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Abstract: Thermoresponsive polymer segments have been reported to induce lateral
microphase separations due to their switching transitions from a hydrophilic state to a
hydrophobic one in hydrogels, which result in shrinkage and collapse of the polymer
networks and significantly improved mechanical strength. However, the route from
which the hydrophobic segments are assembled into micelles during microphase
separations, and their thermoresponsive toughening mechanisms are not fully
understood. In this study, a local conservation law of rubber elasticity is firstly
formulated to describe the micellization and collapse of polymer networks in
hydrogels, during which the thermoresponsive segments undergo a microphase
separation. Flory-Huggins theory, interfacial free-energy equation and the extended
Maxwell model are then employed to model the thermodynamics of micellization and
microphase separations in the hydrogel, in which the polymer networks are composed
of both hydrophilic and thermoresponsive segments. The toughening mechanism is

further explored and discussed based on the proposed models. Finally, the proposed


mailto:luhb@hit.edu.cn

models have been verified using the experimental results reported in the literature.
This study provides a new mechanism of local conservation law for rubber elasticity
in hydrogels and also critical insights into the physical principles which govern the
molecular self-assembly.
Keywords: hydrogel; rubber elasticity; microphase separation; micellization
1. Introduction

There is a great interest in developing soft hydrogels which can respond to external
stimuli in order to produce mechanical work and activate autonomous motions [1-4].
Various external stimuli are explored including water, chemical solvent, pH change
and ionic concentration, but the thermal method is particularly attractive due to its
non-invasive nature. To realize different functionalities and expand their applicability,
a variety of block hydrogels have been developed [5-7]. These block hydrogels are
composed of different molecular structures [1-4,8], which enable them with unique
thermodynamics of micellizations and microphase separations [8] for applications in
self-assembly [9], liquid crystal [10], nanocomposites [11], and self-healing [12,13].

However, hydrogels normally have poor mechanical properties [14-16], therefore, a
lot of studies have been done to introduce various components (including grafts
[17,18] and blocks [19-22]) into hydrogels in order to improve their fracture
toughness and stiffness. The hydrogel contains two major segments, one of which is a
thermoresponsive segment and can be switched from a hydrophilic state to a
hydrophobic one at a critical temperature (Tc) [18-22]. Small angle neutron scattering

experiments revealed that microstructures of the hydrogel networks are distinctly



collapsed during their transitions from a hydrophilic state to a hydrophobic one due to
the self-assembly of thermoresponsive segments into micelles [18-20], which plays a
key role in improving mechanical toughness of the hydrogel [23-25]. However, the
working principle and constitutive relationship between the condensed micelle
microstructures and their mechanical properties are not well-understood, due to their
scaling effects and complexly thermodynamics [26,27]. Great efforts have been made
using theoretical analysis and simulations [28-30], but the working principle has not
been well understood.

In this study, a local conservation law of rubber elasticity is firstly formulated to
describe micellization and collapse in the hydrogel, of which the thermoresponsive
segments undergo microphase separations. A thermodynamic model is then proposed
to describe the working principle and toughness mechanism of microphase separation,
which determines the molecular structures, swelling behavior and dynamic
mechanical properties. Finally, effectiveness of the proposed model has been verified
using the experimental results reported in the literature [18-20,31].

2. Rubber elasticity equilibrium of local deswelling

All the conventional hydrogels inevitably swell upon absorption of water, which
results in significant degradation of their mechanical properties. However, it was
reported that the thermoresponsive segments in the hydrogel are assembled into
micelles above a certain critical temperature (Tc) because of their transition from a
hydrophilic state into a hydrophobic one, which enables the hydrogel to undergo

microphase separation and thermoresponsive deswelling [17-22]. As shown in Figure



1, the hydrogel network is composed of hydrophilic and thermoresponsive segments,
which undergo swelling and deswelling processes, respectively, in response to the
water above Tc. Meanwhile, the thermoresponsive segments become hydrophilic and
present a swelling behavior below Tc. Therefore, the hydrogel shows a local

deswelling behavior due to the increase in temperature above Tc.
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Figure 1. Schematic illustration of the local deswelling and micellization of
thermoresponsive segments in hydrogel above Tc.

