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Gels comprised of dynamic bonds are important candidates for the emerging
‘intelligent’ gels due to their unique characteristics. We report a universal law
of hierarchical gel dynamics arising from association-dissociation of physical
crosslinks, as discerned from dynamic light scattering (DLS) on diverse sets of
complex gels. It is the first experimental evidence of a stretched exponential
decay with a universal exponent 1/3 in DLS for all the physical gels, com-
plementing more than five decades of DLS studies on conventional chemical
gels. Here we show that diversely different chemistries of dynamic bonds map
into the observed unifying law for large-scale collective dynamical properties
of physical gels. This discovery allows identification of whether physical or
chemical bonds dominate the crosslinks in complex gels, as well as extraction
of local energetics of the constituent physical crosslinks by their characteristic
relaxation times. It also elicits large-scale functional properties applicable in

smart gels.

Dynamically adaptable ‘intelligent’ gels are emerging as a new class of
materials in numerous fields due to their attributes such as time-pro-
grammable, self-healing, recycling, and adhesive properties'™, with
mimicry of human organs, tissues, and even brain®’. These properties
are in contrast with the rubbery properties of the well-trodden che-
mical gels formed with only covalent crosslinks. In general, dynamical
gels are hybrids formed by both chemical crosslinks and physically
associating crosslinks. The physical dynamical bonds act as sacrificial
bonds by reversibly breaking and reforming to dissipate energy to
protect the elastic attributes of the covalently crosslinked network.
The coexistence of these two kinds of crosslinks, with a dominance of
dynamical bonds, is central to mimicking self-healing properties of
biological systems and applications such as electronic skins and soft
robotics®™.

The physical dynamic bonds encompass a broad variety,
including hydrogen bonding, electrostatic interaction, hydrophobic
association, T-t stacking, coordination complex formation, etc

refs. 2,3. (Fig. 1). The binding energies of such physical bonds are
relatively low (less than 300 kJ/mol) in comparison with those of
covalent bonds in the chemically crosslinked gels“™ (Fig. 1). Despite
their weak binding energy, the physical dynamic bonds are indis-
pensable to biological systems'®*. The higher-order structures,
functionality, and phase behaviors of aggregates of various biologi-
cal macromolecules, such as intrinsically disordered proteins and
unregulated disease onset, all depend on the collective behaviors of
dynamic bonds* . Contrasting the irreversible permanent struc-
tures created by chemical crosslinks, the reversible physical cross-
links endow the gels with dynamic homeostasis by facilitating easy
structural adjustments and repair upon demand. These facile fea-
tures are the root cause of the above-mentioned broad spectrum of
extraordinary properties exhibited by the diverse class of reversible
physical gels. Therefore, for complex gel materials containing both
chemical and physical bonds, it is imperative to assess whether
physical dynamic crosslinks or chemical covalent crosslinks play the
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Fig. 1| Bond binding energy map and schematic illustration of various bonds in gels. Binding energy map for various physical dynamic bonds and chemical covalent

bonds****”. Different types of bonds in gel networks are schematically illustrated.

dominant role in the gel, as well as to quantify the binding energy of
these physical dynamic crosslinks.

It is natural to expect the overall dynamics of physical gels to be
faithful and unique representations of the above-mentioned specifics
of the chemical details of dynamic crosslinks. In contrast, we report a
discovery of a universal law of gel dynamics applicable to all physical
dynamic gels, and identification of whether physical dynamic bonds or
chemical covalent bonds dominate in the hybrid gels, independent of
their specific chemical nature.

Results

Universal law of hierarchical dynamics for physical gels

While investigating the dynamics of various types of physical gels with
distinctly different physical crosslinks, such as hydrogen bonds, ionic
bonds, and hydrophobic interactions, etc. (Fig. 2a), we serendipitously
discovered that all these gels exhibited a new universal hierarchical
dynamics, which is entirely different from the well-known results on
chemical gels. In our experiments, we used the dynamic light scatter-
ing (DLS) technique which is most suited to explore the internal
dynamics and elasticity of gels. In DLS, by measuring the scattered
light intensity-intensity correlation function in terms of the decay time
t at different scattering wavevectors g = (4m/A) sin(6/2) (A is the wave-
length of the incident light, and @ is the scattering angle, Fig. 2b), and
using the Siegert relation?, the normalized electric field-field correla-
tion function gy(g, ¢) is obtained. For all kinds of chemical gels, gi(g, t) is
proportional to the time correlation function of the end-to-end dis-
tance vector X,(¢) of the polymer strand with m monomers between
two adjacent crosslinks (Fig. 2b). As well-established in the literature
over five decades for chemically crosslinked gels”’~°, gi(g, t) obeys an
exponential decay with the relaxation rate I'= Dge ¢* ***%, with the gel
diffusion coefficient Dg, representing the gel elasticity (Methods) and
the relaxation rate I' representing inverse relaxation time,

=e Tt = e Pet (chemical gels) €]

gl(qr t) = <xm(t) . xm(0)>

Generally, if gi(g, ¢) follows exponential decay with time and obeys
r=Dg, then it is a diffusive mode with the diffusion coefficient D2,
As a reference point, our DLS results on the well-studied chemically
crosslinked poly(acrylamide) (PAM) gels with 1% crosslink density are
consistent with the above purely single exponential decay of gi(g, t)
(Fig. 2¢). From the relaxation times /" measured at multiple scattering

angles, the gel diffusion coefficient Dgye=4.88x107cm*s can be
obtained from the slope of '/ ¢* (Supplementary Fig. 1a).

