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Abstract 

Hydrogels composed of three-dimensional polymer network and abundant of water are 

a class of typical soft and wet matters, which are used for numerous applications 

including force-sensitive adhesives, scaffolds of tissue engineering, gas filtration 

membranes, drug-controlled release and ionic conductive media. However, traditional 

hydrogels are mechanically weak, which limits their application severely. Recently, 

several tough and self-recoverable hydrogels were developed by introducing physical 

association as sacrificial bonds to dissipate energy, which widely extend the scope of 

applications even as structural biomaterials, like artificial cartilage and ligament. 

Despite great success in creation of tough and self-recoverable hydrogels, the 

developments generally relied on an empirical and trial-and-error approach as the 

understanding of structure and toughening mechanism of those gels is still unclear.  

This thesis focuses on revealing the structure and underlying toughening mechanism of 

tough and self-recoverable hydrogels. Recently developed hydrogels based on 

self-assembly of ABA type triblock copolymer were chosen as a model system, which 

have been demonstrated to possess excellent mechanical property and self-recoverable 

capability. These gels are prepared in sequential steps: (i) firstly the triblock copolymer 

poly(butyl methacrylate)-b-poly(methacrylic acid)-b-poly(butyl methacrylate), 

PBMA-PMAA-PBMA, was dissolved in dimethylformamide (DMF) to form precursor 

solution; (ii) then the precursor solution undergoes a solvent exchange process along 
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with self-assembly of endblock PBMA into micelles acting as cross-linking to form B 

gels; (iii) finally the second polymer, polyacrylamide (PAAm) was introduced to form 

sacrificial hydrogen bonds between the carboxy group of PMAA and amino group of 

PAAm, and to generate the tough and self-recoverable hydrogels, named as B-DN gel. 

In this work, we systematically studied the preparation process and the 

structure-property relationship of those gels, including relaxation dynamic of precursor 

solution, contribution of physical crosslinks and trapped entanglements in B-gels, the 

effect of molecular parameters on self-assembly structure of B-gels, and the 

structure-property relationship of B-DN gels. Benefiting from the thoroughly 

understanding of chain structure and self-assembly structure in gelation process and 

final gels, we successfully developed thin but ultra-tough and 100% recoverable 

hydrogel membranes with high pH sensitivity, excellent mechanical properties and 

biocompatibility, which is urgently needed in many fields but rarely realized in 

hydrogels before.  
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Chapter 1. General Introduction 

1.1 Block copolymer  

A block copolymer always consists of at least two chemically distinct polymer block 

chains which joined together to form a single macromolecule. Consequently, the block 

chain has a general tendency to separate. However, this tendency is tempered by the 

restriction imposed by the covalent bonds that connect them, preventing macroscopic 

phase separation and promoting structural organization at microscale[1]. The 

microscopic morphologies depend on chemical composition, chain architecture, 

relative molecular weights of immiscible blocks and external stimulus such as 

temperature, pH or force.  

1.2 Phase behavior and structure formation in block copolymer melts  

In block copolymer melts, by tuning the composition of block copolymers with 

immiscible blocks, the block copolymers can separate into a variety of morphologies[2], 

including spheres (S), cylinders (C), bicontinuous gyroids (G), lamellae (L), etc., as 

shown in Figure 1[3]. The self-assembly process is driven by a dominant mixing 

enthalpy companied by a secondary mixing entropy. A prerequisite for the miscibility 

of two blocks during mixing described by Gibbs free energy G as follows: 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆 < 0                          (1) 
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Where H is the enthalpy, T is the Kelvin temperature and S is the entropy 

respectively. According equation (1), the entropy always favors mixing, while the 

energetic interaction originated from enthalpic factor determined the self-assembly 

process. According to Flory–Huggins solution theory[4,5], the enthalpy of mixing, H, 

can be expressed as: 

∆𝐻 = 𝑅𝑇𝜒𝐴𝐵𝜙𝐴𝜙𝐵                        (2) 

Where R is the universal gas constant, ϕA and ϕB is the volume fraction of each blocks. 

The AB is Flory-Higgins parameter which can be estimated from the Hildebrand 

solubility parameters 𝛿𝐴 and 𝛿𝐵:  

𝜒𝐴𝐵 = 𝑉𝑠𝑒𝑔(𝛿𝐴 − 𝛿𝐵)2/𝑅𝑇                     (3) 

where Vseg is the actual volume of a polymer segment, the A and B is the Hildebrand 

solubility parameters. From equation (3), the AB can be tuned by temperature or 

relative solubility of each block. The phase map for symmetric ABA triblock 

copolymers is similar to that of AB diblocks since they share the same driving force for 

phase separation[6]. 

1.3 Block copolymer in solution  

The introduction of solvent leads to an increased level of complexity for block 

copolymer self-assembly process compared with that performed in melts. In block 

copolymer solution systems, the interactions between solvent and each of the 

monomers also contribute to the G and, therefore, act as the driven force for 

self-assembly process. The insolubility degree is determined by the segregation product, 
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ASNA, where NA is the polymerization degree of insoluble blocks, and AS is the 

Flory-Higgins interaction parameter between insoluble block and solvent. With 

increasing ASNA or decreasing temperature, the incompatibility increases, resulting in 

microphase separation structure. When the block copolymer has a symmetric ABA type 

structure in B-selective solvents, it is able to form physically associated network with 

B-bridged A-micelles.  

1.4 Preparation of triblock gels by self-assembly process 

1.4.1 Thermal-induced gelation.  

The enthalpy of mixing, H originated from equation (3) shows that changing 

temperature is an effective way to tuning the solvent quality. The thermal- induced 

triblock gels originates from the temperature dependence of the interaction parameter 

ASNA. The mechanism of thermal induced gel formation is shown schematically in 

Figure 2[6]. There are two important transition temperatures: the first one is the critical 

micelle temperature where the endblock aggregates to form the micelles. As the 

temperature decreases, illustrated by equation (3), the solubility of endblocks decreases 

and solvent is expelled from the micelles[7].  

1.4.2 Solvent exchange process.  

Solvent exchange provides an additional method for preparing triblock gels, as 

illustrated in Figure 3[8]. During the solvent exchange, a block copolymer is initially 

dissolved in a good solvent for both blocks that is also miscible with nonsolvent for 
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endblocks. When the solution encounters the nonsolvent, the good solvent is replaced 

by nonsolvent, and the endblocks self-organize to form a 

micelles. 

1.5 Interest of this work.  

The triblock gels are desirable in many fields due to their reversibility and favorable 

selective properties[9]. Such gels have been used for numerous applications including 

force-sensitive adhesives[10], scaffolds of tissue engineering[11], actuators[12], gas 

filtration membranes[13], drug controlled release[14] and ionic conductive media[15]. 

However, the mechanical performance is usually low, typically about a few hundred 

kPa, seriously limited its application. 

An effective way to enhance toughness of hydrogels is to incorporate energy 

dissipation structures (sacrificial bonds). Several recent works have prepared tough 

hydrogels with reversible sacrificial bonds such as hydrogen bond, ionic bond or 

hydrophobic association to allow the fractured bond to be re-formed[16,17]. In our 

previous work, we prepared triblock gels by solvent exchange method (named as B gel) 

based on poly(butyl methacrylate)-poly(methacrylic acid)-poly(butyl methacrylate), 

PBMA-PMAA-PBMA (Table 1). To overcome the weak mechanical drawback, the 

second network, polyacrylamide (PAAm) was introduced to form hydrogen bond with 

the carboxy group of PMAA using its amino group (named as B-DN gel)[18]. This 

hydrogel shows high mechanical performance and self-recoverable properties. While 

the gel structure and toughening mechanism are still unclear. 
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1.6 Overview of this thesis.  

In this dissertation, we firstly dissolved the triblock copolymer PBMA-PMAA-PBMA 

in dimethylformamide, DMF and obtained homogenous precursor solution. The 

relaxation dynamics of precursor solution was studied based on rheological and NMR 

measurements. Then the B gels were fabricated by solvent exchange process along 

with self-assembly of PBMA into micelles to act as cross-linking points of 1st network. 

The effect of polymer concentration and midblock chain length on mechanical response 

and micelle morphology of triblock gels were systematically studied. Subsequently the 

2nd linear polymer with amino derivative groups is imported to introduce the sacrificial 

hydrogen bond formed between 1st and 2nd network. Based on the structure evolution of 

the B-DN gel by in-situ small X-ray scattering, the toughening mechanism were 

clarified.  

In Chapter 2, the sol-gel transition behaviors of PBMA-PMAA-PBMA triblock 

copolymer precursor solution was observed. The relaxation dynamics of sol-gel 

transition behaviors was probed by combing rheology and NMR. Time-temperature 

superposition (TTSP) and time-concentration superposition (TCSP) are applied to 

derive association energy (the associative strength or energy needed to break a junction 

point) and longest relaxation time (L) and plateau modulus (GN) over a wide 

temperature range of -20 oC - 35 oC.  For the TTSP, the shift factors against inverse of 

temperature show two distinct regions at critical temperature (T). Below T, the 

activation energy is expected to the energy needed to pull out a PBMA chain from the 
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aggregated micelles. Above T, the activation energy is related to the energy required to 

increase the mobility of polymer chain. The association point was further confirmed by 

temperature-elevated NMR. Concentration dependencies of the L and GN are stronger 

than the theoretically prediction of entangled polymer melt, means the macroscopic 

transient network grows with polymer concentration by increasing the fraction of 

effective bridge chain. 

In Chapter 3, the contributions of physical crosslinks and trapped entanglements in B 

gels was successfully separated. In the gel (named as B gel), with increasing 

concentration, the elastic modulus originated from number of elastically active chains 

firstly increase followed by a plateau. In addition, structure evolution was also 

observed in small angle X scattering (SAXS). Based on micro SAXS and macro 

mechanical property, we concluded that the dangling chain which has no contribution, 

is dominant at low concentration; while at high concentration, the bridged micelles is 

dominant. 

In Chapter 4, Theoretical efforts have been made to evaluate bridge fraction in ABA 

triblock copolymer networks. However, there are a few experimental reports 

determining bridge fraction due to technologic complexity to distinguish the defect 

from bridge. In our work, the signals of defect and bridge were firstly observed by small 

angle X-ray scattering measurements. In addition, the defect-to-bridge transition was 

visibly observed by changing triblock copolymer concentration, which is further 

confirmed by same trend of normalized Young’s modulus vs concentration.  
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In Chapter 5, The toughening mechanism of tough B-DN gels from a combination of 

in-situ small-angle X-ray scattering and customized tensile device, the structure 

evolution during deformation was revealed, which suggests that the high toughness of 

self-recoverable B-DN gels is a synergistic effect of multiscale energy dissipation. In 

initial small strain region, the breaking and reforming of hydrogen bonding in chain 

scale dissipates energy, resulting in 100% self-recovery; In the middle strain region, the 

chain pullout of endblock from the micelles and debris reorganization of 1st network 

for forming cluster dissipate energy; In the large strain region, microvoids form, which 

also dissipate energy. 

For further applications, in Chapter 6, we propose a strategy for facile fabrication of 

thin, yet tough and self-recovery hydrogel membranes based on double network 

principle. The thin physical DN gel membranes, named as B-DN gel membranes, of 

controllable thickness and self-standing strength, are fabricated by two-step sequential 

gelation process in which the spin-coating method was used to form triblock 

copolymers thin gel membranes. The thin DN gel membranes, 7~110 µm thick and 75 

wt% water contents, exhibit excellent mechanical properties, including high modulus 

(Young’s modulus ~100 MPa), stretching ability (fracture strain: ~1000%), high 

strength (fracture stress: ~8 MPa), high toughness (work of extension: ~106 J/m3), 100% 

self-recovery and ultrafast pH response. Additionally, the membranes exhibit excellent 

mechanical properties superior to those of various biological membranes, 

biocompatibility, and postoperative anti-adhesive property, foreshadowing their 
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potential use as substitutes for biological membranes or postoperative anti-adhesive 

membrane. 
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Figure 1. Various morphologies formed by the self-assembly of block copolymers. 

