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Abstract   Ring polymers are ubiquitous in various fields including biomaterials, drug release and gene therapy. All of these applications involve

the dynamics and diffusion process of ring polymers in a confined environment. By using dynamic light scattering (DLS), we discovered a dynami-

cal transition for charged ring polymers with increasing ring concentration in the gel matrix from a diffusive state to a non-diffusive topological

frustrated state with a more compact conformation. When the ring polymer size is smaller than the mesh size of the gel matrix, the rings are diffu-

sive at low concentration of 5 g/L. The ring diffusion coefficient in the gel matrix is an order of magnitude smaller than that of rings in solution,

obeying the Ogston’s model. At high ring concentration of 40 g/L, the collective dynamical behavior of the charged rings exhibits a topologically

frustrated non-diffusive state, which may originate from the inter-ring threading with the external confinement from the gel matrix. Based on our

previous theoretical work, we also conjectured that in such a non-diffusive state, the ring polymers might adopt a more compact conformation

with the overall size exponent ν=1/3.
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INTRODUCTION

The static  and dynamic  properties  of  ring  polymers  are  one of
the  remaining  challenges  in  polymer  science.[1] Unlike  linear
polymers, ring polymers do not have free terminal segments or
ends,  they  possess  a  closed  contour,  which  leads  to  markedly
different  relaxation  and  diffusion  mechanisms  from  linear
chains.  For  example,  both  simulations  and  experiments  have
shown that concentrated ring polymers display unique features
that are not easily reconciled with the reptation theory of linear
polymers.[2−6] For  the  melt  of  linear  chains,  the  excluded  vol-
ume  effects  are  screened  and  the  chain  conformation  is  Gaus-
sian,  which is  characterized by the size exponent ν=0.5 (Rg~Nν,
where Rg and N are denoted by the radius of  gyration and the
number  of  segment).[7] However,  this  result  is  not  suitable  for
the ring polymer melts. Both theoretical and experimental stud-
ies  show that  ring polymers adopt a  more compact conforma-
tion and diffuse faster than their linear peers.[8−11] Unentangled
ring polymers with N<Ne (Ne is denoted by the number of seg-
ments per entanglement strand) are almost ideal in melts with
size exponent ν=0.5. However, the conformation of longer rings
with N>Ne are  more  compact.[12] Molecular  dynamics  simula-
tion results show that with the increase of  chain length in ring

melt,  the  size  exponent ν smoothly  changes  from  Gaussian
(ν=0.5) to crumpled globules (ν=1/3) via an intermediate regime
with ν=2/5.[11] Combined  with  the  simulation  results,  Iwamoto
et  al.  studied  the  conformation  of  polystyrene  rings  in  bulk  by
using  small  angle  neutron  scattering,  they  found  that  for  ring
polymers Rg~N0.5 when N/Ne≤1 and Rg~N0.33 when N/Ne≥15.[13]

In  such a  case,  although rings  have overall  globular  conforma-
tion (ν=1/3), the entropic barrier to form apparently large open
loops is so small that they are frequently observed.[4] Therefore,
they still display significant mutual interpenetrations.

In  addition  to  the  difference  of  static  conformation  be-
tween ring and linear polymers, ring and linear polymers also
exhibit  markedly  different  dynamical  behaviours  due  to  the
closed contour. Müller et al.’s simulation results show that the
self-diffusion coefficient DN is  the  same for  linear  chains  and
rings in dilute regime. While in the bulk melt, the rings are al-
ways faster than their linear counterpart of same mass. In ad-
dition,  the  chain  stiffness  will  significantly  affect  the  depen-
dence of self-diffusion coefficient on the ring size (DN∝N−1.22

for  flexible  chains  and DN∝N−1.68 for  semi-flexible  chains,
where N denotes  the  degree  of  polymerization).[11] It  should
be noticed that  their  results  are  only  applicable  to  the situa-
tion  when  the  degree  of  polymerization  is  smaller  than  the
entanglement  crossover  of  linear  chains.  While  the  simula-
tion  results  from  Brown,  S.  and  Szamel,  G.  show  that  when
N≈12.5Nc,  where Nc denotes  the  chain  segment  number  of
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the  entanglement  crossover  for  linear  chains,  the  rings  still
diffuse  faster  than  their  linear  counterpart  of  the  same  mass
in their bulk melts.[14]