On the other hand, in stark contrast with the standard behavior of
Fig. 2c and as depicted in Fig. 2d-f, in addition to the diffusive expo-
nential decay with Dy representing the gel elasticity, all three types of
physical gels also exhibit a stretched exponential decay of gi(g, t)
according to

g1(g,t)= e_(i)ﬂ B= %(physical gel; universal) 2

where the stretched exponential exponent S is a universal constant 1/3
for all three physical gels, and the characteristic relaxation time 1z is
specific to the particular gel. The significantly lowered value of §=1/3,
compared to 8 =1for chemical gels (Eq. (1)), and the much longer times
associated with 73, compared to relaxation times of the gel mode with
Dye;, emphasize that many dynamical modes associated with internal
chain relaxations are coupled and effectively function as hierarchical
relaxations. This stretched exponential mode representing hier-
archical dynamics is well decoupled with the inevitable gel mode, with
Dg representing the gel elasticity.

In terms of details, Fig. 2d corresponds to the first type of
hydrogen-bond-driven physical gels, namely, poly(acrylamide) physi-
cal gels without any chemical crosslinkers. The correlation function
g1(g, t) of this gel can be uniquely fitted by one exponential decay and
one stretched exponential decay (the fitting function is at the top of
the figure). The quality of the fitting curve (red line) with the raw
experimental data (black squares) is excellent, as evident from the zero
residuals (blue triangles). The first exponential mode is the gel mode
with diffusion coefficient Dye=5.87 107 cm?/s obtained from the
slope of I'/ ¢ measured at multiple scattering angles (Supplementary
Fig. 1b), which is similar to that obtained in the covalently crosslinked
PAM gels (Supplementary Fig. 1a). The second mode of stretched
exponential decay is non-diffusive since the relaxation rates I” mea-
sured at all angles are not proportional to ¢* (Supplementary Fig. 1c).
The stretched exponent f is independent of the scattering angles
(Supplementary Fig. 1d) and the averaged S value is = (0.33 + 0.03).
Such a non-diffusive stretched exponential mode for PAM physical gels
without chemical crosslinkers represents the dissociation-association
hierarchical relaxations of the reversible physical crosslinks composed
of hydrogen bonds. This is the first experimental evidence of the
occurrence of the stretched exponential mode in DLS for
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polyacrylamide gels since the first DLS measurement was conducted
on polyacrylamide gels in 1973%.

The second type investigated here is electrostatically driven
polyampholyte gels with ionic bonds in the crosslinks, without any
chemical crosslinks. In these gels, cationic monomers and anionic
monomers are randomly distributed along the gel strands with a
stoichiometric charge ratio®. The gi(g, t) of polyampholyte physical

b Dynamic light scattering on gel network
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gels (Fig. 2e) can be fitted by three modes, with the presence of the
non-diffusive stretched exponential decay with the averaged stretched
exponent $=0.33+0.03 (Fig. 2e and Supplementary Fig. 2b, c),
representing the dissociation-association hierarchical relaxations of
the reversible physical crosslinks composed of ionic bonds. The other
two exponential modes are diffusive with the first mode being the gel
mode representing gel elasticity with D;=Dge=719%x107 cm’/s
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Fig. 2 | Dynamic light scattering results for various types of physical gels
exhibiting universal hierarchical gel dynamics with unique stretched exponent
B =1/3.aCartoon of a general dynamic gel network with physical crosslinks. b Basic
principle of DLS technique on a gel network. c-f Correlation function gi(g, t)
measured by DLS at scattering angle 30° for various gels and their corresponding
best fitting functions (at the top) for the fitting curve (red line) to the raw data
(black squares) with fitting residuals (blue triangles) for poly(acrylamide) gel with
1% chemical crosslinking density, as a reference system (c), poly(acrylamide) phy-
sical gel without chemical crosslinkers assembled by hydrogen bonds (d), poly-
ampholyte physical gel of poly (sodium 4-vinylbenzenesulfonate-co-3-
(methacryloylamino) propyl-trimethylammonium chloride) with ionic bonds at
stoichiometric charge ratio r=0.52 (number of negatively charged groups to the

total number of charged groups) without chemical crosslinkers dialyzed against
2 M NaCl solutions (e), and lysozyme protein physical gel assembled by hydro-
phobic associations without chemical crosslinkers (f). g Superposition of normal-
ized correlation function gi(g, ¢) as a plot against the decay time in units of the
characteristic relaxation time 7z at scattering angle 30° for three types of physical
gels in (d-f), all with universal law of stretched exponent §=1/3. h Correlation
between the measured characteristic relaxation time 75 (filled circles, right axis) and
the specific bond binding energy (bars, left axis) obtained from literature*>™* for the
three types of physical gels in (d-f). Error bars reflect the standard deviation from
measurements of three different spatial locations within three replicate gel
samples.

(Supplementary Fig. 2a), which is in the same order of magnitude of
Dg for the chemical crosslinked polyampholyte gels (Supplementary
Fig. 5¢). The second mode is attributed to the “salt ion mode” corre-
sponding to the coupled motion of the co-ions and counterions with
polyampholyte backbones®® with D, =2 x 10”7 cm?/s. (Supplementary
Fig. 2a). Such a “salt ion mode” would disappear when the salt con-
centration in the gel is very low (Supplementary Fig. 5c).

