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Abstract

37 Oppositely charged homo-polyelectrolytes were found to form strong, tough, and self-
39 healing polyion-complex (PIC) hydrogels, in similar to polyampholytes (PA) that have
42 opposite charges randomly distributed on the same polymer chains. The excellent
44 mechanical performances of these two novel hydrogels are the results of dynamic ionic
bonds formation between entangled polymer chains. For PIC system, only inter-chain
49 bonding occurs, while for PA system both inter- and intra-chain bonding exist. In
51 addition, the ion pairs are expected to form stronger bonding in PIC system than those in
PA system. In this work, we performed a comparative study of PIC hydrogels with the

56 PA hydrogels. The PIC hydrogels are synthesized by sequential homo-polymerization of
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cationic and anionic monomers at varied formulation, and their swelling and mechanical
properties are systematically studied in comparison to the PA hydrogels that were
synthesized from random copolymerization of anionic monomers and cationic monomers
of the similar formulation. Different from the PA system that only forms tough hydrogels
around zero-net charge composition without chemical cross-linking, the PIC system
forms tough physical hydrogels even at weakly off-balanced charge composition. At the
charge-balanced composition, the low entanglement concentration of homo-charged
polyelectrolyte chains leads to tough PIC hydrogels formation at much lower
concentrations than that of PA hydrogels. As a result, the PIC hydrogels are much
tougher than the PA hydrogels prepared at the same monomer composition. In similar to
PA hydrogels, the PIC hydrogels also exhibit broad dynamic mechanical spectra,
indicating the formation of ion complexes with widely ranged bond strength. The PIC
hydrogels have strong viscoelasticity in comparison with PA hydrogels. However, the
two systems show the similar activation energies of the dynamic mechanical spectra. The
SEM microstructural observation shows that the PIC hydrogels have segregated structure

while PA hydrogels are more homogeneous.

ACS Paragon Plus Environment

Page 2 of 34



Page 3 of 34 Submitted to Macromolecules

for Table of Contents use only

©CoO~NOUTA,WNPE

1 Strong and Tough Polyion-Complex Hydrogels from Oppositely Charged
13 Polyelectrolytes: A Comparative Study with Polyampholyte Hydrogels
15 Feng Luo'®, Tao Lin Sun'?, Tasuku Nakajima'?, Daniel R. King'?, Takayuki

18 Kurokawal’z, Yu Zhao3, Abu Bin Ihsanl, Xufeng Li3, Honglei Guo® and Jian Ping

20 Gongl’z*

103- PR 2

Swelling volume ratio,Q,

—
b B

Shrinkage l
vy

o

-
T

ls

0.01

/ 0.0

0.5

1.0

1.5

2.0

25

PA hydrogels: P(MPTC-co-NaSS)

Monomer concentration in feed,C_ (M)

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Submitted to Macromolecules

1. Introduction

Hydrogels are “soft and wet” materials that possess unique properties necessary for
application in biomaterials, soft robotics, smart actuators, and sensors.'® The
applicability of hydrogels, however, is often severely limited by their weak and brittle
mechanical properties, which are due to intrinsic structural inhomogeneity and lack of an
effective energy dissipation mechanism. Therefore, developing robust hydrogels with
excellent mechanical properties and functionality has long been pursued by material
scientists. In nature, tough and strong hydrogels, like natural, load-bearing soft tissues
such as tendon, cartilage, muscle, and blood vessels, have been used to inspire soft
materials design. During the past few decades, much effort has been devoted to
developing tough hydrogels, such as double-network hydrogels,’ nanocomposite
hydrogels,'*"! hybrid hydrogels® '*** , and others."*"> Among them, the double network
(DN) strategy has been shown to be extraordinarily effective in improving the toughness
of hydrogels, and the “sacrificial bond” mechanism was shown to efficiently dissipate
energy.'® Since the rupture of covalent bonds in traditional DN gels is irreversible, DN
gels exhibit permanent softening after large deformation, which is a limitation in many
practical applications. To address this problem, physically reversible bonds can be built
in the hydrogel as a renewable “sacrificial bond” to replace the irreversible covalent

19-20

bonds. Hydrogen bonds,'” metal-ligand interactions,' ionic bonds, charge-driven

2123 Van der Waals interactions,”* n-m interactions, and hydrophobic

self-assembling,
interactions,”® are all potential candidates as a renewable “sacrificial bond.” Studies along
these lines have successfully produced tough double network hydrogels with self-

recovery after internal rupture.” '’
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The double network concept, incorporating a mechanically fragile structure to
toughen the entire material, suggests a more general strategy of incorporating dynamic
physical bonds for developing tough hydrogels. Recently, our group developed two kinds
of robust and self-healing physical hydrogels using dynamic ionic bonds. One is
polyampholyte (PA) hydrogels from one-step free radical copolymerization of charge-
balanced anionic and cationic monomers.”*>" Another is polyion-complex (PIC)
hydrogels from sequential homopolymerization of opposite charged cationic and anionic
monomers. > In these gels, dynamic ionic bonds, of wide distribution in strength, are
formed. The strong bonds serve as crosslinkers, imparting elasticity, whereas the weak
bonds serve as reversible sacrificial bonds, imparting toughness and self-healing.

Considering that both PIC hydrogels and PA hydrogels are formed from
oppositely charged monomers but with different primary structures of polymers through
different synthesizing processes, it is interesting to compare the behaviors of these two
systems. For example, both inter- and intra-chain bonding exist in the PA system, while
PIC system only has inter-chain bonding. How does this difference influence the stability
of the ionic bond strength? In the case of PA hydrogels, the primary structure of the
polymer strongly depends on the reactivity ratios of the two oppositely charged
monomers, which makes it a complex system to reveal the detailed correlation between
the structure and the properties of these gels. In contrast, PIC hydrogels, consisting of
oppositely charged homo-polymers, are relatively simple to study. By comparing the
behaviors of the two systems, we might obtain insight to understand the PA system.

