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Abstract   Functional gels exhibit unique properties that can be tuned by regulating their physical interactions and microstructures. However,

quantifying the strength and fraction of these physical interactions and how they result in large-scale collective dynamical properties remains a

significant challenge.  From this  perspective,  we briefly  review the theories and characterization method of  light scattering on polyelectrolyte

gels, with an emphasis on summarizing our efforts. In particular, we introduce our most recent work on an entirely new universality class of hier-

archical gel dynamics for various types of physical gels, which is complementary to the light scattering studies on chemically crosslinked gels in

the past five decades. By utilizing the hierarchical gel dynamics, we are able to extract the average bond binding energy of various physical bonds

and the physical crosslinking density in the gels.  Finally,  we evaluated the advantages and limitations of the light scattering method and dis-

cussed the future perspectives in this field. It is anticipated that this perspective will facilitate the broad application of light scattering technique

in the field of functional gels.
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INTRODUCTION

Gels  are  three-dimensional  networks  capable  of  accommodat-
ing large quantities of solvent without dissolving and exhibiting
solid-like viscoelastic behavior. Biological tissues generally have
gel-like  properties,  and  are  well  known  for  their  various  func-
tionalities,  including  lubrication,  adhesive,  and  self-healing
properties.[1−3] Extensive attention has been paid to mimicking
the structures of these natural materials to endow synthetic soft
materials with multifunctionality and responsiveness.[4−7] Based
on  the  nature  of  the  crosslinks  that  organize  their  network
structure, gels can be categorized into chemical gels and physi-
cal gels. Chemical gels are formed through permanent covalent
bonds, resulting in a robust and irreversible network. Poly(N-iso-
propylacrylamide),[8] poly(methacrylic acid),[9] poly(ethylene gly-
col) (PEG)[10] and poly(acrylamide) (PAM)[11], etc. are widely used
in the construction of functional gels exhibiting responsiveness
to temperature, light, pH and other stimuli. In contrast, physical
gels  are  crosslinked  by  reversible  non-covalent  interactions,
which encompass a broad variety of interactions such as hydro-
gen  bond,  hydrophobic  interaction,  ionic  bond,  metal-ligand
coordination,  and π-π stacking.[12−16] It  is  noted that  biomacro-

molecules  organizing  into  gel-like  hierarchical  architectures
mainly  rely  on  physical  dynamic  bonds,[17] thus  understanding
and precisely quantifying these physical dynamic bonds in gels
is essential for designing the functionalities of gels.

Scattering  methods  are  widely  used  to  characterize  the
shape  and  structure,  dynamics,  moduli,  and  thermodynamic
properties such as phase diagrams and Flory-Huggins param-
eters, etc.  for  polymer  solution  and  gel  systems.[18−30] Differ-
ences  among  three  kinds  of  scattering  techniques  (neutron
scattering,  X-ray  scattering,  and  light  scattering)  arise  from
how  each  type  of  radiation  interacts  with  the  samples.  Neu-
trons  interact  directly  with  the  atomic  nuclei.  X-ray  interacts
via electromagnetic scattering from the electron clouds of the
atoms. Light interacts with materials through its polarizability
and is  sensitive  to  fluctuations  of  the  refractive  index.  Along
with  associated  parameters,  such  as  wavelength,  these  fac-
tors lead to different spatial  and temporal  resolutions.[31] For
tetra-arm PEG gels measured by small-angle neutron scatter-
ing, the longitudinal modulus measured from the zero-angle
scattering intensity completely correlates with the longitudi-
nal  modulus  from  the  swelling  experiments.[32] Besides,  the
Flory-Huggins parameters can also be determined by measur-
ing  the  zero-angle  scattering  intensity  as  a  function  of  the
volume  fraction  and  number  of  monomers  between
crosslinks  based  on  the  Flory-Rehner  theories.[33] Depending
on the gel samples, the longitudinal modulus and Flory-Hug-
gins parameters can also be measured by using dynamic and
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static  light  scattering,  respectively.[34,35] Small  angle  X-ray
scattering  can  probe  morphology  by  fitting  the  scattering
form factor P(q), which arises from the interference of scatter-
ing atoms in individual  chains or  domains in the network.[36]

For  instance,  microphase  separation  occurs  in  an  ABA  tri-
block copolymer gel system with end blocks, and small-angle
X-ray  scattering  profiles  can  be  fitted  by  the  spherical  form
factor  to  evaluate  the  radius  of  the  microphase  domains.[37]

Another  example  is  that  for  gels  with  fibrillar  structure,  the
fibril  diameter  can  be  obtained  by  fitting  the  small-angle  X-
ray scattering profiles using flexible cylinder model.[38]

This  perspective  aims  to  summarize  our  progress  in  the
characterization  of  functional  polyelectrolyte  gels  using  dy-
namic  light  scattering  (DLS)  and  static  light  scattering  (SLS),
including how to measure microscopic properties and hierar-
chical  dynamics of gels,  as well  as the interplay between mi-
croscopic  and  macroscopic  properties  such  as  swelling  be-
haviors.  We  also  briefly  introduce  the  theory  and  physics  of
charged  gels.  Specifically,  in  contrast  to  the  rich  knowledge
on conventional  chemical  gels  achieved over  more than five
decades,  we  report  our  most  recent  discovery  of  a  new  uni-
versality  class  of  dynamics  in  physical  gels  formed  by  re-
versible and dynamic bonds. Our results show that the specif-
ic local dynamic bonding equilibria would amplify into a sin-
gle hierarchical dynamical mode that is universal to all physi-
cal gels. Such physical gels are ubiquitous in a plethora of bio-
logical  contexts  involving  protein  aggregation,  biomolecular
condensates,  and  soft  living  matter  in  general,  as  well  as  in
technological  applications  such  as  tissue  engineering  and
drug delivery.  Finally,  the challenges and future prospects in
this field are discussed. We hope such advanced light scatter-
ing  characterization  and  physics  for  functional  polyelec-
trolyte gels can be widely used in various fields to better un-
derstand  the  physical  mechanisms  of  gel  materials  and  help
design better performance and functionalities in the future.

THEORY OF DYNAMIC LIGHT SCATTERING FOR
POLYMER GELS

∇

Consider  a  polymer  gel  network  consisting of  polymer  strands
and liquid medium. The gel strands undergo structural fluctua-
tions  and  two  modes  are  mainly  considered  in  dynamic  light
scattering (DLS),  which are  the gel  strands  moving against  the
liquid  medium  in  the  form  of  either  a  longitudinal  or  a  trans-
verse  wave.[39] Let  us  introduce the  displacement  vector u(r, t)
which represents the position r of a segment fluctuating around
its equilibrium location at time t. The ensemble average value of
u is zero and its divergence ·u is expressed as:[40]

∇ ⋅ u = −
δc
c (1)

where c is the average polymer concentration, and δc is the lo-
cal polymer concentration fluctuations.