The third type of physical gels is the natural lysozyme fibrillar gel
networks with hydrophobic associations in the crosslinks without
chemical crosslinks synthesized by following Miller's method**
(Supplementary Fig. 3a and Supplementary Materials and Methods).
Like the other two types of physical gels, gi(g, t) of lysozyme physical
gels also have the non-diffusive stretched exponential decay with
stretched exponent f=0.33 (Fig. 2f and Supplementary Fig. 3c, d),
indicating the dissociation-association hierarchical relaxations of the
hydrophobic interaction-driven physical crosslinks. For the other two
diffusive modes, the second mode is the gel mode with D, =
Dge=5.16 X107 cm?/s, and the first mode is the “salt ion mode” with
D;=3.28 x10cm?/s (Supplementary Fig. 3b) due to their salt con-
centration dependence. As salt concentration increases from O to
0.1M, D, increases three times to 9.67 x10™® cm?/s (Supplementary
Table 1), which is close to the diffusion coefficient of the coupled
motion between the counterion and polyelectrolyte backbone in
solutions*%, thus D is the “salt ion mode”. While D, is salt-indepen-
dent, and its value is in the same order of magnitude of Dy for che-
mical gels (Supplementary Table. 1). Thus, D, is the gel mode
representing gel elasticity for lysozyme fibrillar gels.

As depicted in the universal plot of Fig. 2g, the normalized stret-
ched exponential decay term in gi(g, ¢) for various types of physical
gels, including hydrophobic association-driven lysozyme gels, ionic
bond-driven polyampholyte gels, and hydrogen bonding-driven poly-
acrylamide gels can all superpose into a single master curve of stret-
ched exponential decay with a universal stretched exponent f=1/3
(Eq. (2)). This demonstrates that the specific local dynamic bonding
equilibria converge into a single hierarchical dynamical mode that is
universal to all physical gels, independent of significant differences in
their chemical makeup. The local chemical nature of the reversible
physical crosslinks appears only in the characteristic relaxation time 75
setting the time scale of hierarchical dynamics in the stretched expo-
nential decay. 7 originating from the dissociation-association equili-
bria of the dynamic physical crosslinks is exponentially correlated with
the free energy (€) of physical crosslink formation. Therefore, larger
binding energy leads to longer characteristic relaxation time 73, while
the value of § is a constant at 1/3. The correlation between the mea-
sured characteristic relaxation time 75 for hierarchical dynamics and
the bond binding energy is shown in Fig. 2h. For the three types of
bonds investigated here, the hydrogen bond binding energy between
amide groups is around 30 kJ/mol** with the measured 75 = 51.1 ms, the
ionic bond binding energy between sulfonate groups and ammonium
groups is 15 kJ/mol** with the measured 753=30.0 ms, and the hydro-
phobic bond binding energy of lysozyme proteins is 4.4 kJ/mol**** with
the measured 73=10.2 ms. Thus, higher bond binding energy at the

local level leads to longer characteristic relaxation time 74 for the large-
scale hierarchical dynamics.

Now that we have discovered a universal dynamical law detected
by DLS to quickly identify physical dynamic gels versus chemical
covalent gels, it becomes obvious to ask the following questions:

(a) Isthere a theoretical basis for this phenomenon based on sound
polymer physics concepts?

(b) Once the theory is developed to explain the above DLS results,
would the new theory and the universal hierarchical dynamics
be applicable to more complex gels consisting of an ensemble of
different kinds of dynamic bonds?

We address these questions in the affirmative, as detailed below.

Theory

To gain insight into the molecular origin and characteristics of the
hierarchical dynamics of physical gels, and to rationalize the uni-
versal value $=1/3 of the stretched exponent for g(q, t), we develop
the following arguments based on polymer physics concepts. Gen-
eric to all physical crosslink formation, the two key quantities that are
unique to the association-dissociation of a physical crosslink are*¢*%
free energy gain € and free energy barrier ¢, for association (Fig. 3a).
Both € and ¢, are specific to the particular physical bond. The rate of
association k, and the rate of dissociation k; are 1, exp(-€,/kgT) and
7o' exp(-(e, + €)/kgT), respectively, where kgT is the Boltzmann con-
stant times the temperature and 7, is a microscopic monomeric time
scale, depending on the monomer friction coefficient and tempera-
ture. The average lifetime of a monomer inside a crosslink is 7, =1,
exp((€+€4) / kgT).

The inherent characteristic of reversible dynamic gels is the per-
petual rearrangement of the connectivity of the polymer network by
executing association-dissociation of the various physical crosslinks
(Fig. 3b). As a result, the physical crosslinks are constantly changing
due to their dynamic and reversible nature. Thus, the distribution of
lengths of polymer strands between adjacent crosslinks is also con-
stantly changing. According to the standard statistical analysis of
gelation, the contiguous number of monomers m that are not parti-
cipating in any crosslink is polydisperse, given by the distribution
function P(m),

P(m)=k,e k™ 3)

where k, is the rate of crosslink formation. Each strand with a particular
value of m exhibits its chain dynamics. Since m is polydisperse, the
internal dynamics of the physical gel is a superposition of the dynamics
of all strands with various values of m allowed by Eq. (3).

Let us consider a labeled chain of N monomers, out of which N,
monomers are involved in dynamic crosslinks and (N-N;) monomers
are free from crosslinks. Its chain dynamics is equivalent to that of a
random copolymer, where the friction coefficient {. of a monomer
inside a reversible physical crosslink is {p exp((€ + €,)/ksT), with {
being the friction coefficient of a monomer in its un-crosslinked state.
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Fig. 3 | Mechanism of association-dissociation hierarchical dynamics for
reversible dynamic gels with physical crosslinks. a Free energy profile of the
association of two monomers as a function of separation distance. € and ¢, are the
free energy gain and free energy barrier for pair formation. b Monomers involved in
dynamic crosslinks and monomers free from crosslinks within the gel strands are

schematically illustrated. The strand with m number of monomers and end-to-
end distance X, (¢) changes to m’and X,{t + 7,) after an elapse of lifetime 7,

of a physical bond, causing the perpetual change in the population of polydisperse
strands.