The f indicates volume fraction of one component[3]. 
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Figure 2. Schematic illustrating the temperature-dependent structure of acrylic triblock 

copolymer gels in 2-ethylhexanol[6]. 
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Figure 3. An illustration of the effect of solvent quality on the phase behavior of 

physically associated triblock copolymer gel networks[8]. Here, composition A and 

composition B represent good and poor solvent, respectively. 
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Table 1. Description of the triblock copolymers 

 

a) The subscripts of m, n and p represent the degree of polymerization of the endblock, midblock and 

endblock respectively. A and B represent poly(butyl methacrylate) (PBMA) and poly(methacrylic acid) 

(PMAA), respectively. b) Weight-average molecular weight and molecular weight distribution of the 

triblock copolymer, respectively. c) Molar fraction of midblock PMAA. d) The length of endblock chain 

LA and midblock chain LB at Gaussian state (Lgauss) and full stretching state (Lmax).   
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Chapter 2: Relaxation Dynamics of Thermal-induced Sol-gel 

Transition in B-selective Organic Solvent 

2.1 Introduction 

The self-assembly of block copolymers have been subjected to extensive research in 

academic and applied polymer science including smart surfaces1,2 , drug release3–5, 

catalysis6–8, gene therapy9,10, optical switching11 and bioimaging12–14. In such 

assemblies, the self-assembly process is determined not only by block nature but also 

by the selective solvent15. In organic solvents a strong temperature dependence of the 

endblock-solvent interaction parameter, , permits triblock copolymer self-assembly to 

various morphologies when cooled below sol-gel transition temperature16. When the 

polymer has an ABA type architecture, this behavior results in a sol-gel transition, as a 

physical associated transient network of midblock-bridged micelles forms a percolated 

network.  

The relaxation dynamics of the transient network play a key role for the underlying 

macroscopic properties17,18. Therefore, it is valuable and highly expected to investigate 

the pathways for spontaneous micelles formation of amphiphilic triblock copolymers in 

selective solvents. Theoretically, Transient network theory are an effective tool to 

illuminate both relaxation dynamics and viscoelastic properties19–21. Recently, more 

work delved into a range of theoretical aspects of ABA triblock copolymer and their 

viscoelastic properties using molecular dynamics simulation22,23 or dissipative particle 
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dynamics24,25. Experimentally, however, for many systems, the relaxation time is 

imperceptibly long and the systems are kinetically frozen because the endblock chains 

are usually fixed in the associated core even though the core is not in glassy state26–30. 

In this sense, the relaxation dynamics is hardly expected. In order for understanding the 

relaxation dynamics of transient network by ABA triblock copolymers, systems with an 

A blocks that are very short31,32, or not very solvophobic33–35, is suitable because the 

strength of endblock micelles is not strong enough and the micelles is swollen by 

solvent.  

Superposition is a powerful method in rheology to probe the dynamical processes in 

wide variety of soft materials, thereby extending our understanding of their 

dynamics36,37. For TTSP, the association energy H, one of the most important 

parameters of associative polymers, can be determined from horizontal shift factor 

according to Arrhenius plot. For example, Castelletto38 and Lodge39 studied the 

concentration dependence of longest relaxation time and plateau modulus, while no 

extensive explanation about the relaxation dynamics of the micelles. Tanaka and 

Edwards theoretically presented that the H for micelle relaxation is determined by the 

energy barrier for endblock chain to pullout from the micelles21,40. The energy barrier is 

determined by the interaction between the solvent and the endblock segment41. Base on 

this concept, Shull tuned the Ea from 150 to 300 kJ/mol by changing second solvent 

composition (water content: 4 wt% - 8 wt%), as the composition-driven changes in the 

 parameter characterizes the solvent-endblock interaction16. Inomata42 observed that 
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the H decrease as increasing the concentration, while shull43 and Chassenieux15 et al. 

found that H is independent on the concentration. Nevertheless, the relaxation 

dynamics is not fully understood. In addition, for the thermosensitive systems, the 

TTSP is invalid for obtaining plateau moduli due to the structure dependence on 

temperature.  

Herein, we report the discovery of a new class of thermoresponsive ABA triblock 

copolymers based on copolymers of PBMA and PMAA as endblock and midblock, 

respectively. The TTSP is performed at low and high temperature region, the shift 

factor (aT) against inverse of temperature (1/T) shows two distinct regions at critical 

temperature (T). From the shift factors at each region, the association activation energy 

H (low temperature region) is much higher than that of apparent activation energy 

(high temperature region). Furthermore, the TCSP is performed and from the shift 

factor as a function of polymer concentration, the longest relaxation time and plateau 

moduli is evaluated. Finally, the relaxation time of micelles is calculated based on the 

model of equivalent diblock polymer.  

2.2 Experimental Section 

2.2.1 Materials  

The amphiphilic triblock copolymers, poly(butyl methacrylate)-b-poly(methacrylic 

acid)-b-poly(butyl methacrylate) (PBMA-b-PMAA-b-PBMA), and corresponding 

homo-PBMA and homo-PMAA were synthesized by the Otsuka Chemical Co., Ltd., 
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Japan (Table 1). The solvent dimethylformamide (DMF) were purchased from Wako 

Pure Chemical Industries, Ltd. (Japan).  

2.2.2 Rheology 

An ARES-2 rheometer (TA Instruments) was used with a concentric cylinder geometry 

of 27.66 mm bob diameter, 30 mm cup diameter and 41.5 mm bob length. Steady shear 

tests were performed in the shear rate range from 10-3 to 103 s-1 with 5 min as the 

maximum point time to ensure equilibrium is attained at every test point. All the steady 

shear tests were performed at at 25 oC for triblock concentration ranges from 7.92 mmol 

L-1 to 0.792 mol L-1. Dynamic measurements were performed in the linear viscoelastic 

regime. The temperature sweep was performed from -20 oC to 40 oC at a heating rate of 

1 oC min-1, a strain of 0.5%, and a frequency of 10 rad s-1. The dynamic frequency 

sweep experiment was performed from 0.01 to 100 rad s-1 with a strain of 0.5% over a 

temperature range of -20 oC to 35 oC with a temperature interval of 5 oC. The data was 

processed using the manual shifting mode to perform superpositions (TTSP and TCSP) 

and spectrum calculations.  

2.2.3 Nuclear magnetic resonance (NMR) 

All the NMR measurements were performed on a Bruker Avance III HD spectrometer 

operating at 800 MHz for 1H, using DMF-d7 as solvent. The triblock concentrations of 

0.79, 1.03, 1.27 and 1.50 mol/L were selected for variable-temperature tests. The 

temperature control was achieved by a Bruker BCU II unit and a build in temperature 
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control unit. At first, the solutions were maintained at -30 oC in the NMR apparatus, and 

subsequently NMR spectra were measured with increasing temperature from -30 oC to 

50 oC with a temperature interval of 5 oC. the solvent peak area (~3.1 ppm) was used as 

a reference for chemical shift. After arriving the prescribed temperatures, the sample 

was allowed to equilibrate for ~5 min for stability. 

2.3 Results and discussion  

2.3.1 Thermal-induced sol-gel transition 

The sol-gel phase transition was firstly investigated by rheological techniques under 

oscillatory shear conditions. Figure 1 shows the temperature evolution of changes in 

storage modulus (G') and loss moduli (G'') of triblock copolymer solution with a 

concentration of 1.98 mol/L. At T  0 oC, G'  G'', which is characteristic of the gel state; 

At T  0 oC, G'  G'', which is a feature of the solution state. The phase transition 

temperature is defined as the intersection of the storage and loss moduli at a specified 

frequency. However, it should be noted that the crossover point method does not 

specify the exact gelation point position but gives an approximation where gelation is 

occurring44. An alternative approach to determine the gelation point was shown latter. 

2.3.2 Time-temperature superposition (TTSP)  

The representative frequency sweeps, measured isothermally at a sequence of 

temperatures, were superposed to a master curve by shifting horizontally with a 

temperature dependent shift factor T with a reference temperature of -20 oC. As shown 
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in Figure 2d, the curves of G, G and tan obtained at different temperature overlap 

very well, respectively. At high frequency, the G approaches a plateau demonstrating 

the response of an elastic solid, and at low frequency region, the dynamic moduli are 

scaled as G ~ ω2 and G~ ω2, means the terminal relaxation behavior. It should be 

pointed out that although a well-superposed master curve was obtained by shifting the 

modulus curves at each temperature along the parallel direction, the curve of lnT verse 

1/T was divided into two distinct linear regions with different slopes at critical 

temperature (T). In our system, the T is defined as sol-gel transition temperature 

(Figure 3). This result demonstrates that the relaxation mechanisms for high and low 

temperature region (HT R-I, LT R-II) are quite different. The energetics H, originated 

from different relaxation processes, can be extracted from the temperature dependence 

of T
16,45 in HT R-I and LT R-II, respectively. Thus, we proceed the fits in two regions 

following the Arrhenius equation:  

α𝑇 = 𝐴𝑒∆𝐻𝑎/𝑅𝑇                            (1) 

H values computed for the two regions are 52 kJ/mol and 249 kJ/mol for HT R-I and 

LT R-II, respectively. For the LT R-II, the H2 is smaller than reported H for 

poly(methyl methacrylate)-block-poly(butyl acrylate)-block-poly(methyl methacrylate) 

(PMAA-PBMA-PMAA) in 1-butanol (~500 kJ/mol)42 or 2-ethylhexanol (~500 

kJ/mol)46. The value of H2 have been related to the activation energy for pullout of the 

endblock chain from the core of the aggregates25,41,42,47. The energy barrier should be 

influenced by interaction parameter between endblock PBMA with solvent DMF. For 
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the HT R-I, the H1 is expected to the energy required to overcome the chain internal 

friction that resists its flow.  

A similar TTSP was performed on PBMA-PMAA-PBMA/DMF solution with different 

concentrations (Figure 4). Similarly, each of these modulus curves can be shift 

horizontally to generate a well-superposed master curve. In additionally, all the curve of 

lnT verse 1/T was broken into two regions, depicting the universal relaxation behavior 

for all the concentrations studied (Figure 5a). The H for all the concentrations was 

computed for the two regions based on equation 1 (Figure 5b). For the LT R-II, all H2 

is independent of the concentration (~250 kJ/mol), which is consistent with the results 

reported for PMAA-PBMA-PMAA) in 2-ethylhexanol46 and Br- 

P(nBMA50%-stat-tBMA50%)-PtBMA-P(nBMA50%-stat-tBMA50%)101-Br in 

dichloromethane15. If the H2 is energy barrier of endblock chain pullout from the 

micelle, the value of H2 should be determined by Nmicelle, where  is the 

endblock-solvent interaction parameter, and Nmicelle is the degree polymerization of 

endblock chain. Consequently, the concentration should have negligible effect on the 

H2. For the HT R-II, the H1 continuously increases as increasing concentration. At 

high temperature, associating groups dissociate due to high thermal mobility18. The 

enhancement in H1 possibly attributes to the larger entangled chain friction at higher 

concentration.  

To confirm that entanglement exists in the concentration regions we studied, the 

specific viscosity sp-concentration CP relationship was investigated. the sp is 
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calculated using the formula 

𝜂𝑠𝑝 =
𝜂𝑎−𝜂0

𝜂0
                              (2) 

where ηa and η0 are the apparent viscosities of triblock copolymer/DMF solutions and 

pure solvent (here DMF) respectively. The ηa and η0 can be obtained from the following 

relationships: 

𝜂𝑎 = lim
𝛾̇→0

𝜂 or 𝜂𝑎 = lim
𝜔→0

𝜂∗                     (3) 

Steady shear sweep and oscillation frequency sweep are performed for the 

concentration regions of CP  0.79 mol/L (Figure 6a) and CP  0.79 mol/L(Figure 6b), 

respectively due to rheometer sensitivity48. To ensure the data accuracy, the curves 

comparison between two methods was shown in Figure 7. The well-overlapped curves 

demonstrated that data deduced from these two methods can be combined into one 

curve. The dependence of the sp versus CP gives Ce ≈ 0.9 mol/L (Figure 6c), 

confirming the existence of entanglement in all concentration sequence.  

2.3.3 Relaxation behaviors 

There exist two kinds of relaxation with different time scales. One is the relaxation of 

entire polymer chain, and the corresponding characteristic relaxation time is named as 

longest relaxation time (L)49. Another one origins from the relaxation of micelles 

formed by self-assembly of endblock, and the relaxation process is always considered 

as that the pullout of terminal chain from the micelles (pullout)
15,16,41,42. What’s the 

relationship between pullout and L? As shown in Figure 4, all the master curves show a 

plateau at high frequency followed by terminal relaxation at low frequency. The plateau 
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modulus GN originated from the network structure formed by bridged micelles. When 

the endblock chain does not pull out on the observed scale, the systems cannot relax. 