Here, the classical rubber elasticity equation [32] is introduced to characterize the
thermodynamics in the hydrogel. The chemical potential is a combination of mixing

(A, ) and rubber elastic (Ag,, ) free-energies as shown in the following equations,
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where kg is the Boltzmann constant, T is the temperature, ¢ is the volume
concentration of gel, N, is the cross-linking density of elastic network, and v is

the molar volume ratio of polymer monomer to water molecule. x,, is the



interaction parameter between hydrogel and water, and it plays an essential role to
determine the swelling ratio [32].

At T>Tc, the hydrogel undergoes a deswelling process (Figure 1) due to the
transition of thermoresponsive segments from a hydrophilic state to a hydrophobic
one. Small angle neutron scattering experiments [17,19,20] have revealed that there
are many micelles of thermoresponsive segments formed during the deswelling
process. Meanwhile, microphase separations between the thermoresponsive and
hydrophilic segments are presented. The hydrogel network is therefore collapsed due

to the micellization of thermoresponsive segments [7,19-21], as illustrated in Figure 2.
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Figure 2. Schematic illustrations of the micellization and transition of
thermoresponsive segment from a hydrophilic state to a hydrophobic one in hydrogel.
To explore the effects of micellization on the hydrogel network, the diameter of

micelle (N ) can be derived as [7],
Vel
h oc [,N7"( F.IF >) (4)

where |, is the length of polymer chain, N; is the number of thermoresponsive

segment and . is interfacial tension between hydrophilic and thermoresponsive



segments. The interfacial tension ( 7,y ) can be further expressed as [7,33],

_ KeT | Xir (5)

According to the scaling theory [6], the free-energy ( F. ) of micelle can be written as,

h2
~ (6)
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Combining equations (4), (5) and (6), the diameter of micelle (h.) and the

F -
free-energy ratio r (r:F—C, where F, is used for the free-energy of hydrophilic

H

segment in the polymer chain, and r is used to present the content of hydrophilic

segments involved into the micelles) can be obtained using the following equations,

he oc kgl, N2 /ng (7a)
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where h,, is the mean square terminal distance of hydrophilic segment, and y,, is
the interaction parameter between hydrophilic segment and water.
The interaction parameter ( ¥, ) between hydrogel and water can be further

written as,

F F
Xuw = 1_ﬁ)/1/H +é7ﬁ (8)

where y; isthe interaction parameter between thermoresponsive segment and water.
According to the Flory-Huggins theory [5-7], the interaction parameters have the

following constitutive relationships as a function of temperature,

2 (T)= A (92)
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where A, T, A; and C, are material constants. Because F—°=r, the
H

interaction parameter ( x,, (T)) between hydrogel and water can be further written

as,
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where 2 and y are the interaction parameters of hydrophilic and
thermoresponsive segments, respectively.
Substituting equation (10) into (3), the equilibrium equation of hydrogel during

swelling can be expressed as,
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where —=QQ,, in which Q, and Q are the initial and final swelling ratios of
1

hydrogel, respectively [32].

To verify the proposed model and quantitatively separate the effect of temperature
on deswelling behavior, a group of experimental data of PEG/PEMGE (PEG:
poly(ethylene glycol); PEMGE: poly(ethyl glycidyl ether-co-methyl glycidyl ether))
hydrogels reported in Ref. [20] have been employed to compare with the analytical
results using equation (11), where =0.4. The analytical results of swelling ratios as a
function of temperature are plotted in Figure 3. The parameters used in the equation
(11) are listed in Table 1. As revealed by both the experimental and analytical results,

a two-stage deswelling behavior of the hydrogels is revealed. In the first stage from



T7=5°C to T =25°C, the hydrogel is incorporated of two hydrophilic segments, where
the thermoresponsive segments undergo a transition from a hydrophilic state into a
hydrophobic one in the hydrogel network. The deswelling behavior is sharp and
resulted from the micellization process of thermoresponsive segments. On the other
hand, there is a stable deswelling process of the hydrogel in the temperature range
from 7=25°C to T =40°C. In this stage, the micellization is further increased due to the
more thermoresponsive and hydrophilic segments in hydrogel network, instead of
slight and local transitions of thermoresponsive segments. As shown in Figure 3, the
analytical results are in good agreements with the experimental data [20] of the
hydrogels. Furthermore, the swelling ratio is dramatically decreased from 350% to
110% (e.g., a decrease rate of 218.2%) with an increase of temperature from 5°C to
25°C. Meanwhile, the swelling ratio is slightly decreased from 110% to 75% (e.g., a

decrease rate of 46.7%), with an increase of temperature from 25°C to 40°C.
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Figure 3. Comparison of analytical results and experimental data [20] for the swelling

ratio as a function of temperature in the PEG/PEMGE hydrogel.