ρ
When a deformation on a unit cube of the gel network with

density  occurs, the displacement vector u obeys the follow-
ing equation:

ρ
∂2u

∂t2
= ∇ ⋅ σ − f

∂u
∂t

(2)

The  term  on  the  left  is  from  inertial  being  the  mass  times
the acceleration of a unit cube of the gel network. The terms

σ

ξ

on the right are the forces exerted on the unit cube of the gel
network. The first term represents the force of internal stress
with  being  the  stress  tensor.  The  second  term  is  from  the
friction  of  the  gel  network  against  the  liquid  medium  with f
being  the  friction  coefficient.  The  value  of f can  be  macro-
scopically  determined  by  measuring  the  uniform  velocity  of
the  liquid  flowing  through  the  fixed  gel.[39] Considering  the
gel network assembled by meshes with average linear size of
correlation length , the friction coefficient per unit volume is
given as:[41]

f =
6πηξ
4
3
πξ3

=
9η

2ξ2
(3)

where η is the viscosity of the liquid medium.

σ
Using  the  theory  of  elasticity,  the  relation  between  the

stress tensor  and displacement vector u is written as

σik = K∇ ⋅ uδik + 2μ (uik − 1
3
∇ ⋅ uδik) (4)

σik K
μ

uik

where  is  the  component  of  the  stress  tensor,  is  the  bulk
modulus  and  is  the  shear  modulus.  The  component  of  the
strain tensor  is given as:

uik =
1
2
(∂uk
∂xi

+
∂ui
∂xk

) (5)

Substituting  Eqs.  (4)  and  (5)  into  Eq.  (2),  we  obtain  the
equation of motion for the displacement vector u:

ρ
∂2u

∂t2
= μΔu + (K + 1

3
μ)∇ (∇ ⋅ u) − f

∂u
∂t

(6)

ul
u⊥

Choosing  the z axis  as  the  longitudinal  direction  and  the
elastic wave propagates along the z axis. x and y axes are the
transverse  directions.  We  denote  the  longitudinal  compo-
nent of the displacement vector u as  and transverse com-
ponent  as .  By  decomposing  Eq.  (6)  into  the  longitudinal
and transverse components, the values of the bulk and shear
moduli can be determined. [39,42] The solving analysis of Eq. (6)
is as follows.

Δu = ∂2ul/∂z2

∇ (∇ ⋅ u)=∂2ul/∂z2
For the longitudinal component, where  and

, Eq. (6) becomes[42]

ρ
∂2ul
∂t2

= (K+4
3
μ) ∂2ul

∂z2
− f

∂ul
∂t

(7)

When the  friction is  negligible,  the  longitudinal  velocity  is
given as:

cl =

√√√√√√√⎷K +
4
3
μ

ρ (8)

The sound velocity is extremely slow in gels, with the value
of  about  10  m/s  because  of  the  small  elastic  stiffness  of  the
gels. When the inertia is negligible, from Eq. (7) we get

∂ul
∂t

=
(K + 4

3
μ)

f
∂2ul
∂z2

(9)

Eq.  (9)  exhibits  a  formal  analogy  with  the  diffusion  equa-
tion. Thus, the prefactor on the right-hand side of Eq. (9) is de-
fined as the gel diffusion coefficient Dgel,

Dgel =
(K + 4

3
μ)

f
≡ M

f
(10)

where M is  the  longitudinal  modulus.  Compared  to  the  diffu-
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D = kBT/6πηRh

kBT
Rh

1/τs = Mq2/f
q = (0, 0, q)

ξ

sion coefficient of the polymer chain in solution 
(  is the Boltzmann constant times the absolute temperature,

 is  the  hydrodynamic  radius  of  the  chains),  the  gel  diffusion
coefficient  does  not  imply  any  element  experiences  diffusion
within the gel, but rather represents the elasticity of the gel net-
work. Applying the Fourier transform to Eq. (9) reveals that the
fluctuations  of  the  wavevector q decay  with  a  time  constant

, where the longitudinal direction is defined as the
direction of q, i.e., .[39] Dgel is  also interpreted as the
cooperative  diffusion  coefficient  due  to  the  connection  be-
tween the displacement vector  and the local  polymer concen-
tration.  Therefore, Dgel is  related  to  the  effective  correlation
length  of  the  monomer  concentration  in  the  gel  network,
analogous to that in semidilute polymer solutions:

Dgel =
kBT

6πηξ
(11)

ξThe correlation length  of  the monomer concentration is
commonly denoted as the mesh size in the literature.[43]

Δu = ∂2u⊥/∂z2

∇ (∇ ⋅ u)= 0
For  the  transverse  component,  where  and

, Eq. (6) becomes[42]

ρ
∂2u⊥
∂t2

= μ
∂2u⊥
∂z2

− f
∂u⊥
∂t

(12)

c⊥
D⊥ c⊥ =

√
μ/ρ D⊥ = μ/fwith the transverse velocity  and the transverse gel diffusion

coefficient  given as  and .

⟨E (q, t) ⋅E (q, 0)⟩
Dynamic  light  scattering  measures  the  time  correlation

functions  of  electric  field  scattered  by  the  longitudinal  and
transverse fluctuations using polarized and depolarized light,
respectively.  The  electric  field  correlation  function

 can be obtained from Eqs. (7) and (12).[39] For
polarized scattering it can be expressed as⟨Epol (q, t) ⋅Epol (q, 0)⟩ = AkBT

M
exp (−M

f
q2t) (13)

And for depolarized scattering it can be expressed as⟨Edep (q, t) ⋅Edep (q, 0)⟩ = BkBT
μ exp (−μ

f
q2t) (14)

t ≪ f/Mq2

q = 4πnsin(θ/2)/λ
θ

λ

⟨I (q, t) ⋅I (q, 0)⟩ / ⟨I (q, 0)⟩2

= ⟨E∗ (q, t) ⋅E (q, 0)⟩ / ⟨E2 (q, 0)⟩

Here, A and B depend on the incident light, dielectric prop-
erties and scattering volume. When , the scattered
electric field is well-correlated.[36] The scattering wavevector q
can be calculated by , where n is the refrac-
tive index of the liquid medium,  is the scattering angle, and

 is the wavelength of incident light. Typically, DLS measures
the  scattered  light  intensity-intensity  correlation

, which is defined as g2(q, t). It can be
converted  to  the  electric  field-field  correlation  function g1(q,
t)  using the Seigert relation[31]

g2(q, t) = 1 + γ∣g1(q, t)∣2 (15)

γwhere  is the coherence factor.
For  homogeneous  gels,  the  electric  field-field  correlation

function g1(q, t) for the longitudinal mode decays as∣g1(q, t)∣2 = exp (−2Dgelq
2t) = exp (−2M

f
q2t) (16)

and g1(q, t) for the transverse mode is given by∣g1(q, t)∣2 = exp (−2D⊥q
2t) = exp (−2μ

f
q2t) (17)