Therefore, theL indicates that the endblock chains must have pulled out. Consequently, 

the endblock chain pullout time pullout must be either corresponded to or smaller than 

the L. As the H presents the activation energy for endblock chain pullout, the pullout 

was calculated via 

𝜏𝑝𝑢𝑙𝑙𝑜𝑢𝑡 = 𝜏0 × 𝑒
𝐻

𝑅𝑇                       (4) 

𝜏0 =
𝑏2𝜁

6𝜋2𝑘𝑇
                            (5) 

Where 0 is the relaxation time of monomer segment. Nend is the polymerization degree 

of endblock chain, b is the statistical segment length,  is the monomeric friction factor, 

T is the Kelvin temperature, k and R are the Boltzmann constant and gas constant, 

respectively. b, and ζ are needed to calculate τpullout. The statistical segment length b = 

0.67 nm was taken from the literature; The value for ζ was estimated based on 

published rheological data for poly(butyl methacrylate). Based on above equations, it is 

reasonable that the relaxation of micelles is caused by endblock chain pullout because 

the relaxation of chain pullout is determined by Nmicelle, not affected by concentration 

theoretically.   

The longest relaxation time (L) and plateau modulus (GN) can be picked up from the 

master curve. In Figure 4a systematic shift of G, G and tan builds a sequence of 

master curves at different CP. L was defined as the inverse of the frequency where G 

and G cross. The L is plotted against in Figure 5c and simple scaling laws were found: 
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L ~ CP
7.6. The scaling exponent is also much larger than the predicted ones for the ideal 

entangled Gaussian chains: (L ~ CP
1.5) 19,50,51. The enhanced L dependence on CP is 

likely controlled by the effect of hydrophobic associations. In this respect, it should be 

noted that, the disengagement of one hydrophobic block from a micelle does not permit 

the relaxation of the entire chain, since the chain is still anchored by the many other 

hydrophobic blocks even in the absence of entanglements52. Additionally, the 

disengaged hydrophobic block tends to anchor on neighboring micelle again due to the 

solvent selectivity. Therefore, the entire chain cannot relax very fast compared to 

systems without association. While for GN, since G in the plateau region cannot be 

strictly horizontal, here the GN was determined as following equation based on 

crossover modulus-based method tailoring for polymers with low Mw and large 

molecular weight distribution53: 

 log
𝐺𝑁

𝐺𝑥
= 0.38 +

2.63𝑙𝑜𝑔
𝑀𝑤
𝑀𝑛

1+2.45𝑙𝑜𝑔
𝑀𝑤
𝑀𝑛

                        (6) 

where the Gx is the crossover modulus. The transient network theory predicts that the 

plateau modulus is given by 𝐺𝑁 =  𝜈0𝑘𝑇 , where the 0 is the number density of 

elastically effective chain21,54. As shown in Figure 5c, the scaling exponent, GN ~ CP
3.2, 

is much larger than expected one. This difference in scaling possibly can be rationalized 

in terms of effective chain fraction effect. Specifically, not all the polymer chain acts as 

the effective chain. Here, we evaluate the fraction of effective chain defined as 𝑓 =

 𝐺𝑁/𝜈𝑘𝑇 where  is the entire chain number density of PBMA-PMAA-PBMA in the 

solution. As shown in Figure 5d, at low concentration, 0.79 mol/L for example, f is 
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only 6%, implying that up to 94% polymer chain has no contribution to the GN. While 

at high concentration, 2.22 mol/L for example, f reaches up to 63%. The small change 

of CP leads to drastic variation of effective chain fraction, resulting in the strong 

dependence of GN on CP. 

2.3.4 Concentration dependence of gel transition temperature 

In additionally, sol-gel transition temperature (T*) also shows a strong concentration 

dependence. As shown in Figure 5d, the T* changes from -0.5 to 8.8 oC on increasing 

concentration from 0.79 to 2.22 mol/L. It is known that intermolecular association 

between endblock chains is favored at higher concentration. Therefore, a network 

structure could be easily formed in the solutions with higher CP resulting in higher 

sol-gel transition temperature. To further confirm the association from microscale, 

variable-temperature 1H NMR was carried out. The peak assignments were performed 

and shown in Figure 8. From the series of 1NMR spectra obtained between -30 and 50 

oC of triblock copolymer solution with a concentration of 1.03 mol/L (Figure 9a), we 

can see that the characteristic signal of methylene groups of BMA, around 4.2 ppm, 

becomes sharper with increasing temperature and its area first remains almost 

unchanged with negligible value, then shows a dramatic decrease and finally arrives a 

plateau (Figure 9b). Therefore, the sol-gel transition temperature (T*) is actually a 

temperature range, rather than a specific temperature. Here the T* is defined as the 

midpoint of the temperature range, bounded by the tangents to the two flat regions of 

the curve. The dependence of T* resulting from NMR was shown in Figure 9c. 
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Compared with the T* obtained from rheology, the values resulting from NMR are 

slightly larger due to its high sensitivity.  

2.3.5 Time-concentration superposition (TCSP)  

If the concentration variation is regarded as an inverse of temperature variation, 

changing the concentration is analogous to changing the temperature. Similar with 

TTSP, the time-concentration superposition (TCSP) was performed over a range of 

concentration and deformation frequencies, allowing us to probe structural relaxation at 

each temperature. The G, G and tan of triblock copolymer solution with different 

concentration measured at -20 oC are shown in Figure 10a-c. As is apparent from 

Figure 10, each of these curves at given concentration can be shift horizontally and 

vertically to create a concentration master curve based on the shift factors shown in 

Figure 10d. The shift factors, ac and bc, follow power law correction with 

concentration given as: ac ~ CP
6.5 and bc~ CP

-3.2. As shown in Figure 10f, the scaling 

obtained from TCPS (L ~ CP
7.4, GN ~ CP

3.6) is perfectly similar with that of the 

dependence of L and GN calculated from TTSP (L ~ CP
7.6, GN ~ CP

3.2) indicating 

reducing the temperature is equivalent to increasing concentration16,36,55. Furthermore, 

the TCPS were performed to probe the relaxation dynamics at various temperature. As 

shown in Figure 11a-c, the representative master curves at different temperatures show 

a similar shape, and the exponents of horizontal shift factor ac obtained from master 

curves obtained at various temperatures was shown in Figure 11d. It is apparent that 

the exponent of shift horizontal factor ac, a clue representing the energy needed for the 
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endblock chain pullout from micelle, is a strong function of the temperature. It is 

because the micelles formation is a result of relative change in interaction between the 

solvent and the endblocks, quantitated by Flory-Huggins Parameter  as follows:  

𝜒 = 𝑉𝑠𝑒𝑔(𝛿𝑎 − 𝛿𝑏)2/𝑅𝑇                            (7) 

where Vseg is the actual volume of a polymer segment, the a and a is the Hildebrand 

solubility parameters. From equation (7), the temperature plays a key role on endblock 

solvency, hence the micelle formation.  

2.3.6 Possible mechanism for the thermal-induced sol-gel transition 

Based on above explanation, another question should be asked: whether the  between 

the midblock and solvent is temperature sensitive or not? Although the temperature 

dependence of  between midblocks and solvent has not been determined 

experimentally, some visual observation presented in Figure 12 gives us some indirect 

evidence. Figure 12 displays representative images of homopolymer samples, PBMA 

and PMAA, and triblock copolymer PBMA -PMAA-PBMA, in DMF solvent with 

same monomer concentration (1.08 mol/L). At 25 oC, all samples show transparent and 

good flowability, indicating the complete solubility of all the polymers. As the 

temperature decreases to -20 oC, the triblock copolymer solution transfers to gel, 

demonstrating phase separation. While PBMA solution precipitated without the 

protection of PMAA.   This behavior shows that a strong temperature dependence of 

phase behaviors of the  of PBMA. In contrast, the PMAA sample remained transparent 

with similar viscosity at both low and high temperatures, illustrating the good solubility 
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of PMAA over the experimental temperature range. This is also supported by the 

rheological behaviors of homo PMAA presented in Figure 13. The typical dynamic 

moduli G and G of PMAA solutions with a concentration of 1.80 mol/L measured at 

various temperatures (Figure 13 a-b) can be shifted horizontally to a reference 

temperature (-20 oC) to generate a master curve (Figure 13c). Unlike the triblock 

copolymer system, the lnaT-1/T curve of homo PMAA solution shows linear relation 

over the whole temperature range. Based on the equation (1), the activation energy was 

calculated as ~20 kJ/mol. This value is much smaller than that obtained at low 

temperature R-I and comparable to the value obtained at high temperature R-II, 

demonstrating that the activation energy should origin from chain friction. This 

behavior confirms that there is no supramolecular structure formed in the homo PMAA 

solution over a wide range of temperatures. In additionally, similar experimental 

phenomena are observed in PMAA solution with different concentration (Figure 14).  

Consequently, the mechanism of this thermal-induced sol-gel transition for 

PBMA-PMAA-PBMA solution is proposed as follows. At the sol-region, the endblock 

shows good solubility in DMF solution, with a free state. When shifting towards to the 

high CP- low T, the samples become gel, demonstrating the endblock chains collapsed 

into micelles due to the poor solubility. This is also supported by the 1NMR in Figure 5 

in which the lower chain mobility at lower temperature due to freeze micelle state.  

2.4 Conclusion 

It is investigated that the relaxation dynamics of thermal-induced sol-gel transition in 
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the triblock copolymer consisting of PBMA-PMAA-PBMA in midblock selective 

solvent, DMF. The activation energy of micelle relaxation was explored using TTSP on 

small-amplitude frequency sweep measurements by fitting the temperature dependence 

of the shift factors with an Arrhenius equation. A break in slope of lnaT-1/T curve 

separates the activation energy of micelle relaxation from chain friction of 

entanglements. The activation energy of micelle relaxation, originating from endblock 

chain pullout from micelle, is independent of the triblock copolymer concentration. It is 

because the energy barrier for chain pullout is determined by Nmicelle, where  is the 

endblock-solvent interaction parameter, and Nmicelle is the degree polymerization of 

endblock chain. The corresponding relaxation time of micelle also calculated and 

compared with longest relaxation time (L). The endblock chain pullout time pullout is 

much smaller than the L. Despites of the concentration independence of relaxation 

micelles, the higher concentration induces higher sol-gel transition temperature (T*) 

because that intermolecular association between endblock chains is favored at higher 

concentration.  
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Amphiphilic Triblock Copolymer showing UCST Phase Transition 

Table 1. Discription of triblock copolymer and homopolymer 

 

a) A, B represent poly(butyl methacrylate) and poly(methacrylic acid), respectively. CP represents the 

monomer concentration (mol/L); b) the superscripts represent the degree of polymerization; c,d) 

number-averaged molecular weight and molecular weight distribution; e)molar ratio of midblock chain in 

a chain. 
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Figure 1. Temperature dependence of storage modulus, G′ (filled) and loss modulus, G′′ 

(unfilled) at = 10 rad/s for 1.98 mol/L triblock copolymer in DMF solvent. 
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Figure 2. Frequency dependence of the storage moduli G′ (a), the loss moduli G″ (b) 

and the loss factor tan for 1.98 mol/L triblock copolymer solution at different 

temperatures and a strain of 0.5%. (d) Time-temperature superposition master curve 

deduced from the data reported in (a-c) using one rescaling coefficient: T for the 

angular frequency. Reference temperature: -20 °C. 
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Figure 3. Arrhenius plot depicting the temperature dependence of the shift factors used 

to generate master curve. The apparent activation energy values were calculated from 

the slope of the curve. The two regions (R-I, R-II) are related to two different activation 

energies: the apparent activation energy at higher temperature and the association 

activation energy at lower temperature. The critical temperature is simply called as T. 
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Figure 4. Representative Time-temperature superposition master curves illustraing 

storage modulus G′, loss modulus G′′ and loss factor tan for triblock copolymer 

solution with concentration of (a) Cp = 1.03 mol/L, (b) Cp = 1.27 mol/L, (c) Cp = 1.50 

mol/L and (d) Cp = 1.98 mol/L; Reference temperature: -20 °C. (e) Arrhenius plot 

depicting the temperature dependence of the shift factors used for generating master 

curves in triblock copolymer solutions with different concentrations. 
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Figure 5. (a) Representative Arrhenius plot depicting the temperature dependence of 

the shift factors used to generate master curve. (b) The dependence of activation 

energies on the concentration in R-I and R-II; (c) The dependence of longest relaxation 

time L and plateau modulus GN on the concentration at -20 oC. (d) Phase diagram 

obtained from critical temperature T from R-I to R-II. 
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Figure 6. (a) Shear viscosity vs shear rate for triblock copolymer solutions at 

concentrations ranges from 0.001 to 0.1 g/mL. (b) Complex viscosity vs frequency for 

triblock copolymer solutions at concentrations ranges from 0.1 to 0.3 g/mL. (c) 

Concentration dependence of the specific viscosity sp. The four domains are related to 

four different concentration regimes: dilute, semidilute non-entangled, semidilute 

entangled and concentrated entangled regions, respectively. Temperature: 25 °C. 
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Figure 7. Steady shear viscosity and dynamic viscosity for triblock copolymer 

solution with a concentration of 1.62 mol/L.  
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Figure 8. 1H NMR spectrum of triblock copolymer solution, recorded in DMF-D7, 

with peak assignments. 
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Figure 9. (a) Temperature variation of 1H NMR spectrum of triblock copolymer with a 

concentration of 1.80 mol/L and (b) The temperature dependence of normalized area of 

CH2-O signal at various concentrations. (c) Concentration dependence of sol-gel 

transition points.  
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Figure 10. (a) Frequency dependence of the storage modulus G′ (a), the loss modulus G″ 

(b) and loss factor tan (c) for triblock copolymer solutions at different concentrations 

at -20 oC; Reference concentration: 1.98 mol/L. (d) the concentration dependence of 

horizontal shift factor c and vertical shift factor bc used for generating the 

Time-concentration superposition master curves; (e) Master curve deduced from the 

data in (a-c) using two rescaling coefficients: bc for the modulus and c for the angular 

frequency. (f) Concentration dependence of the longest relaxation time 0 and GN. 