Table 1. Values of parameters used in equation (11) for PEG/PEMGE hydrogel.

Ny v X pa Chr
0.006 0.1 0.2 2.8
A (K) A (K) T"(K) Q
-800 3.6 302 400%

Furthermore, analytical results of swelling ratios as a function of temperature
obtained using equation (11) are plotted in Figure 4(a), which has also included the
experimental data of PEG/PEMGE hydrogels with various content ratios (r) of
PEMGE to PEG reported in Ref. [19]. In this case, the PEG/PEMGE hydrogel is
consisted of PEG and a four-armed PEMGE segment. The PEMGE and PEG are
corresponding to the thermoresponsive and hydrophilic segments, respectively. All the
parameter values used in equation (11) are listed in Table 2. It is found that the
simulation curves fit well with the experimental data. When the temperature is within
the transition temperature region from 10°C to 25°C, the swelling ratio is dramatically
decreased with respect to the temperature. With an increase in the » from 0.1 to 0.5,
the swelling ratio is decreased from 247.9% to 79.9% at Tc=25°C. This indicates that
more thermoresponsive segments are involved in the micellization process, which
achieves a higher deswelling ratio due to the increase of content ratios of PEMGE to
PEG in the hydrogel. It is revealed that the thermoresponsive segments play the
dominant role to determine the deswelling behavior at the temperature below Tc.
When T7>Tc, a further deswelling behavior of the hydrogel is presented in the
temperature range from 25°C to 40°C. A two-stage deswelling behavior is also found

for these PEG/PEMGE hydrogel, as reported in Ref. [19]. On the other hand, the



divergences between the analytical and experimental results of the PEG/PEMGE
hydrogels are calculated using the correlation index ( R? ), which are 93.53%, 96.17%,
98.08%, 98.39% and 98.70% for = 0.1, 0.2, 0.3, 0.4 and 0.5, respectively, as shown
in Figure 4(b). In Figure 4, the apparent errors of the simulation curves mainly occur
at the temperature near 7¢, which is mainly because the thermoresponsive segments
experience an apparent hydrophilic-to-hydrophobic transition, and the correpsonding
large volume change resultes in a large experimental error. Meanwhile, as shown in
equation (11), the effects of temperature and hydrophilic-to-hydrophobic transition on
the interaction parameters y;, and y& have not been considered, thus resulting in
the apparent divergence between experimental data and simulation results around the

temperature of 7c.
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Figure 4. Comparisons of analytical and experimental results [19] for the swelling
ratio as a function of temperature in PEG/PEMGE hydrogels with various content

ratios of PEG to PEMGE, where r= 0.1, 0.2, 0.3, 0.4 and 0.5. (a) For the swelling

ratio-temperature curves. (b) Divergences of the analytical and experimental results.



Table 2. Values of parameters used in equation (11) for PEG/PEMGE hydrogels.

Nyv n p5 Cir
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3. Theoretical modelling and experimental verification of local micellization

Due to the local micellization of thermoresponsive segments, a significant change
of condensed molecular structures occurs and enables the hydrogel with a distinct
mechanical behavior. However, the working principles and thermodynamics behind
the effects of condensed molecular structures on mechanical properties are not fully
understood.

As reported in Ref. [18] for the hydrogel of PNIPAM/PDMA (PNIPAm: poly(N
-isopropylacrylamide); PDMA: poly(N,N-dimethylacrylamide)), the
thermoresponsive PNIPAm acts as the main chain and the PDMA works as the
grafted side chain. Above Tc=30°C, the hydrogel undergoes a microphase separation
between the PNIPAmM and PDMA-water phases, which is mainly resulted from the
increased hydrogen bonding strength between hydrophilic PDMA and water [18].
Meanwhile, the microphase separation between PNIPAmM and PDMA-water phases
has also been reported, in which the PDMA acts as the main chain and
thermoresponsive PNIPAmM acts as the grafted side chain [31]. These experimental
results demonstrate that the local micellization of thermoresponsive segments is