Previous studies have shown that the charge ratio and the monomer concentration

28, 30

are two important factors influencing PA hydrogel structure and properties. In this
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work, we systematically study the effects of charge ratio, the monomer concentrations,
and the molecular weight of polyelectrolytes on the swelling, dynamic mechanical
response, and mechanical performance of PIC hydrogels via a comparative study with PA

hydrogels synthesized from the same pair of cationic and anionic monomers.

2. Experimental section

2.1 Materials

Commercially available anionic monomer, sodium p-styrenesulfonate (NaSS); cationic
monomer, 3-(methacryloylamino)propyl-trimethylammonium chloride (MPTC); UV
initiator, a-ketoglutaric acid; and NaCl are all purchased from Wako Pure Chemical
Industries, Ltd. and used as received. Millipore de-ionized water is used in all of the
experiments.

2.2 Synthesis of hydrogels

Polyion complex hydrogels. The PIC hydrogel was synthesized by sequential homo-
polymerization of cationic and anionic monomers, as shown in Scheme 1a, which is the
same method as that employed in the previous report.’' Typically, the sample is referred
to as PM/PM; (C,-f-x1-X;), where P is the abbreviation of poly-, and M;, (i = 1,2) is the
abbreviated monomer name in the ith step of the polymerization. C,, is the overall molar
concentration at the second component polymerization, f is the molar fraction of anionic
monomer, and Xx; and X, are initiator concentrations of the first and second
polymerization (mol%), relative to the corresponding monomers. For example, to
synthesize the PMPTC/PNaSS(1.5-0.5-0.05-0.1) hydrogel, PMPTC was first synthesized
from an aqueous solution of 1 M MPTC containing x;=0.05 mol-% initiator, 2-
oxoglutaric acid, by UV light irradiation (light intensity ~ 4 mW/cm?) for 8 h. The
produced PMPTC was dried and made into a powder. Next the powder was mixed with
NaSS monomer with the charge fraction of the second monomer NaSS, f

=[NaSS]/(IMPTC]+ [NaSS])=0.5. After well dispersion with 0.5 M NaCl to form a

6
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mixed solution of C,=[MPTC]+[NaSS]=1.5 M at 60 °C, the mixture containing x,=0.1
mol-% initiator relative to the second monomer was polymerized under UV light for 8 h
in a reaction cell consisting of a pair of glass plates with 1.5 mm spacing. The as-
prepared hydrogel was then dialyzed in a large amount of water to remove the mobile
counter ions and co-ions from the product. After dialysis, the opposite charges on the
polymer chains formed ion bonds. Thus, the thickness of the sample shrank and the
equilibrium hydrogel was obtained. Different C,, from 0.2 to 2.2 M and different molar
fractions f from 0.45 to 0.55 were investigated in this work.

Polyampholyte hydrogels. PA hydrogels P(MPTC-co-NaSS), synthesized from random
copolymerization of anionic monomer NaSS and cationic monomer MPTC, as shown in

2829, 33 The mixed solution

Scheme 1b, was obtained according to our previous report.
with prescribed total ionic monomer concentration C,, molar fraction of anionic
monomer f, 0.25mol % initiator relative to C,, was polymerized in a reaction cell with 2
mm spacing under UV light for 8 h. To reach the equilibrated state, the as-prepared gels
were also immersed in a large amount of water for one week, where the mobile counter
ions and unreacted co-ions were dialysed from the sample. As the PA can only form
physical hydrogels in a very narrow range of /~0.5, the sample series with varied charge
fraction f were synthesized in the presence of chemical cross-linker, N, N’-
methylenebis(acrylamide) (MBAA) (4 mol% in relative to monomer concentration C,,).
The PA sample is referred to as P(IMPTC-co-NaSS) (C,,~-f-Cyp44), Where C,, is the overall
molar concentration of monomer, f'is the molar fraction of anionic monomer, Cjz44 is the
chemical cross-linker density. For PA hydrogels without chemical cross-linker, the
sample is referred to as P(MPTC-co-NaSS) (C,,-f).

The measured reactive ratio of NaSS and MPTC is 1.48 and 0.70, respectively. 2* So the

sequence of the P(MPTC-co-NaSS) synthesized at balanced charge composition can be
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calculated as NaSS rich at the starting end of the chain and the MPTC rich at the
finishing end of the chain. Also, some copolymers may not be neutral and those formed
at the early stage is NaSS rich, while those at the later stage is MPTC rich. At the
equilibrated state, the NaSS rich segments and MPTC rich segments would form the
strong ionic complex structure as well as the entanglements, while other parts lead to the
weak ionic complex. Therefore, it shows wide distribution of strong bonds and weak
bonds. The strong bonds serve as permanent crosslinks, imparting the elasticity, while the

weak bonds reversibly break and re-form, serving as reversible sacrificial bonds.

