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Abstract

Recently, we have developed a series of charge balanced polyampholytes (PA)
physical hydrogels by random copolymerization in water, which show extraordinarily high
toughness, self-healing ability and viscoelasticity. The excellent performance of PA
hydrogels is ascribed to the dynamic ionic bonds formation through inter- and intra-chain
interactions. The randomness makes ionic bonds of a wide strength distribution, the strong
bonds, serve as permanent crosslinking, imparting the elasticity, while the weak bonds
reversibly break and re-form, dissipating energy. In this work, we developed a simple
physical method, named as pre-stretch method, to promote the performance of PA hydrogels.
By imposing a pre-stretch on the sample at as-prepared state, the ion complexation during
dialysis is prominently accelerated and the final performance is largely promoted. Further
analysis suggests that the strong bonds formation induced by pre-stretch is responsible for
the change in final performance. Pre-stretch decreases the entropy of system and increases

the chain alignment, resulting in an increased possibility for strong bonds formation.



Introduction

Hydrogels consisted of network structure and abundant of water are typically soft and
wet materials, which bear analogy to biological soft tissues and show great potential for use
as biomaterials to substitute damaged real ones' *. However, conventional hydrogels are soft,
weak and brittle, in contrary to the robust and tough biological tissues®”’. To address this
problem, double-network hydrogels (DN gels) were developed®!!. This new class of gels is
mechanical hard, strong and comparable to cartilages even contain 80 to 90 weight percent
of water. DN gels are consisted of two interpenetrated polymer networks with strong
asymmetric structure. The first network is tightly cross-linked and highly stretched, making
it stiff and brittle, which serves as sacrificial bonds and dissipates energy. The second
network is loosely cross-linked and flexible, making it soft and stretchable, which acts as
hidden length to sustain large deformation.

The toughing of DN gel is attributed to the irreversible broken of covalent bonds in
the first network, making it softening by large deformation and limited practical application.
However, in principle, the DN concept can be generalized to self-healing materials with
reversible bonds rather than covalent bonds as sacrificial bonds. Along this line, several tough

and self-healing hydrogels were successfully developed!> !

. For example, Sun et al.
synthesized a stretchable and tough hydrogel with ionically crosslinked alginate as sacrificial
bonds'® and Chen et al. developed a tough and fatigue resistant hydrogel with hydrogen bond
as sacrificial bonds'?. Recently, we reported a new class of charge balanced linear

polyampholytes (PA) physical hydrogels by random copolymerization, which show

extraordinarily high toughness, high fatigue resistance, self-healing ability and



viscoelasticity!®!7. In PA hydrogels, multiple ionic bonds, formed through intra- or inter-
chain interactions, show a wide distribution in strength due to random nature of charges. The
ionic interactions can be categorized into two groups, strong bonds and weak bonds, differ
in number of ionic pairs. The former serves as quasi-permanent crosslinks, to sustain the
elasticity, while the latter breaks and reforms reversibly, to dissipate energy.

In this work, we aim to tailor the performance of physical PA hydrogels with simple
physical method. To reach this purpose, a pre-stretch is imposed to the as-prepared P(NaSS-
co-MPTC) hydrogels composed of two oppositely charged ionic monomers, anionic
monomer p-styrenesulfonate (NaSS) and cationic monomer 3-(methacryloylamino) propyl-
trimethylammonium chloride (MPTC) at optimized composition. According to our previous
work!?, only a few ionic interactions between NaSS and MPTC exist in as-prepared PA
samples because of the existence of large amount of counter ions. The ionic interactions
mainly formed during dialysis process as the remove of counter ions. We conjecture that the
pre-stretch can enhance strong bonds formation and thus influence the final mechanical
performance. Because to form strong bonds, the adjacent chains need to align and parallel to
each other, which is difficult for polymer chains in random coil conformation (Road II,
Scheme 1). While pre-stretch can induce chain alignment, and thus largely increase the
possibility of strong bonds formation (Road I, Scheme 1). Our results support this conjecture
and demonstrate that both the ion complexation during dialysis process and performance at
final state are influenced by the pre-stretch. Compared to the existing methods, such as
changing chemical component or adding fillers (glass fiber or nanocomposite), this newly

developed pre-stretch method is simple, harmless, economic and can change the performance



of hydrogels effectively. The approach developed here may applicable to other physical

hydrogel systems.
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Scheme 1. Schematic illustration of dialysis process of PA hydrogels. (I) Dialysis with pre-
stretch, which promotes strong bonds formation due to the chain alignment induced by pre-
stretch. (II) Dialysis without pre-stretch.