In  this  work,  we report  the  first  experimental  evidence for
the  dynamics  of  charged  ring  polymers  under  gel  confine-
ment  by  using  dynamic  light  scattering  (DLS)  in  0.1  mol/L
NaCl.  We  found  a  collective  dynamical  transition  of  charged
ring  polymers  from  the  diffusive  state  to  the  non-diffusive
topological frustrated state with the increase of the ring poly-
mer  concentration.  From  the  experimental  results  and  the
analysis based on our former theoretical work, we conjecture
that the ring polymers may adopt a more compact conforma-
tion when they are in the non-diffusive topological frustrated
state under strong confinement.

EXPERIMENTAL

The synthetic details, experimental section and complementary
data are presented in the electronic supplementary information
(ESI).

RESULTS AND DISCUSSION

The  dynamics  of  ring  polymers  under  gel  confinement  was
monitored by DLS. DLS can measure the scattered light intensi-
ty-intensity correlation function g2(q,t), which can be converted
to the electric field-field correlation function g1(q,t) by Siegert re-
lation:[15]

g2(q, t) − 1 = <I(0) I(t) >/< I >2 −1 = α∣g1 (q, t)∣2 (1)

where α is the instrument coherent factor, t denotes the decay
time, I(t) represents the scattered light intensity at decay time t.
q =  (4πn/λ)sin(θ/2)  denotes  the  scattering  wave  vector  with
scattering angle θ, wavelength of the incident light λ and refrac-
tive index of the medium n. g1(q,t) can be represented as a sum
or integral over a distribution of relaxation rates Γ by

g1 (q, t) = ∫ ∞

0
G (Γ) e−ΓtdΓ (2)

∫ ∞

0
G (Γ) e−ΓtdΓ = 1G(Γ)  is  normalized  so  that .  For  a  diffu-

sive mode,  the characteristic  relaxation rate Γ is  proportional
to q2, Γ = Dq2. From the slope of Γ-q2, the diffusion coefficient
D can be obtained. For polymer solutions, the hydrodynamic
radius Rh can be obtained from Stokes−Einstein relation Rh =
kBT/6πηD,  where kBT is  Boltzmann  constant  times  the  abso-
lute  temperature, η represents  the  solvent  viscosity.[16] For
gels,  the  electric  field  correlation  function g1(q,t)  is  related
with the correlation of the gel strands displacement Uq as

g1(q,t) ∼ <Uq(0)Uq(t)> = <Uq(0)>2e−Γt (3)

From Γ = Dgel q2 we can obtain the gel diffusion coefficient
Dgel, which can be expressed as Dgel = M/f, where M is the lon-
gitudinal modulus and f is the friction coefficient between the
polymers and solvent.[17,18] Therefore, the gel diffusion coeffi-
cient Dgel essentially represents the gel elasticity.

The  Tetra-PEG  gel  matrix  has  a  nearly  monodispersed  gel
mesh size since the gel was synthesized by two types of four-
armed PEG macromonomers with an equal arm length cross-
linked  through  their  end  groups.[19,20] For  Tetra-PEG  gel  ma-
trix,  the  mesh  size  can  be  considered  as  the  end-to-end  dis-

tance h of two adjacent centers of the macromonomers (Fig.
1a). Assuming that the gel strands obey Gaussian chain statis-
tics, the end-to-end distance h is:

h =
√
NL (4)

