  7    Characteristic  temperatures Tx (x = A, c,  g,  or  0)  of  glass  formation as  a  function of N for  ring and linear  polymer  melts.
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tailed  studies  demonstrated  that  the  size  of  string-like
clusters indeed provides the most consistent form of dynam-
ic  heterogeneity  in  relation  to  the  properties  of  the  CRR.
The  validity  of  the  string  model  has  been  confirmed  in  a
wide  range  of  polymeric  and  other  GF
materials.[74,91,92,95,98,99,103−105,114−117] Moreover,  the  model  is
further supported by a theoretical analysis by Freed.[75] We re-
cently  provided  comprehensive  reviews  on  the  GET  and
string  model  approaches  to  glass  formation,[65−67] and  the
reader is referred to these reviews for a detailed discussion of
the string model.[65]

We  employ  the  established  procedure  to  quantify  the
string-like  cooperative  motion  in  our  simulations.[118] We
define  the  most  mobile  particles  as  the f0=6.5%  of  particles
with the greatest displacement over any chosen interval. This
fraction was chosen based on the following considerations. In
previous  works,[94,119] it  has  been  found  that  the  mobile
particles  typically  account  for  5%−7%  of  the  total  particles.
Hence,  we  use  6.5%  as  a  reasonable  choice,  in  accord  with
previous  studies  on  the  glass  formation  of  polymer
systems.[89,91,93,120] Starr et al.[94] suggested a general method-
ology for estimating this fraction for any given fluid,  and the

reader  is  referred to this  work for  a  detailed discussion.  Sub-
sequently, the mobile particles are decomposed into subsets
of  string-like  groups  of  cooperatively  moving  particles.  Spe-
cifically,  two  mobile  particles j and k are  then  considered  to
be in the same string if the following condition holds,

min [∣rj (t) − rk (0)∣ , ∣rk (t) − rj (0)∣] < δ (11)

⟨s (t)⟩ ⟨s (t)⟩ =⟨∑∞
s=1s ⋅ C (s)⟩/∑∞

s=1C (s)
⟨s (t)⟩ ⟨s (t)⟩

L ≡ ⟨s (tL)⟩
⟨s (t)⟩

where δ is a displacement distance parameter that we set to be
0.55 σ.  This  value  is  consistent  with  that  used  in  previous
simulations  of  various  polymer  systems.[86,88,91,92] The  number-
averaged  string  length  is  then  calculated via 

,  with C(s)  being  the  probability  of

finding  a  string  of  length s.  As  an  illustration, Fig.  9(a)  exhibits
 as  a  function  of t at  different T for  both  ring  and  linear

polymers  with N=20.  It  is  observed  that  displays  a
maximum  at a characteristic time tL, where L defines
the  characteristic  string  length  and tL is  the  corresponding
characteristic  “lifetime”  of  strings.  A  typical  configuration  of
strings  at  the  time  where  is  maximal  is  illustrated  in
Fig. 9(b) for the ring polymer melt with N=20 at kBT/ε=0.43.

Fig. 10 summarizes and compares the variation of L with N
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over a wide range of T for ring and linear polymers. As can be
seen, L increases  modestly  with N at  low T in  linear  polymer
melts,  whereas  it  seems  that L exhibits  a  more  complicated
dependence on N in ring polymer melts, particularly at low T.
The  non-monotonic  variation  of L with N is  likely  related  to
the structural  features discussed earlier  that arise from topo-
logical constraints in small rings.

ΔG (T) = �Go (L/LA)

To  describe  the  non-Arrhenius  dynamics  at  temperatures
below TA,  the activation free energy ΔG for  structural  relaxa-
tion is assumed by the string model to be proportional to the
average  string  length L normalized  by  its  value  at  the  onset
temperature TA.[65,74,75] This  essentially  leads  to  a  tempera-
ture-dependent  activation  free  energy  given  by

, where LA is the value of L at TA.  The struc-
tural relaxation time then takes the following form,

τα = τoexp (ΔGo

kBT
L
LA

) (12)

To reduce the number of adjustable parameters,  the para-
meter τo can be eliminated from the knowledge of τα at TA,[104]

resulting in the following equation:

τα = τα(TA)exp (ΔHo − TΔSo

kBT
L
LA

−
ΔHo − TAΔSo

kBTA
) (13)

where  ΔHo is  determined  from  the  Arrhenius  equation  in  the
high T regime,  as  discussed  earlier.  Therefore,  ΔSo is  the  only
remaining free fitting parameter, which is notoriously difficult to
treat  theoretically  and  is  the  primary  source  of  uncertainty  in
TST.  Theoretical  estimation  of  ΔSo presents  a  significant
challenge in the GET, as discussed in Refs. [65,110,111,121]. We
find that all our simulation data for both ring and linear polymer
melts can be described satisfactorily by the string model of glass
formation, as shown in Fig. 11.