Experimental section

Synthesis of PA hydrogels. The one-step random copolymerization procedure of PA
hydrogels here is same as that in our previous work!®!”, In brief, a mixed aqueous solution
of NaSS, MPTC and UV initiator o—ketoglutaric acid was injected into a sandwich mold
consisted of two glass plates and a 2 mm thickness silicone spacer, and then irradiated with
365 nm UV light for 11 hours at argon atmosphere. An optimized composition with total
monomer concentration Cm of 2.1 M, molar ratio of NaSS : MPTC = 0.525 : 0.475, and 0.25
mol% o—ketoglutaric acid relative to Cm was used. All the materials, including NaSS, MPTC
and a—ketoglutaric acid were pursued from Wako Pure Chemical Industries, Ltd. (Japan) and

used as received. The water used in all experiments was millipore deionized.



Pre-stretch. A simple homemade extension device was used to impose pre-stretch
on samples. Four states are defined here (Figure sl), as-prepared state, stretched state,
equilibrium state and free state. The as-prepared hydrogels (as-prepared state) were firstly
fixed between two clamps of the extension device. Then the samples were stretched
uniaxially along length direction (stretched state). The length, width and thickness of sample
at as-prepared state were 20 mm, 50 mm and 2 mm, respectively. After pre-stretch, the length
and width of sample changed to L; and W, respectively. The pre-stretch ratio is defined as
Apre = L1/Lyg , here Ly = 20 mm is the initial length at as-prepared state. The pre-stretched
samples were further immersed into large amount water to dialyze longer than one week to
reach equilibrium state. The change of sample width during dialysis process was recorded.
The final width swelling ratio is defined as Q = W,/W,, where W, is sample width at
equilibrium state. After reaching equilibrium, the samples were released from extension
device to free state, accompanying with the length changed from L; to L. L3 was measured
after release for 48 hours. Compared to the initial as-prepared state, a fixed stretch ratio exists
at free state, which is defined as Aggeq = L3/Lo.

Tensile test. The uniaxial tensile stress-strain measurements were performed in
moisture environment using a commercial tensile tester (Tensilon RTC-1310A, Orientec Co.).
The free state samples with thickness between 1-2 mm thickness were cut into dumbbell
shape with the standard JIS-K6251-7 size (length 12 mm and width 2 mm). The stress was
calculated with the cross-section at free state. The Young’s modulus was calculated from
initial liner region of stress-strain curve (with strain smaller than 0.15). The fracture stress

and strain are defined as the nominal stress and strain at breaking point. The work of



extension at fracture Wexit is defined as the area below stress-strain plot. Loading-unloading
test was also conducted at same stretch velocity and sample size. The sample was firstly
stretched to a strain € = 4, then returned back to the initial displacement with same stretch
velocity immediately. The hysteresis ratio is defined as the area ratio of the area between
loading and unloading stress-strain curve to the area under loading stress-strain curve. All
the tensile test was performed at room temperature and under constant stretch velocity 100
mm min’.

Wide-angle X-ray scattering (WAXS) measurement. WAXS measurement was
performed for the free state samples. A Rigaku X-ray crystallography device equipped with
Cu radiation was used (wave-length of 0.154 nm). The voltage and current of X-ray generator

were 40 KV and 30 mA, respectively. Sample to detector distance was set to 84.5 mm and

exposure time for each sample was 1 hour.



Result and Discussion
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Figure 1. (a) Width changes with time during dialysis process of samples with different pre-
stretch ratio. (b) Evolution of final width swelling ratio with pre-stretch ratio. (c) The onset
time and (d) the end time change with pre-stretch ratio.

First, we present how pre-stretch influence the dynamics of ion complexation process.

1617 PA hydrogels at current experimental conditions show

From our previous study
shrinkage as a result of formation of ion complex structure. As it is difficult to detect the ion
complexation directly, the sample width was chosen as a parameter to characterize this
process. During dialysis process, for all PA hydrogels with different pre-stretch ratio, the
sample width first increases with equilibrium time, then decreases, and finally reaches a
plateau (Figure 1a). This non-monotonic evolution of sample width is consistent with the

1.18

reported results of English et al."®, which may be caused by the small ions in the gel that



diffused into water during the dialysis. But the exact reason is still unclear due to the dynamic
and complicated nature of this process and further study is needed. Here we define two
parameters, fonset and Zend to quantify how pre-stretch influence the ion complexation process.
fonset and fend are the time when sample width reaches largest peak value and initial plateau,
respectively. As shown in Figure 1c and 1d, both fonset and zend first decrease with increasing
pre-stretch ratio, then saturate at pre-stretch ratio of about 4.5. This result indicates that the
ion complexation process indeed can be greatly accelerated by imposing a simple pre-stretch.
Accelerated ion complexation process means short production time. Thus this method may
be promising and economic for future industrialization of PA hydrogels.