where L denotes Kuhn length and N is the number of Kuhn seg-
ment. So the gel mesh size can be estimated as 11.6 nm (see de-
tail in ESI). The normalized correlation function g1(q,t) at scatter-
ing angle 30° for the Tetra-PEG gel matrix alone with 0.1 mol/L
NaCl is shown in Fig. 1(b). g1(q,t) of the gel matrix can be well fit-
ted by one exponential decay. The blue triangles in Fig. 1(b) are
the residuals between the fitting curve (red line) and the raw da-
ta (black square), indicating that the fitting quality is quite high.
This result is  consistent with the fitting result by using CONTIN
fitting method.[15,21] As shown in Fig. 1(c), the corresponding re-
laxation time distribution obtained from CONTIN fitting method
is monodispersed (Fig. 1c), indicating that the gel network is ho-
mogeneous. Moreover, as shown in Fig. 1(d), the relaxation rates
Γ obtained  at  different  scattering  angle  are  proportional  to q2,
and  from  the  slope  of Γ-q2 the  gel  diffusion  coefficient
Dgel=(3.16±0.04)×10−7 cm2/s can be obtained,  representing the
gel  elasticity.  The gel  diffusion coefficient Dgel is  also related to
the dynamic correlation length of concentration fluctuations of
the  gel  network.[2,3] So Dgel can  be  converted  to  the  dynamic
correlation  length ξdynamic by  using  the  relation  of ξdynamic =
kBT/6πηDgel =  (7.8  ±  0.2)  nm.  The  dynamic  correlation  length
ξdynamic =  (7.8  ± 0.2)  nm can be used to estimate the averaged
mesh size of the gel network, and it is roughly close to the cal-
culated value of the mesh size.

The  ring  polymer  is  positively  charged  cyclic  poly(2-
(dimethylamino)ethyl  acrylate)  (c-PDMA).  The  size  exclusion
chromatography  (SEC)  results  (Fig.  S2  in  ESI)  show  that  the
molecule  weight  is Mw=28.9  kDa,  and  the  ring  polymer  is
monodispersed  (polydispersity  index  PDI=1.08).  DLS  mea-
surements are also conducted to estimate the size of the ring
polymers.  In  order  to  screen  the  electrostatic  interactions  of
the  charged  rings,  all  the  DLS  measurements  were  conduct-
ed  in  0.1  mol/L  NaCl  solutions.  The  correlation  function  and
the  corresponding  fitting  results  of  1  g/L  c-PDMA  ring  poly-
mer show that it is monodispersed (Figs. 2a−2c) with the dif-
fusion  coefficient Dc-PDMA=(5.16±0.03)×10−7 cm2/s.  Based  on
the  Stokes−Einstein  relation,  the  diffusion  coefficient  can  be
converted  to  the  hydrodynamic  radius Rh =  4.4  nm.  The  ra-
dius  of  gyration Rg can  be  obtained  by  Guinier  plot Is(q)  =
Is(0)exp(−q2Rg

2/3).  From  the  slope  of  ln Is-q2 plot, Rg =
(5.5±0.2)  nm can be obtained and the overlap concentration
c* of rings in solution is c* =68.9 g/L.[22] The shape factor Rg/Rh

is  1.25,  indicating they are  ring polymers  with Gaussian stat-
ics.[23] Here the size of ring polymer Rg =5.5 nm is smaller than
the estimated gel mesh size.

The  dynamics  of  5  g/L  ring  polymers  confined  in  the  gel
matrix  was  monitored  by  DLS.  A  typical  example  of  the  nor-
malized  electric  field  correlation  function g1(q,t)  at  a  scatter-
ing angle of 30° is shown in Fig. 3(a) and can be best fitted by
two exponential decays as

g1 (t) = a1e
−Γ1t + (1−a1) e−Γ2t (5)

The  quality  of  the  fit  is  illustrated  in  terms  of  the  fitting
residuals (blue triangles) between the fitting curve (red curve)
and the raw data (black square) in Fig. 3(a). The fitting results
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show  that  the  characteristic  decay  time  for  the  two  dynami-
cal modes are t1=0.35 ms, t2=2.27 ms (see equation above Fig.
3a),  so that  the relaxation rates of  the two dynamical  modes
are Γ1=1/t1=2.86 ms−1 and Γ2=1/t2=0.44 ms−1. Besides, a1=0.89
is  the  fraction  of  the  first  mode,  and  (1−a1)=0.11  is  the  frac-
tion of the second mode (Fig. 3a).