originated from the microphase separation between the hydrophilic and

thermoresponsive segments, due to the enhanced hydrogen bonding between the



hydrophilic segments and water.
3.1 Dynamic modeling of microphase separation

According to the interfacial free-energy equation of microphase separation, the
free-energy functions can combine those of both the ordered (Fqsp) and disordered
phases ( Fys) [7,33], which are used to describe the thermoresponsive and hydrophilic
segments, respectively. The chemical potential of thermoresponsive segment is equal

to that of the hydrophilic segment/water phase, and can be obtained as,

3 k,Td? 2 NI 3 d?
F =y y4+2 B =k T( HT Tb+_ ) (123)
ORD T N2 ° 6 d/2 8N,
i =228 (120)
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where y,; = is the interfacial tension [33] and Z%:NTIb is the

5
interfacial area between the microphases [7]. x4 IS the interaction parameter

between hydrophilic and thermoresponsive segments, d is the interfacial thickness

of the ordered and disordered phases, |, is the segment length, R is gas constant,
N, and N; are the numbers of hydrophilic and thermoresponsive segments,
respectively. A, is the material constant [33], C, is the concentration coefficient,

A, is the second virial coefficient and ¢, is the volume content of hydrophilic

NH

segment in a polymer chain (¢, = ). If the lowest free-energy of ordered

HOONT

21
phase is achieved, where a;%zo and d=I N2y8& [7,33], the free-energy of

ordered phase can therefore be expressed as,
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where ¢ is the volume content of thermoresponsive segments in a polymer chain (¢,

N
= N, ‘:NT =1-¢,;and N_; =N, +N;).

During the microphase separation, the chemical potentials of ordered and

a(aFORD )
. - ON; OA LU
disordered phases are equal to each other at their interfaces, e.g., T T

[7,33]. Therefore, the volume content of thermoresponsive segments involved in the

microphase separations a function of temperature (¢ (T )) can be obtained below,
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Furthermore, the constitutive relationship between stress and elongation ratio has
been investigated for the hydrogel, which undergoes a microphase separation due to
the transition of thermoresponsive segments from a hydrophilic state to a hydrophobic
one. Based on the extended Maxwell model [34], the constitutive relationship
between stress (o ) and elongation ratio (A ) for the hydrogel undergoing a

microphase separation can be expressed as,

O'+Z'CL—?= E,(A-D)+(E; + EM)fd()“t_l)

(15)

where E; is the modulus of thermoresponsive segment, E, is the modulus of
microphase, t is instant time and 7 is relaxation time. It should be noted that a

group of thermoresponsive segments have not been involved into microphase



separation but simply act as independent networks. On the other hand, those
thermoresponsive segments involved into microphase separations have acted as
different types of networks as reported in Ref. [35]. These two different networks will
have their contributions to the properties of hydrogel.

Figure 5 shows the thermodynamics of hydrogels with various network structures.
When the polymer network is composed of two hydrophilic segments, an inevitable
swelling effect can be observed. This type of swelling behavior is a typical
phenomenon for the conventional hydrogel. When the polymer network is composed
of the hydrophilic and thermoresponsive segments, and the main and side chains are
made from the hydrophilic and thermoresponsive segments, respectively, a
microphase separation will occur as shown in Figure 5. This results in a local
micellization due to the existence of thermoresponsive side chains. The swelling

behavior has been experimentally investigated for the PNIPAM/PDMA hydrogel [18].
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Figure 5. The schematic illustration of the dynamics of gel networks with various

temperatures and molecular structures.



Whereas if the polymer network is incorporated from the thermoresponsive and
hydrophilic segments, and the main and side chains are made from the
thermoresponsive and hydrophilic segments, respectively, a microphase separation
has also been observed. In this case, a local micellization is formed due to the
existence of thermoresponsive main chains. This type of swelling behavior has been
experimentally investigated for the PDMA/PNIPAmM hydrogel [31].