D⊥

The gel diffusion coefficient Dgel and the transverse gel co-
efficient  can be determined using polarized and depolar-

ized light scattering, respectively.
For  most  of  the  copolymerized  gels,  the  frozen  inhomo-

geneity  appears  due  to  the “cross-linked  in” concentration
fluctuations  and  dramatically  influences  the  time-averaged
scattered  light  intensity,[36] which  makes  the  scattered  light
intensity  space-dependent.[44] There  are  two  methods  to
analyse  the  correlation  functions:  homodyne  approach  and
heterodyne approach. Considering the unequal ensemble av-
erage of time and space respectively, the homodyne method
gives the apparent diffusion coefficient DA from the time av-
eraged correlation function by[44]

DA = 1

2q2
lim

∂
∂t

ln [g2(q, t) − 1] (18)

σ2
l = g2(q, 0) − 1

The  non-ergodic  diffusion  coefficient DNE is  related  to DA

through the initial amplitude ,

DNE =
σ2
l
Y
DA (19)

= ⟨I⟩E/⟨I⟩T⟨I⟩E ⟨I⟩T

σ2
l

where Y  is the parameter related to the inhomogene-
ity and  and  are the ensemble-averaged and time-aver-
aged intensities, respectively. DNE is highly dependent on q be-
cause of q-dependence of both  and Y. Therefore, the q range
must  be  chosen  large  enough  for  highly  inhomogeneous
gels.[36,45]

⟨I⟩F⟨I⟩S

The heterodyne approach considers the scattered light in-
tensity  as  a  sum  of  the  fluctuating  component  and  the
static  component .  The  ergodic  assumption  is  still  valid
and  the  heterogeneity  shows  up  as  a  static  electric  field,
which interferes with the scattered electric field from the gel
mode.  In  this  case,  the  intensity  correlation  function  is  ex-
pressed as[46−49]

g2(q, t) − 1 = X2[g1 (q, t)]2 + 2X (1 − X) g1 (q, t)
= 1 + γexp (−2DAq

2t) (20)

= ⟨I⟩F/(⟨I⟩S + ⟨I⟩F)where X .  It  has  been  shown  that  the  hetero-
dyne diffusion coefficient DHT is equal to

DHT = (2 − X)DA =
σ2
l
X
DA (21)

= 1
0 < X ≪ 1

If X , DHT equals to DA, which is obtained from the homo-
dyne  approach.  While  for , DHT is  a  heterodyne
mode,  which roughly  equals  to  2DA. DHT and DA are  also de-
noted as  the  true  elastic  diffusion coefficient  and the appar-
ent diffusion coefficient, respectively.[49]

DYNAMIC LIGHT SACTTERING IN BIOMACRO-
MOLECULAR SYSTEM

Naturally, many biological systems, such as mucus, extracellular
matrix and vitreous humor, behave like swollen hydrogels with
both  chemical  and  physical  crosslinks.[50−53] It  is  significant  to
understand  the  internal  structures,  gel  strand  dynamics  and
how  they  are  influenced  by  the  materials  or  interactions  that
come  into  contact  with  the  biological  hydrogels.  Scattering
technique  is  an  indispensable  tool  for  characterizing  the  mi-
crostructure  and  dynamic  behavior  of  biological  hydrogels.  It
can probe the gels in a non-invasive manner and provide statis-
tically averaged information.[31,54] In this section, we will take the
silk-hyaluronic acid composite hydrogels as an example to elu-
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cidate how to use light scattering technique to study biomateri-
als.[52]

Hyaluronic acid (HA) is  a  negatively  charged glycosamino-
glycan that plays an essential role in embryonic development,
angiogenesis,  joint  lubrication and structural  support  of  bio-
logical tissues.[55] Particularly, HA is an important component
of  native  vitreous  humor  which  consists  of  roughly  400
μg/cm3 HA.[52] Previous  research  found  that  HA  chemically
crosslinked with silk  fibroin can facilitate tunability  of  degra-
dation and mechanical properties and also maintain biocom-
patibility.[52,55] We have used DLS to monitor the structures of
these  gel  composites  during  the  aging  process  (Fig.  1a).  For
example, Fig. 1(b) shows DLS results for the gels composed of
50% silk and 50% HA after 1 day under the physiological con-
ditions.  The  fitting  results  of  the  correlation  functions  show
three diffusive modes and the corresponding diffusion coeffi-
cients are presented in Fig. 1(c).

To analyse the three relaxation modes in the silk-HA com-
posite gel, HA gel alone and silk gel alone were characterized
separately. For the HA gel alone and silk gel alone, the gel dif-
fusion  coefficients  are  3.69×10–7 and  4.37×10–8 cm2/s  (Figs.
1d and 1e), which are similar to D1 and D2 of the silk-HA com-
posite  gel  respectively.  As  discussed in  the theory  section of
DLS for polymer gels, the gel diffusion coefficient is related to
the  longitudinal  modulus  of  the  gels.  Therefore,  the  first  re-
laxation mode in the composite gel arises from the elasticity
of  HA  gel  network,  and  the  second  relaxation  mode  arises
from the elasticity of the silk gel network.[52]

Besides, we also found that the synthesis of the composite
gel  would  be  incomplete  if  the  silk  content  was  higher  than
50%. Because the molecular weight of silk (about 170 KDa) is
much  lower  than  that  of  HA  (900–1000  KDa),  the  gelation
ability of silk is much lower. During the synthesis of the com-
posite gel, the silk chains are likely to crosslink with other silk

=

chains  to  form  microgels.  Characterizing  the  microgel  solu-
tions formed by silk  alone at  the same concentration as that
in  the  composite  gel,  there  is  one  diffusive  mode  with
D 7.58×10–8 cm2/s  (Fig.  1f).  However, D3 in  the gel  compos-
ite is much smaller than that of the silk microgels in solution
because  the  silk  microgels  are  under  strong  confinement  of
the  composite  gel  network,  which  exerts  substantial  friction
on  the  microgels.  The  silk  and  HA  network  collaboratively
contribute  to  the  overall  elasticity  of  the  composite  gel,  and
some  silk  chains  self-crosslink  to  form  microgels  in  the  gel
network,  as  schematically  illustrated  in Fig.  1(a).  After  aging
for  1  month, D1 and D2 increase yet D3 decreases,  indicating
that  the  gel  elasticity  becomes  larger  and  the  movement  of
silk microgels in the gel network becomes slower due to the
stronger confinement.[52]