The  string  model  also  allows  us  to  investigate  how  chain
length  and  topology  affect  the  energetic  parameters,  ΔHo

and ΔSo. Fig. 12 shows ΔHo and ΔSo as a function N.  In linear
polymer  melts,  ΔHo increases  as N increases  and  gradually
reaches a plateau, while ΔSo shows an opposite trend. Hence,
these two parameters exhibit a correlation that is akin to the
entropy-enthalpy  compensation  (EEC)  effect.[122] In  contrast,

both ΔHo and ΔSo remain nearly unchanged in ring polymer
melts.  Notably,  the  absolute  magnitude  of  ΔSo becomes  lar-
ger with increasing N in linear polymers, implying that the en-
tropic  contribution  to  the  activation  free  energy,  which  is
neglected  in  the  AG  theory[70] and  the  GET,[64,65] becomes
more important at  larger N.  This  observation,  along with our
previous  findings,[86−88,92] emphasizes  the  role  of  the  activa-
tion  entropy  in  achieving  the  quantitative  description  and
prediction  of  polymer  glass  formation,  which  is  currently  a
major challenge in the GET.[65] We also note that ΔSo is gener-
ally  negative  in  our  polymer  models,  a  phenomenon  ob-
served  in  many  GF  systems,[86−88,104] including  ion-
containing[91] and  graft[92] polymers,  although  this  phe-
nomenon has not been fully understood.

Our  simulation  results  imply  that  the  configurational  en-
tropy-based theories  provide  a  promising framework  for  un-
derstanding  the  glass  formation  of  ring  polymers,  even
though small ring polymers exhibit strong interchain correla-
tions  that  are  normally  absent  in  linear  polymers  and  large
ring  polymers.  It  is  then  highly  desirable  to  incorporate  the
cyclic  topology  into  the  existing  frameworks,  such  as  the
LCT.[68,69]

CONCLUSIONS

In  summary,  extensive  molecular  dynamics  simulations  were
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performed to investigate the phenomenology of  the structural
and  dynamic  properties  of  unknotted,  nonconcatenated  ring
polymers  having  variable  molecular  mass  upon  approaching
the  glass  transition  temperature.  The  glass  formation  of  ring
polymer melts has been compared and contrasted with that of
linear  polymer  melts,  allowing  us  to  discern  the  features
induced  by  the  cyclic  topology  in  the  mass  dependence  of
polymer  glass  formation.  We  identified  an  unusual  property
associated  with  the  occurrence  of  a  characteristic  peak  in  the
static  structure  factor  of  small  ring  polymers,  and  a  detailed
analysis  indicates  that  this  feature  arises  from  the  strong
interchain  correlations  and  disappears  in  the  large  molecular
mass  limit.  The  mass  dependence  of  the  structural  relaxation
time over a wide range of temperatures were examined in both
ring  and  linear  polymers.  Consistent  with  experimental
observations,  the  characteristic  temperatures  and  fragility  of
glass  formation  increase  with  increasing  molecular  mass  in
linear  polymer  melts,  while  the  mass  dependences  of  these
properties  are  rather  weak  in  the  ring  polymer  models
considered.  The  difference  between  the  characteristic
properties  of  glass  formation  of  ring  and  linear  polymers
becomes  larger  at  lower  molecular  masses,  and  the  glass
transition temperature of ring polymers is generally higher than
that of  linear polymers at  the same molecular  mass.  Moreover,
the asymptotic  values  of  the glass  transition temperature tend
to be the same for both ring and linear polymer melts, which is
again  consistent  with  existing  experimental  results.  Finally,  we
showed that the glass formation of both ring and linear polymer
melts  can  be  quantitatively  described  by  the  string  model,
which  can  be  regarded  as  a  configurational-based  model  that
takes the mass of string-like clusters as a molecular realization of
the abstract cooperatively rearranging regions, as envisioned by
Adam  and  Gibbs.[70] This  finding  opens  the  possibility  of
applying  the  generalized  entropy  theory  to  describe  the  glass
formation of  ring polymers by incorporating the ring topology
into the theoretical  framework.  Overall,  our work provides firm
observational  data  for  facilitating  the  development  of  theories
of glass formation of ring polymers.
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