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on viscoelastic relaxation in
transient networks using
experimental approach

Takuya Katashima’*, Ryota Kudo?, Ryoya Onishi?,
Mitsuru Naito?, Satoru Nagatoishi®, Kanjiro Miyata?,
Kouhei Tsumoto™*#, Ung-Il Chung®* and Takamasa Sakai*

'Department of Bioengineering, Graduate School of Engineering, The University of Tokyo, Bunkyo ku,
Japan, Department of Materials Engineering, Graduate School of Engineering, The University of
Tokyo, Bunkyo ku, Japan, ®Institute of Medical Science, The University of Tokyo, Minato City, Japan,
“Department of Chemistry and Biotechnology, Graduate School of Engineering, The University of
Tokyo, Bunkyo ku, Japan, °Center for Disease Biology and Integrative Medicine, Graduate School of
Medicine, The University of Tokyo, Bunkyo ku, Japan

The effect of network connectivity on viscoelastic relaxation in transient
networks with well-defined structures (Tetra-PEG slime) was experimentally
evaluated and compared to bond dissociation kinetics. To control the
connectivity and discuss the pure effect precisely, we mixed the precursors
in off-stoichiometric ratio. With decreasing network connectivity, the
viscoelastic relaxation time accelerated and became shorter than the bond
dissociation time. With increasing polymer concentration, the connectivity at
which the viscoelastic relaxation time matched the dissociation time shifted to
the high-connectivity region. The dependence of viscoelastic relaxation on
connectivity can be adequately explained within the framework of the lifetime
of a backbone. The backbone has numerous breakage points in low-
connectivity region nearby the gelation point, resulting in a shorter lifetime
than the dissociation time. However, the Rubinstein-Semenov model based on
backbone relaxation does not predict the concentration dependence,
suggesting that the formation of the network in the dilute/semi-dilute region
deviates from a random branching process. These findings provide a crucial
foundation for the molecular comprehension of transient network materials.

KEYWORDS

transient network, viscoelasticity, surface plasmon resonance, tetra-PEG, phenyl
boronic acid, diol

Introduction

Transient networks are three-dimensional networks formed by reversible crosslinks.
Due to the temporal nature of these crosslinks, transient networks show significant
viscoelasticity. Viscoelasticity of transient networks is not only determined by the lifetime
of the strand (74) but also by equilibrium network structures, including concentration,
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strand length, and connectivity (Annable and Ettelaie, 1994;
Annable et al., 1996; Uneyama et al., 2012; Parada and Zhao,
2018; Katashima et al., 2022).

However, the intricate relationship between network
connectivity and other structural parameters remains obscure
for two reasons. The primary reason includes the nature of the
crosslinks that are formed by the equilibrium reaction between
particular end groups. For instance, crosslinks are created by a
one-to-one binding system.

A+B=C (1)
Here, the equilibrium constant, K, is written as follows:
(€]
K= @
(A][B]

where, [X] is the molar concentration of the substance, X (=
A, B, and C). Additionally, the bond formation kinetics can be
expressed as follows:

el _

dt )

k, ([Al = [C]) ([B], - [C]) - ka[C]
Here, k, is the association rate constant, kg is the dissociation rate
constant, and [A], and [B], are the initial concentrations of A and
B, respectively. In the equilibrium state, where the binding and
dissociation are balanced (d [C]/dt = 0), the equilibrium network
connectivity, p = 2 [C]/([A], + [B]y), is described as follows:

1 1 2 2
p= {” (A, + [B]O)K} - H” (AL + [BJO)K} ‘1]
(4)

According to Eq. 4, p is dependent on K and the
concentration of crosslinking agents, indicating a strong
relationship between p and other network parameters such as
concentration and strand length. Several studies have focused on
adjusting K by altering the chemical species or pH of a solvent
(Yesilyurt et al., 2016; Marco-Dufort et al., 2020). However, the
change in hydrophobicity is frequently accompanied by the
tuning of chemical species (Matsumoto et al., 2012). Due to a
significant change in K, the latter method cannot precisely
control K near the pKa value. Consequently, none of the
methods can achieve continuous and robust control over p.