DISSOCIATION-ASSOCIATION OF WEAK BONDS
IN GELS AMPLIFYING INTO UNIVERSAL LAW OF
HIERARCHICAL GEL DYNAMICS

Physical  dynamic  bonds  provide  tunability  of  numerous  ad-
vanced functionalities for soft materials, such as self-healing, re-
cyclability and responsiveness to external stimuli. Therefore, it is
imperative to quantify the bond binding energy of the physical
dynamic bonds and evaluate the physical crosslinking density of
the gel network. Physical dynamic bonds can constantly experi-
ence  the  association-dissociation  dynamical  process,  and  the
characteristic relaxation time is related to the bond binding en-
ergy.[56,57] Bond binding energy can vary widely due to the dif-
ferences in chemical nature even for the same type of physical
bond (Fig. 2a). By investigating the dynamics of various types of
physical gels with different physical bonds, a universal law of hi-
erarchical  gel  dynamics  has  been  discovered  using  DLS.[56] For
chemically  crosslinked  gels, g1(q, t)  is  proportional  to  the  time
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Fig.  1    (a)  Schematic  illustration  of  the  silk-HA  composite  gel  structure;  (b)  Correlation  function g2(q, t)  obtained  from  DLS  for  the  silk-HA
composite  gel; q2 dependence  of  the  relaxation  rates Γ for  (c)  silk-HA  composite  gel,  (d)  HA  gel  alone,  (e)  silk  gel  alone  and  (f)  crosslinked  silk
microgel solutions. (Reproduced with permission from Ref. [52]; Copyright (2020), Elsevier.)
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correlation function of the displacement vector (denoted as Xm
(t) in Fig. 2b) of the gel strands with m monomers between two
adjacent crosslinks given by

g1 (q, t) ∼ ⟨Xm (t) ⋅ Xm (0)⟩ ∼ exp (−Dgelq
2t) (22)

For a typical chemical gel, which is poly(acrylamide) (PAM)
gel  chemically  crosslinked  by  bis-acrylamide,  its  correlation
function g1(q, t)  follows  a  single  exponential  decay  with  the
best fitting function given at the top of Fig. 3(a). In sharp con-
trast,  for  PAM  physical  gel  assembled  through  hydrogen
bonds  without  any  chemical  crosslinkers, g1(q, t)  exhibits  an
additional  stretched  exponential  decay,  representing  the  as-
sociation-dissociation  dynamical  process  of  the  physical  dy-
namic  bonds,  which  are  hydrogen  bonds  (Fig.  3b).  It  can  be
fitted by one exponential decay and one stretched exponen-
tial  decay,  where  the  stretched  exponent β is  1/3  (Fig.  3b).
Moreover, the response of the stretched exponential mode of
physical  gels  to  the  additional  chemical  crosslinks  obey  the
‘one-or-none’ principle.  As  the  chemical  crosslinking  density
increases,  the  fraction  of  the  stretched  exponential  decay
with β=1/3  gradually  decreases,  and  when  the  chemical
crosslinking density is above a threshold value, the stretched
exponential decay disappears, indicating that it goes back to
the typical  feature of  chemically crosslinked gels (Fig.  3c).  By

simply monitoring the presence/absence of the stretched ex-
ponential mode in DLS, we can identify whether physical dy-
namic  bonds  or  chemical  covalent  bonds  dominate  in  the
gels.[56]

We tested various types of physical gels containing various
physical  bonds,  including  PAM  gels  assembled  by  hydrogen
bonds,  polyampholyte  gels  assembled  by  ionic  bonds,  and
natural lysozyme fibrillar gels driven by hydrophobic associa-
tions.  They  all  exhibited  a  stretched  exponential  decay  with
β=1/3  in  DLS  results.  Besides,  in Fig.  3(d),  the  normalized
stretched exponential decay in the normalized g1(q, t) for the
three types of physical  gels can all  be superposed into a sin-
gle master curve and can be best fitted by

g1 (q, t) ∼ exp [−( t
τβ
)1/3] (23)

Therefore,  the  local  dynamic  bonding  equilibria  can  con-
verge  into  a  universal  hierarchical  dynamical  mode  for  all
types  of  physical  gels,  irrespective  of  their  distinct  chemical
compositions.  Moreover,  the characteristic  relaxation time τβ
in Eq. (23) is positively correlated with the bond binding ener-
gy.  The  higher  bond  binding  energy  would  lead  to  longer
characteristic  relaxation  time τβ for  the  hierarchical  gel  dy-

 

a

b

 

t + τb

τb

Fig.  2    (a)  Bond  binding  energy  map  and  schematic  illustration  of  various  physical  bonds  in  gels;  (b)  Mechanism  of  association-dissociation
hierarchical  dynamics  for  reversible  dynamic  gels  with  physical  crosslinks.  The strand with m monomers  and Xm(t)  changes  to m' and Xm'( )
after an elapse of lifetime  of a physical crosslink. (Reproduced with permission from Ref. [56]; Copyright (2025), Open Access.)
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namics (Fig. 3e).[56]

We have developed a theory to better understand the ori-
gin of the universal gel dynamics.[56] We consider a system of
volume V0 containing n primary  chains,  each with  monomer
volume υ0 and N monomers.  The  total  number  of  monomer
Ns capable of pairwise crosslinks is

Ns = fnN = f
ϕ0V0

υ0
(24)

ϕ0 ϵ
ϵa

exp (−ϵa/kBT)
exp [− (ϵa + ϵ) /kBT]

= (ϵa + ϵ) /kBT

where f denotes  the fraction of  monomers  capable of  forming
physical crosslinks, and  is the polymer volume fraction.  and

 are the free energy gain and free energy barrier for the asso-
ciation of physical crosslinks. The rate of association ka and the
rate  of  dissociation kd are τ0

–1  and
τ0

–1 ,  respectively,  where τ0 is  a  microscopic
monomeric  time scale  in  the range of  picosecond to  nanosec-
ond,  depending on the monomer  friction coefficient  and tem-
perature. The average lifetime of a monomer inside a crosslink is
τb τ0 exp[ ]  in  the  steady  state.  The  fraction  of
monomers p associated into crosslinks  is  given using equilibri-
um statistical mechanics and can be expressed by[56]

p ≈ fϕ0exp (ϵ/kBT) (25)

The average number of pairwise crosslinks Nc per chain fol-
lows from Eqs. (24) and (25) as

Nc =
1
2
pNs

n = 1
2
pfN = 1

2
f2Nϕ0exp (ϵ/kBT) (26)

The  physical  crosslinking  density ρc is  defined  as  the  frac-
tion of crosslinked monomers Nc/N given by

ρc =
1
2
f2ϕ0exp (ϵ/kBT) (27)

Specifically, m monomers  in  the  gel  strand  between  two

adjacent  crosslinks  obey  Poisson  distribution  with  distribu-
tion function P(m)

P (m) = kaexp (−kam) (28)