Since the experimental conditions of our gels are in semidilute con-
ditions, where hydrodynamic interaction is screened, and entangle-
ment effects are weak, the Rouse dynamics with Gaussian chain
statistics for the strands is appropriate**°, The longest relaxation time
(Trouse) for a random copolymer of N monomers obeying Rouse
dynamics is

TRouse = ARNZ (4)

where Ar depends on the physical crosslink density p,, €, €, and {p
(Methods). According to the theory of polymer dynamics, the time
correlation function of the end-to-end distance vector X,,, (¢) of a Rouse
strand with m monomers is***"*?

(Xin()- X (0)) = exp (— ﬁ) ®)

where Agis given in Eq. (4). According to the theories of light scattering
and gel elasticity”’, gy(q, ©) is a superposition of (X,, (t) - X,,, (0)) for
each m weighted by the polydispersity distribution P(m),

&0 ~ / dm P(m)(X,u(0) - X,(0)) ©)

Using Egs. (3)-(5) and performing the integral in Eq. (6), we obtain
the universal law of Eq. (2) with $=1/3 and (Methods)

c\8
giq.0=¢ " p= %

47 creg
Tp= T;ezea/kﬂr(ekﬂpc + (1 - pc))'

Therefore, f=1/3 is universal for all hierarchical dynamics of
physical gels, and 15 is the characteristic collective relaxation time
unique to the specific gels.

Supported by the above conceptual advance on the onset and
nature of hierarchical dynamics in physical dynamic gels, we have
additionally found the universality of this new gel dynamics by delib-
erately arresting and tuning this phenomenon. Furthermore, we
demonstrate below the universality of this phenomenon in both nat-
ural and synthetic complex gels with multiple simultaneous con-
tributions from several kinds of dynamic bonds.

One-or-none principle of switching off hierarchical dynamics
with chemical crosslinks

To explore the boundary of the universal dynamical law for the gels
with physical / chemical crosslinks, poly(acrylamide) (PAM) gels with
different chemical crosslinking densities of 0-0.5% are studied. As
described before, PAM gel with 0% chemical crosslinking density is a
physical gel obeying the hierarchical dynamics of non-diffusive stret-
ched exponential decay (Fig. 2d), while PAM gel with 1% chemical
crosslinking density is a chemical gel with the absence of the stretched
exponential decay in DLS (Fig. 2c¢). As shown in Fig. 4a, for 0.1% che-
mical crosslinking density, the non-diffusive stretched exponential
decay is again present with f =1/3 (Supplementary Fig. 4a-d). Thus, for
such a low permanent crosslink density as 0.1%, the native hierarchical
dynamics arising from physical crosslinks is still maintained. More-
over, the fraction of the stretched exponential mode decreases from
23% to 9% as the chemical crosslinking density increases from O to 0.1%
(Fig. 4a). On the other hand, when the chemical crosslinking density is
0.2% and above, the stretched exponential mode disappears, and gi(q,
t) can be fitted only by a single exponential decay representing the gel
elasticity (Fig. 4a and Supplementary Fig. 4e, f). Please note that the
boundary of chemical crosslinking density for the occurrence of such
hierarchical dynamics is system-dependent.

Therefore, the universal law of hierarchical dynamics can also be
applied for weakly crosslinked chemical gels, in which the physical
dynamic bonds dominate the crosslinks. For gels with high chemical
crosslinking density where the permanent covalent bonds dominate
the crosslinks, the hierarchical stretched exponential decay is
totally averted. Thus, the response of the hierarchical dynamics of
physical gels to additional chemical crosslinks obeys the ‘one-or-none’
principle. Simply by monitoring the presence/absence of the stretched
exponential decay in DLS, we can evaluate whether the physical
dynamic bonds or permanent covalent bonds dominate the crosslinks
of complex gels containing both physical and chemical bonds in the
crosslinks.

Tuning the hierarchical dynamics with conformational
transition

We have also investigated the robustness of the universal hierarchical
dynamics with respect to conformational transitions of the gel net-
works. A suitable system to monitor this feature is polyampholyte (PA)
gels with ionic bonds because the ionic bond strength can be easily
tuned by dialyzing against solutions of different NaCl concentration Cs.
An example is given in Fig. 4b, where the correlation function g(q, t) is
presented for a PAgel with weak chemical crosslinking (0.5% chemical
crosslinking density) and stoichiometric charge ratio r = 0.52° dialyzed
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against 2M NaCl. Analogous to the PA gel without any chemical
crosslinks and at the same ionic bond strength (Fig. 2e), gi(g, t) can be
fitted uniquely by two diffusive exponential decays and a non-diffusive
stretched exponential decay with stretched exponent 8= 0.33 (Fig. 4b
and Supplementary Fig. 5a, b). The first mode is the gel mode with
Dy = Dge1 = 6.58 x107cm?/s, and the second mode is the “salt ion mode”
(D, =8.23 x10"8cm?/s), which decreases with the decrease of salt con-
centration and finally disappears when the salt concentration is very
low*”* (Supplementary Fig. 5c).