The second issue involves static and dynamic heterogeneities
in transitory networks (Katashima, 2021). Static heterogeneity
refers to the spatially heterogeneous distribution of polymer
segments in a state of equilibrium, such as the polydispersity
of network strand lengths, functionality, and aggregation
structures. Conversely, dynamic heterogeneity has been
reported in conventional transient networks due to the
network component’s slow dynamics compared to the unimer
and micelle components’ rapid dynamics. These heterogeneous
be

comprehending

assessed
the
relationships between viscoelasticity and network structures.

structures are uncontrollable and cannot

quantitatively, preventing us from

Frontiers in Soft Matter

02

10.3389/frsfm.2022.1059156

To address the controllability of such polymer networks, we
constructed a model system with a regular network structure by
connecting two types of branched polymers that are mutually
reactive and studied the relationship between property and
structure (Sakai et al., 2008; Sakai, 2014; Sakai, 2020; Fujiyabu
et al,, 2019; Sakumichi et al,, 2021). Recently, we extended this
model system to create a model transient network by employing
dynamic covalent bonds between phenylboronic acid and diols as
the link between branched polymers, Tetra-PEG
(Katashima et al., 2022). Tetra-PEG slime is composed of
four-armed precursors with a narrow distribution, which form

slime

regular structures with uniform strand length and functionality.
In addition, using symmetric precursors with the same mobility
reduces the dynamic heterogeneity compared to the conventional
system.

In this study, we report the dependence of viscoelastic
relaxation time on network connectivity using Tetra-PEG
slime. We mixed two precursors in stoichiometrically
imbalanced proportions to tune the network connectivity
independent of other structural parameters (Figure 1). This
method enabled us to evaluate the pure effects of network
connectivity while maintaining polymer concentration, strand
length, chemical species, and solvent quality. Accordingly, these
findings will aid in comprehending the molecular mechanism of

viscoelasticity in transient networks.

Materials and methods
Sample preparation

Tetra-PEG-FPBA and Tetra-PEG-GDL with the same poly
(ethylene glycol) (PEG) backbones (M,, = 1.0 x 10* and 2.0 x
10* gmol™") were separately dissolved in a phosphate buffer
(pH7.4, 200 mM). The polymer syntheses are described in
detail in the Supplementary Material. The concentration of
the prepolymers was adjusted to 40, 60, 80, 100, and
160gL™". As shown in Table 1, the two polymer solutions
were mixed at various stoichiometrically imbalanced
proportions to systematically control the network connectivity.

After mixing, each reaction was given 12 h at 25°C to complete.

Binding assays by surface plasmon
resonance

The association/dissociation kinetics of phenylboronic acid
and diol were analyzed using the surface plasmon resonance
(SPR) technique on a Biacore T200 instrument (Cytiva). The
amine coupling method was used to immobilize the diol group
PEG-modified Sensor Chip (Cytiva).
ethyl (dimethylaminopropyl)
carbodiimide were initially used to activate the sensor

on Series S

N-Hydroxysuccinimide and
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Schematic illustration of tuning the network connectivity, where two precursors are mixed at either a stoichiometrically balanced (s = 0.5) or

imbalanced ratio (s # 0.5).

TABLE 1 Sets of polymer concentrations (cpeg) and molar mixing
fraction of Tetra-PEG-FPBA to total prepolymers (s).

CpEG/gL s

40 0.50, 0.45, 0.40, 0.35, 0.30, 0.25
60 0.50, 0.45, 0.40, 0.35, 0.30, 0.25
80 0.50, 0.45, 0.40, 0.35, 0.30, 0.25
100 0.50, 0.45, 0.40, 0.35, 0.30, 0.25
160 0.50, 0.45, 0.40, 0.35, 0.30, 0.25

chip. Subsequently, diol was captured on the sensor chip by
passing the diol-containing solution over the sensor chip
resulting in its covalent attachment. SPR sensorgrams were
generated by injecting compounds into a sensor chip
decorated with a diol in a running buffer containing 200 mM
phosphate buffer (pH7.4) at a flow rate of 30 pl min™" at 25°C.
Injecting 100 ul of a solution containing 1 M ethanolamine
blocked the activated groups on the sensor’s surface. The
binding kinetics of phenylboronic acid (analyte) to diol were
determined by injecting different concentrations of analyte
(250-1,000 uM) into the sensor chip at a flow rate of
30 plmin~'. Herein, we used the monofunctional FPBA-
modified PEG (M,, = 5,000 gmol™) as the analyte molecule.
The synthesis of PEG-FPBA with a single function has been
outlined in a previous publication (Katashima et al., 2022). PB
(pH7.4-8.0, 200 mM) was utilized for the measurements. The
contact time and dissociation time were 1 and 5 min, respectively.