Reference concentration: 1.98 mol/L. 
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Figure 11. Representative Time-concentration superposition master curves illustraing 

storage modulus G′, loss modulus G′′ and loss factor tan for triblock copolymer 

solution at temperature of (a) T = -10 oC, (b) T = 0 oC and (c) T = 10 oC; Reference 

concentration: 1.98 mol/L. (d) Temperature dependences of exponent of horizontal 

shift factors c used for generating master curves in triblock copolymer solutions at 

different temperature. 
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Figure 12. Optical figures of triblock copolymer and corresponding homo-polymers of 

PBMA and PMAA at -20 oC. Concentration: 1.08 mol/L. 
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Figure 13. Frequency dependence of the storage moduli G′ (a), the loss moduli G″ (b) 

for 1.80 mol/L homo PMAA solution at different temperatures and a strain of 0.5%. (c) 

Time-temperature superposition master curve deduced from the data reported in (a-b) 

using one rescaling coefficient: T for the angular frequency. Reference temperature: 

-20 °C; (d) the Arrehnius plot derived from (c) for homo PMAA with concentration of 

1.80 mol/L.  
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Figure 14. The dependence of activation energies on the concentration.   
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Figure 15. Scheme of the structure of triblock copolymer solutions in different phases. 

The midblock chain PMAA and endblock chain PBMA are represented in red and blue, 

respectively. The solvent DMF is represented in ball-and-stick model. The blue 

intermolecular associations due to organophobic interaction are represented in blue 

micelles.  
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Chapter 3: Contribution of Physical Crosslinks and Trapped 

Entanglements in Transient Network of Triblock Copolymer in 

Aqueous Condition 

3.1 Introduction 

Long linear polymers even without crosslinks exhibit many properties indicating the 

existence of a temporary network formed by entanglements[1]. For example, the 

specific viscosity dependence of polymer concentration above certain molecular 

weight shows a sharp transition in exponent from 1 to 3.9 at critical concentration[2]; 

Oscillatory dynamic measurements show a pseudo-equilibrium rubber plateau which 

can completely recover for short time deformations[3]. After the introduction of 

chemical crosslinks, the contribution of entanglements and newly introduced crosslinks 

to the elastic network is very essential for their macroscopic behavior. Most of 

entanglements are permanently trapped in the network due to the presence of 

cross-links, providing topological constraints yielding additional elastic modulus[4]. 

The entire network can be regarded as superposition of two networks originated from 

entanglements and crosslinks, which can be interpreted quantitatively by Edwards tube 

model[5]. The   modulus of the entangled polymer network can be approximated as a 

simple sum[6]: 

𝐺 ≅ 𝐺𝑐 + 𝐺𝑒 ≈ 𝜌𝑅𝑇 (
1

𝑀𝑐
+

1

𝑀𝑒
)                    (1) 

Where the G, Gc and Ge is the total modulus, crosslink modulus and entangled modulus, 
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respectively.  is the network density (mass per unit volume), R is the gas constant, T is 

the Kelvin temperature, Mc and Me is the number-averaged molar mass of a network 

strand from crosslinks and entanglements, respectively. In modern molecular theories 

field, modeling entanglement effects to rubber elasticity has been a focus. Several 

molecular models employing different treatments of entanglements have been proposed, 

including diffused-constraint model[7], slip-link model[8] and tube models of several 

version[9–12]. Some of models have been compared with experiments results. Ferry used 

the two-network model to describe uniaxial extension experiments for extracting the 

contribution of trapped entanglements from crosslinks to elastic modulus on 

1,2-polytbutadiene crosslinked near Tg by -irradiation[5]. Klüppel calculates the 

contribution ratio of crosslinks and entanglements to the reduced stress from 

experimental stress-strain data[13]. Kohijya et al. successfully used the slip-link model 

to describe the biaxial stress-train curves of the end-linked poly(dimethyl siloxane) 

with different entanglement densities[4].  

Besides the theoretical fields, since 2003, Gong et al. uses the concept of trapped 

entanglements in chemical crosslinked networks, for the first time to prepare 

high-strength tough double network gels (DN hydrogel)[14,15]. In their work, the high 

toughness of BN gels originates from a double network structure inside the gels: 

reinforcing a tightly cross-linked rigid gel (first network) with mutually entangled 

flexible long polymers (second network) penetrating in the first network. The 

applications of this concept enabling enormous tough materials being prepared. And 
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one might argue this is a key step in the industrialization of synthetic biology leading to 

a new era of biotechnology. The only disadvantage of the common DN gel is that they 

have permanent internal damage after applying large deformation because internal 

covalent-bond fractures in the brittle first network are irreversible. Recent work has 

replaced the covalent bonds of the tough DN gels with physical (non-covalent) 

alternatives, including hydrogen bond, ionic bond or hydrophobic associations that 

allow the sacrificial bonds to be re-formed[16–21]. Studies along these lines have 

successfully produced tough hydrogels with partial or full self-recovery after internal 

rupture[18]. Sun et al[17]. demonstrated that the key role of entanglement in their tough, 

self-recoverable polyampholytes gel. Clearly, these are interesting systems due to 

coexistence of physical crosslinks and entanglements, while from the theoretical 

viewpoint, nevertheless, contributions from each part to the macroscopic mechanical 

performance is still unclear.  

In the present study, we extract the entanglements from physical crosslinks in endblock 

triblock copolymer networks with different entanglement densities. Using solvent 

exchange process, the triblock copolymer gels are prepared from the solutions with 

different precursor solutions followed by introduction of physical crosslink through 

self-assembly of endblocks. Firstly, the triblock copolymer was dissolved in its good 

solvent, dimethylformamide DMF. At the uncrosslinked state, the time-temperature 

superposition was performed to capture the plateau modulus originating from the 

entanglement. By solvent exchange process, the physical crosslinks were locally 



68 

formed by self-assembly of endblock into micelles. The stress relaxation and uniaxial 

tensile measurements were used to probe the elastic modulus in final gels. Finally, the 

entanglement contribution to the final gel modulus was successfully extracted from 

physical crosslinked network.   

3.2 Experiments 

3.2.1 Materials  

The amphiphilic triblock copolymers, poly(butyl methacrylate)-b-poly(methacrylic 

acid)-b-poly(butyl methacrylate) (PBMA-b-PMAA-b-PBMA), and corresponding 

homo-PBMA and homo-PMAA were synthesized by the Otsuka Chemical Co., Ltd., 

Japan (Table 1). The solvent dimethylformamide (DMF) were purchased from Wako 

Pure Chemical Industries, Ltd. (Japan).  

3.2.2 Preparation of triblock copolymer gels (B gels) 

A solution of triblock copolymer/N,N-dimethylformamide was poured onto the glass 

surface confined by a spacer with dimensions of 60 mm × 60 mm × 1.5 mm. The 

solution was fixed through surface gelation induced by spraying water vapor on the 

solution surface for several minutes. Then, the surface solidified solution was 

immersed in water for 3 days for solvent exchange.  

3.2.3 Characterization  

3.2.3.1 Rheology 
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An ARES-2 rheometer (TA Instruments) was used with a concentric cylinder geometry 

of 27.66mm bob diameter, 30 mm cup diameter and 41.5 mm bob length. Steady shear 

tests were performed in the shear rate range from 10-3 to 103 s-1 with 5 min as the 

maximum point time to ensure equilibrium is attained at every test point. All the steady 

shear tests were performed at at 25 oC for triblock concentration ranges from 7.92 mmol 

L-1 to 0.792 mol L-1. Dynamic measurements were performed in the linear viscoelastic 

regime. The dynamic frequency sweep experiment was performed from 0.01 to 100 rad 

s-1 with a strain of 0.5% over a temperature range of -20 oC to 35 oC with a temperature 

interval of 5 oC. The data was processed using the manual shifting mode to perform 

time-temperature superpositions (TTSP) and spectrum calculations.  

3.2.3.2 Stress-relaxation test 

A strain-controlled rheometer (ARES, TA Instruments) fitted with 25mm parallel plates 

was used for stress relaxation experiments. Humidity control is by means of a water 

bath. The gels were fixed on the parallel plate fixtures by glue. Due to the sensitivity to 

sample loading and shear history, protocols as following were adopted: (i) glue the 

sample to fixture, (ii) add water to the fixture container, (iii) heat the sample to 25 oC (at 

the fluid state) and equilibrate for 10min, (iv) perform a pre-shear at strain 0.1% and 

frequency 1.0rad/s for 4000 s. 

3.2.3.3 Uniaxial tensile test 

The tensile stress-strain measurements were performed using a tensile-compressive 

tester (Tensilon RTC-1310A, Orientec Co.) at a deformation velocity of 100 mm/min at 
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25 oC with humidity control to prevent evaporation. 

3.3 Results and discussion  

3.3.1 Dependence of specific viscosity (sp) on concentration (CP) 

To Confirm the entanglement concentration in uncrosslinked triblock copolymer 

solutions, the specific viscosity sp of solution depending on triblock copolymer 

concentration is established (Figure 1). The specific viscosity is defined as follows:  

η𝑠𝑝 =
𝜂𝑎−𝜂0

𝜂0
                             (2) 

where a is the zero-shear viscosity of triblock copolymer solution and 0 is the 

viscosity of the solvent. The ηa and η0 can be obtained from the following relationships: 

𝜂𝑎 = lim
𝛾̇→0

𝜂 or 𝜂𝑎 = lim
𝜔→0

𝐺′′

𝜔
                      (3) 

The sp increases as the concentration increases. It shows a power law relationship with 

the polymer concentration, and four transition concentration regions can be defined 

based on exponents:  

ηsp ~ C0.94  in dilute solution; 

ηsp ~ C1.45  in semidilute unentangled solution; 

ηsp ~ C3.24  in semidilute entangled solution; 

ηsp ~ C11.3  in concentrated entangled solution. 

These values are similar to the theoretical exponents for polymers in good solvent in 

these three regions which are 1.0 in dilute solution, 1.3 in semidilute unentangled 

solution, and 3.9 in semidilute entangled solution[3]. As shown in Figure 1c, the critical 
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entanglement concentration is obtained as 0.08 g/mL.  

3.3.2 Plateau modulus 

Time-temperature superposition is an effective tool in rheology to probe entanglements  

in uncrosslinked polymer solutions[22,23]. Figure 2 shown the master curves of triblock 

copolymer concentrations after TTSP referenced to 25 oC, only with horizontal shift. 

As observed in figure, it is difficult to derive GN since G in the plateau region cannot be 

strictly horizontal. Here the GN was determined as following empirical equation based 

on crossover modulus-based method tailoring for polymers with low Mw and large 

molecular weight distribution[2]: 

 log
𝐺𝑁

𝐺𝑥
= 0.38 +

2.63𝑙𝑜𝑔
𝑀𝑤
𝑀𝑛

1+2.45𝑙𝑜𝑔
𝑀𝑤
𝑀𝑛

                        (4) 

where the Gx is the crossover modulus. 

The results are plotted versus triblock copolymer weight fraction on a log-log scale in 

Figure 3. A power law fit gives a slope of 2.89, which has a slight deviation from the 

theoretically predictions 2.3 for entangled solution of neutral polymer in good solvent. 

3.3.3 Introduction of physical crosslinks 

Solvent quality plays a key role in the self-assembly of block copolymer[24]. Here, we 

describe the use of solvent exchange for obtaining PBMA-PMAA-PBMA gel from 

DMF to water, where the DMF is good solvent for both blocks, and the water is a 

selective solvent for the polymer midblock PMAA. The volume swelling ratio from 
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uncrosslinked solution to B gel was defined as: 

 𝑄 =
𝑉𝐵 𝑔𝑒𝑙

𝑉𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
                               (5) 

Where VB gel and Vsolution is the volume of B gel and precursor solution, respectively. As 

shown in Figure 4a, the swelling ratio is almost independent of the concentration. 