ϕ0 ≪ 1

ν=1/2
N2

1 − ρc

Each strand with a particular  value of m presents  its  chain
dynamics  and  the  internal  dynamics  of  the  physical  gel  is  a
superposition of the dynamics of all strands with various val-
ues of m.  Rouse dynamics is  applicable since  so that
the hydrodynamic interaction is screened and entanglement
effect is weak. If the gel strands obey Gaussian chain statistics
with  size  exponent ,  the  longest  relaxation time τRouse

of  a  chain  with N monomers  is  proportional  to .  By  draw-
ing  an  analogy  with  a  random  copolymer, τRouse of  a  chain
with N monomers  is  related  to  the  fraction  of  monomers  in
the dynamic crosslinks ρc and the fraction of monomers free
from dynamic crosslinks ( ), as follows

τRouse= τ0 [exp (ϵ + ϵa

kBT
) ρc + (1 − ρc)]N2 ≡ ARN

2
(29)

where τ0 absorbs monomer friction and temperature, and AR is
defined in Eq. (29). Based on the polymer dynamics theory, the
time correlation function of  the displacement vector Xm(t)  of  a
Rouse strand with m monomers is

⟨Xm (t) ⋅ Xm (0)⟩ ∼ exp (− t
ARm2

) (30)

⟨Xm (t) ⋅ Xm (0)⟩According  to  the  DLS  theory, g1(q, t)  is  a  superposition  of
 for each m weighted by the distribution func-

tion P(m)

g1 (q, t) ∼ ∫ dmP (m) ⟨Xm (t) ⋅ Xm (0)⟩ (31)

Substituting Eqs. (28) and (30) into Eq. (31) yields

 

a b

ed

c

 
Fig. 3    (a, b) Normalized electric field correlation functions g1(q, t) for PAM gels (a) with 1% chemical crosslinking density and (b) without chemical
crosslinkers; (c) Fraction of stretched exponential mode and the stretched exponent β as a plot of the chemical crosslinking density for PAM gels; (d)
Superposition of the stretched exponential decay in normalized g1(q, t) as a plot against the decay time in units of the characteristic relaxation time
τβ for three types of physical gels;  (e) Correlation between the measured characteristic relaxation time τβ (filled circles,  right axis) and the specific
bond binding energy (bars, left axis) for three types of physical gels. (Reproduced with permission from Ref. [56]; Copyright (2025), Open Access.)

  Jie, Y. S. and Jia, D. / Chinese J. Polym. Sci. 2026, 44, 1578–1591 1583

 
https://doi.org/10.1007/s10118-026-3576-y

 

https://doi.org/10.1007/s10118-026-3576-y
https://doi.org/10.1007/s10118-026-3576-y
https://doi.org/10.1007/s10118-026-3576-y
https://doi.org/10.1007/s10118-026-3576-y
https://doi.org/10.1007/s10118-026-3576-y
https://doi.org/10.1007/s10118-026-3576-y
https://doi.org/10.1007/s10118-026-3576-y


g1 (q, t) ∼ ∫ dmexp (−kam −
t

ARm2
) (32)

Performing  the  integral  with  the  saddle  point  approxima-
tion, we obtain

g1 (q, t) ∼ exp [−( t
τβ
)β] , β = 1

3
(33)

where

τβ =
4τ0

27
exp (2ϵa

kBT
) [exp (ϵ + ϵa

kBT
) ρc + (1 − ρc)] (34)

Generally,  for  the  gel  strands  undergoing  conformational
changes with the size exponent ν, the Rouse relaxation time is
proportional to m2ν+1, so that β follows as

β = 1
2ν + 2

(35)

ϵ
ϵ

ϵa

ϵa ρc=1

ϵ

Therefore, the physical nature of such a universal law origi-
nates from the association-dissociation dynamical  process of
the physical dynamic bonds in physical gels. The local chemi-
cal nature of the reversible physical crosslinks is manifested in
the characteristic relaxation time τβ, which correlated with the
bond  binding  energy.  Based  on  Eq.  (34),  the  physical
crosslinking density ρc and the bond binding energy  can be
quantitatively  determined.  When the free  energy gain  and
free energy barrier  for the association of physical crosslinks
are known from either complementary experiments or simu-
lations,  then  by  measuring  the  characteristic  relaxation  time
τβ in DLS, the physical crosslinking density ρc can be calculat-
ed. Conversely, when  and ρc are known (e.g.,  for pure
physical gels) and τβ is measured in DLS, then the bond bind-
ing energy  can also be calculated using Eq. (34).

ν=1/3
β=3/8

It  is  noted  that  the  above  conclusions  are  valid  when  the
gel  strands  obey  Gaussian  chain  statistics.  If  the  gel  strands
adopt  collapsed  conformation  with ,  we  can  obtain

 based  on  Eq.  (35).  To  demonstrate  the  relation  be-
tween the conformation of gel strands and the stretched ex-
ponent β,  the  polyampholyte  (PA)  gels  are  dialyzed  against
NaCl  solutions  with  different  concentrations  and  water  to
tune the strength of the ionic bonds. g1(q, t) of weakly chemi-
cally  crosslinked  PA  gels  dialyzed  by  2  mol/L  NaCl  solution
can  be  fitted  by  two  diffusive  modes  and  one  non-diffusive
stretched  exponential  mode  (Fig.  4a).  Besides,  the  diffusion
coefficients of the two diffusive modes increase with increas-
ing salt  concentration cs of  the dialysis  solutions (Fig.  4b). D2

disappears at the low salt limit, yet D1 always exists. Thus we
can assign D1 as the gel mode representing the gel elasticity,
and D2 as  the “salt  ion  mode”,  which  indicates  the  coupled
motion  between  the  counterions  and  co-ions  with  polyam-
pholyte  backbones.  Such a “salt  ion  mode” would  disappear
at the low salt limit.

Another  key  feature  is  that  the  characteristic  relaxation
time τβ decreases  by  almost  half  as  the  salt  concentration cs

increases  from  0  mol/L  to  2  mol/L  (Fig.  4c).  This  reduction  is
attributed  to  the  screening  of  electrostatic  interactions
within  the  ionic  bonds  by  the  added  salt,  which  accelerates
the  hierarchical  dissociation-association  relaxation  of  the
physical  crosslinks.  Correspondingly,  the  fraction  of  the
stretched exponential mode also decreases from 85% to 35%
as cs increases from 0 mol/L to 2 mol/L (Fig. 4c). Moreover, the

ν

conformation  of  the  gel  strands  also  changes  with  salt  con-
centration cs.  As cs is  reduced,  the electrostatic  interaction is
not  fully  screened,  and  hence,  more  oppositely  charged
groups in the gel strands will complex to attain the shrunken
state  with  the  size  exponent ν≈1/3.  On  the  other  hand,  at
high cs the  ionic  bond  is  fully  screened,  allowing  the  gel
strands to expand and adopt the Gaussian coil conformation
( ≈1/2).  based  on  Eq.  (35), β decreases  from  approximately
3/8 (low salt concentration, collapsed chain conformation) to
1/3 (high salt concentration, Gaussian chain conformation), as
shown in Fig. 4(d).