The first mode is diffusive since Γ1 is proportional to q2, and
from  the  slope  of Γ1/q2 the  diffusion  coefficient D1 =
(3.93±0.10)×10−7 cm2/s  can  be  obtained  (Fig.  3b).  Since D1

value is very close to the value of gel diffusion coefficient Dgel

=  (3.16±0.04)×10−7 cm2/s  for  the  gel  alone  (Fig.  1d),  so  the
first  mode  with D1=(3.93±0.10)×10−7 cm2/s  is  the  gel  mode
representing the gel elasticity. Therefore, the dynamics of the
ring  polymers  will  come  into  the  second  mode.  The  second
mode is also diffusive with the corresponding diffusion coeffi-
cient D2=(6.48±0.17)×10−8 cm2/s (Fig. 3c), which is an order of
magnitude smaller than the diffusion coefficient of ring poly-
mer in solutions (Fig. 2c). Besides, the size of guest ring poly-
mers  (Rg=5.5  nm)  is  smaller  than  the  averaged  mesh  size  of
the host gel, so the dynamics of 5 g/L ring polymers in the gel
matrix obeys the Ogston’s model.[24]

When the charged ring polymer concentration increases to

40 g/L in the confined gel matrix,  they exhibit entirely differ-
ent dynamics. Fig. 4(a) is a typical example of the correlation
function g1(q,t)  at  scattering  angle  30°  for  40  g/L  ring  poly-
mers in the gel matrix, now it can be best fitted by one expo-
nential  decay  and  one  stretched  exponential  decay  ex-
pressed as

g1(t) = a1e
−Γ1t + (1−a1) e−(Γ2t)β (6)

where  the  characteristic  decay  time  for  the  two  dynamical
modes are t1=0.20 ms, t2=57.45 ms (see equation above Fig.4a),
so  that  the  relaxation  rates  of  the  two  dynamical  modes  are
Γ1=1/t1=5.0  ms−1 and Γ2=1/t2=0.017  ms−1,  and a1=0.42  is  the
fraction of the first exponential  decay, (1−a1)  = 0.58 is the frac-
tion  of  the  second  stretched  exponential  decay, β=0.5  is  the
stretched exponent. The first exponential decay is the gel mode
with Dgel=D1= (6.78±0.15)×10−7 cm2/s,  which is in the same or-
der of magnitude of Dgel for the gel alone (Fig. 4b). Yet Dgel val-
ues  increase  with  the  increase  of  the  guest  ring  polymer  con-
centration  in  the  host  gels.[25] When  the  ring  polymer  concen-
tration increases to 40 g/L,  the Dgel value is  already double the
Dgel value for the gel alone (Fig. 1d). While the second mode of
the stretched exponential decay represent the dynamics of the

 

a

Mesh

size

0 5 10 15 20 25 30 35
0

2

4

6

8

10

12

D = (3.16 ± 0.04) × 10
−7

 cm
2
/s

ξdynamic = (7.8 ± 0.2) nm

d

Γ 
(1

/m
s)

 

q
2
×10

−9
 (1/cm

2
)

Tetra-PEG gel matrix 

0.001 0.01 0.1 1 10 100

0

0.2

0.4

0.6

0.8

1.0

Decay time t (ms)

Tetra-PEG gel matrix 

f 
(t

) 

c

0

0.2

0.4

0.6

0.8

1.0

Tetra-PEG gel matrix 

g
1
(q

,t
)