Notably, the characteristic relaxation time 75 decreases almost by
half as C, increases from O to 2 M because the added salt screens the
electrostatic interaction of the ionic bonds and accelerates the
dissociation-association hierarchical relaxation of the physical cross-
links (Fig. 4c). Consistent with this screening effect, the fraction of the
stretched exponential mode arising from the dissociation-association
equilibria of the ionic bonds also decreases from 85% at Cs = 0 M to 35%
at C;=2M (Fig. 4c). Moreover, B values in the stretched exponential
decay change slightly with conformational transition in the gel strands,
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Fig. 4 | Hierarchical gel dynamics measured by DLS for weakly chemical
crosslinked gels. a Physical gels to chemical gels transition identified by the pre-
sence/absence of the stretched exponential mode in DLS. The fraction of stretched
exponential mode and the stretched exponent S as a plot of the chemical cross-
linking density for poly(acrylamide) gels. b Correlation function gi(g, t) measured
by DLS at scattering angle 30° for weakly chemical crosslinked polyampholyte (PA)
gels with 0.5% chemical crosslinking density and charge ratio r=0.52 (number of
negatively charged groups to the total number of charged groups) after dialyzed by
2 M NaCl. The fitting function shown at the top are required for the best fit (red line)
to the raw data (black squares) with fitting residuals (blue triangles). Inset is the
fitting curve for term 1 of gel mode to obtain the gel diffusion coefficient

Dge1 = 6.58 x107cm?/s. ¢ Characteristic relaxation time 7z for stretched exponential
mode at scattering angle 30° and the averaged fraction of the stretched

exponential mode for weakly chemical crosslinked PA gels after dialyzing against
NaCl solutions with different salt concentrations Cs. d Averaged stretched expo-
nent S values of weakly chemical crosslinked PA gels after dialyzing against NaCl
solutions at different salt concentrations with cartoons illustrated the conforma-
tional change of the gel strands. e Charge ratio dependence of microscopic 8 values
and macroscopic gel volume swelling ratio V/V,, for weakly chemical crosslinked PA
gels dialyzed by water (V,, denotes the gel volume in the as-prepared state, and V
denotes the gel volume after swelling by water). f Correlation function gi(g, ¢) at
scattering angle 30° and the corresponding fitting results for 100% positively
charged polyelectrolyte gels with 0.5% chemical crosslinking density after dialyzed
by water. Error bars reflect the standard deviation from measurements of three
different spatial locations within three replicate gel samples.

but still keeping in a narrow range. In general, the stretched exponent
equals 1/(2v+2) with size exponent v (“Methods”). When the salt
concentration Cs is reduced, the electrostatic interaction is not fully
screened, and hence more of the oppositely charged groups in the gel
strands will complex together to eventually attain a shrunk strand with
the size exponent v~1/3. Upon an increase in Cs, the gel strands
expand to attain random-walk statistics with v~1/2, as schematically
illustrated in the cartoons in Fig. 4d. As a result, the value of
decreases gradually from 3/8 (v=1/3) at low C; for relatively shrunk
chain conformation to 1/3 (v=1/2) at high Cs for Gaussian chain con-
formation (Fig. 4d).

To further validate the crossover behavior of g values with con-
formational transition, we have studied the role of charge ratio r
(number of negatively charged monomers to the total number of
charged monomers) of the PA gels dialyzed by water. Microscopically,
at the stoichiometric charge ratio (r=0.52), the S value reaches a
maximum of 0.38 (while Dge reaches a minimum (Supplementary
Fig. 6a)), indicating that the gel network is in the shrunk state (Fig. 4e).
When the charge ratio r deviates from the stoichiometric charge bal-
ance point on either side, B decreases because the gel strands are able
to partially swell due to the unbalanced charges. On the other hand,
the macroscopic gel volume swelling ratio V/V, (where V, is the
volume of the as-prepared gel and V is the gel volume after dialysis
against water) is the smallest at the stoichiometric charge ratio
(Fig. 4e), consistent with the results of 8 and Dg. measured at the
microscopic length scale. Both microscopic and macroscopic results
demonstrate that the gel strands adopt the shrunk conformation at the
stoichiometric charge ratio.

Lastly, when the charge ratio goes to the extreme of r=0, the
100% positively charged polyelectrolyte gels dialyzed against water
exhibit the normal DLS behavior of polyelectrolyte gels® of two
exponential decays without the stretched exponential mode due to the
lack of ionic bonds (Fig. 4f and Supplementary Fig. 6b, c). This result
further demonstrates that the nature of stretched exponential decay
arises from the dissociation-association equilibria of the dynamic ionic
bonds in the crosslinks of the PAgels.

Validation of the universality of the hierarchical dynamical law
on complex gels

In order to validate the universality and broad use of the newly dis-
covered dynamical law in quickly identifying whether chemical cova-
lent bonds or physical dynamic bonds dominate the crosslinks in
complex gel materials, we have tested several natural and synthetic
complex gels. Firstly, we have originally synthesized a new type of
artificial mucus gel materials containing rich physical bonds, including
hydrogen bonds, ionic bonds, hydrophobic association, m-it stacking,
and also chemical crosslinking (Fig. 5a). Because of the unknown
chemical conversion rate of the chemical crosslinkers, we cannot a
priori tell whether chemical bonds or physical bonds dominate the
crosslinks in the gel. Detected by DLS, the stretched exponential decay
with 8=1/3 shows up in the correlation function gi(g, t), demonstrating

that physical crosslinks dominate the complex artificial mucus gels,
while the chemical crosslinking density is rather low (Fig. 5b, ¢ and
Supplementary Fig. 7a, b).