(a)
\ O Na* On
UV initiator H

HN
NasSS 5 + Nacl
e
5 UV initiator —N* v O
/\
—N* Cr —N*cr o:é:o
\ /\
MPTC PMPTC

(b)

:5(0
H

5 +
—N* CI

\

PTC

/
M

P(MPTC-co-NaSS)

Scheme 1. Schematics of the preparation of the physical hydrogels by ionic bonds

formation from oppositely charged homo-polyelectrolytes to form polyion-complex (PIC)
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or from polyampholytes (PA) that carrying opposite charges on the same polymer chain.
(a) PIC hydrogel formation: Cationic monomer (MPTC) was homopolymerized in the
first step and then mix with the anionic monomer (NaSS). After mixing, the latter
monomer was polymerized in the second step to form the as-prepared PIC hydrogel. By
equilibrating the sample in water, small counter-ions and co-ions of the polymer are
removed from the sample. As a result, tough PIC hydrogel is formed, named
PMPTC/PNaSS. (b) PA hydrogel P(MPTC-co-NaSS) formation: synthesized from one-

step random copolymerization of cationic monomer MPTC and anionic monomer NaSS.

2.3 Characterization

Swelling measurements. The swelling volume ratio, Q,, was defined as the ratio of the
sample volume at swelling equilibrium, ¥, to that of the as-prepared state, Vy, O, = V/V).
The polymer molar concentration, C,, at equilibrium of the sample was estimated from
C./O,. To achieve adequate precision, three measurements were carried out on samples
of different volumes taken from the same gel. The water content of dialyzed samples was

measured using a moisture tester.

Tensile test. The tensile tests were carried out on dumbbell-shaped samples with the
standard JIS-K6251-7 size using a commercial tensile tester (Tensilon RTC-1310A,
Orientec Co.). The initial distance L, between the two clamps of the tester was 12 mm
and the tensile deformation was performed at a series of extension rates, v, from 1 to 100
mm/min., which gives the strain rate € =v/Ly from 0.0014 to 0.14 s'. The nominal stress,
o, was estimated from the load divided by the cross-sectional area of the undeformed

sample. The strain ¢ was estimated from the clamp displacement divided by Lj. The
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Young’s modulus, E, was estimated as the slope of the stress-strain curve within a strain
range of ¢=0.03-0.1. The yield stress, o, was obtained at which the tangent modulus
do/de changes at the greatest rate with respect to increasing strain. The values of all the
mechanical properties were calculated as averages for at least three specimens. All of the
measurements were performed in air at a room temperature of about 25 °C.

Rheometry. Rheological tests were performed using an ARES rheometer (advanced
rheometric expansion system, Rheometric Scientific Inc.). A rheological frequency sweep
from 0.0628 to 100 rad/s was performed with a shear strain of 0.5% in the parallel-plate
geometry with a temperature range of 0-90°C. The disc-shaped samples with thicknesses
of ~ I mm and diameters of 15 mm were adhered to the plates with superglue (Aron
alpha, Konishi, Japan) and surrounded by water to maintain hydration.

Scanning electron microscopy (SEM). The structure of the gels was observed by SEM
(JSM-6010LA, JEOL, JAPAN) with an accelerating voltage of 20 kV. The sample gel
specimens were prepared by freeze-drying the swollen gel to avoid shrinkage in the
drying process. The sample was cryogenically fractured in liquid nitrogen. Before SEM
characterization, the surface was treated with a thin layer of gold by sputtering method.
GPC Analysis. Molecular weights (M) of PMPTC were determined by GPC
measurement using a HITACHI L-7110 pump and a HITACHI 7490 RI detector, using a
method the same as in a previous study’® with a slight modification: a buffer solution of

0.3M Na,SO4 was used as an eluent at 40 °C, and flow rate was 0.4 mL/min.

10
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3. Results and discussion

3.1 Effects of charge fraction, monomer concentration, and molecular weight
on the properties of polyion-complex hydrogels

3.1.1 Charge fraction

Polyion-complex (PIC) hydrogels are crosslinked by inter-polymer ionic bonds, and
therefore the charge ratio in feed between the two oppositely charged monomers
dramatically influences the resulting polymer properties. Figure 1 presents the effect of
the in feed molar fraction of the second monomer NaSS, f, on the swelling volume ratio,
0,, and the work of extension, W}, of the PMPTC/PNaSS(1.5-/-0.05-0.1) PIC hydrogels.
In a relatively wide composition range (= 0.45 ~ 0.55) investigated, stable physical gels
are formed without the presence of any chemical cross-linker. Near the charge balance
point (= 0.49 ~ 0.52), the gels shrink in water (Q, < 1) relative to their as-prepared state,
indicating that the Coulombic attraction between chains prevails over the repulsion
between monomer units and the polymer chains collapse. In regions with sufficient
charge imbalance (f < 0.49 or f > 0.52), on the other hand, the gels swell (Q, > 1),
indicating that the Coulombic repulsion prevails and the unpaired ion-contain segments
preferentially interact with water, resulting in polymer elongation. The shrinking of the
gels around the charge balance point is accompanied by a dramatic increase in the work
of extension, W}, while the swelling samples are very weak (data not shown). Thus, the
optimized f value of the feed, at which (O, reaches a minimum and W, reaches a
maximum, is almost at 0.5, which is the charge balance point. The true charge ratio, fy..,
of PMPTC/PNaSS(1.5-/-0.05-0.1) was studied using elemental analysis (Table 1). The

results revealed that best molar fraction /= 0.5 in feed also yields f,. =0.5, which is at

11
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the ideal stoichiometric ratio of 1:1. It indicates that in this PIC hydrogel, complete
charge balance (f;,,. = 0.5) results in the most stable state.

In the case of PA system, however, stable physical gels can only be formed around the
charge balanced composition (f~0.5). Deviation from this composition gives extremely
weak gels or polymer solution. For comparison, we show the behaviors of chemically
crosslinked PA hydrogels P(MPTC-co-NaSS) 0.875-f-4 obtained from the previous work
in Figure 1b. 2**° The PA hydrogels also present the largest shrinkage and highest work
of extension at the ideal stoichiometric ratio. In the following work, we focus our study

on the physical PIC and PA hydrogels with charge balanced composition f = 0.5.