Decay time t (ms)

b

0.001 0.01 0.1 1

 
Fig. 1    Characterization of the Tetra-PEG host gel by DLS, the samples are with 0.1 mol/L NaCl. (a) Schematic illustration of the Tetra-PEG
gel with uniform mesh size synthesized by two types of four-armed PEG macromonomers (two colours) with an equal arm length cross-
linked through their end groups. (b) Normalized field correlation function g1(q,t) at a scattering angle of 30° for Tetra-PEG gel matrix. The
blue  triangles  are  the  residuals  between  the  fitting  curve  (red  line)  and  the  raw  data  (black  square).  (c)  Corresponding  decay  time
distribution function f(t) for Tetra-PEG gel matrix at a scattering angle of 30°. (d) q2 dependence of the relaxation rates Γ for the Tetra-PEG
gel matrix. The dynamic correlation length of 7.8 nm can be obtained from Dgel.
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ring polymers, and this ring polymer mode is non-diffusive since
their  relaxation rates Γ2 are  not  proportional  to q2 (Fig.  4c).  Be-
sides,  the stretched exponent β values  are  independent  of  the
scattering angles (or q2) and the stretched exponent β is 0.5 av-
eraged over all the scattering angles (Fig. 4d). It should be noted
that the non-diffusive mode of 40 g/L guest ring polymers in the
confined  host  gel  monitored  by  dynamic  light  scattering  is  a
collective dynamical behaviour of ring polymers.

To  understand  the  possible  physical  mechanism  of β=0.5
for the charged ring dynamics,  we briefly introduce the rele-
vant theories as below. For charged linear chains, when they
are  in  the  non-diffusive  topologically  frustrated  dynamical
state, their correlation function g1(q,t) is a stretched exponen-
tial decay expressed as[25,26]

g1 (t) = e−(Γt)β (7)

For  polymer  melts  they  obey  Rouse  segmental  dynamics
and for polymers in aqueous environment they follow Zimm
segmental dynamics. Here for the charged rings in the aque-
ous  hydrogels  containing  a  large  amount  of  water,  the  seg-
mental  dynamics  of  these  charged  ring  polymers  would  fol-
low Zimm dynamics. Thus, the corresponding stretched expo-

≫ ≫

nent β for Zimm segmental dynamics can be expressed as β =
1/(3ν + 1) (where ν is the size exponent).[25,26] Based on the av-
eraged  value  of β=0.5,  we  can  get  the  size  exponent ν=1/3,
which  indicates  that  the  ring  polymers  have  overall  more
compact  conformations  when  they  are  in  the  non-diffusive
topologically  frustrated  dynamical  state.  In  our  previous
work,[25] the  topologically  non-diffusive  frustrated  dynamics
originate  from  the  multiple  entropic  barriers  created  by  the
gel  meshes  under  the  condition  of Rg ξ l.  Here  in  this
work, the dynamical transition from diffusive to non-diffusive
state arises from the increase of the ring polymer concentra-
tions under the condition of Rg<ξ. Such an observed topologi-
cally  frustrated  non-diffusive  dynamical  state  may  originate
from the topological restrictions between ring polymers with
the increase of ring polymer concentration, such as interpen-
etration  between  rings.  In  order  to  verify  this,  small  angle
neutron  scattering  measurements  need  to  be  done  to  mea-
sure the conformation of the labelled ring polymers, which is
related to our future work.