What’s more, the volume at B gel state is consistent with that at precursor solution state 

(Q~1). Here, we can assume that the entanglement contributions to the modulus in B 

gels is equal to the plateau modulus GN of the uncrosslinked triblock copolymer 

solutions. This assumption was extensively used in previous research on the effect of 

entanglement on rubber elasticity[25–29]. For accuracy, the entanglement contribution Ge 

for elastic network of B gel is normalized by swelling ratio Q as follows: 

𝐺𝑒 =
𝐺𝑁

𝑄
                              (6) 

In addition, the polymer volume fraction ϕP of B gel was calculated as  

 

𝜙P
-1 = 1 + (

𝑐

1−𝑐
)

𝜌p

𝜌w
                      (7) 

Here, p and w are densities of polymer and water, respectively. c is water content is 

defined as the ratio percentage between the weight of water in gel to the total weight of 

the gel. The corresponding ϕP of B gels prepared from different triblock copolymer 

precursor solutions are shown in Figure 4b. Based on above data, we can plot the Ge - 

ϕP curve in Figure 5a. Similar to Figure 3, the power law fit gives a slope of 2.5, which 

agrees well with the value ranges of 2-2.5 experimentally determined in other polymer 

solutions[30–32]. According to classical elastic theory, Ge can be expressed as[6] : 
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𝐺𝑒 =
𝜌𝑅𝑇

𝑀𝑒
                             (8) 

Where  is the network density (mass per volume), R is the gas constant, T is the Kelvin 

temperature and Me is the number-average molar mass between neighboring 

entanglements. The Me decrease as increasing the concentration, which is consistent 

with the theoretical prediction[3].  

3.3.4 Elastic modulus of B gels  

It is very known that network form by assembly of triblock copolymers existing defect 

(loop or dangling chain) at low concentration. The defect endows the ideal elastic 

triblock copolymer network with significantly viscoelasticity. Here, by tuning the 

midblock chain length and concentration, the triblock copolymer B gels with no defect 

were chosen for this research (data shown in Chapter 4). To further confirm that perfect 

network in B gels, the oscillatory frequency sweep was performed. As shown in Figure 

6, storage modulus, G shows a nearly frequency-independent plateau in the observed 

region, while the loss modulus, G, is significantly smaller, which is similar with the 

systems with pure elasticity. Then the elastic modulus G can be derived from Young’s 

modulus E by the relation[33]: 

𝐸 = 2𝐺(1 + 𝜐)                            (9) 

where  is the Poisson's ratio. Because rubbery materials are virtually incompressible 

in bulk, the value of Poisson’s ratio is close to 0.5. Then the G is therefore given by 1/3 

E to good approximation. 

Figure7a shows the uniaxial tensile curves in the tensile test of the B gels with different 
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polymer concentrations. The Young’s modulus E was derived from their initial slopes 

(less than 10% strain) of the stress-strain curves. Figure 7b shows the dependence of 

the Young’s modulus E on the polymer volume fraction ϕP in B gels. Based on equation 

8, the total modulus G contributed by the simple sum of entanglements and physical 

crosslinks was calculated. As shown in Figure 7c, the plot log G -log ϕP is fitted well 

with the power law: G ~ ϕP
1.3, while is larger than that from theoretical prediction: G ~ 

ϕP
1 for rubber elastic network without trapped entanglements. This result supports the 

assumption of the existence of a correlation between topology of the entangled solution 

prior to crosslinking and its contribution to the final network of B gel.  

3.3.5 Assignment of modulus G in B gels from physical crosslinks and 

entanglements  

In order to study the contribution of physical crosslinks to the elastic modulus, named 

as Gc, the modulus was evaluated by 𝐺𝑐 = 𝐺 − 𝐺𝑒. Figure 8 also shows the double 

logarithmic plots of Gc vs ϕP. The least square method yields G ~ ϕP
1.0. The 

experimental exponent is perfectly same with the predicted one, confirming that it is an 

effective way to separate the contribution of entanglements from crosslinks in physical 

B gel. It is worth to mention that the it will have large deviation in systems which has a 

short chain possibly caused by the defect (Figure 9). This issue will be discussed 

systematically in Chapter 4. 
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3.4 Conclusion  

The individual contributions to the effective network from trapped chain entanglements 

and crosslinks in a physical triblock copolymer gels were successfully estimated by 

probing the modulus at uncrosslinked state (solution) and crosslinked state (B gel). The 

entanglements GN in uncrosslinked solution were probed by TTSP. The trapped 

entanglements Ge was calculated by GN normalized by swelling ratio from the solution 

to B gel. the contribution from crosslinks was calculated by subtracting the contribution 

of Ge from G, the total modulus of B gel. The ϕP dependence of Ge and Gc obeys power 

law with exponents of 2.5 and 1.0. The experimental exponent is perfectly conformed 

to the theoretical predictions, confirmed that our method is an effective method to 

separate the entanglements from crosslinks in physical hydrogels. It should be open the 

new door for designing new materials from theoretical viewpoint.  
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Table 1. Description of triblock copolymers. 

 

a) The subscripts of m, n and p represent the degree of polymerization of the endblock, 

midblock and endblock respectively. A and B represent poly(butyl methacrylate) 

(PBMA) and poly(methacrylic acid) (PMAA), respectively. b) Molar fraction of 

midblock PMAA. c) Weight-average molecular weight and molecular weight 

distribution of the triblock copolymer, respectively. 
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Scheme 1. Schematic diagram depicting the preparation of a B gel with trapped 

entanglements. 
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Figure 1. (a) Shear viscosity vs shear rate for triblock copolymer solutions at 

concentrations ranges from 0.001 to 0.1 g/mL. (b) Loss modulus vs frequency for 

triblock copolymer solutions at concentrations ranges from 0.1 to 0.3 g/mL. (c) 

Concentration dependence of the specific viscosity sp. The four domains are related to 

four different concentration regimes: dilute, semidilute non-entangled, semidilute 

entangled and concentrated entangled regions, respectively. Temperature: 25 °C. 
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Figure 2. Representative Time-temperature superposition master curves of 

uncrosslinked triblock copolymer solution illustraing storage modulus G′, loss modulus 

G′′ for triblock copolymer solution with different concentrations. Reference 

temperature: 25 °C.  
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Figure 3. The plateau modulus GN of uncrosslinked triblock copolymer solution by 

time-temperature superposition as a function of polymer concentration CP.  

  



83 

 

Figure 4. (a) Swelling ratio of B gels prepared at different precursor concentrations and 

(b) their corresponding volume fraction. 
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Figure 5. The entanglement contribution Ge (a) and the corresponding entanglement 

molecular weight Me (b) as a function of volume fraction in B gels. 
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Figure 6. Representative Time-temperature superposition master curves of B gel 

illustraing storage modulus G′, loss modulus G′′ for triblock copolymer solution with 

different concentrations. Reference temperature: 25 °C. 
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Figure 7. (a) Tensile behavior of the B gels prepared at different precursor triblock 

copolymer concentrations. (b) The trends of the Young's modulus E as a function of the 

polymer volume fraction ϕp. (c) The elastic modulus G derived from the E by 𝐺 =
1

3
 𝐸. 
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Figure 8. The concentration dependence of contribution of crosslinks Gc to the elastic 

modulus of B gel given by subtracting the Ge from G. 
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Figure 9. (a) The concentration dependence of contribution of entanglement Ge and (b) 

contribution of crosslinks Gc to the elastic modulus of B81 gel.   
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Chapter 4: Concentration Dependence of Bridged Chains in 

Triblock Copolymer Gels Visualized by Small-Angle X-ray 

Scattering 

4.1 Introduction 

When ABA triblock copolymers are dissolved in a midblock selective solvent, the 

endblocks aggregate to form micelles that act as high functionality cross-linking 

points[1]. At very low concentrations, the endblock forms a loop conformation whose 

two ends are anchored on the same domain. As the concentration increases, the 

endblock tends to form a bridge conformation whose two ends are pulled apart into the 

two micelles, resulting in the formation of a transient network[2,3]. Mattice et al. define 

the gelation point as the critical concentration where there are enough bridges to 

connect a sufficient number of micelles to span the entire system[4]. At critical 

concentration, the newly formed network coexists with defect such as loop, dangling 

micelles. Thus, the structure of the A-B-A triblock copolymer can be specified with the 

defect/bridge ratio or bridge fraction, ϕbridge. This fraction has significantly influence 

viscoelasticity, mechanical performance and other physical properties[5–7].  

Theoretical efforts have been made to evaluate ϕbridge
[8–10], however, there are a few 

experimental reports due to the difficulty to distinguish the bridge from defect 

accurately. Watanabe et al. performed a sequence experiments to evaluate ϕbridge for 

based on comparing slow dielectric relaxations of the dipole inverted polyisoprene 
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chains (I) in polystyrene-block-polyisoprene-block-polystyrene (SIS) with those of I 

chains in SI diblocks[11–13]. Takano et al. use rheological measurements to study the 

loop/bridge problem by blending cyclic-SI and SIS with different molar ratio, resulting 

in various loop/bridge conformation ratios, and the SIP sample was used as the 100% 

bridged reference sample[6]. 

Clearly, only in special systems by precise designs, it is possible to determine the 

loop/bridge ratio of an ABA triblock copolymer experimentally. It is often difficult to 

separate the effect of various contributions to macroscopic properties in universal 

systems, resulting in a quantitative understanding of triblock copolymer network, has 

been lacking. In this study, we firstly observed the separated signals of bridge and 

defect by SAXS measurements. In addition, the defect-to-bridge transition was visibly 

observed by changing triblock copolymer concentration, which is further confirmed by 

same trend of normalized Young’s modulus vs concentration.  

4.2 Experiments 

4.2.1 Materials  

The amphiphilic triblock copolymers, poly(butyl methacrylate)-b-poly(methacrylic 

acid)-b-poly(butyl methacrylate) (PBMA-b-PMAA-b-PBMA), and corresponding 

homo-PBMA and homo-PMAA were synthesized by the Otsuka Chemical Co., Ltd., 

Japan (Table 1). The solvent dimethylformamide (DMF) were purchased from Wako 

Pure Chemical Industries, Ltd. (Japan).  
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4.2.2 Preparation of triblock copolymer gels (B gels) 

A solution of triblock copolymer/N,N-dimethylformamide was poured onto the glass 

surface confined by a spacer with dimensions of 60 mm × 60 mm × 1.5 mm. The 

solution was fixed through surface gelation induced by spraying water vapor on the 

solution surface for several minutes. Then, the surface solidified solution was 

immersed in water for 3 days for solvent exchange.  

4.2.3 Characterization  

4.2.3.1 Small angle X-ray scattering  

The static SAXS measurements were performed at BL19U2 beamline at the National 

Center for Protein Sciences Shanghai. The wavelength of X-ray was 1.033 Å and the 

sample-to-detector distance was set to be 6225.6 mm. The in-situ SAXS measurements 

were performed at BL40B2 beamline at the Synchrotron X-ray Facility in SPring-8. 

The wave length of X-ray was 1.0 Å and the sample-to-detector distance was set to be 

2310 mm. All scattering images were analyzed with Fit2D software from European 

Synchrotron Radiation Facility by taking off the detector spatial distortion, X-ray beam 

fluctuation and background scattering. 

4.2.3.2 Uniaxial tensile test 

The tensile stress-strain measurements were performed using a tensile-compressive 

tester (Tensilon RTC-1310A, Orientec Co.) at a deformation velocity of 100 mm/min at 

25 oC with humidity control to prevent evaporation. 
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4.3 Results and discussion  

4.3.1 Structure of triblock gels (B gel) 

The B gel is transparent and smooth (insert in Figure 1). In order to determine the 

structure of B gel, small-angle X-ray scattering experiments were performed, and 

representative scattering patterns are shown in Figure 1. Scattering contrast in these 

types of micellar systems arise from electron density differences between the less 

solvated micelle core and the environment solvent. It is often modeled by treating the 

system as a randomly distributed hard sphere using an approach developed by Percus 

and Yevick[14]. In this model, the total scattering intensity is the product of the form 

factor which accounts for the geometry of the individual micelles and the structure 

factor which accounts for the distribution of micelles in the system. While in our curve, 

we found that the model becomes invalid due to the complex peak observed. As shown 

in Figure 1, there exists three peaks in the 1 D spectra derived from the 2D SAXS image 

(insert figure). To assign the peaks, the deformation experiments at small deformation 

were performed. Figure 2a shows the SAXS results of B gel at different strains. Here 

we can assume that at small strain, the micelles dose not deform, namely the peak 

representing the factor maxima remain unchanged. It needs to mention that the 

anisotropic structure observed when ε = 0 possibly caused by sample loading process. 