> - m- Q,of PIC e
q —u—WofPlcE A 410" E
S [-e-qofPA oY% i 2
) 3 \ E
© -0- Wof PA ! Q‘@ -
o 10"} I R S — =
E \ ! / \ \ E 10 e
2 (W @ \ E (]
C>) \ I ? \ ® 'E
FEN SRR
= - x
%100..-_s.w.e'im.g.-‘-zh---i--h _______ j10°8
u;, g‘o »-u "\ 2

/
Shrinkag %000-0-0 § 5
: 1073

0.210 . 0.215 . 0.I50 0.I55 . 0.I60
NaSS molar fraction in feed, f
Figure 1. NaSS molar fraction (f) effects on the swelling volume ratio in relative to the
as-prepared state, (,, and the work of extension, W,, of the PIC hydrogels
PMPTC/PNaSS(1.5-/-0.05-0.1). Without chemical crosslinking, the PA system can only
form physical gels near the charge balanced composition (f~0.5). For comparison, the
behaviors of chemically crosslinked PA hydrogels P(MPTC-co-NaSS) 0.875-f-4 are also

shown. The data of P(MPTC-co-NaSS) hydrogels are cited from ref. 28

12
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Table 1 The weight percentage of elements in various PIC hydrogels

PMPTC/PNaSS(1.5-f~0.05-0.1) determined by element analysis.

f C(wt%) HWwt%) NWt%) Swt%) Cl(wt%)  fiuwe
0.49 54.73 7.97 7.42 7.79 0.32 0.478
0.50 55.89 8.04 7.27 8.33 0 0.500
0.51 55.59 7.87 7.11 8.47 0 0.510
0.52 55.63 7.87 7.07 8.55 0 0.514

'f . the charge fraction of NaSS in feed. **ftme : the true charge fraction of NaSS in gel

determined by element analysis.

3.1.2 Effect of monomer concentration

The mechanical properties of the PIC gels are strongly related to the concentration of
monomer during preparation. Figure 2a shows the images of as-prepared PIC samples of
PMPTC/PNaSS (C,-0.5-0.05-0.1) polymerized with different total monomer
concentration, C,, from 0.2 M to 2.2 M. All of the as-prepared samples are a white,
opaque gel. When the C,,is as low as 0.2 M, a thin free water layer appears on the surface
of the gel. This indicates that the lowest monomer concentration required to form a non-
phase-separated gel is around 0.2 M. In contrast, when the C,, is above 2.2 M, the
viscosity of the mixture at the second polymerization stage becomes too high to dissolve
the components.

As shown in Figure 2b, when these as-prepared PIC gels are dialyzed in water, they all
shrink. The lower the in feed monomer concentration C,, the larger the shrinkage. The

shrinking volume ratio, Q,, changes from 0.1 to 0.8 when C,, increases from 0.2 M to 2.2

13
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M. These shrinkage behaviors of PIC hydrogels with respect to C, are very different
from that of the PA hydrogels. The PA samples of P(MPTC-co-NaSS) (C,,-0.52) show
the low critical concentration for forming hydrogel at C,, =1.3 M, much higher than that
of PIC system of 0.2 M.?* Furthermore, the PA gels swell (O, > 1) at C,, < 1.6 M and
shrink (Q,< 1) at C,, > 1.6 M, reaching a constant Q, value at high C,, as also shown in
Figure 2623 1t is interesting to observe that the O, values of PIC and PA almost
overlap at high C,, region.

On the basis of C,, and Q,, the resulting polymer concentration at equilibrium can be
estimated from C,= C,/Q,. In the case of PIC, C, is approximately constant of 2.5 M,
independent of the initial monomer concentration in feed C,, as shown in Figure 2b. The
water content measurement also confirmed that PIC samples of C,, from 0.2 M to 2.2 M
have the almost identical water content around 50~55 wt%. On the other hand, the C, of
PA samples gradually increases with C, and reaches 2.9 M at high C,=2.2 M,
corresponding to a water content of 60 wt%. It is surprise, that the water content of the
PIC gels (50~55 wt%) is very close to but slightly lower than that of PA gels prepared at

2833 This indicates that the overall ionic bonds

high monomer concentration (C,=2.2 M).
packing density of the PIC system is independent of the C,, and is slightly lower than the
PA prepared at high concentration.

The correlations between the modulus £ measured after dialysis and C,, are shown in
Figure 2¢c. The PIC samples, having the constant C,, show almost constant modulus, £,
for C,,=0.2 M ~ 1.5 M, and the E slightly decreases when C,,> 1.5 M (Figure 2c). On

the other hand, the PA samples, of which C, increases with C,, show increases of £ with

C,, and then the E saturates to the value of PIC at C,, > 1.6 M.

14
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The above results indicate that PIC system have stronger ionic bond forming ability than
the PA system. The different C,, effects on the volume change O, and therefore on the
polymer concentration C, of the gels for PIC and PA systems should be attributed to their
differences in polymer chain conformation. For the PIC system, the polymer chains,
carrying homo-charges, are in relatively extended conformation before complexation,
which favors the inter-chain ion bonds formation even at relatively low concentration;
while the PA chains, carrying opposite charges in each single chain, are in compact
conformation due to intra-chain ionic bond formation, which requires very high
concentration to form inter-chain bonding. This explains why the PIC system has a much
lower critical concentration to form supramolecular gels than that of the PA system.