According to the equation (15), the shear elastic modulus (G"') and loss modulus
(G") can be written as a function of loading frequency (@),

. E +7%0°(E; +Ey)

© 1+7°0° (162)
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e )

According to the rubber elastic theory [32], the elongation ratio () is determined

by the uniaxial tension loading rate (1), e.g., A—1=t. The constitutive relationship

of stress as a function of elongation ratio can then be written as,
o= (A-2)+E, Arfl—exp(- =) (17)
A At

The microphase is composed of two parts, i.e., thermoresponsive segment (¢ ) and
hydrophilic segment (¢, ). By combining equations of 14(a) and 14(b), the modulus

(Ey =E, (1-¢)+E¢) of the microphase can be obtained as,
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where 0<¢ <1. E and E, are the moduli of thermoresponsive PNIPAm and



PDMA-water phases in the microphases of the hydrogel, respectively. The
thermodynamics of microphase separation is determined by the interfacial free-energy,
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Figure 6. The constitutive stress-elongation ratio relationships of hydrogels, of which
the mechanical behavior is governed by the rubber elasticity and microphase
separation. (a) For the constitutive stress-elongation ratio relationship at T<Tc. (b) For
the constitutive stress-elongation ratio relationship at T>Tc.

Figure 6 shows the analytical results using our newly proposed model for hydrogels.
The parameters used in equation (17) are E; =0.01 MPa, E, =1 MPaand Ar=0.33
[29]. Figure 6(a) shows that the hydrogel obeys the rubber elasticity rule because the
thermoresponsive segments are hydrophilic when T<Tc. These analytical results
reveal that the stress is gradually increased from 0.04 MPa to 0.28 MPa with an

increase in the volume content of gel from 10% to 70%. From Figure 6(b), we can

also observe that the microphase separation causes the increase of the modulus, when



T>Tc. According to Ref. [35], the critical value associated to the volume content of

thermoresponsive segments during the microphase separation was determined by the

2
equation of Nigr ()" Zor =C, where y,, =08, N, =20and C=10[5-6,35].
¢1 +ZH/2

V4
Results show that there is a critical value of ¢=62.5% (volume content of gel.) for
the microphase separation, and the mechanical behavior is governed by the equation
(15). These analytical results reveal that the stress is significantly enhanced from 0.28
MPa to 0.49 MPa due to the microphase separation at @ =70%.
3.2 Experimental verification

To verify the proposed model of effect of microphase separation on the mechanical
behavior of hydrogels, equations (16) and (18) were applied to predict the dynamic
mechanical properties of PNIPAM/PDMA hydrogel [18]. The obtained results are
shown in Figure 7. Values of parameters used in equations (16) and (18) during
calculation are listed in Table 3. During the heating and cooling processes, the critical
temperatures are T, and T, respectively. Due to the microphase separation, the
shear elastic moduli (G ") of the PNIPAM/PDMA hydrogel are significantly increased
from 0.96 kPa to 11.22 kPa with an increase in the temperature from 7=310 K to
7=329 K, whereas the shear loss moduli (G") are increased from 0.076 kPa to 1.07
kPa. Moreover, the divergences between the analytical and experimental results are
calculated based on their correlation index (R?), and the values are 98.96%, 99.14%,
88.89% and 96.98% for the hydrogels, respectively, as shown in Figure 7(b). These

results indicate that good agreements between the analytical and experimental results

have been achieved, where the error ratio is limited to +12%. The divergence of



analytical and experimental results of loss moduli becomes much larger because the
loss modulus (G") is more sensitive to the time and temperature than the elatic
modulus (G"). Furthermore, experimental measurement of loss modulus (G") is
significantly influenced by the relaxation behavior and hysteresis phenomenon, thus
resulting in a much larger experimental error.

Table 3. Values of parameters used in equations (16) and (18) for PNIPAM/PDMA

hydrogel.
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Figure 7. Analytical results and experimental data [18] of dynamic mechanical
analysis curves of PNIPAM/PDMA hydrogel. (a) For the elastic and loss modulus
curves. (b) Error ratio of elastic and loss moduli.