The second test is on self-assembled single-stranded DNA
hydrogels constructed by complementary base pairing from
Y-scaffolds and linkers®* (Fig. 5d). The presence of the stretched
exponential decay with f=1/3 in the correlation function of DLS
demonstrates that such a supramolecular self-assembled DNA gel is a
physical gel mainly driven by van der Waals interactions and hydrogen
bonds through base pairing (Fig. Se, f and Supplementary Fig. 7c, d).
We have also tested natural silk fibroin gels made from B. mori silk-
worm cocoons containing both physical crosslinks such as hydro-
phobic interaction and chemical covalent crosslinking with unknown
chemical conversion rate due to the complexity of the gelation
reaction®. Due to the absence of the stretched exponential decay in
DLS, we can confidently conclude that the chemical covalent bonds
dominate the crosslinks of the silk fibroin gels (Fig. 5g, h and Supple-
mentary Fig. 7e). Lastly, hyaluronic acid gels with physical bonds of
hydrogen bonding and electrostatic interaction, as well as cystamine
chemical crosslinkers with unknown chemical conversion rate are also
tested” (Fig. 5i). The correlation function can be fitted by one single
exponential decay, demonstrating that it is a chemical gel in nature
(Fig. 5j and Supplementary Fig. 7f).

With the test of various natural and synthetic complex gels, we
conclude that the hierarchical dynamics of stretched exponential
decay with f=1/3 in DLS is a ubiquitous dynamical law and a key
feature to identify whether chemical covalent bonds or physical
dynamic bonds dominate the crosslinks of the gels. Please note that it
is possible to have deviations from this law when additional effects are
present. Based on Eq. (20), the stretched exponent is fS=1/(2v+2)
when the subchain dynamics obeys the Rouse dynamics. For Gaussian
chain statistics with v=0.5, we have f=1/3. As an example of a devia-
tion from this behavior, if the gel strands adopt molten-globule-like
conformations with v=1/3, then we have =3/8. In most cases, the gel
strands have Gaussian chain statistics and obey Rouse dynamics, thus
[ =1/3.1tis, in principle, possible that the intra-strand excluded volume
interactions and hydrodynamic interactions are not screened so that
the exponent B could show a deviation®® from 8=1/3.

Discussion

We have discovered a new universal hierarchical dynamical law of
stretched exponential decay of fluctuations in gel elasticity, with the
universal stretched exponent =1/3, detected by DLS on physical gels
with diversely different chemical constituents. Moreover, the char-
acteristic collective relaxation time 75 in the stretched exponential
mode is a measure of the local energetics of the physical crosslinks.
This opens a possibility to design physical gel-based clocks, namely,
structures and properties of complex gels such as time-programmable,
self-healing, and recycling properties based on their characteristic
relaxation time measured in DLS. We also report the boundary of the
universal hierarchical dynamics by inducing its arrest with additional
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covalent crosslinks and by tuning conformational changes in the gel
strands.

It is well-known that such hierarchical dynamics are earmarks of
traditional glasses observed in small molecular systems and alike at
lower temperatures below their respective glass transition tempera-
tures. In this context, it is remarkable that we have observed similar
glass-like hierarchical dynamics in aqueous assemblies which contain

Fig. 5 | DLS tests and their fitting results of various natural and synthetic
complex gels to verify the universality of the new dynamical law for

physical gels. a Structure of artificial mucus gel. (Blue groups are relatively
hydrophilic, and red groups are relatively hydrophobic). b Correlation function
&1(g, t) measured by DLS and the corresponding fitting results for artificial mucus
gel. ¢ Stretched exponent S values at all scattering angles for artificial mucus gel.
d Schematic illustration of the formation of self-assembled DNA gel driven by
complementary base pairing®. Reproduced with permission from ref. 54. Copy-
right 2010, John Wiley and Sons. e Correlation function g;(g, ) measured by DLS
and the corresponding fitting results for self-assembled DNA gel. f Stretched
exponent S values at all scattering angles for self-assembled DNA gel. g Silk fibroin
gel* from B. mori silkworm cocoons. h Correlation function gi(g, ) measured by
DLS and the corresponding fitting results for silk fibroin gel. i Schematic illustration
of the formation of hyaluronic acid gel’’. Reproduced with permission from ref. 31.
Copyright 2017, American Chemical Society. j Correlation function g(g, t) mea-
sured by DLS and the corresponding fitting results for hyaluronic acid gel. Error
bars reflect the standard deviation from measurements of three different spatial
locations within three replicate gel samples.

mostly water and at room temperature. Since one of the main driving
forces for this hierarchy in the present systems is conformational
entropy, we may call the dynamic gels entropically diluted glasses. In
view of this, one might ponder over whether there is an analog of the
entropic driving force in traditional glasses at low temperatures, per-
haps arising from orientational entropy and redistribution of cage
effects. Thus, the present results open a new avenue to deeply get into
the entropic attributes of free energy landscapes of even traditional
glasses and the potential unification of glasses and gels into a single
universality class.