We  further  investigated  the  effect  of  the  charge  ratio r
(number of  negatively  charged monomers  to  the total  num-
ber  of  charged monomers)  of  PA gels  dialyzed by water.  Mi-
croscopically,  at  the  stoichiometric  charge  ratio  (r=0.52),  the
stretched exponent β reaches a maximum value of 0.38, while
the gel diffusion coefficient Dgel reaches a minimum (Figs. 4e
and  4f),  indicating  that  the  gel  strands  shrink  at  the  micro-
scopic  level.  Deviating  from  this  charge  balance  ratio  in  ei-
ther direction, β decreases and Dgel increases because unbal-
anced charges allow the gel strands to swell. Consistent with
these  microscopic  findings,  the  macroscopic  swelling  ratio
V/V0 (where V0 is  the volume of  the as-prepared gel  and V is
the gel volume after dialysis against water at swelling equilib-
rium)  is  also  minimized  at r=0.52  (Fig.  4e).  Therefore,  the
macroscopic swelling ratio is consistent with the microscopic
conformational  change,  demonstrating  that  at  the  stoichio-
metric  charge  ratio,  the  microscopic  gel  strands  adopt  the
shrunken conformation and the macroscopic gel volume also
shrinks.[56]

Our  results  show  that  the  specific  local  dynamic  bonding
equilibria  amplify  into  a  single  hierarchical  dynamical  mode
that is universal to all physical gels. It is the first experimental
evidence of an entirely new universal class of hierarchical dy-
namics for gels,  despite more than five decades of DLS stud-
ies on conventional chemical gels. This discovery enables the
broad use of the simple and generally available dynamic light
scattering technique to quickly identify dynamic physical gels
from  covalently  crosslinked  permanent  gels,  quantify  the  lo-
cal energetics of the constituent weak physical crosslinks, and
implement  the  timing  of  their  large-scale  functional  proper-
ties  in  a  plethora of  complex materials  such as  vitrimers  and
biological living materials.

SWELLING BEHAVIOR AND SCALING LAW OF
POLYELECTROLYTE GELS

Nc=n/2

αzpnN/V=αzpc

c=nN/V
Vd=nNυ1 υ1

υ1

υ1

Consider  a  uniformly  charged  polyelectrolyte  gel  in  polar  sol-
vent  with  added  monovalent  salt  concentration cs.  Assuming
that  there  are n gel  strands,  each  strand  contains N Kuh  seg-
ments,  and  let Nc be  the  number  of  crosslinking  points
( ).  We  take zp as  the  number  of  charged  groups  per
Kuhn segment without any counterion adsorption and α as the
degree of ionization considering counterion adsorption. There-
fore, the counterion concentration is , where V is
the volume of the gel and c is the monomer number concentra-
tion  ( ).  We  denote  the  volume  of  the  dry  gel  as

,  where  is  the  volume  of  a  segment.  It  should  be
noted that there are several ways to determine the values of 
and N.  Following  the  Flory-Huggins  theory,  takes  the  same
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υ1

ϕ0=Vd/V0

ϕ=Vd/V

value as that of the solvent molecule. The choice of  does not
alter the scaling laws at the level of the monomers and solvent
molecules.[41,42,49] Our  model  introduces  a  reference  state  in
which all the gel strands obey Gaussian chain statistics. The vol-
ume fraction of the polymer in the reference state is 
and that in the swollen state is .

The  Helmholtz  free  energy  ΔF of  the  gel  with  Gaussian
chain statistics is given as the sum of the fluctuating part and
mean field part[41]

ΔF=ΔFfluctuations + ΔFmean field (36)

The first term is from the fluctuations of local polymer con-

centrations, conformations of the gel strands, and electrostat-

ic correlations of small  salt  ions in the gels.  The second term

contains  four  parts:  the  free  energy  of  mixing  between  the

polymers and solvent, elasticity of the gels, electrostatic inter-

actions among polymer segments and Donnan equilibrium of

the electrolyte ions, expressed as
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Fig. 4    (a) Correlation function g1(q, t) for weakly chemical crosslinked PA gels after dialyzed by 2 mol/L NaCl; For PA gels after dialyzing against
NaCl  solutions  with  different  salt  concentrations,  (b)  the  measured  diffusion  coefficients D1 and D2,  (c)  characteristic  relaxation  time τβ and  the
fraction  of  the  stretched  exponential  mode,  and  (d)  averaged  stretched  exponent β values.  For  PA  gels  dialyzed  by  water,  the  charge  ratio
dependence  of  (e)  stretched  exponent β values  and  macroscopic  gel  volume  swelling  ratio V/V0,  and  (f)  the  gel  diffusion  coefficient Dgel.
(Reproduced with permission from Ref. [56]; Copyright (2025), Open Access.)
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ΔFmean field = ΔFmix + ΔFelasticity + ΔFelectrostatic + ΔFDonnan (37)

Typically,  ΔF is  related  to  the  osmotic  pressure Π by  Eq.
(38)[43] and all  the contributions to ΔF can be converted into
Π,  so  that  the osmotic  pressure of  the gels  is  the sum of  the
contributions from fluctuations, mixing, elasticity, electrostat-
ic  interactions  and  Donnan  equilibrium,  respectively,  ex-
pressed as

Π = −( ∂ΔF
∂V

)
T
= ϕ2 ∂

∂ϕ
(ΔF
Vϕ )T (38)

Π = Πmix + Πelasticity + Πelectrostatic + ΠDonnan + Πfluctuations (39)

The  total  osmotic  pressure  is  zero  when  the  gels  reach
swelling  equilibrium.  Each  part  is  briefly  introduced  as  fol-
lows.

The  free  energy  of  mixing n gel  strands  with n1 solvent
molecules is given by the Flory-Huggins theory as[58]

ΔFmix

kBT
= V

υ1
[ ϕ
N

lnϕ+ (1 − ϕ) ln (1 − ϕ) + χϕ (1 − ϕ)] (40)

1 − ϕ = n1υ1/V
Πmix

where χ is the Flory-Huggins parameter and . Ig-
noring  the  translational  entropy  of  the  gel  strands  and  follow-
ing Eq. (38), the mixing osmotic pressure  is

Πmixυ1

kBT
= −ln (1 − ϕ) − ϕ − χϕ2

(41)

The contribution from the elasticity of an isotropic swollen
gel with stretching ratio λ is given by the rubber elasticity the-
ory as[58]

ΔFelasticity

kBT
= 3

2
n (λ2 − 1 − lnλ) (42)

ϕ0=Vd/V0 ϕ=Vd/V Vd=nNυ1 V=V0λ
3Noting  that , ,  and .