The experimental results of PNIPAM/PDMA hydrogels (reported in Ref. [18]) were
then used to further verify the constitutive relationship of stress-elongation ratio using

our newly proposed model. The data for the parameters in the calculation using



equations (17) and (18) are listed in Table 4. Figure 8(a) shows that the proposed
model can well predict the experimental results. By increasing the temperature from
20°C to 60°C, the stress is increased from 3.15 kPa to 18.4 kPa, e.g., an increase rate
of 484.2% has been achieved. This is mainly due to the contribution of microphase
separation in the PNIPAM/PDMA hydrogel, of which the hydrogen bonding between
PDMA and water is significantly enhanced. Above T.=30°C, the PNIPAmM/PDMA
hydrogel undergoes microphase separations of PNIPAm and PDMA-water phases,
whereas the PNIPAm turns into hydrophobic [18]. With a further increase in
temperature, the degree of microphase separation increases and the moduli are
increased signficantly due to shrinkage of the thermoresponsive PNIPAM segments,
thus resulting in a significant enhancement in the mechanical properties of the
hydrogel. Figure 8(b) shows the divergences between the analytical and experimental
results of the PNIPAm/PDMA hydrogel using the correlation index ( R?), and the
obtained results are 95.41%, 99.56%, 95.32% and 99.79% at 20°C, 35°C, 50°C and
60°C, respectively. Clearly, good agreements between the analytical and experimental
results are achieved, where the error (Ao) is less than +1.5 kPa.

Table 4. Values of parameters used in equations (17) and (18) for PNIPAmM/PDMA

hydrogel.
E, (kPa) E, (kPa) E; (kPa)
8.54 529 1.80
3
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Figure 8. Analytical results and experimental data [18] of stress-elongation ratio
curves of PNIPAM/PDMA hydrogel at A=0.06s". (a) For the stress-elongation
ratio curves. (b) Error ratio of stress.

Furthermore, the effect of graft length (e.g., x (kg/mol) which is the average molar
mass of PNIPAm grafted onto the PDMA in PDMA/PNIPAmM hydrogel [31,36]) of
side chains on constitutive relationship of stress-elongation ratio has been evaluated
and the obtained data are plotted in Figure 9. The input parameters for the calculation
of equation (17) are listed in Table 5. Figure 9(a) presents the stress-elongation ratio
curves of the PDMA/PNIPAmM hydrogels as a function of the average molar mass of
PNIPAm of x=30 kg/mol, 55 kg/mol, 90 kg/mol and 120 kg/mol, respectively. Both
the analytical and experimental results reveal that the stress is gradually increased
with an increase in the average molar mass of PNIPAm, and the experimental data
have agreed well with the analytical results. Figure 9(b) shows the calculated
divergences between the analytical and experimental results of the PDMA/PNIPAmM
hydrogel using the correlation index ( R?), which are 98.63%, 98.79%, 97.54% and

98.54% at x=30kg/mol, 55kg/mol, 90kg/mol and 120kg/mol, respectively. A good



agreement between the analytical and experimental results has been found, where the
error (Ao ) is limited to 2 kPa.

Table 5. Values of parameters used in equation (17) for PDMA/PNIPAm hydrogel.

x(kg/mol) E; (kPa) 7 (s) E,, (kPa)

30 2.9 39
55 34 55 4.8
90 32 ' 10.2
120 9.8 10.3
2
304
—— R’=98.54% (b)
25 - Ao —o—R’=97.54%
—~ El- |
S )
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©15 {20- |
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0+ Simulation results
T T TR T T B BT RS WL T
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Figure 9. Analytical results and experimental data [31] of stress-elongation ratio
curves of PDMA/PNIPAm hydrogel at various average molar mass of PNIPAm of
x=30 kg/mol, 55 kg/mol, 90 kg/mol and 120 kg/mol, at 7=60°C and A=0.065". @)
For the stress-elongation ratio curves. (b) Error ratio of stress.
4. Conclusion

In order to develop thermo-toughening hydrogels that combine hydrophilic
polymer networks with thermoresponsive segment, this study is focused to explore the
working principles for generating new network topologies with varied hydrophilic,
hydrophobic and thermoresponsive segments, which undergo a microphase separation

above a critical temperature. The mechanical properties of the hydrogels can be then



significantly enhanced due to the microphase separation between the
thermoresponsive and hydrophilic segments. Analytical and experimental
measurements reveal that the thermoresponsive hydrogels have different
structure/properties relationships with perfectly reversible behaviors and anomalous
toughness mechanisms, whereas the mechanical strengths are enhanced with an
increase in the temperature. A local conservation law and interfacial free-energy
equation are firstly formulated to describe the microphase separations and rubber
elasticity in hydrogels. The working principles of condensed molecular structures,
swelling/deswelling behaviors, interfacial equilibrium of microphase separation and
dynamic mechanical properties are then investigated and discussed using the proposed
models. Finally, the analytical results have been well verified by the experimental
ones reported in literature. The constitutive relationships of stress, dynamic modulus
and swelling ratio are established using the proposed models, and the mechanical
performance of hydrogels can be adjusted according to the swelling and deswelling
behaviors, based on the microphase separation. This study is expected to provide a
fundamental model strategy to formulate the mechanical performances of hydrogels
undergoing microphase separation, based on the constitutive relationships of stress,
dynamic modulus and swelling ratio.