Furthermore, in view of the validation of its universality in a
broad variety of complex gels, the hierarchical dynamical law
detected by DLS can provide a simple and general method to quickly
identify whether physical dynamic bonds or chemical covalent bonds
dominate the crosslinks of the gels. In addition, this procedure allows
extraction of the effective local energetics of the reversible physical
crosslinks in a large variety of complex gel materials, where several
kinds of physical bonds can be concurrently dynamic. Quick identi-
fication of the dominance of physical bonds in composite gels
enables the designable capability to tune several functional proper-
ties such as gel adhesion, phase transition in 3D printing, and
memory in water-based memristors, as well as mimicry excellent
properties in the natural systems such as hairy tongues of bats,
mucus and mushy okra™,

Methods
Theory of hierarchical gel dynamics
As depicted in Fig. 3a, the two key features characterizing crosslink
formation are the free energy gain € and the free energy barrier ¢, for
pairwise association*®*3°¢3°-61 The rate of association k, and the rate of
dissociation ky are 1, exp(-€,/ksT) and 1, exp(-(e, + €)/kgT), respec-
tively, where kgT is the Boltzmann constant times the temperature and
Tp is a microscopic monomeric time scale in the range of picosecond to
nanosecond, depending on the monomer friction coefficient and
temperature. The average lifetime of a monomer inside a crosslink is
Tp =T exp((e + €,) / kgT) in the steady state.

In a system of volume V,, containing n primary chains, each with N
monomers and monomer volume vy, the total number of monomers
N; capable of pairwise crosslinks is*

No=faN=f®yV /v, (8)

where f («1) denotes the fraction of monomers with correct orienta-
tion required by chemical details for crosslink formation, and ¢, is the
polymer volume fraction nNvy/V,. Using equilibrium statistical
mechanics, the fraction of monomers g, associated into pairwise
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crosslinks of free energy gain ¢, is given by***°¢°

a = o P ©)

As mentioned above, f is very small. In the simplest situation
(without considering any free energy barriers for rotations), the value
of fis 1/4m. This factor is further multiplied by the polymer volume
fraction which in turn is also small. As a result, for moderate values of
€/kgT, the factor g in the left-hand side of the above equation is very
small. For such weak energy gains relevant to reversible gels, this
reduces to

q ~fDye/keT (10)

The average number of pairwise crosslinks N, per chain follows

from Egs. (8) and (10) as

- Lo

2 n an

1 1
= 2qﬂ\/z isz(DOec/kBT

where factor 2 arises from the requirement of two monomers to par-
ticipate in a crosslink. The crosslink density p., defined as the fraction
of crosslinked monomers in the system is N/N given by

1
pe= 3 Dpe T (12)

Since f«1and ¢ <1, p.is very small. For such weak crosslinking
situations, the standard statistical analysis shows that the cross-
linking along the chain backbone is a Poisson process®>®. Specifi-
cally, the contiguous number of monomers m that are not
participating in any crosslink is polydisperse given by the distribu-
tion function P(m),

P(m) =k e km 13)
where k, is the rate of crosslink formation. Each strand with a par-
ticular value of m exhibits its chain dynamics. Since m is poly-
disperse, the internal dynamics of the physical gel is a superposition
of the dynamics of all strands with various values of m allowed by
Eq. (13).

Since N. monomers of each labeled chain of N monomers are
involved in dynamic crosslinks and (N-N,) monomers are free from
crosslinks, the chain dynamics is equivalent to that of a random
copolymer, where the friction coefficient {. of a monomer inside a
reversible physical crosslink is {, exp((€ + €,)/kgT), with {, being the
friction coefficient of a monomer in its un-crosslinked state. Further-
more, since ¢y <1 (corresponding to semidilute conditions, where
hydrodynamic interaction is screened and entanglement effects are
weak), the Rouse dynamics is appropriate for the present situation***°.
Furthermore, if the strands between crosslinks are not collapsed asin a
poor solvent, the strands obey the Gaussian chain statistics with the
size exponent v=1/2. In such a situation, generally valid for reversible
gels, the longest relaxation time (tgouse) Of @ chain of N monomers is
proportional to N®*V ~ N2, with v=1/2*°, The longest relaxation time
(Trouse) for a random copolymer of N monomers with the fraction p.
(Eq. (12)) of monomers with friction coefficient {. and the fraction
(1-p.) of monomers with friction coefficient {y is given as®*

TRouse = To(eek%zpc + (1 - pc) )NZ = ARN2 (14)
where p. is given in Eq. (12), 7o absorbs monomer friction coefficient {,
and temperature, and Ay, is as defined in this equation. According to
the theory of polymer dynamics, the time correlation function of the

end-to-end distance vector X,, (¢) of a Rouse strand with m monomers

+c49,51,52
is*”

X)X O) = 0~ 102 ) as)

where Ay is given in Eq. (14).

According to the theories of light scattering and gel elasticity
the time correlation function gi(g, ©) is a superposition of (X, (£) * X
(0)) for each m weighted by the polydispersity distribution P(m),

27,53
’

£1(0)~ [ dmPm) (X (©)- X (0)) 16)
Substitution of Egs. (13) and (15) in this equation yields,
t
81(6) ~ /dm exp (—kam - /W) 17)

Performing the integral using the saddle point approximation, we

obtain
B
t 1
g1(q,0) ~ exp (‘ <a> ) B= 3

(18)

where

4t eteg
= 2_70626a/kgT(ekHrpC + (1 _ pc)) 19)

Equation (18) exhibits the universality of the stretched exponen-
tial exponent f=1/3, for the hierarchical internal dynamics of rever-
sible physical gels independent of the local chemical nature of the
reversible physical crosslinks, which appear only in the characteristic
relaxation time 7 setting the time scale of hierarchical dynamics. For
example, for larger values of €, 73 is larger, but keeping the value of
at 1/3.