Figure 1b depicts the final swelling width ratio (Q) at stretch state as a function of
pre-stretch ratio Ape. Gels at all pre-stretch ratios shrunk (Q < 1) and Q decreases with Aje
for Apre > 1, in contrast to the nonionic chemical hydrogels where swelling ratio increases
with stretch ratio'® 2. The shrinkage or swelling equilibrium of PA hydrogels is determined
by the balance among following three factors, isotropic mixing (AF,;x) between network and
water to swell the network, ion complexation (AFj,,) to contract the network and the elastic
energy (AF,;) due to the deformation of the network!®!8, The contributions of those three
factors to the free energy (AF) are assumed to be additive, AF = AF,ix + AFjon + AFg. For
nonionic hydrogels (AF;,, = 0), AF, increases with stretch ratio, leading to an increase of
swelling ratio. For PA hydrogels studied here, if the ion complexation is not influenced by
pre-stretch (AFj,, keeps constant), O should also increase with A, as observed in nonionic

hydrogels. The Q decreases with A, further demonstrates pre-stretch can enhance the ion

complexation process. At small A, the increase of AF;,, by pre-stretch is smaller than that



of AFg). So Q for small A, is a little bit larger than that for un-stretched sample (Apre = 1).

But AFj,, may increase much faster with A, than AF), that can account for O decreases

with Apre.
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Figure 2. (a) The fixed stretch ratio (Afixed) at free state and (b) contribution of elastic part
(Aelastic) as a function of pre-stretch ratio.

After reaching equilibrium of dialysis, samples were released from stretched state to
free state. The pre-stretched sample shrunk in length direction but could not totally return
back to the initial un-stretched state, i.e., a fixed stretch ratio Agyeq €Xists. Afixeq INCrEases
almost linear with A, as shown in Figure 2a. Two possible reasons are responsible for the
Afixed» chain orientation or chain flow (creep effect) or both. To check whether chain
orientation contributes, WAXS measurement was conducted for samples at free state (Figure
S3 and S4). WAXS results demonstrate that samples have a weak orientation and the
orientation degree increases with increasing Apr. (Figure S4), indicating that chain
orientation contributes to Agyeq. TO further confirm whether chain flow exists, samples at

free state were immersed in 0.2 mol/L sodium chloride solution for one week (Figure S5).



For un-stretched case, the sample size keeps almost constant. But for the pre-stretched sample,
shrinkage in pre-stretch direction can be observed. This is because the introduction of counter
ions destroys the ion complex structure induced by pre-stretch, leading to the swelling of
samples. This result clearly indicates that the chain orientation is sustained by ion complex
structures. The contribution of chain orientation (Agj,tic) can be considered as the shrunken

part and calculated based on the size change (Figure 2b). A¢jagtic increases with Ay, and

reaches a maximum of about 1.7, much smaller than maximum of Agyeq (about 3.0),

suggesting both chain orientation and chain flow contribute to the Afixeq-
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Figure 3. (a) Tensile behaviors of PA hydrogels along pre-stretch direction at different pre-
stretch ratio in their free state. The insert shows an optical image of sample at free state. (b)
Young’s modulus (E), (c) fracture stress (ob), and (d) fracture strain (eb) as a function of pre-
stretch ratio.



The pre-stretch not only accelerates ion complexation process, but also influences the
final property of hydrogels. Figure 3 presents the pre-stretch ratio dependence of tensile
behavior of PA hydrogels along pre-stretch direction at the free state. The Young’s modulus
(E) at studied pre-stretch range is around 3 MPa and has a weak increase with increasing Apre,
while the fracture stress is significantly increased from about 1.7 to 2.4 MPa, accompanying
with a decrease in fracture strain. The fracture stress shows a two stage processes, first
increases with A, and then reaches a plateau, the transition point of which is same as that
of fonset and fend, suggesting that the same reason, i.e., stretch-induced ion complex structure
formation, is responsible for the change in both dynamics of ion complexation and final

tensile behavior.
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Figure 4. Examples show how to calculate the (a) work of extension at fracture (Wextf) and
(c) hysteresis area. Hysteresis area is used to calculate hysteresis ratio. Pre-stretch ratio
dependence of (b) work of extension at fracture and (d) hysteresis ratio of PA hydrogels at
the free state.