Acknowledgements

This work was financially supported by the National Natural Science Foundation of
China (NSFC) under Grant No. 11725208 and Newton Mobility Grant (IE161019)

through Royal Society and NFSC.



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

Daoud M and Cotton J P 1982 Star shaped polymers: a model for the
conformation and its concentration dependence J. Physique 43 531-8.

Mayes A M and de la Cruz M O 1989 Microphase separation in multiblock
copolymer melts J. Chern. Phys. 91 7228-35.

Zhulina E B, Adam M, LaRue I, Sheiko S S and Rubinstein M 2005 Diblock
copolymer micelles in a dilute solution Macromolecules 38 5330-51.

LaRue I, Adam M, Zhulina E B, Rubinstein M, Pitsikalis M, Hadjichristidis N,
Ivanov D A, Gearba R I, Anokhin D V and Sheiko S S 2008 Effect of the soluble
block size on spherical diblock copolymer micelles Macromolecules 41 6555—63.
Flory P J 1953 Principles of polymer chemistry. New York: Cornell University
Press.

Gennes P G 1979 Scaling concepts in polymer physics. Ithaca and London:
Cornell University Press.

Hadjichristidis N, Pispas S and Floudas G 2003 Block copolymers: synthetic
strategies, physical properties, and applications. Canada: John Wiley & Sons, Inc.
Bates C M and Bates F S 2017 50th Anniversary perspective: block
polymers-pure potential Macromolecules 50 3-22.

D’Agosto  F, Rieger J and Lansalot M 2020 RAFT-mediated

polymerization-induced self-assembly Angew. Chem. Int. Ed. 59 8368-92.

[10]Neto A M F and Salinas S R A 2005 The physics of lyotropic liquid crystals phase

transitions and structural properties. New York: Oxford University Press



[11]Xie P, Li Y, Hou Q, Sui K, Liu C, Fu X, Zhang J, Murugadoss V, Fan J, Wang Y,
Fan R and Guo Z 2020 Tunneling-induced negative permittivity in Ni/MnO
nanocomposites by a bio-gel derived strategy J. Mater. Chem. C 8 3029-3039.

[12]Cui L, Zhang J, Zou J, Yang X, Guo H, Tian H, Zhang P, Wang Y, Zhang N,
Zhuang X, Li Z, Ding J and Chen X 2020 Electroactive composite scaffold with
locally expressed osteoinductive factor for synergistic bone repair upon electrical
stimulation Biomaterials 230 119617.

[13]Singhi A D, Nikiforova M N, Chennat J, Papachristou G I, Khalid A, Rabinovitz
M, Das R, Sarkaria S, Ayasso M S, Wald A I, Monaco S E, Nalesnik M, Ohori N
P, Geller D, Tsung A, Zureikat A H, Zeh H, Marsh J W, Hogg M, Lee K, Bartlett
D L, Pingpank J F, Humar A, Bahary N, Dasyam A K, Brand R, Fasanella K E,
McGrath K and Slivka A 2020 Integrating next-generation sequencing to
endoscopic retrograde cholangiopancreatography (ERCP)-obtained biliary
specimens improves the detection and management of patients with malignant
bile duct strictures Gut 69 52—-61.

[14]Dai X Y, Zhang Y Y, Gao L N, Bai T, Wang W, Cui Y L and Liu W G 2015 A
mechanically strong, highly stable, thermoplastic, and self-healable
supramolecular polymer hydrogel Adv. Mater. 27 3566-3571.

[15] Yuk H W, Zhang T, Lin S T, Parada G A and Zhao X H 2016 Tough bonding of
hydrogels to diverse non-porous surfaces Nat. Mater. 15 190—196.

[16]Nonoyama T, Wada S, Kiyama R, Kitamura N, Mredha M 1, Zhang X, Kurokawa

T, Nakajima T, Takagi Y, Yasuda K and Gong J P 2016 Double-network hydrogels



strongly bondable to bones by spontaneous osteogenesis penetration Adv. Mater:
28 6740-6745.