For linear polymer chains at intermediate confinement, the
long-lived  metastable  state  of  non-diffusive  topologically
frustrated  dynamics  is  originated  from  the  multiple  entropic
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Fig. 2    Characterization of the guest ring polymer c-PDMA by using DLS, all the samples are with 0.1 mol/L NaCl. (a) Normalized field
correlation function g1(q,t) at a scattering angle of 30° for 1 g/L c-PDMA solution. The blue triangles are the residuals between the fitting
curve  (red  line)  and  the  raw  data  (black  square).  (b)  Hydrodynamic  radius  distribution  function f(Rh)  for  1  g/L  c-PDMA  solution  at  a
scattering angle of 30°. (c) q2 dependence of the relaxation rates Γ for 1 g/L c-PDMA solution. From the slope the diffusion coefficient D
can be obtained and also converted to the hydrodynamic radius Rh. (d) Rg of 1 g/L c-PDMA in 0.1 mol/L NaCl solution has been obtained
by Guinier plot Is(q) = Is(0)exp(−q2Rg

2/3). From the slope of ln Is - q2 plot, we get Rg=(5.5±0.2) nm can be obtained.
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barriers. [25−27] While for ring polymers, previous studies show
that  although  they  have  overall  globular  conformation
(ν=1/3),  the  entropic  barrier  to  form  apparently  large  open
loops  is  so  small  that  they  are  frequently  observed and they
still  display  significant  mutual  interpenetrations.[4] Here  the
ring  polymers  are  charged  and  0.1  mol/L  NaCl  may  not  be
enough to fully screen the electrostatic interactions of such a
high  concentration  of  40  g/L  charged  ring  polymers.  There-
fore,  these charged ring polymers  are  not  as  flexible  as  their
neutral counterparts due to the electrostatic repulsion so that
the  entropic  barriers  to  change  the  conformation  is  higher
and the probability of their conformational change will be rel-
atively  lower.  Besides,  although  the  ring  polymer  concentra-
tion of 40 g/L is lower than the estimated overlap concentra-
tion c* =68.9  g/L  of  ring  polymers  in  solution,  the  gel  matrix
provides  the  external  confinement  for  the  collective  dynam-
ics  of  the  charged ring polymers.  Therefore,  they  exhibit  the
non-diffusive collective dynamical behavior monitored by dy-
namic  light  scattering.  The  self-diffusion  of  each  individual
ring can be studied by tracking the labelled ring polymers us-
ing spin echo neutron scattering or fluorescence microscopy,
and this is related to the future work.

CONCLUSIONS

In  summary,  we  have  studied  the  dynamics  of  charged  ring
polymers  in  the  gel  matrix  with  mesh size  larger  than the ring
polymer  size.  At  low  ring  polymer  concentration  of  5  g/L,  the
rings are diffusive in the gel matrix and its diffusion coefficient is
an  order  of  magnitude  smaller  than  that  of  rings  in  solutions,
obeying the Ogston’s model. At high polymer concentration of
40 g/L,  we have discovered that they exhibit  non-diffusive col-
lective dynamical behaviour. With the reference of our previous
work,  we  speculate  the  rings  might  be  with  the  averaged  size
exponent ν=1/3,  indicating  they  adopt  an  overall  more  com-
pact conformation. Based on our experimental discovery, lots of
puzzles  still  remain unknown and need to be solved in  the fu-
ture. For example, the critical concentration of rings for the dy-
namical  transition  from  diffusive  state  to  non-diffusive  state
need to be carefully determined. The conformation of each indi-
vidual  ring  at  both  high  and  low  ring  polymer  concentrations
within  the  gels  needs  to  be  systematically  studied  by  tracking
labelled  tracer  rings  using  small  angle  neutron  scattering.  Be-
sides,  the  self-diffusion  and  single  ring  dynamics  at  different
polymer  concentrations  should  also  be  systematically  studied
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Fig. 3    Dynamics of 5 g/L ring polymers in the Tetra-PEG gel matrix with 0.1 mol/L NaCl. (a) Normalized field correlation function g1(q,t)
at  a scattering angle of 30°.  The blue triangles are the residuals between the fitting curve (red curve) and the raw data (black square).
(b, c) q2 dependence of the relaxation rates Γ1 and Γ2 for the first mode (b) and the second mode (c).
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by  using  spin  echo  neutron  scattering  or  fluorescence  mi-
croscopy in the future.
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