Even though the polymer concentration C, and modulus E show weak dependence on the
preparation concentration C,, the tensile properties of PIC gels do show a strong
dependence on C,, as shown in Figure 2d. In similar to the modulus, the yielding stress
are also almost the same for C,, =0.2~ 1.5 M, but it becomes small when C,, > 1.5 M. The
differences in initial monomer concentration also induce significant distinction in
elongation at break (Figure 2d). When C),, < 0.7 M, the samples are relatively weak and
fail under low strain and stress. The elongation at break of the sample with C, =0.2 is
only 1.8, while it is up to 9.0 for the sample with C,, =2.0. The C,, dependence of the
fracture strain indicates the effect of trapped topological entanglement on the tensile
behaviors. Generally, the entanglement density of the polymer chains increases with the
concentration in a power law relation as ~C,,,2‘3.35 The low concentration (C,, < 0.7 M)
results in weak entanglement, and therefore low strain-at-break when undergoing

extension. When C,, > 0.7 M, the fracture strain becomes large and does not show

15
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systematic dependence on C,, which indicates that the polymer chains have strong
entanglement to sustain large elongation, and the fracture is due to breaking of covalent
bonds. The slight decrease in Young’s modulus and yielding stress of samples, and slight
increase in the fracture strain for samples prepared at C, > 1.5 M suggest that at
extremely high concentration the ionic interaction is weakened, probably by self-screen
effect.

Therefore, for the PIC hydrogels, the work of extension, W, a quantity for assessment of
toughness, increases with C,, at C,,< 0.7 M and the largest values of W, are obtained for
samples with C,, ranging from 0.7 M to 1.5 M; W, slightly decreases with increasing C,,
when C,, > 1.5 M (Figure 2¢). Particularly, the W, increases from 1.9 MJ/m’ to 14.6
MJ/m? for C,,=0.2 and C,,=1.6, respectively. In contrast, the PA samples monotonously
increase the mechanical toughness W, with the increase in C,, indicating that the
entanglement effect dominates the tensile behaviors for the whole C,, range investigated.
2833 At the optimized condition, the PIC gels show about two times of yielding stress,
fracture stress but similar fracture strain in comparison with those of PA gels prepared at
the highest concentration investigated C,=2.2 M. ****> Thus, W, of optimized PIC is

about two times of that of PA (C,,=2.2 M) as shown in Figure 2e.

(a)
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Figure 2. Effect of monomer concentration on the physical properties of PIC hydrogels.

(a) Photographs of the PMPTC/PNaSS(C,,-0.5-0.05-0.1) hydrogels polymerized with
different total monomer concentration in feed, Cy,. Data in the figure are Cy, in unit of M.
(b) The C, dependence of the volume ratio, Q,, of the dialysed sample to the as-prepared
sample, and of the polymer concentration, C,= C/Q,, of the dialysed sample. (c) The Cy,
dependence of Young’s modulus (£). (d) Representative stress-strain curves of PIC
hydrogels with different C,. (¢) The C,, dependence of work of extension, W. For
comparison, the behaviors of PA hydrogels P(MPTC-co-NaSS) (C,-0.52) are also shown

in (b), (c¢), (e). Both PIC and PA hydrogels were prepared at the compositions to form
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charge balanced samples. The data of PA hydrogels P(MPTC-co-NaSS) are cited from

ref. 28 and ref. 33.

3.1.3 Molecular weight

The molecular weight of PMPTC of the PIC hydrogels discussed in the above section
was measured as ~10° g/mol (Table 2), approximately equivalent to that of copolymer in
PA hydrogel (around ~10° g/mol) in our previous report.28 For radical polymerization, the
molecular weight is strongly dependent on the initiator concentration for polymerization
at fixed monomer concentrations. As shown in Table 2, the molecular weight of the
PMPTC decreases with increasing initiator concentration in monomer solution.
Specifically, the M,, of PMPTC polymerized by 0.05 mol% initiator is 3 times of that of
PMPTC polymerized by 0.5 mol% initiator. As PNaSS polymerized at the second step
was tightly bonded with the PMPTC by ionic bonds, we could not measure the molecular
weight of the PNaSS in the PIC gels. The molecular weight of PNaSS should also
decrease with increasing initiator concentration. The molecular weight effect of the
PMPTC and PNaSS on the mechanical properties of the PIC hydrogels is studied. Figure
3a shows that the PIC hydrogels, PMPTC/PNaSS(1.5-0.5-x;-0.1), composed of PMPTC
polymerized with low initiator concentration have higher yielding stress and fracture
energy than that of the hydrogels composed of PMPTC polymerized with high initiator
concentration, while the fracture strain is almost independent of the initiator
concentration. Similar results are observed for the PIC hydrogels, PMPTC/PNaSS(1.5-
0.5-0.05-x,), composed of PNaSS synthesized with different initiator concentrations x;

(mol%) at the second step of polymerization, as shown in Figure 3b. Combining the
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results of Table 2 and Figure 3, we know that the higher the molecular weight of the

polymers, the higher the modulus, the yielding stress, and the toughness of the PIC

hydrogels, either for the first or the second polymers.

Since the yielding stress and

fracture stress depend on the molecular weight while the fracture strain does not, this

molecular weight effect suggests that the ionic bonds are stabilized by the increased

entanglement. This phenomenon is similar to the case of adding the chemical crosslinker,

which also stabilizes the ionic bonds.*°

Table 2. Molecular weight of PMPTC-x; measured by GPC. Here, x; (mol%) is initiator
concentration relative to the monomer MPTC.