Combining  Eq.  (38),  the  contribution  of  gel  elasticity  to  the
osmotic pressure is

Πelasticityν1

kBT
= −

1
N
(ϕ2/3

0 ϕ1/3 −
ϕ
2
) (43)

Besides, the electrostatic interaction energy is given by[41]

ΔFelectrostatic

kBT
= 1

2
V
υ1

α2z2
pϕ

2

αzpϕ + 2υ1cs
(44)

cs ∼ V−1 ΠelectrostaticNoting that ,  thus the osmotic pressure 
corresponding to the electrostatic interaction is

Πelectrostaticυ1

kBT
= 0 (45)

When the polyelectrolyte gel is soaked in salt solutions, the
charges on the backbone of the polymers are confined with-

ΠDonnan

in  the  gels,  while  the  counterions  and  salt  ions  in  solutions
can diffuse in and out of the gel to reach the swelling equilib-
rium  state.  This  state  is  defined  as  the  Donnan  equilibrium
where the interior and exterior of the gels are charge neutral
and their chemical potentials are equal. Assuming that the os-
motic  pressure  is  given  by  the  van’t  Hoff  law,  where  inter-
molecular interactions can be ignored, the Donnan equilibri-
um  contribution  to  the  osmotic  pressure  is  given
as[41,58]

ΠDonnanυ1

kBT
=
√
α2z2

pϕ2 + 4υ2
1c

2
s − 2υ1cs (46)

Finally,  the  free  energy  from  conformational  fluctuations
can  be  obtained  by  drawing  an  analogy  with  a  polyelec-
trolyte semidilute solution given by[41]

ΔFfluctuations

kBT
≈ V

ξ3
(47)

The contribution of  the  fluctuations  is  significant  near  the
critical  points.  Here,  we  restrict  ourselves  only  to  the  mean
field theory. Combining Eqs. (41), (43), (45) and (46), the total
osmotic pressure of the gel is given by

Πυ1

kBT
= − ln (1 − ϕ) − ϕ − χϕ2 −

1
N
(ϕ2/3

0 ϕ1/3 −
ϕ
2
)+√

α2z2
pϕ2 + 4υ2

1c
2
s − 2υ1cs

(48)

χ=0.4 υ1=1 nm3 N = 100 ϕ0=0.1 α=0.1 zp=1
cs=0.1 mol/L

Taking , , , , , 
and  as  a  model  gel  system,  the  osmotic  pres-
sure  of  the  swelling  gel  is  shown  in Fig.  5(a).  Moreover, Fig.
5(b) shows that the osmotic pressure of the charged gel is al-
ways higher than that  of  the uncharged gel,  which is  mainly
due to the Donnan contribution.

ϕ α χ N
cs

As mentioned above, the swelling equilibrium for isotropic
swollen gels  satisfies  the equation in terms of , , ,  and

. Next,  we proceed the derivation of the limiting behaviors
in  the  high salt  limit,  and combine the  experimental  data  to
extract the scaling laws between the macroscopic and micro-
scopic properties.

Π = 0
2υ1cs ≫ αzpϕ ϕ ≪ 1

At  swelling  equilibrium  we  have ,  for  high  salt  limit
with , ,  the  polymer  volume  fraction  can
be calculated from Eq. (48) as[49]

ϕ5/3 =
ϕ2/3

0

N (1
2
− χ+

1
4

α2z2
p

υ1cs
) (49)

To  decouple  the  polymer  volume  fraction  from  the  salt
 

a b

 

χ=0.4 υ1 =1 nm3 N = 100 ϕ0 =0.1 α=0.1 zp =1
cs =0.1 mol/L

Fig.  5    (a)  Contributions  from  mixing,  Donnan  equilibrium  and  elasticity  to  the  total  osmotic  pressure;  (b)  Comparison  between  the  osmotic
pressure  of  the  charged  gel  and  uncharged  gel.  The  parameters  in  (a)  and  (b)  are , , , , ,  and

. (Reproduced with permission from Ref. [41]; Copyright (2021), Open Access.)
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ϕ

ϕ

concentration  and  degree  of  ionization,  we  determine  ex-
perimentally  by  measuring  the  swelling  ratio  of  poly(acry-
lamide-co-acrylate) (PAM-PAA) gels with fixed charge density
and  different  crosslinking  densities  in  0.01  mol/L  NaCl  solu-
tions[49].  The volume fraction  increases  with  an increase  in
the crosslinking density of the gels (Fig. 6a).

Following Eqs. (48) and (49) for high salt limit and using the
theory  of  elasticity,  the  bulk  modulus  and  shear  modulus  of
the gels are given as[41,49]

K =
5kBT
3υ1

(1
2
− χ+

1
4

α2z2
p

υ1cs
) ϕ2

(50)

μ =
kBT
υ1

(1
2
− χ+

1
4

α2z2
p

υ1cs
) ϕ2

(51)

χ α

f∼ϕ4/3

Dgel∼ϕ
2/3

Note that the bulk modulus and shear modulus of the gels
are  both  proportional  to  the  square  of  the  gel  volume  frac-
tion at high salt concentrations. The scaling law between the
shear modulus and volume fraction has been experimentally
verified,  and  can  be  obtained  from  the  intercept  and
slope of the linear fit.[49] By measuring the flow rate of water
across  the  gel  under  a  fixed  pressure,  the  friction  coefficient
between  the  gels  and  the  solvent  can  be  determined.  The
volume  fraction  dependence  of  the  friction  coefficient  fol-

lows the scaling law of .  Combined with Eqs.  (10),  (50)

and (51), Dgel also follows the scaling law of .

On the other hand, if the conformational fluctuations dom-
inate  the  free  energy of  the  gel  over  the  mean field  compo-
nent, Eq. (36) becomes

ΔF ≈ kBT
V

ξ3
(52)

Thus, the osmotic pressure and bulk modulus are given by

Π ∼ T

ξ3
(53)

K = ϕ(∂Π
∂ϕ

)
T
∼ T

ξ3
(54)

μ
K

Since the shear modulus  is proportional to the bulk mod-
ulus , Dgel is given as

Dgel =
M
f
∼ T

ηξ
(55)

ξThe correlation length  can be measured using static light
scattering  and  the  Ornstein-Zernike  equation,  as  shown  in
Fig. 6(b).