[17]Zheng J, Jung S, Schmidt P W, Lodge T P and Reincke T M 2017
2-hydroxyethylcellulose and amphiphilic block polymer conjugates form
mechanically tunable and nonswellable hydrogels ACS Macro Lett. 6 145-9.

[18]Guo H, Sanson N, Hourdet D and Marcellan A 2016 Thermoresponsive
toughening with crack bifurcation in phase-separated hydrogels under isochoric
conditions Adv. Mater. 28 58—64.

[19]Kamata H, Akagi Y, Kayasuga-Kariya Y, Chung U, Sakai T 2014 “Nonswellable”
hydrogel without mechanical hysteresis Science 343 873-5.

[20]Nakagawa S, Li X, Kamata H, Sakai T, Gilbert E P and Shibayama M 2017
Microscopic structure of the “nonswellable” thermoresponsive amphiphilic
conetwork Macromolecules 50 3388-95.

[21]Qin Z, Yu X, Wu H, Li J, Lv H and Yang X 2019 Nonswellable and tough
supramolecular  hydrogel based on strong micelle cross-linkings
Biomacromolecules 20 3399-407.

[22]Cui J, Lackey M A, Tew G N and Crosby A J 2012 Mechanical properties of
end-linked PEG/PDMS hydrogels Macromolecules 45 6104-6110.

[23]Ni F, Qiu N, Xiao P, Zhang C, Jian Y, Liang Y, Xie W, Yan L and Chen T 2020
Tillandsia-inspired  hygroscopic  photothermal organogels for efficient

atmospheric water harvesting Angew. Chem. Int. Ed. 59 2—12.



[24]Zhang H, Li X, Lin Y , Gao F, Tang Z, Su P, Zhang W, Xu Y, Weng W and
Boulatov R 2017 Multi-modal mechanophores based on cinnamate dimers Nat.
Commun. 8 1147.

[25]Bates F S and Fredrickson G H 1990 Block copolymer thermodynamics: theory
and experiment Annu. Rev. Phys. Chem. 41 525-57.

[26]Gong J P, Katsuyama Y, Kurokawa T and Osada Y 2003 Double-network
hydrogels with extremely high mechanical strength Adv. Mater. 15 1155-8.

[27]Xia L W, Xie R, Ju X J, Wang W, Chen Q and Chu L Y 2013 Nano-structured
smart hydrogels with rapid response and high elasticity Nat. Commun. 4 2226.

[28] Polymeropoulos G, Zapsas G, Ntetsikas K, Bilalis P, Gnanou Y and
Hadjichristidis N 2017 50th Anniversary perspective: polymers with complex
architectures Macromolecules 50 1253-90.

[29]Kang J Y, Choi I, Seo M, Lee J Y, Hong S, Gong G, Shin S S, Lee Y, Kim J W
2020 Enhancing membrane modulus of giant unilamellar lipid vesicles by lateral
co-assembly of amphiphilic triblock copolymers J. Colloid Interf. Sci. 561 318—
26.

[30]Miiller M 2020 Process-directed self-assembly of copolymers: Results of and
challenges for simulation studies Prog. Polym. Sci. 101 101198.

[31]Mussault C, Guo H, Sanson N, Hourdet D and Marcellan A 2019 Effect of
responsive graft length on mechanical toughening and transparency in

microphase-separated hydrogels Soft Matter 15 8653—66.



[32] Treloar L R G 1975 The physics of rubber elasticity. New York: Oxford
University

[33]Helfand E and Tagami Y 1971 Theory of the interface between immiscible
polymers Polymer Letters 9 741-6.

[34]Mao Y, Lin S, Zhao X and Anand L 2017 A large deformation viscoelastic model
for double-network hydrogels J. Mech. Phys. Solids 100 103-30.

[35]de la Cruz M O 1989 Theory of microphase separation in block copolymer
solutions J. Chem. Phys. 90 1995-2002.

[36]Guo H, Mussault C, Brilet A, Marcellan A, Hourdet D and Sanson N 2016
Thermoresponsive Toughening in LCST-Type Hydrogels with Opposite Topology:

From Structure to Fracture Properties Macromolecules 49 4295-4306.