Based on stress-strain curves, the work of extension at fracture (Weyys), @ quantity to

assesses the toughness of hydrogels, can be calculated as shown in Figure 4a. For A, < 3.5,
Wextr increases with Apr.. The largest values of Wy appears for samples with A, ranging
from 3.5 to 4.5. When Ape > 4.5, Wy decreases with A, which is easily to understand

because the fracture stress keeps almost constant while the fracture strain decreases (Figure
3). A large hysteresis presents in loading-unloading curve (Figure 4c), suggesting large
amount energy were dissipated during deformation. While the hysteresis ratio decreases with

Apre, implying the ion complex structure induced by pre-stretch suppresses the dissipation

process.
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Figure 5. Stress-strain curves in directions parallel and vertical to pre-stretch of sample with
pre-stretch ratio of 6.5 at the free state. For comparison, stress-strain curve of un-pre-
stretched sample is also presented. The inserts indicate the stretch directions of tensile test.



As demonstrated in WAXS measurement, samples with pre-stretch have a weak
orientation, which can be reflected in stress-strain curves. Figure 5 gives a typical example
of sample with pre-stretch ratio 6.5 to show the anisotropic mechanical performance. The
fracture stress in pre-stretch direction is much larger than that in vertical direction, while the
fracture strain is smaller. Interestingly, the performance in vertical direction is not weaker
than the un-stretched sample. This is probably attributed to the weak orientation of polymer
chains in network structure, leading to the similar performance in vertical direction to that of
un-stretched sample. The ion complex structure induced by pre-stretch increases the
performance in pre-stretch direction, but may contribute little to the vertical direction due to
its preferred orientation, resulting in a large difference in performance in parallel and vertical

directions.
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Figure 6. Mooney-Rivlin plots of PA hydrogels at different pre-stretch ratio in their free state.
The plots are shifted along vertical direction to give a clearer visualization.

To better understand the ion complex structure induced by pre-stretch, the

phenomenological Mooney-Rivlin equation is used to analyze the stress-strain relationship



of PA hydrogels at different pre-stretch ratio. The Mooney-Rivlin equation can be expressed

as follows'723-26:

g

1
Ored = 775 = 2C1 + 2G5 (1)

where a4 1s the reduced stress, C; is material constant and equal to half of shear modulus,
and C; is related to the strain hardening (C, < 0) or softening (C, > 0) beyond the Gaussian
elasticity region. For all the samples with different pre-stretch ratio, the Mooney-Rivlin plots
show strain softening at A=1 > 0.4 (Figure 6), suggesting the breakage of inter-chain ionic
bonding. The strain softening is more prominently in samples with low pre-stretch ratio,
indicating that more number of weak ion bonds were broken at low pre-stretch ratio during
deformation. This result is consistent with loading-unloading curve in Figure 4, where sample
at small pre-stretch ratio has larger hysteresis ratio. On the contrary, strain hardening is more
prominently at high pre-stretch ratio. The strain hardening is attributed to finite extensibility
of polymer chains at the presence of crosslinking or quasi-permanent crosslinking. So the
more prominent strain hardening of samples at high pre-stretch ratio means more quasi-
permanent crosslinking formed as no chemical crosslinking exists. In our PA hydrogels, only
strong ionic bonds can act as quasi-permanent crosslinking. That is to say, pre-stretch

enhances the strong bonds formation.
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Figure 7. (a) Typical tensile behavior of PA hydrogels at the free state, the simulated curves
of viscoelastic model, and the contributions of viscous part (UCM) and elastic part (Gent).
The insert shows the schematic of the viscoelastic model. Pre-stretch ratio dependence of (b)
shear modulus of elastic part Ge, (¢) shear modulus of viscoelastic part Gv, and (d) theoretical
finite elongation Am.

To further validate above speculation, a viscoelastic model was used to simulate the

1.7 and has been

tensile behavior. This viscoelastic model was proposed by Creton et a
demonstrated well suitable for our PA system!”. As shown in Figure 7a, the model is
consisted of two parallel parts, the Upper Convected Maxwell (UCM) model to describe

viscoelastic flow and Gent hardening model to describe strain hardening due to finite

extensibility. The nominal stress oy 1s expressed as the sum of UCM element oy, and Gent

element gy :

on(d) = ony(A) + one(D) (2



where the viscoelastic stress oy y is:

2G,D (1-—2D,)
ony(Ad) = 1 —VZE 1—exp (—D—e(A - 1))
e e

— (- 1)) A (3)

and the entropic elastic stress oy e is:

Ge _ _
one(d) = WQZ —-AhH |2 4)

Jm

Here G, and G, are initial shear modulus of viscoelastic part and elastic part, respectively.
According to our previous work!’, G, is ascribing to the breaking of weak bonds during
deformation, while G, is attributed to the contribution of strong bonds which act as quasi-
permanent crosslinking and do not flow during deformation. D, is the dimensionless
Deborah number and defined as the product of strain rate and relaxation time of viscous
component. J,,, is the maximum allowable value of the first strain invariant, which can be
expressed as a function of theoretical finite extensibility of network chains A,:
Jm = A + 21,71 =3 (5).
This model has four parameters, G, Gy, A, and D.. As Young’s modulus E = 3(G, + Gy)
can be calculated from stress-strain curve, the tensile behavior can be fitted with three
independent parameters.