Same sample image was shown in insert image in Figure 1. With the increasing of 

strain, the anisotropic structure was observed when the gel is stretched. Figure 2b-c 

shows the one-dimensional scattering intensity distributions along with and 
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perpendicular to the stretching direction. The scattering intensity distribution of peak 

1,2 shifts to the low q value toward smaller angles (for the parallel stretching) or larger 

angles (for the perpendicular direction), whereas there is no shift in the position of the 

maxima changes from peak 3. These results assign the peak 1 and peak 2 to the 

interdomain distance (structure factor), which was calculated as 𝑑 =
2𝜋

𝑞
, and peak 3 is 

assigned to the domain size (form factor), which was calculated as 𝑞𝐷 = 5.76, where 

D is the diameter of the domain. The calculated results are shown in the Figure 2d-e, 

with increasing strain, the d1 and d2 increase at parallel direction and decrease at the 

perpendicular direction. While the D remains unchanged at both direction. 

4.3.2 Concentration-induced structure transition  

Figure 3a shows SAXS patterns for B gels prepared at different concentrations ranging 

from 0.1 to 0.25 g/mL. The corresponding one-dimensional scattering intensity 

distributions are shown in Figure 3b. At low concentration, only peak 1 was observed. 

While as concentration increases, the scattering intensity distribution changes from a 

one peak curve to two peaks at certain concentration (CP
*: 0.17 g/mL) indicating the 

formation of new structures of different long period. Evidently, the scattering peak 1 

denoting the original peak weakens accompanied by a gradual increase of the new peak 

showing the structure transition at high concentration. The position of the scattering 

peak from newly formed structure locates at larger q than the one from the original 

structure. With the increase of strain, the scattering peak position of the new lamellar 

stacks keeps almost constant. Figure 4a shows the domain distance d1, d2 of the two 
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scattering peaks as increase of concentration. At low concentration, original scattering 

peak 1 have a large interdomain distance, d1. With the increase of concentration, d1 

become smaller firstly, finally showing the same value with that of new formed 

structure. As shown in Figure 4b, the domain sizes are independent of concentration, 

indicating that the increase in polymer concentration in the gel results in a larger 

number of domains. Simultaneously a decrease in domain distance of structure I 

illustrated the formation of new micelles. While for the structure II, the domain distance 

d2 and domain size keep constant, implying the structure II have arrived the saturated 

and no space for the new formed micelles. Based on this result, we deduced that 

structure I is formed by micelles connecting to the network with defect, while the 

structure II origins from the near perfect network. As far as we know, it is first time to 

observed the separated structure by SAXS. Here, we named the micelles contributing to 

structure I and structure II as dangling micelles and bridged micelles, respectively.  

4.3.3 Mechanical response of different micelle morphology 

The mechanical response of bridged micelles and dangling micelles can be well 

described by different impact to the modulus. The dangling micelles, not be confined in 

the perfect network, cannot be bear the force to contribute the modulus during force 

loading. While the bridged micelles, are considered as the elastic contribution to the 

rubber elasticity[4,15]. To further confirm the origins of structure I and structure II, 

tensile tests of B gel prepared at different triblock copolymer solutions were performed 

(Figure 5a). The polymer volume fraction ϕP of B gel was calculated as  
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𝜙P
-1 = 1 + (

𝑐

1−𝑐
)

𝜌p

𝜌w
                         (1) 

Here, p and w are densities of polymer and water, respectively. c is water content is 

defined as the ratio percentage between the weight of water in gel to the total weight of 

the gel. The corresponding ϕP of B gels prepared from different triblock copolymer 

precursor solutions are shown in Figure 6. Based on above data, we can plot the the ϕP 

dependence of Young’s modulus, the fracture strain and fracture stress in Figure 5b-c. 

Young’s modulus of a polymer gel is proportional to the number of effective chains that 

sustain the force. With the decrease in the water content of the gel, the number of elastic 

chains per unit volume of the gel increases. To remove the effect caused by the change 

in the polymer density, the Young’s modulus, adding the fracture strain and fracture 

stress were normalized according to following equation[16]: 

Normalized modulus:  𝐸N = 𝐸/𝜙P                       (2) 

Normalized fracture strain:  𝜀𝑁 = 𝜀/𝜙𝑃
1/3

                 (3) 

Normalized fracture stress:  𝜎𝑁 = 𝜎/𝜙𝑃
2/3

                (4) 

The normalized mechanical data are equivalent to that of an elastic network in dry state. 

The calculated results are shown in Figure 7. After the normalization, all the data 

showed a first increase trends followed with a flat region that with similar critical 

concentration (0.17 g/mL). According to classical elastic theory, G can be expressed 

as[17] : 

𝐸𝑁 =
𝐸

𝜌
= 𝜙𝑏𝑟𝑖𝑑𝑔𝑒𝑅𝑇                             (5) 
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Where  is the network density (mass per volume), ϕbridge is the bridging fraction of B 

gels, R is the gas constant and T is the Kelvin temperature. From equation 5, the 

concentration dependence of EN represents the change trends of bridge fraction. At the 

region I dominated by structure I, the EN continues to increase, indicating that the 

dangling micelles gradually connects to the network and transfers to the bridged 

micelles. As the increase of concentration, the dangling micelles become minor and 

entering to the region II. In this region, all the dangling micelles convert into the 

bridged micelles to have a contribution to the elastic modulus. After the normalization, 

the EN has no concentration dependent due to the saturation of bridged micelles. This is 

furthat confirmed by the gel swelling behavior. As shown in Figure 8, the swelling 

ratio has a weaker concentration dependence in region I because the new formed 

micelles occupy the defect region in structure I and no extra space needed, resulting in 

unchanged swelling ratio. While in region II, the defect region was occupied by the 

bridged micelles and no space for extra dangling micelles, the new added micelles 

expand new volume, resulting in increasing swelling ratio.    

4.3.4 Dependence of the bridge fraction with polymer fraction  

To quantify the bridged fraction ϕbridge for our system, the shear modulus, G, for an ideal 

Neohookean material that has been isotropically swollen by solvent is given by[18,19]  

𝐺 = 𝜈𝜙𝑏𝑟𝑖𝑑𝑔𝑒𝑅𝑇
𝑑2

𝑅0
2                       (6) 

Where  is the number density of total chains, d is the average distance between 

cross-links, R0
2 is the mean-squared end-to-end distance for an equilibrium solution of 
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molecules with a molecular weight equal to the average molecular weight between 

cross-links. For triblock copolymer gels, d scales with the average distance between 

aggregates and reflects stretching of the midblocks due to geometric constraints. The  

can be calculated based on the polymer density in precursor solutions by: 

𝜈𝑠𝑜𝑙 =
𝐶𝑃𝑁𝐴𝜌

𝑀𝑛
          𝜈 =

𝜈𝑠𝑜𝑙

𝑄
                         (7) 

Where sol is the polymer density in precursor solution, CP is weight fraction of triblock 

copolymer in precursor solution, ρ is density of precursor solution, NA is Avogadro 

constant (6.02×10²³), Mn is number molecular weight and Q is swelling ratio (volume 

of B gel divided by volume of precursor solution). The calculated data are shown in 

Figure 9. As expected, the bridge fraction ϕbridge increased with increasing polymer 

concentration in region I, while at higher concentrations, the ϕbridge converges to ~0. 45. 

This value is smaller than that from theoretical prediction (~0. 75)[20], possibly caused 

by the excessive correction for chain conformation in equation 6. In addition, the plots 

of EN against ϕbridge are shown in Figure 9b. In this equation, since ϕbridge is essentially 

proportional to EN, an intercept b should be 0. In practice, surprisingly, b shows a 

negligible value, 0.03, which further confirm our calculation. 

4.3.5 Effect of midblock size on structure transition  

In the previous research, the middle block size always was considered to be have 

negligible effects on micellization and gelation of block copolymer[4,21]. However, we 

found the middle block size can significantly influence the structure I -to structure II 

transition by affecting the network integrity. In the triblock copolymer with longer 
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soluble midblocks, the endblock can start to form network while those with shorter 

soluble blocks remain as dangling micelles in solution because molecules with longer 

soluble blocks carry lower “free energy cost” for being bridged state than loop state. 

Here, we show that the soluble block plays a significant role in determining the network 

integrity by combing the SAXS and corresponding mechanical response. When the 

triblock copolymer has a short soluble chain B81, as shown in Figure 10a, the peak 1 

can be observed for the whole concentration region, indicating the coexistence of 

dangling micelles even at high concentration. This can be confirmed by the continuous 

bridge fraction as concentration increases (Figure 10b). It needed to notice that the 

calculated bridged fraction at high concentration is much larger than 1, which possible 

caused by the compact structure formed due to high concentration. While the triblock 

copolymers with a longer soluble chain B302, B444, as shown in Figure 10c, e, the peak 

1 cannot be observed for the whole concentration regions, indicating that once the 

network formed, there is few defects in the network. This can be confirmed by the 

concentration independence of bridge fraction (Figure 10d, f). 

4.3.6 Mechanism of structure transition 

The effect of concentration and midblock chain length on structure transition was 

shown in Figure 11. Increase of the polymer concentration induces high possibility for 

bridged chain formation, resulting in more tendency for perfect network. Longer 

soluble midblocks tends to form bridge than loop due to the low energy cost.  
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4.4 Conclusion 

This paper for the firstly time probe the the signals of defect and bridge by small angle 

X-ray scattering measurements. The concentration of triblock copolymer was used to 

tune the defect-to-bridge transition, which is further confirmed by same trend of 

normalized Young’s modulus vs concentration.  
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Table 1. Description of triblock copolymers. 

 

a) The subscripts of m, n and p represent the degree of polymerization of the endblock, 

midblock and endblock respectively. A and B represent poly(butyl methacrylate) 

(PBMA) and poly(methacrylic acid) (PMAA), respectively. b) Molar fraction of 

midblock PMAA. c) Weight-average molecular weight and molecular weight 

distribution of the triblock copolymer, respectively. 
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Scheme 1. Schematic diagram depicting the preparation of a B gel. 

 

  



103 

 

Figure 1. 1D scattering intensity profiles of B gel with a concentration of 0.17 g/mL. 

The inserting figure is the corresponding 2D SAXS image and optical picture of B gels.  
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Figure 2. (a) 2D-SAXS images during the tensile process. The sample is stretched in 

the vertical direction. (b) Profiles of one-dimensional curves along the stretching 

direction (c) vertical to the stretching direction. (d) and (e) is the corresponding long 

spacing d1, d2 and micelles size for the (b) and (c), respectively.  
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Figure 3. (a) 2D-SAXS images of the selected concentration of B142 gel. (b) 

Corresponding 1 D-SAXS curves.  
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Figure 4. (a) Plot of the structure factors and (b) form factor vs concentration for B142 

gel.  
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Figure 5. (a) Tensile stress-strain curves of the B142 gel on the concentration of triblock 

copolymer. Dependence of the Young’s modulus (b), fracture strain and fracture stress 
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(c) on CP. 

 

Figure 6. The triblock concentration dependence of water content (a) and polymer 

volume fraction (b) in B142 gel. 

  



109 

 

Figure 7. Triblock copolymer concentration dependencies of the nominal Young’s 

modulus EN (a), the nominal fracture strain εN (b), and the nominal fracture stress σN (c) 

for B142 gel. 
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Figure 8. Triblock copolymer concentration dependence of swelling ratio. 
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Figure 9. (a) (b) Plot of normalized EN against bridge fraction ϕbridge. (b) Plot of 

normalized EN against triblock copolymer concentration.   
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Figure 10. Scattering intensity vs q for B81 gel (a), B302 gel (c) and B444 gel (d) , 

respectively. Triblock copolymer concentration dependencies of the nominal modulus 

GN for B81 gel (a), B302 gel (c) and B444 gel (d), respectively. 
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Figure 11. Scheme of the structure transition of B gels with different insoluble 

midblock chain. 
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Chapter 5: Toughening mechanism of B-DN gel by 

In-situ Small-Angle X-ray Scattering 

5.1 Introduction 

Hydrogels have drawn great attention as synthetic equivalents for a variety of 

applications in biological systems due to its resembled biological tissues[1–5]. Most 

hydrogels suffer from a poor mechanical strength, which limits their use. Using 

sacrificial bonds, the brittle hydrogel can be strongly reinforced in stiffness and 

toughness by introducing various kinds of pre-stretched chains or physical bonds that 

can break and dissipate energy before the material fails[6]. However, incorporating 

sacrificial bond introduces constraints in terms of processing and safety and requires 

careful dispersion. Alternatively, increasing the viscoelastic character of the hydrogel is 

used to increase fracture toughness through molecular friction[7,8]. 