Frontiers in Soft Matter 03

Small amplitude oscillatory shear
measurement

For the small amplitude oscillatory shear measurement
(SAOS),
measuring plate of a rheometer (MCR301; Anton Paar, Graz,

Tetra-PEG slime samples were placed on the

Austria) utilizing a cone plate fixture with a 25 mm diameter and
a 4 cone angle. The angular frequency dependence
(0.1-100 rad s™") of the storage (G') and loss (G") moduli was
measured at 25°C. Additionally, the oscillatory shear strain
amplitudes were within the linear viscoelasticity range.

Results and discussion
Overview of SAOS measurements

Figure 2 illustrates the dependence of the storage and loss
moduli (G, G") for the Tetra-PEG slime (cpgg = 100 gL™", M =
10,000 g mol™') with different off-stoichiometric mixing ratios
(s = 0.25-0.50). G' exhibited the plateau at high frequencies and
the power law G’ ~ w” at low frequencies for all samples, whereas
G" demonstrated the symmetric power law behaviors exhibited
by G"~ w and G" ~ w™" at high and low frequencies, respectively.
These viscoelastic properties correspond well to the prediction of
the Maxwellian model (solid lines in figures), which is described
as follows:

(©)
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FIGURE 2

Frequency dependence of storage (top) and loss (bottom)
moduli for Tetra-PEG slimes with various stoichiometrically
imbalanced ratios (cpgc = 100 g L5, M = 10,000 g mol™). The
measured temperatures were 25°C. Solid lines represent the
prediction of the Maxwellian model.

wT

G" = AG (6)

1+’

Here, AG and 7 represent the plateau modulus and the
terminal relaxation time, respectively. Despite network
connectivity, the correspondence with the Maxwellian
model suggests that viscoelastic relaxation occurs via a
unique process.

By decreasing the value of s from 0.50, the plateau
modulus decreased, reflecting the decrease in the number
density of the elastically active strands. In contrast, the
peak of G” shifted to higher frequencies as s decreased,
indicating that the relaxation time accelerated, as depicted
in Figure 3. The connectivity dependence of the viscoelastic
relaxation time indicates that classical transient network
models have failed (Green and Tobolsky, 1946). In the
original model, viscoelastic relaxation is merely dictated by
the strand lifetime.
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Binding analysis by SPR

We conducted surface plasmon resonance measurements to
examine the connection between binding/dissociation kinetics
and viscoelasticity. Figure 4A depicts a typical sensorgram of the
SPR. Upon injection of monofunctional FPBA-modified PEG,
the SPR signal increased and plateaued between 0 and 60 s.
Injecting pure solvent to flush the system caused the signal to
degrade after the injection. The SPR signal reflects the change in
surface mass resulting from analyte adsorption. The plateau
region between t = 5 and 60s represents the equilibrium
between binding and dissociation. FPBA and GDL form a
one-to-one binding reaction, according to previous reports
(Hall, 2006; Cambre and Sumerlin, 2011; Nishiyabu et al.,
2011; Guo et al., 2012; Naito et al., 2012; Bull et al., 2013;
Yoshinaga et al., 2017, 2021, 2022). The equilibrium constant
was determined using the Benesi-Hildebrand plot (Benesi and
Hildebrand, 1949), where the SPR signal at the equilibrium state
(Req) is represented by the following equation.