PMPTC-x; Mn (g/mol) Mw ( g/mol )
PMPTC-0.05 3.75% 10° 4.66 x 10°
PMPTC-0.1 9.45x 10° 2.11x 10°
PMPTC-0.5 5.81x 10° 1.49x 10°

(a)

Stress (MPa)
N

(b)

PMPTC/PNaS$(1.5-0.5-x,-0.1)

XZ:
—a— 0.1
3} —03

0.5
—v— 1.0

Stress (MPa)
N

PMPTC/PNaSS$ (1.5-0.5-0.05-x,)

Strain (mm/mm)

Strain (mm/mm)

Figure 3. (a) Stress-strain curves of PMPTC/PNaSS(1.5-0.5-x,-0.1) hydrogels with

different initiator concentrations x; (mol%) at the first step of polymerization. (b) Stress-
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strain curves of PMPTC/PNaSS(1.5-0.5-0.05-x;) hydrogels with different initiator

concentrations x, (mol%) at the second step of polymerization.

3.2 Structure analysis of PIC hydrogels by rheology

We have analysed the structure of the PIC hydrogels by rheology that is an effective way
to study the morphology of the system. Figure 4a shows the result of a dynamic
temperature sweep for PMPTC/PNaSS(1.5-0.5-0.05-0.1). The thermal energy causes the
rupture of ion bonds and increases the dynamics of polymer segments, therefore, the
storage modulus (G') and the loss modulus (G") decrease about two orders of magnitude
upon heating from 0 °C to 75 °C and then level off above 75 °C. The tand curve exhibits
a main peak at 51 °C and a broad shoulder peak at 27 °C, suggesting that some micro
phase separation structure might exist in the PIC hydrogel to form the ionic bonds of
different strength. For samples at C,, =1.2 M and 2.0 M, the G'and G" also decrease with
increasing temperature which are similar to the tendency of C, =1.5 M (curves are not
shown). With increasing monomer concentration C,, the intensity of tand decreases, and
the main peak of tand shifts to lower temperature, as shown in Figure 4b. For hydrogels
synthesized from C,, = 2.0 M, the peak at low temperature becomes the main peak. This
indicates that at high concentrations that poor dispersion occurs, the formation of
relatively strong ion bonds is suppressed, resulting in a majority of weak bonds. This
result is in agreement with the decrease of the modulus when C;,, > 1.5 M (Figure 2c¢).

The dynamic behaviors of the PIC hydrogels at different temperatures and frequencies
well follow the principle of time-temperature superposition. Figure 4c shows the master

curves of G', G", and tano for the PMPTC/PNaSS(1.5-0.5-0.05-0.1) hydrogel at a
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reference temperature of 20 °C. For comparison, the corresponding master curves of
P(MPTC-co-NaSS) (2.1-0.52) hydrogel are also shown in Figure 4c. For both PIC gel
and PA gel, G’ is larger than G" over the whole frequency range from 107 to 10° radss,
indicating that both gels, even without any chemical cross-linking, are always in the gel
state with predominantly elastic properties. The PIC gel shows a main peak and a broad
sub-peak at frequencies around 5x107 rad/s and 1 rad/s, respectively, in its tand
relaxation curve. This result agrees with the results of the temperature sweep that suggest
the micro phase separated structure of PIC hydrogels to give a wide range of ion bond
strengths. On the other hand, only one broad single peak appears in the tand curve of PA
hydrogel at the frequency 107 rad/s, in between the two frequencies for the two tand
peaks of PIC hydrogel, indicating that there is no distinct phase separation of PA
hydrogel. The tano value of PIC hydrogel is higher than that of PA hydrogel over the
wide frequency range except at the high frequency end, indicating the relatively stronger
viscoelasticity of the PIC system than that of the PA system.

The apparent activation energy E, of ionic bonds can be determined using the Arrhenius
equation, a, = At *T , where ay is the shift factor, R is the ideal gas constant, and 4 is a

constant.” As shown in Figure 4d, the Arrhenius plot of the PIC gel shows two linear
regions with a reflection point at c.a. 50 °C, giving two activation energies E,: 62 kJ/mol
at high temperature region and 302 kJ/mol at low temperature region, corresponding to
25 kgT and 121 kpT (in relative to the room temperature), respectively. The activation
energy at low temperature is less than, but close to, the covalent bond dissociation energy,
E. .~ 347 kJ/mol (~ 140 kpT). This explains why a rigid and tough gel is observed even

without any covalent cross-linker below the softening temperature. The shift factor ar
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behaviours of the PIC system is very similar to that of the PA hydrogels that also show

two activation energies, 71 kJ/mol and 308 kJ/mol above and below the softening

temperature. ** Although the primary structure of the PIC hydrogels and PA hydrogels

are completely different, the quite similar shift factor ar of the two systems suggests that

the ionic bond strengths at short molecular scale are similar. Accordingly, the difference

of the mechanical behaviors of the two systems comes from the difference in more large

scale structure. This is reasonable since both inter-chain and intra-chain bonding exist in

PA gels but only inter-chain bonding exists in PIC gels. The latter should have more

topological entanglement.
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Figure 4. Dynamic mechanical behaviours of the PIC hydrogels in comparison with PA
hydrogels. (a) Temperature dependence of storage modulus, G’, loss modulus, G”, and
loss factor, tand, of PMPTC/ PNaSS(1.5-0.5-0.05-0.1) hydrogel at 6.28 rad/s and 0.1%
strain. A main peak and a shoulder peak appear in the tand curve corresponding to two
softening temperatures, 7;, which are indicated by the numbers in the figure; (b)
comparison of tand for samples PMPTC/PNaSS(C,,-0.5-0.05-0.1) prepared at different
monomer concentration, C,,. (¢) Frequency (w) dependences of the storage modulus, G',
loss modulus, G”, and loss factor, tand, of PMPTC/PNaSS(1.5-0.5-0.05-0.1) hydrogel
(filled symbols) and P(MPTC-co-NaSS) (2.1-0.52) hydrogel (open symbols). The
measurements were performed from 0.0628 to 100 rad/s at a shear strain of 0.5% at
different temperatures from 0 °C to 90°C, and the results were obtained by performing
classical time-temperature superposition shifts at a reference temperature of 20 °C; (d)
Arrhenius plot depicting the temperature dependence of the shift factors for the samples.
The apparent activation energy values, E,, were calculated from the slopes of the curves.