Figure 7a presents an optimized simulation results using eqn (2) for stress-elongation

curve of hydrogels, where a nice fitting is observed between simulated results and



experimental curve. Figure 7b gives the G, at various pre-stretch ratio A, which increases
substantially by increasing Apre. Ge represents strong bonds, meaning that pre-stretch indeed

can significantly increase strong bonds formation. This result is consistent with Mooney
analysis and demonstrates our conjecture in Scheme 1. Interestingly, the G, and the fracture
stress (Figure 3c) show similar tendency with Ay, implying an intrinsic correlation exists
between them. This is reasonable because strong bonds act as quasi-permanent crosslinking
and would be fractured when the chain network reach finite extensibility. Our previous work
has demonstrated that the ionic association energy of strong bonds is comparable to the
covalent bond dissociation energy'®. Therefore, the strong bonds should break near or at
fracture strain and contribute to the fracture stress.

Different to strong bonds, the weak bonds represented by G, only have a weak
increase as demonstrated in Figure 7c. Pre-stretch enhances the possibility of chain parallel
alignment and thus influences the formation of ion bonds. For strong bonds formation,
multiple ion bonds of hundreds of ion pairs are required according to our previous results'®.
It is relatively difficult for such long chain segments parallel to each other only by thermal
fluctuation. But pre-stretch can substantially increase this process and thus enhance strong
bonds formation. While weak bonds are just consisted of several or tens of ion pairs'®, which
is much easier to be formed by thermal fluctuation. Thus, pre-stretch only has a weak effect
on weak bonds formation.

Theoretical finite extensibility A, against A, is shown in Figure 7d. A, decreases
with increasing Ay, in agreement with experimental results of fracture strain &, in Figure

3d. The decrease in A, should be ascribed to the increase in strong bonds density by



imposing the pre-stretch. The strong bonds act as quasi-permanent crosslinking, so increasing
strong bonds density by pre-stretch leads to a decrease in finite extensibility. The simulated
Deborah numbers D, at different pre-stretch ratio are within the range of the subunit, in
agreement with our reported work'”. For clarity, the data are not presented here.

The pre-stretch method used in PA hydrogels in this study shares analogy to the

28,29

mechanical stimuli approach used in metalworking or semicrystalline polymer

processing’®-3!

, which is actually stress or strain induced molecular/atom orientation and thus
influences the structure of materials. In metalworking, metal stock is passed through one or
several pairs of rollers to decrease the thickness and increase the strength. In semicrystalline
polymer processing, shear or extensional flow is used to stretch polymer chains, which leads
to the orientated crystals and enhanced performance. Similar to semicrystalline polymers, the
physical hydrogel was demonstrated to has facile reprocessability recently*>*. That is to say
physical hydrogels are promising to be processed with industrial method such as injection
modeling or with microfabrication method such as 3D/4D printing, where the stretch of

polymer chains is inevitably involved. Therefore, this work provides fundament for future

processing of PA or other physical hydrogels.
Conclusion

In summary, we demonstrated that pre-stretch is an effective method to accelerate the
ion complexation dynamics and enhance the final performance of PA hydrogels. The
enhancement in performance is attributed to the pre-stretch induced strong bonds formation.
Since the origin of structure induced by pre-stretch is ascribed to the entropy decrease and

chain alignment increase, this method should not be specific for PA systems but should be



generic to other physical hydrogels. Therefore, this work will open a new avenue to tailor
performance of physical hydrogels as structural biomaterials or industrial materials used in

aqueous environment.
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Figure S1 shows the schematic of experimental procedure.

Figure S2 shows the pre-stretch ratio dependence of water content of PA hydrogels at free
state.

Figure S3 shows the wide-angle X-ray scattering (WAXS) measurement of PA hydrogels at
free state.

Figure S4 shows the change in orientation of PA hydrogels at free state from WAXS

measurement.



Figure S5 shows the evolution of sample dimension with time in salt solution of PA hydrogels

at free state.
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