1 1 1 1
= +
Req eK Cligand, 0 Canalyte, 0 eCligand, 0

%

Here, ¢ is the molar coefficient to the SPR signal of the complex,
and Cinaiyteo and Ciiganao are the initial analyte and ligand
concentrations, respectively. Figure 4B shows the values of
Ry as a function of Cypayieo 's and the linear relationship
was observed. According to Eq. 7, the slope and intercept agree
with (eKCiigana,0) ' and (¢Cjigand,0) > respectively, leading to K =
208 at 25°C in phosphate buffer (pH7.4). The estimated value of
K is consistent with the previous report evaluated by other

methods, (Soundararajan et al, 1989; Tong et al., 2001;
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(A) Representative sensorgrams of the SPR measurements.
The measured temperature was 25°C. The pH of the injected
buffer was 7.4. The analyte (mono-functional FPBA)
concentrations were tuned from 0.25 to 2.0 M (B) 1/R.q
against the inverse of the analyte concentration (Benesi-
Hildebrand plot)

Springsteen and Wang., 2002; Parada and Zhao, 2018) indicating
that the SPR measurements are reliable.

From K, the network connectivity at the equilibrium state (p)
can be obtained. In this study, we mixed the FPBA- and GDL-
modified precursors with stoichiometrically imbalanced ratios (s)
to tune the connectivity while maintaining other structural
parameters. This is the case that [A]o/([A]o + [Blo) = s in
Eq. 4. Here, A and B correspond to FPBA and GDL,
respectively. As a result, we can write p as follows:

S P P 2 4s(1 % ®)
p_ +CendK - +CendK - S( _S)

Here, Cenq is the molar concentration of total reactive end groups (=
[Alo + [B]o). Figure 5 shows the estimated connectivity as a function
of stoichiometrically imbalanced ratio with various polymer

concentrations. As s approaches 0.5, p increases, and the end
group concentration increases. In this figure, the solid lines are
provided as a reference to represent permanent networks, where
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FIGURE 5

Estimated connectivity (p) as a function of the
stoichiometrically imbalanced ratio (s) at various polymer
concentrations (Top: 10,000 g mol™?, Bottom: 20,000 g mol™).
Solid lines represent ideal permanent networks as a

reference.

the end reaction is ideally connected. Notably, the value of p for all the
Tetra-PEG slimes is less than 0.6, even when s reaches 0.5. The lower
value of p of Tetra-PEG slimes than that of permanent network
system is attributed to the low equilibrium constant and network
formation in the dilute-concentration region. In the transient
networks, the connectivity state is an equilibrium between binding
and dissociation depending on the reactive end concentration. This
differs significantly from the case of gels, wherein covalent bonds are
formed kinetically even at low concentrations.

Relationships between viscoelastic
relaxation and network connectivity

Figure 6 illustrates the p-dependence of 7 at different
concentrations and strand lengths, showing that 7 increased as
p increased for every sample. The solid and dashed lines in the
figure represent the power law fitting results. Evidently, the
p-dependence of 7 became more pronounced as ¢ decreased.
A similar dependence was observed between M,, = 10,000 and
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/s

FIGURE 6

Double logarithmic plot of viscoelastic relaxation time against
network connectivity. Circles and triangles represent the data of
M,, = 10,000 and 20,000 g mol™?, respectively. (Purple: 40 g L%,
blue: 60 g L™, green: 80 g L™, yellow: 100 g L™, red:

160 g L™). The solid line represents the bond lifetime estimated by
SPR (g).

20,000 g mol™", but the absolute values were distinct. Notably, in
conventional transient network systems such as (polyvinyl
alcohol)-borax slime, hydrophobically ethoxylated urethane
urea, and so on, p cannot be controlled independently of the
polymer concentration and network strand length. Therefore,
Figure 6 is the first example of the p-dependence of the relaxation
time excluding the effects of the polymer concentration and
network strand length.

Notably, all the frequency-dependent data were measured in
the linear viscoelastic regime with no strain dependence
(representative data are shown in Supplementary Figure S1),
and the activation energy estimated from the temperature
dependence of the viscoelastic relaxation time was constant,
regardless of the connectivity (Supplementary Figure S2).
These experimental results strongly suggest that the effect of
additional stress on the bonds is negligible and does not
contribute to an acceleration of the relaxation.