The data of P(MPTC-co-NaSS) hydrogel are cited from ref. 28.

3.3 Structure Analysis by Scanning Electron Microscopy

To further explore the structure, the structure of freeze-dried PIC and PA hydrogels are
observed by SEM and the results are shown in Figure 5. For PIC hydrogel, it exhibits
large segregated structure with large pores of diameter ranging from 0.5 to 3 um.
Moreover, the dehydrated polymer formed a granular shape with size around 0.5 um,
suggesting that many chains tightly pack to form a globular structure via the inter-chain
ionic bonds. On the other hand, PA hydrogel shows more homogenous structure with
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network of a relatively smaller size ranging from 0.1 to 0.3 um. These results are in good
agreement with the rheological measurements that show two relaxation peaks of the PIC

hydrogels and single but broad relaxation peak for PA hydrogels.

SEI 10kV Wi x1,000 10pm

Figure 5. SEM photographs of microstructure of the PIC and PA hydrogels. (a)
PMPTC/PNaSS (1.5-0.5-0.05-0.1) hydrogel; (b) The magnification of the zone in (a); (c)

P(MPTC-co-NaSS) (2.0-0.52) hydrogel; (d) The magnification of the zone in (c).

3.4 Viscoelastic behaviors at large deformation

To ascertain the nonlinear and viscoelastic behavior of the PIC hydrogels at large
deformation, we performed uniaxial stretching experiments at various strain rates for the
sample of PMPTC/PNaSS (1.5-0.51-0.05-0.1). The tensile stress-strain curves (nominal

stress, o, vs nominal strain, ) are plotted in Figure 6a. The corresponding data from the
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curves are listed in Table 3. The mechanical properties are strongly influenced by strain
rate. Yielding is clearly observed around ¢ = 0.5, and the yield stress, o,, increases from
0.08 MPa to 0.69 MPa, as the strain rate increases from 0.0014 to 0.14 s™!. The fracture
stress, o, also increases with the strain rate from 0.47 MPa to 3.2 MPa, while the fracture
strain decreases slightly. The Young’s modulus, E, of samples notably increases about 15
times from 0.34 MPa at 0.0014 s to 5.13 MPa at 0.14 s™'. We can see that the strain rate-
dependent property for PIC hydrogels are similar to that of PA hydrogels.”’

According to a recent report by Mayumi et al., the effects of strain and time can
be separated for a polyvinyl alcohol (PVA) hydrogel with dual cross-linking, one is
permanent, chemical crosslinking, and the other is reversible, physical crosslinking.*®
Similar strain-time separation was observed for the PA hydrogels at low strain rate. 29
Here, we also plot the reduced stress, a*=a/(k—7f2), against the stretching time, ¢, where
A=e+1 is the stretching ratio. As shown in Figure 6b, 6*(f) shows a decreasing trend with
t except for the strain hardening regimes where the reduced stress increases rapidly with
time. This indicates that the physical PIC hydrogels behaves as dually cross-linked
hydrogels, containing permanent cross-linking (strong bonds) and breakable cross-linking
(weak bonds) during deformation. The o*(f) ~ t curves measured at relatively low
stretching rate (0.0014 s, 0.007 s™) overlap, exhibiting a master curve with a slope close
to -0.6. This indicates that the strain-time separation is also applicable to PIC hydrogels at
low stretching rate, and strain/strain rate have no influence on the breakage rate of the
reversible weak bonds. However, at high strain rate (0.014 s or higher), the o*(f) ~ t
curves deviate below the master curve, indicates that the high strain rate accelerate the

breakage rate of the weak bonds to give a low stress. The strain rate limit of 0.007s™ for
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holding the strain-time separation principle is in reasonable agreement with one of the
two relaxation peaks at low frequency side (5107 rad/s) in Figure 4c. This indicates that
the strain-time separation principle is hold when the stretching rate is slower than the

inverse of the weak bond breaking time.

(a) (b)

4

—0—0.0014s™

—0—0.007 s

10' L 0.014s™
——0.07s”

. ——o0.44s’
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Figure 6. (a) Tensile stress—strain curves for the PMPTC/PNaSS(1.5-0.51-0.05-0.1)
hydrogel at various strain rates; (b) Time dependence of the reduced stress  o*=a/(A-A %)
at various strain rates, the slope of dash line is -0.6; (c) Typical tensile behaviour at 0.07
s (experimental data), and simulated sum of contribution (theoretical fitting curve), and

their individually contributions from the viscoelastic part and elastic part (Gent).
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Table 3. Summary of the tensile test properties of PMPTC/PNaSS(1.5-0.51-0.05-0.1)

hydrogel measured at various stretch rates.

Stretch rate E &p o, o G, D, G, In Am G./G,

(sh (MPa)" (MPa) (MPa) (MPa) (MPa)

0.0014 034 93 0.08 047 0.093 0.243 0.020 177.1  13.4 4.6

0.007 1.08 7.8 0.2 0.78 0.303 0.178 0.057 2125 14.7 53
0.014 1.59 7.2 028 0.88 0.447 0.163 0.083 2825 169 54
0.07 3.14 7.0 0.54 1.93 0.923 0.177 0.124 1245 113 7.5
0.14 513 75 0.69  3.17 1.541 0.136 0.169 1227 11.2 9.1

: Young’s modulus, E, fracture strain, ¢, yield stress, o;, and fracture stress, o, are
obtained from the experimental tensile stress-strain curves; shear modulus of the
viscoelastic part, G,, Deborah number, D., shear modulus of the elastic part, G, the
maximum allowable value of the first strain invariant, J,, and theoretical finite

extensibility, A, are obtained from theoretical fitting by equation (1) to (4).