I (q) = I(q → 0)
1 + q2ξ2

(56)

ξ ϕThe  relation  between  and  can  be  deduced  from  Eqs.
(50) and (54) given as

ξ ∼ (1
2
− χ+

1
4

α2z2
p

υ1cs
)−1/3

ϕ−2/3
(57)

ξ ∼ ϕ−2/3

Γ1

The experimental  data in Fig.  6(c)  verify  the scaling law of
 within  the  error  bars.  Moreover, Fig.  7(a)  shows  a

typical correlation function of a polyelectrolyte gel. The corre-
lation  function g1(q, t)  can  be  fitted  by  two  exponential  de-
cays. The dominant mode is diffusive, because the relaxation
rates  at  all  angles  are  proportional  to q2.  The other  mode
does  not  have angle  dependence due to  the  nonergodic  in-
homogeneities in the gels. We can get the true elastic gel dif-
fusion  coefficient Dgel and  apparent  diffusion  coefficient DA

from heterodyne and homodyne fitting, respectively (Fig. 7b).
Substituting  Eqs.  (3),  (50)  and  (51)  into  Eq.  (10), Dgel in  high
salt limit is

Dgel ∼
T
η(1

2
− χ+

1
4

α2z2
p

υ1cs
)1/3

ϕ2/3
(58)

Dgel∼ ϕ2/3
Based  on  Eq.  (58), Dgel decreases  with cs and  follows  the

scaling law of . These trends are experimentally ob-

served in Figs. 7(c) and 7(d).
The mean field theory is remarkably applicable to the poly-

electrolyte  gel  system  by  considering  the  free  energy  of  the
gel as the sum of the free energy of mixing, elasticity, electro-
static interactions among the segments and Donnan equilib-
rium of electrolyte ions. Several microscopic and macroscop-
ic  parameters  are  expressed  as  closed-form  equations,  and
the related scaling laws are consistent with the experimental
results.  However,  when  the  gel  approaches  the  critical
boundary  for  the  phase  transition  or  the  charge  regulariza-
tion effect is prominent, deviations of the above scaling laws
are expected.
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ξ

Fig. 6    (a) Volume fraction of PAM-PAA gels with 10% charge density as a function of crosslinking density in 0.01 mol/L NaCl solution. Inset is a
picture of a piece of PAM-PAA gel with 10% charge density and 3.5% crosslinking density. (b) Ornstein-Zernike plot for gels with 0.2% crosslinking
density  and 10% charge density  in  0.01  mol/L  NaCl  solution to  obtain  the gel  mesh size;  (c)  Double-logarithmic  plot  of  the gel  mesh size  as  a
function of the gel volume fraction. (Reproduced with permission from Ref. [49], Copyright (2019), American Chemical Society.)
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CONCLUSIONS AND PERSPECTIVES

This  perspective introduces the theories  and principles  of  light
scattering  techniques  for  the  characterization  of  polymer  gels.
We  can  obtain  the  gel  diffusion  coefficient Dgel by  measuring
the  correlation  function,  which  originates  from  the  displace-
ment fluctuations of the gel strands and represents the longitu-
dinal modulus of the gels. Then we discuss the inhomogeneity
of the gel network. DLS is a powerful tool for distinguishing and
decomposing this static structure contribution from the dynam-
ic  part.  Dynamic light  scattering works  well  in  complicated gel
systems,  such  as  the  biological  gel  system  (silk-HA  composite
gel,  lysozyme fibrillar gel, etc.)  and hybrid gels containing both
chemical  and  physical  crosslinks.  For  physical  gels,  we  discov-
ered the first  experimental evidence of an entirely new univer-
sal class of hierarchical dynamics. In such hierarchical dynamics,
the  fluctuations  in  elasticity  and  polymer  concentration  decay
with  time  as  a  stretched  exponential  with  exponent β=1/3  for
all  physical  gels,  and  the  characteristic  time τβ is  a  measure  of
the  local  energetics  in  the  physical  crosslinks.  In  contrast,  in
chemical gels, these fluctuations decay with time as pure expo-
nential  decays.  This  new  hierarchical  gel  dynamics  provides  a
simple and general  characterization method by DLS to quickly
distinguish  dynamic  reversible  gels  from  permanently
crosslinked gels.  It  can also quantify the local  energetics of the
constituent  weak  physical  crosslinks,  enabling  a  clock  for  their

large-scale functional properties in a plethora of complex mate-
rials,  such  as  vitrimers  and  biological  living  materials.  Further-
more, a modified mean field theory can be applied to polyelec-
trolyte gels. The total free energy is a sum of the free energies of
mixing, elasticity, electrostatic interaction and Donnan equilibri-
um. The theoretical predictions are in agreement with the inde-
pendently  measured  microscopic  and  macroscopic  quantities,
and we extract  scaling laws among these quantities.  However,
dynamic  light  scattering  techniques  face  several  challenges
when  applied  to  gel  systems.  For  example,  the  incident  light
cannot pass through opaque gel samples, so that DLS measure-
ments cannot be used. In addition, the structural heterogeneity
of the gels complicates the ensemble averaging and interpreta-
tion of correlation functions. These issues can be partially solved
using  index  matching  and  spatial  averaging, etc.  To  overcome
these  inherent  limitations  of  dynamic  light  scattering  tech-
niques,  other  methods  can  also  be  employed,  such  as  X-ray
photon correlation spectroscopy (XPCS) and neutron spin echo
(NSE) spectroscopy. XPCS provides access to slow nanoscale dy-
namics  and  is  less  affected  by  the  optical  opacity.  However,
XPCS  is  limited  by  radiation  damage,  particularly  in  biological
systems. NSE spectroscopy can characterize segmental polymer
dynamics  over  nanometer  length  scales  and  nanosecond
timescales  with  minimal  radiation  damage,  but  it  requires  iso-
topic  contrast  between  the  polymer  and  solvent  molecules.
Overall, suitable techniques can be chosen based on the specif-
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Fig. 7    (a) The normalized electric field correlation function g1(q, t) and its fitting curve with fitting residuals for gels with 0.2% crosslinking density
in 0.1 mol/L NaCl solution; (b) Corresponding q2 dependence of relaxation rates  for gels with 0.2% crosslinking density in 0.1 mol/L NaCl solution
by using both homodyne and heterodyne fitting; (c) Gel diffusion coefficient Dgel at different salt concentration cs; (d) Gel diffusion coefficient Dgel

as a function of gel volume fraction in 0.01 mol/L NaCl solution. (Reproduced with permission from Ref. [49], Copyright (2019), American Chemical
Society.)
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ic  requirements  for  the  gel  samples.  Moreover,  there  are  also
several theoretical issues needed to be addressed in the future.
For example, when the gel approaches the critical boundaries of
the phase transition, the contributions from fluctuations would
become more significant to the free energy, so that the theory
needs to be modified. Future investigations are also needed to
verify  the  generalizability  of  these  developed  theories  for  vari-
ous types of gels, including vitrimers. We look forward to broad
applications of dynamic light scattering in gel systems. It  is an-
ticipated  to  promote  the  design  of  gel  functional  properties
such as gel adhesion, phase transition in 3D printing, and mem-
ory in water-based memristors, as well as mimic excellent prop-
erties in a large variety of complex gel materials.
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