In Figure 6, the solid line represents the dissociation time as
estimated by SPR (7). 74 was experimentally determined to be 1.13 s
at pH74 by fitting the SPR data after 60s to a single exponential
function, which assumes that dissociation proceeds through a first-
order reaction (Katashima et al., 2022). The viscoelastic relaxation
time is faster than the bond lifetime for low p values, and the condition
of 7/74 < 1 moves to higher p with increasing concentration.

The connectivity dependence can be explained in terms of
the “backbone,” which is the primary stress-supporting strand.
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FIGURE 7

Schematic illustration of viscoelastic relaxation in transient
networks in the case of high-connectivity (top) and low-
connectivity (bottom) networks. With high connectivity, one
dissociation event (represented by an orange circle) does not

kill the backbone (red networks), whereas the backbone of the
low-connectivity network can be killed by one dissociation event.

Notably, the backbone is not equivalent to the percolation
network, which consists of numerous dangling chains that are
elastically ineffective. In regions with a high degree of connectivity,
the backbone flourishes and nearly all of the bonds belong to the
backbone. Due to the other bonds, the backbone can survive the
dissociation of one of the bonds. Therefore, the increment of p
determines the durability of the backbone (top panel in Figure 7).
However, when the connectivity decreases near the gelation point,
the backbone is formed by super-bridging chains in which bonds
are connected linearly via reversible bonds. In this case, the
dissociation of the bond is crucial in determining the lifespan
of the backbone (bottom panel in Figure 7). For instance, the
backbone can be approximated as an N-bonded linear chain. Here,
the lifetime of a single bond is 74. According to first-order kinetics,
the probability [Pyona(t)] that the bond still exists after a certain
period of time (f) can be expressed as

t
Puona (t) = eXP<—T—d)

On the other hand, because the backbone has N dissociable
points, the possibility that the “backbone” still survives after a

&)

period of time, [Pyackbone(£)], can be expressed as

t
Pbackbone (t) = eXP<_N_> (10)
T4

Eq. 10 indicates that the lifetime of the backbone inversely
decreases with increasing the number of reversible bonds in the
backbone from the dissociation time.
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According to the conventional theoretical studies of Rubinstein
and Semenov, the mean-field approximation and Gaussian random
branching structure predicted that the viscoelastic relaxation
time increases with increasing p (Rubinstein and Semenov, 1998).
The p-dependence of the viscoelastic relaxation time quantitatively
agrees with the experimental results. Alternatively, the Rubinstein-
Semenov model did not predict that the backbone lifetime is
independent of the concentration without the connectivity effect,
and the value of p where viscoelastic relaxation time corresponds
to the bond lifetime depends on the polymer concentration.
These deviations are attributed to the failure of the mean-field
approximation. In low polymer concentrations such as dilute
and semi-dilute regions with limited reactive neighbors, the
intramolecular reaction dominantly occurs to form a percolation
network with a lower fractal dimension than the prediction of the
mean-field theories (~2.5) (Sakai et al, 2016). Under such a
condition, the cluster-cluster aggregation process is dominant,
where the sparse aggregation clusters easily grow (Katashima
et al,, 2019) and branching is formed after percolation. Therefore,
the backbone prepared in low concentrations easily forms branching
after percolation at lower p, resulting in the moving of condition 7/
74 < 1 moves to higher p with increasing concentration.

Conclusion

We experimentally estimated the effects of network connectivity
(p) on viscoelastic relaxation in a model transient network (Tetra-
PEG slime) through the imbalanced mixing of two mutually tetra-
armed prepolymers. Our key findings are as follows: 1) the
viscoelastic relaxation time was accelerated by decreasing p and
became shorter than the bond dissociation time estimated by SPR;
2) the p-dependence was influenced by network strand length and
polymer concentration; 3) the relaxation time near the gelation
threshold became shorter than the dissociation time: and 4) the 7/
74 < 1 condition moves to high connectivity region increasing the
polymer concentration. This is well explained by the durability of
the “backbone” which is the essential network supporting the stress.
In close proximity to the gelation threshold, the backbone resembles
a linear chain with breakage points, resulting in a shorter lifetime
than the dissociation. However, the conventional models do not
predict the concentration dependence, indicating that the network
formation in the semi-dilute region is far from a random branching
process. These findings will provide a solid foundation for
discussion in order to understand the molecular picture of
viscoelasticity in transient networks.
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