The tensile behaviour of the PIC hydrogels can be further analysed by the
viscoelastic model proposed by Creton et al.,*” which was a parallel combination of the
Upper Convected Maxwell (UCM) model for the description of viscoelastic flow and the
Gent strain hardening model for the entropic elasticity of finite extensibility of polymer
chains. This model can capture the physical features of the viscoelastic phase from the
dynamic weak ionic bonds and elastic phase from the strong bonds serving as permanent
crosslinkers. The model was used to analyse the viscoelasticity of PA hydrogel system.’
Herein, we also use this model to analyse the PIC hydrogels. The sum of contributions to
the stress, gy, from the UCM element and the Gent element can be described as, 37
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oy(A) =0, (A)+0, (1) ..on. (1)
where

_ 26D, . (1-2D) . GD, . (+D,) . .
GN‘V(M_(—I—ZDe (1—exp( D (A D)+—1+De (1-exp( D A-Dna...... (2)

for the viscoelastic stress and

Oyo(A)=(— A=A (3)

Jm
for the entropic elastic stress, where G, is the initial shear modulus of the viscoelastic part,
D, is the Deborah number (the product of the relaxation time of the viscous component
and the strain rate), G, is the shear modulus at small strain from the elastic part, and A is

the elongation ratio (4 = ¢ + 1). J,, is the maximum allowable value of the first strain

invariant, and it is related to the theoretical finite extensibility of the network chains 2,

Eq. 1 is determined by four parameters G, 4,, G,, and D,. Since the Young’s modulus
E= 3(G, + G,), we can fit the tensile stress-strain data with the model using three
independent parameters and the Young’s modulus E estimated from the tensile behaviour.
A representative stress-elongation curve for the PIC hydrogel as well as simulated curves
of the two individual contributions to the tensile behavior is presented in Figure 6¢c. A
good fit by such a combined model to the tensile data of PIC gels can be obtained. A
systematic fitting to the tensile behavior of hydrogels in different tensile rates are
performed to understand how the ionic bonds affect the mechanical behavior of the

hydrogels, and the related simulated parameters are shown in Table 3. The Deborah
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number, D,, in the fitting serves as the adjusting parameter. An importantant parameter,
G,/Ge., characterizes the ratio of polymer chains crosslinked by temporary weak bonds
and quasi-permanent strong bonds. The value of G,/G, also indicates the average number
of weak bonds between two neighbouring strong bonds.”” Therefore, it is an assessment
of the degree of viscoelastic characters and how much energy dissipates occurs during
deformation, contributing to toughness. It is clearly shown that the G,/G. of all the
samples increase with the acceleration of stretch rate, which is consistent with the typical
viscoelastic character of PIC hydrogel depending on the stretch rate. In comparison with
PA system, the G,/G. of the PIC system is high, which is in agreemet with the dynamic
rheological results (Figure 4c). 33 Furthermore, the theoretical finite extensibility of the
network chains A, of the PIC hydrogel at low strain rate (A, ~13) is much smaller than
that of the PA hydrogel (A, ~18).** This could be related to the stronger entanglement of

the PIC system than that of the PA system, as discussed in the previous section.

4. Conclusion

As like the PA hydrogels, the most strong and tough PIC hydrogels are formed near the
equal charge ratio and the PIC hydrogels show strong viscoelastic character with wide
ionic bonds distribution. For PA hydrogels, the opposite charges, randomly dispersed
along the polymer chains, form ionic bonds of a wide strength distribution through inter-
chain and intra-chain complexation. The polyelectrolyte chains are in globule
conformation due to intra-chain ionic bonds even at the preparation state, in the presence
of large amount of small ions. Because of this, the inter-chain ionic bonds that contribute
to the elasticity of the gels could only be formed at extremely high preparation

concentration (Cp, > 1.3 M). They show substantial swelling and low modulus at low
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polymer concentration due to poor entanglement between chains (C,<1.6 M). On the
other hand, for PIC hydrogels, the homo-charged polymers in the as-prepared state take
relatively extended coil conformation because the like-charged segments repel each other
and no intra-chain ionic bonds could be formed. This greatly favors the chain
entanglement even at relatively low polymer concentration Cy, (> 0.2 M). By dialysis of
the sample in water, the mobile small ions are removed from the gel, and inter-chain
complexation between entangled, oppositely charged polymers is formed. Thus, tough
PIC gels can be formed at very low concentration Cy,. Although the primary structure of
the PIC hydrogels and PA hydrogels are completely different, the activation energies,
which are the energy barriers of the local motion, of the two systems are quite similar.
This means that, that the ionic bond strengths at short molecular scale are similar for the
two systems. Accordingly, the difference of the mechanical behaviors of the two systems
comes from the difference in more large scale structure. SEM observation of the samples
morphology supports this argument. The PA shows more uniform structure with small
pore size, while the PIC shows a more inhomogeneous, segregated porous structure with
large pore size. These differences in large scale structure seem to dominant the bulk
mechanical properties of the two systems. On the basis of the different structural
character between PA gels and PIC gels, PIC gels possess several advantages such as less

Cm-dependence, easy reprocessability, and strong self-glued ability.>'?
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