It is to be noted that the above conclusions are valid even if an
additional small extent of covalent crosslinking (with rate k) is allowed
in the reversible gelation process. In this case, k, in Eq. (17) is replaced
by (k. + k.). For higher values of k. compared to k,, deviations from the
present universal law of f=1/3 are expected, so much so that the
hierarchical physical gel dynamics is averted. In the general case,
where the strands can undergo conformational changes such that the
size exponent is v (for example, v=1/3 if the gel strands adopt molten-
globule-like conformations), the Rouse relaxation time in Egs. (14) and
(17) is proportional to m**, so that  follows as 1/(2v + 2)°"*,

1

/}:7

20
2u+2 (20)

Sample preparation and dynamic light scattering (DLS)
measurement

The DLS tubes were washed with pure water and acetone separately
more than three times. The tubes were dried in the oven overnight, and
then we used aluminum foil to wrap them. Distilled acetone through an
acetone fountain setup was used to clean up these tubes. Before
polymerization, all the pre-gel solutions were filtered through a
220 nm PVDF hydrophilic filter into the tubes to remove the dust. The
preparation of all the samples should be conducted in a super clean
bench. DLS measurement was performed on a commercial spectro-
meter, which was equipped with a multi-t digital time correlator (ALV/
LSE-5004) using a wavelength of 532 nm laser light source. For each

Nature Communications | (2025)16:3247


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58571-2

sample, the scattering light intensity was correlated at scattering
angles 30°,40°, 50°, 60°, 70°, and 90° (Supplementary Fig. 8), and the
range of wavevector ¢ is from 8.1x10°m™ to 22x10"” m™ The
relaxation time was averaged for three different spatial locations
within three samples. Error bars reflect the standard deviation from
measurements of three different spatial locations within three repli-
cate gel samples.

Data acquisition and analysis

The scattering light intensity-intensity time correlation function g»(q, t)

is measured by dynamic light scattering by means of a multi-channel

digital correlator, and g»(qg, t) is related to the normalized electric field

correlation function gi(g, t) through the Siegert relation®,

<I(O)Igt)> 1)
>

g:(q.0= —1=B1g:(q, 0

where tis the decay time and /(¢) is the scattered light intensity, S is the
instrument coherence factor.

For polymer solutions, gi(g, t) is proportional to the monomer
density-density correlation expressed as ref. 26,

£1(q.t) ~ <p(q,H)p(—q,0)> ~ e (22)

If the dynamic mode is diffusive, then the relaxation rates I" at
multiple scattering angles are proportional to ¢ following I'=Dg
From the slope of T/ ¢?, the diffusion coefficient D can be obtained.
Based on the Stokes-Einstein equation D = kgT/61tpR;, (where kg is the
Boltzmann constant, T is the temperature, n is the viscosity of the
solution), the hydrodynamic radius R, of the polymers can be
obtained.

For chemically crosslinked gels, gi(g, ¢) is proportional to the
time correlation function of the end-to-end distance vector X,(¢) of
the polymer strands with m monomers between two adjacent
crosslinks:

81(q, ) ~ (Xp(t)- Xy (0)) ~ &' (23)

As well-established in the literature over five decades for che-
mically crosslinked gels” ¢, gi(qg, t) of gels depends on the modulus
and the friction coefficient and also obeys an exponential decay with
' =Dge ¢* Actually, nothing is diffusive in the gel networks, the gel
diffusion coefficient Dg indicates the gel elasticity with Dgei=M/f,
where M is the longitudinal modulus and f is the friction coefficient
between the gel strands and the solvent. And the longitudinal mod-
ulus M=K+4/3 G’ is related to bulk modulus K and elastic mod-
ulus G

The electric field correlation function gi(g, t) can be fitted with a
sum of several relaxation modes. The characteristic relaxation rate I;
was analyzed by using the CONTIN method®® and multiple exponential
fitting methods at each scattering angle. CONTIN method fits a
weighted distribution of relaxation times and was first used to confirm
multiple modes as,

8,(q,t)—1= /o P(T)exp(—Tt)dr (24)

where P(I) is the weight of each relaxation rate I, as determined by an
inverse Laplace transform.

For the multiple exponential fitting method, the correlation
function gi(g, t) can be fitted by a sum of several exponential decays
and a stretched exponential decay™ as,

gi(g, n=a,e " +a,e 2l + g e (25

The function gi(g, t) was fitted by ORIGIN software, and the error
between the raw data and the fitted function was minimized after
iterations were performed. Iterations were performed until the best-
fitting curve was obtained within the tolerance limit. Residuals of the
difference between the fitted curve and the raw data are randomly
distributed about the mean of zero, and the residuals do not have
systematic fluctuations about their mean value.

Swelling methods

The as-prepared gel samples were dialyzed by deionized water or
dialyzed against NaCl solution with different salt concentrations for a
week. Specifically, for the polyampholyte physical gels without any
chemical crosslinkers, Gong et al.’s previous studies show that when
the ionic bond strength is high at low salt concentration, the poly-
ampholyte physical gels without chemical crosslinkers will become an
opaque strong gel with occurrence of microscopic phase
separation®**®’, Here, for the polyampholyte physical gels without any
chemical crosslinkers, we deliberately tune the ionic bond strength at
intermediate level by dialyzing against 2 M NaCl solution until the gels
become transparent (Fig. 2e), so that the dissociation-association
dynamical process can be easily realized for the ionic bonds with
intermediate bond strength.

Data availability

All data generated in this study are provided in the main text and
Supplementary Information. All data is available from the corre-
sponding authors.
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