Based on the sacrificial concept, three empirical strategies have been used to toughen 

hydrogels. The first strategy involves creating “weak or overstressed” bonds sacrificial 

bonds that break early due to either intrinsically weaker than the main bonds, or loaded 

more than the main bonds[9–11]. These hydrogels prepared by this method was called as 

double network gels. These gels are synthesized in two steps containing two networks: 

the 1st network closes to its maximum extensibility and the 2nd network containing large 

amount of entanglement upstretched chain. A second strategy is to introduce plasticity 

in the gel by incorporating stiffer domains that can only be deformed above a critical 
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force[12–21]. This creates a large damage zone in front of a crack but also permanent 

deformation. This method, which introduces an internal friction inside the material by 

creating strong but breakable interactions can be very effective in stopping crack 

propagation by blunting it. The last strategy is to introduce physical bonds in the gel 

that can break and reform at a different position[21–25]. This type of dual cross-link gel 

has a very strong strain rate dependence but can become very tough in a strain rate 

regime where the dynamic bonds do not much change the stress- strain curve but delay 

the propagation of cracks. This last strategy only works for a majority of dynamic 

bonds relative to the permanent bonds. 

It is important to understanding the toughening mechanism of these new exciting 

materials in a more quantitative and predictive way. In our previous work, we prepared 

a supramolecular double-network hydrogel based on amphiphilic triblock copolymer 

that contains strong hydrophobic domains and sacrificial hydrogen bonds. This gel 

shows high toughness and partial self-recovery. While the toughening mechanism of 

this tough gel, however, still unclear. In this paper, by using in-situ small-angle X-ray 

scattering combing customized tensile device, the structure evolution during 

deformation was revealed. Based on structure evolution, the toughening mechanism 

was clarified with the aid of cycle test.  
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5.2 Experiments 

5.2.1 Materials  

The amphiphilic triblock copolymer poly(butylmethacrylate)-b-poly(methacrylic 

acid)-b-poly(butyl methacrylate) with the target degree of polymerization of 97-142-97 

was synthesized by Otsuka Chemical Co., Ltd., Japan. The measured number-average 

molecular weight of the obtained block polymer is 30300 with a molecular weight 

distribution of 1.43.  

5.2.2 Preparation of triblock copolymer gel (B gel) 

A solution of 0.17 (g/mL) triblock copolymer/DMF was poured onto glass with a 

silicon spacer with a size of 60 mm × 60 mm × 1.5 mm, and the surface of solution was 

fixed by spraying water vapor on the surface of the solution for several minutes, during 

which a skin was formed by the endblock PBMA chains self-assembly. Then the 

solution with skin was immersed in water for final solvent exchange. The water was 

changed two times one day until arriving equilibrium. 

5.2.3 Preparation of double network gel (B-DN gel) 

The B gel was immersed in the second network precursor solution containing the 2 

mol/L AAm monomer, and 0.05 mol% 2-oxoglutaric acid (relative to the monomer) as 

photo-initiator for 3 d. And then the sample was polymerized for 8 h. The as-prepared 

B-DN gel was immersed in purified water to reach equilibrium.  
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5.2.4 Characterization  

5.2.4.1 In-situ small-angle X-ray scattering  

The small-angle X-ray scattering (SAXS) measurement was carried out in BL19U2 

beamline at the NCPSS, Shanghai, China. The distance from sample to detector is 

6225.6 mm. A Pilatus 1M detector with resolution of 981×1043 pixels and pixel size of 

172 µm was used to record 2D SAXS patterns. A homemade extensional rheometer 

with well controlled humidity (saturated water vapor) and temperature (25  1 oC) was 

used to impose stretching on specimens. The specimens have rectangular shape 20 × 7 

mm2 with a thickness of ~1.5 mm. 

5.2.4.2 Cyclic test  

The cyclic tests were carried on Shimazu (Japan). The loading-unloading cyclic tests 

were performed from 0 to a certain stretching ratio λ at 100 mm/min, and then the 

sample was unloaded at the same speed until zero stress was achieved. After waiting for 

15 min, the second cycle with same λ was repeated. The maximum λ used at each 

double cycle is from 1.5 to 6.0. The tensile speed is 100 mm/min with humidity control.  

5.3 Result and discussion 

5.3.1 Structure of B-DN gel 

SAXS was performed to verify the structure of the B-DN gel. Figure 1a-b shows 2D 

SAXS patterns of B gel and corresponding B-DN gel, respectively. The structure of B 

gel has been clarified in Chapter 4. In the B142 gel, there exists structure evolution as 
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increasing the concentration. The B142 gel prepared at low concentration is occupied 

defect (dangling micelles), confirmed by the broaden peak at low q. At high 

concentration, the dangling micelles transfer to the bridged micelles by connecting to 

the bridged networks, demonstrated by original peak weakens accompanied by a 

gradual increase of the new peak showing the structure transition. After introducing the 

2nd monomer AAm into the B gel, as shown in Figure 1b, the peak 1 from dangling 

micelles become much weaker, while peak 2 remain and slightly shifts to lower q value 

(0.25 to 0.22 nm-1), indicating a decrease of the distance between domains. Due to the 

formation of hydrogen bonds between the first and the second network, the B-DN gel 

shrinks compared with the B gel. During the shrinkage process, the mobility of 

dangling micelles is much faster than that of bridged micelles, resulting the peak 1 

shifts to the higher q value. Simultaneously, the dangling micelles only shifts slightly to 

the high q value to response for the shrinkage due to steric constraint. The synergetic 

movements result in the scattering intensity distribution changes from two peaks curve 

in B gel to one peak after introducing the second network. domains. For the much 

weaker peaks of form factor, it is possible caused by the weaker contrast between 

micelles and environments due to adsorption of PAAm chains on the surface of 

micelles[26].  

5.3.2 Structure evolution of B-DN gel under deformation 

SAXS is an effective tool to probe structures in a wide variety of soft materials, 

thereby extending our understanding of their macroscopic performance. It used to 
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analyze the structure of polymer under deformation as shear-induced crystallinity 

polymer chains[27–29], frozen inhomogeneities[30,31] or soft-hard composites[32,33] give 

rise to very informative anisotropic patterns. As shown in Chapter 4, the B gel is very 

weak and the isotropic SAXS pattern changed into arc-shape when the gel is stretched, 

indicating that the anisotropic structure was formed. While for the tough B-DN gel, the 

structure evolution is much more abundant, which possibly gives a rise to its 

toughening mechanism. Figure 2a shows the SAXS results of B-DN gel stretched at 

different elongation. With the increasing of strain, the SAXS pattern transforms from 

an isotropic ring to Arc-shape elliptical ring, then change into four-point scattering 

diagram at moderate strains and eventually to highly anisotropic scattering intensity 

distribution with two sharp scattering peaks vertical to the stretching direction.  

The Figure 3a shows the one-dimensional scattering intensity distributions along the 

stretching direction. The scattering intensity distribution changes from a one-peak 

curve to a two-peaks one after stretching ratio 1.56, indicating the formation of new 

structure. Evidently, the scattering peak denoting the original peak weakens 

accompanied by a gradual increase of the new peak showing the gradual transition at 

larger strains. The two scattering peaks can be ascribed to the structure of dangling 

micelles and bridged micelles due to the equivalency of concentration and elongation. 

This is confirmed by each peaks intensity change along the elongation. Intensities 

change in Figure 3b shows that the peak 1 of dangling micelles in B-DN gel decrease 

and simultaneously peak 2 of bridged micelles increase as the moderate elongation. At 
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lager elongation, both intensities arrive a plateau, indicating that there are no bridged 

micelles change into dangling micelles, which can be confirmed from the 

disappearance of the peak 2 in Figure 3a. Figure 3c shows the evolution of the two 

scattering peaks during the elongation. The position of the scattering peak 1 from newly 

established dangling micelles locates at smaller q than the one from the bridged 

micelles. With the increase of strain, the long spacing distance d1 of the dangling 

micelles continuous increasing. While the d2 of the bridged micelles just shows a slight 

increase. This result is in agreement with previous findings that the longest distance 

between two bridged micelles obtained after tensile stretching is determined by 

midblock length of full-stretching, regardless of the macroscopic elongation[34]. In the 

triblock copolymer system, after enblock chain pulls out from the micelles at 

microscopic scale, the macroscopic crack propagation will render the materials fails. 

While in our B-DN gel, the chain pullouts cannot cause catastrophic crack propagation 

with the protection of 2nd stretchable network. As a result, we can be observed the total 

bridged chain changes into dangling micelles in the whole elongation regions.  

The Figure 4a shows the one-dimensional scattering intensity distributions 

perpendicular to the stretching direction. Only one peak was observed in the whole 

elongation region. The peak monotonically shifts to the high q value, indicating a 

smaller long spacing distance. The long spacing distance and corresponding intensity 

was shown in Figure 4b. Interestingly, the intensity has a firstly short increase followed 

by a decrease after certain elongation ratio. Finally, the intensity continuous to increase 
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until fracture. In addition, the peak becomes broader as increase of elongation. Based 

on the intensity change, we can discuss the structure evolution in three regions: In 

region I (λ  1.56), the midblock chain was stretched along the elongation direction, 

simultaneously, they get closer in the perpendicular direction due to the transverse 

compression, resulting in the intensity increase. As the elongation ratio increases, in 

region II, the chain begins to pullout to response to deformation. The micelles in detect 

region become ununiform and low periodicity, resulting in the wider peak at with low 

spacing distance at perpendicular direction. While for the region III, however, it is  

appeared along with the equatorial streak in the perpendicular direction, which is a clue 

for the formation of elongated microvoids or internal fibrillar structure[35]. To clarify 

the structure evolution in region III, the azimuthal profiles of PLLA, integrated from 

2D SAXS patterns revealed in Figure 2, are listed in Figure 5. 90° and 180° represents 

direction perpendicular to elongation direction. As shown in Figure 5a, the scattering 

intensity along the vertical direction increases with elongation increasing in region I. 

This phenomenon indicates that structure of samples is not homogeneous after 

elongation and the micelles along the vertical direction is much more compact than that 

along the horizontal direction. While as increase of elongation entering region II, the 

intensity along the vertical direction separated to two parts in the 45° direction at 

beginning, where the shear force arrives maximum. The two spots shift to the vertical 

direction as the elongation increases. In the region III, the position of the two spots 

remain unchanged, while a equatorial streak become sharper and sharper as increase of 
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elongation (Figure 5b). To quantitatively investigate lamellar orientation of samples 

under different elongation ratio, full width at half maximum (represent the degree of 

orientation) was plotted as a function of elongation. From the azimuthal profile in 

Figure 5c, it is obvious to divide the profile into three regions, which corresponding to 

the region obtained in Figure 4b.  

5.3.3 Self-recovery at different elongation 

To demonstrated above statement, we performed loading-unloading test with 

elongation in those regions (Figure 6a). The hysteresis ratios are plotted as a function 

of elongation in Figure 6b. Here, the hysteresis energy was defined as the area 

enveloped by the loading-unloading curve. In region I, the first loading-unloading 

curve have the same hysteresis with that of second one and the mechanical performance 

of the gel can be fully recovery. It strongly demonstrated that there is no structure 

permanent destroy in region I, and the hysteresis originated from energy dissipation due 

to broken and reform of hydrogen bonding between first and second network in B-DN 

gel. In region II and III, chain pullout and microviods formation is permanent damage, 

resulting in the smaller hysteresis in 2nd cycle than the 1st cycle.  

5.3.4 Strain-softening in three regions: Mooney-Revlin plot 

To quantify the mechanical response to structure evolution, we analyze the tensile 

behavior shown in Figure 7a using the Mooney-Rivlin equation that describes the 

elasticity of rubbers[36] :  
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𝜎𝑟𝑒𝑑 =  
𝜎

𝜆−𝜆−2 = 2𝐶1 + 2𝐶2
1

𝜆
                  (1) 

Here 𝜎 and 𝜎𝑟𝑒𝑑 are the nominal and the reduced engineering stress, respectively, λ 

is the elongation ratio, 𝐶1 and 𝐶2 are materials constants. The 2𝐶1 is related to the 

shear modulus 𝐺, while 2𝐶2, the slope of 𝜎𝑟𝑒𝑑 as a function of 1/λ, is related to 

the strain softening (𝐶2 > 0) or strain hardening (𝐶2 < 0). In the B-DN gel, the strain 

softening is usually due to breaking of hydrogen bonds or the structure destroy (chain 

pullout or microviods formation), while the strain hardening is traditionally attributed 

to the finite extensibility of network chains[36].  

The Mooney-Rivlin plots of Figure 7a is shown in Figure 7b. The reduced stress 

exhibits a negative slope (𝐶2 < 0, larger 1/λ) in region I indicating a strain hardening 

from the midblock chain stretching. In region II, the chain pullouts occur in the 

moderate elongation ratio, the corresponding reduced stress shows a positive slope 

indicating a strain softening. While in region III, the formation of macroviods 

intensifies the strain softening process, resulting in a lager slope than that in region II  

5.3.5 Toughening mechanism  

The complex structure evolution in deformed B-DN gels described above is a crucial 

issue for understanding the reinforcement mechanisms. As shown in Figure 8. in 

region I, midblock chain stretching to response to the elongation. Here, only the break 

and reform of hydrogen bonds to dissipate energy; In region II, the endblock chain 

continuously pullouts from the micelles with the protection of 2nd PAAm network. 

Besides the dynamic hydrogen bonds, the micelles destroy to dissipate energy; In 
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region III, all the bridged micelles break into dangling one, as continuously increase 

deformation, the microviods are formed to dissipate energy. 

5.4 Conclusion  

To conclude, our work study the structure evolution of tough self-recoverable B-DN gel 

during elongation. The structure evolution suggests that the high toughness of B-DN 

gels is a synergistic effect of multiscale energy dissipation. In initial small strain region, 

the breaking and reforming of hydrogen bonding in chain scale dissipates energy, 

resulting in 100% self-recovery; In the middle strain region, the chain pullout of 

endblock from the micelles and debris reorganization of 1st network for forming cluster 

dissipate energy; In the large strain region, microvoids form, which also dissipate 

energy. Our gels provide a possibility to design new tough and self-recoverable gels and 

other work materials. 
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Scheme 1. Schematic diagram depicting the preparation of a B-DN gel. 
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Figure 1. 2D small angle X-ray scattering images of B gel (a) and the corresponding 

B-DN gel (b). (c) integrated one-dimensional (1D) SAXS intensity profiles of B gel and 

B-DN gels. 
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Figure 2. The tensile stress- strain curve and the selected 2D SAXS patterns of B-DN 

gels stretched at different strains as indicated on the graphs. Stretching direction 

horizontal.  
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Figure 3. (a)The one-dimensional scattering intensity distribution profiles integrated 

along the stretching direction. (b) the long spacing d1, d2 and (c) corresponding peak 

maximum intensity as a function of elongation ratio. 
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Figure 4. (a)The one-dimensional scattering intensity distribution profiles integrated 

perpendicular to the stretching direction. (b) the long spacing d2 and peak maximum 

intensity as a function of elongation ratio. 
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Figure 5. (a) Azimuthal profiles of 2D SAXS patterns of B-DN gel after elongation (b) 

the represent 2D SAXS images in (c) the three regions divided by degree of orientation 

of B-DN gel as a function of elongation. 
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Figure 6. (a) Waiting time dependence of the cyclic tensile test at different strain in the 

three regions with a 15-min time interval and (b) Hysteresis (the area enveloped by the 

loading and unloading curve) as functions of elongation ratio. 
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Figure 7. (a)Tensile stress-strain curves of B-DN gels and (b) corresponding 

Mooney-Rivlin curves 𝜎𝑟𝑒𝑑 = 𝜎 (𝜆 − 𝜆−2)⁄  as a function of 1/λ at various strain 

rates.  
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Figure 8. Illustration of structure evolution and energy dissipation mechanism of B-DN 

gels.  
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Chapter 6: Tough, Self-Recoverable B-DN Thin Gel Membranes 

for Various Applications 

6.1 Introduction  

Hydrogels are being paid more and more attentions owing to a promising wide 

range of applications as both industrial and medical materials[1], including actuators[2] 

[3], sensors[4] [5] [6], membrane separation[7], drug delivery[8], contact lenses[9] and 

artificial organs[10]. Considering the application as sensor and membrane separation, the 

ultrathin hydrogels are capable of fast responses and high separation efficiency 

compared with macro-scale hydrogel due to the characteristic time is directly 

proportional to the square of the thickness of the gel[11]. Hydrogel thin films have also 

attracted interest as an approach to responsive surfaces and interfaces[7,12,13]. Compared 

with polymer brushes, the hydrogel interfaces are much more stable, where the 

hydrogel network is linked to the surface via multiple anchoring points rather than only 

one functional group of a linear polymer chain. Furthermore, the storage function of the 

hydrogel thin films (their ability to accommodate various nanoparticles, chemicals, 

dyes, enzymes, etc.) can be explored for the substantial increase in the range of 

functional properties they will demonstrate and external signals they will respond to. 

However, most of ultra-thin hydrogel films, are brittle and weak, which seriously limits 

their extensive applications. To avoid fracture, the ultrathin hydrogel films are always 

linked to the supporting substrate by chemical or physical bonds[14]. However, these 
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methods are only feasible for the substrates which can be functionalized. Furthermore, 

the potential applications in areas desiring self-standing ultrathin film with high 

toughness such as aponeurosis[15], artificial skin[16] and septum, are limited. Therefore, 

it is imperative to create tough and self-standing ultrathin gel films. There are few 

reports about the preparation of self-standing ultrathin gel films. Tsou et.al[17] 

developed the thin and tough hydrogel composite films using pHEMA (poly 

2-hydroxyethyl methacrylate) as matrix and various kinds of weaved and knitted 

fabrics and fibers as fillers. However, the swelling mismatch between pHEMA and 

fillers results folded and curled swollen gel films. It means the composite strategy is 

difficult to be applied to ultrathin hydrogel film preparation.  

 In the past several years, we have developed double-network (DN) hydrogel films 

with excellent mechanical properties, showing tensile fracture strain 𝜀b ≈ 1000% and 

tensile strength σb ≈ 2 MPa[18,19]. The DN hydrogel films consist of interpenetrating 

two chemically-cross-linked networks, which are the brittle first network served as 

sacrificial bond to dissipate energy after experiencing large deformation, and the 

ductile second network served as soft matrix[20,21]. The gel films are smooth at swollen 

state, overcoming the disadvantage of the composite hydrogel films (folding and 

curling). However, the fabrication process of the DN films is complex and 

time-consuming. Moreover, these DN gel films are permanently damaged after 

applying large deformation because the internal fracture of covalent bonds of the brittle 

first network is irreversible[22]. Therefore, it is imperative to find possible way to 
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remedy the limitation of chemical crosslinked tough DN thin films. There are few 

reports about tough reversible hydrogel thin films. While several recent works have 

replaced the covalent bonds with physical bonds such as hydrogen bond, ionic bond or 

hydrophobic association to allow the fractured bond to be re-formed[23][24][25]. 

    Here we present a new class of ultrathin, tough, and self-recoverable hydrogel 

films, called B-DN films, based on the DN concept. Various parameters can be tuned to 

change the thickness and multiple mechanical properties of B-DN films over wide 

ranges. Those ultrathin B-DN hydrogel are semi-interpenetrating network gel 

consisting of the 1st network poly(butyl methacrylate) (PBMA)-b-poly(methacrylic 

acid) (PMAc)-b-PBMA triblock copolymer physical gel and the 2nd linear polymer 

with amino derivative groups. The hydrophobic association of the PBMA block of the 

1st network serves as permanent crosslinking points for endowing elasticity, and 

hydrogen bonds between carboxyl of PMAc and amino of 2nd polymer serves as 

reversible sacrificial bonds to dissipate energy[25]. The thickness of the B-DN films 

were easily controllable from 3 µm to several hundred µm via changing spin velocity 

and triblock copolymer or 2nd monomer condition. The obtained B-DN films exhibit 

outstanding ultra-stretchability (≈1000 %), high toughness (fracture stress 8 MPa), 

self-recovery and fast response against external stimuli, which is a breakthrough in the 

current concept of responsive and tough ultrathin hydrogel films. Moreover, its 

thinness and the carboxyl group in the triblock copolymer realize fast responsiveness 

to pH. 
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6.2 Experiments 

6.2.1 Materials 

The amphiphilic triblock copolymer poly(butylmethacrylate)-b-poly(methacrylic 

acid)-b-poly(butyl methacrylate) with various degree of polymerization was 

synthesized by Otsuka Chemical Co., Ltd., Japan (Table 1). The dimethylformamide 

(DMF) (solvent for the triblock copolymer, Wako Chemicals USA, Inc.) was used as 

received. The acrylamide (monomer, TCI America) was recrystallized from 

chloroform, while the 2-oxoglutaricacid (initiator, Polysciences, Inc.) were used as 

received.  

6.2.2 Synthesis of B-DN gel films 

A spin-casted film was fabricated by 5 mL aliquot of triblock 

copolymer/dimethylformamide (DMF) solution (0.1-0.25 wt/wt) on the spin dish. Then 

thin film was immersed into water for the formation of first network B film via 

hydrophobic chain self-assembly. After arriving equilibrium, B film was immersed in 

the second precursor solution containing the prescribed concentrations of second 

monomer and 2-oxoglutaric acid (0.02 mol% relative to the monomer) as 

photo-initiator for several minutes. After that, the sample was irradiated with 365 nm 

UV for 7 h to synthesize second monomer. After polymerization, the as-prepared B-DN 

film was immersed in purified water for 10 min to reach equilibrium. 
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6.2.3 Characterization 

6.2.3.1 Water content measurement  

The water contents of B-DN gel membranes were measured using a moisture balance 

MOC-120H (Shimadzu Co.). During test, water was gradually evaporated from the 

hydrogel at an elevated temperature from 25 °C to 120 °C until the weight of samples 

did not change. The weight change of samples were obtained by heating the hydrogel 

membrane to 120 oC. The water content was defined as 𝑐w = 1 −
𝑚1

𝑚0
× 100%, where 

the m0 and m1 was the weight of gel in wet and dry state, respectively.  

6.2.3.2 Thickness measurement 

The membrane thicknesses were obtained via a 3D violet laser scanning microscope 

(VK-8700, KEYENCE Co., Ltd.) by step height measurement. The thicknesses of thin 

hydrogel membranes were defined by the orthogonal distance between two parallel 

planes representing the upper surface (red profile) of the membrane and a layer of the 

base material (substrate) contacting the lower surface (light gold profile), respectively. 

The measurements were carried out three times for precision. 

6.2.3.3 Swelling ratio 

The thickness swelling ratio Q was defined as the ratio of the sample thickness, t of 

B-DN gel membranes to that of B gel membranes t0 at swelling equilibrium, Q = t/t0.  

6.2.3.4 Tensile and cyclic test  

The tensile stress-strain measurements were performed using a tensile-compressive 

tester (Tensilon RTC-1310A, Orientec Co.) at a deformation rate of 10 mm/min in a 
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water bath to prevent water evaporation. The test was carried out on dumbbell-shaped 

samples with the standard JIS-K6251-7 size (12 mm (gauge length) × 2 mm (width) × 

5~100 μm (thickness)). The work of extension at fracture Wb (MJ/m3), a parameter that 

characterizes the work required to fracture the sample per unit volume, was calculated 

from the area below the tensile stress-strain curve until fracture. The fracture stress σb 

and the fracture strain εb were defined as stress and strain at fracture point, respectively. 

The Young’s modulus E was defined as value of initial slope of the stress-strain curve. 

With humidity control, the cyclic tensile test were carried out on the samples of B273 

(0.23-500/AAm-2) at the rate of 10 mm/min with maximum strain of 1.0.  

6.2.3.5 Small angel X-ray scattering (SAXS) 

SAXS measurements were performed at BL40B2 beamline at the SPring-8. The wave 

length of X-ray was 1.0 Å. For static measurements, the sample-to-detector distances 

was set to be 4301 mm. For in-situ SAXS measurements, samples were placed on a 

uniaxial stretching machine, where the sample strain were measured and the 

sample-to-detector distances was set to be 2310 mm. The data acquisition time was 20 s 

per frame for the SAXS two dimensional scattering spectra. All scattering images were 

analyzed with Fit2D software from European Synchrotron Radiation Facility taking off 

the detector spatial distortion, X-ray beam fluctuation and background scattering. 
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6.3 Result and discussion 

6.3.1 Formulation for B-DN films  

The self-assembly of triblock copolymer allowed a simple two-step preparation of 

robust hydrogel ultrathin films[26][27][28]. The thin 1st network films, called B films, are 

fabricated by spin-casting with the triblock copolymer/solvent solution and following 

self-assembly of PBMA into micelles acting as cross-linking points. Subsequently the 

linear polymer with amino derivative groups is imported to act as the second 

component to form B-DN films. Owing to its thinness, the B-DN films swelled rapidly 

and reached equilibrium within 10 min (Scheme 1a). The structure of triblock 

copolymer and second monomers are shown in scheme 1b and Table 2.  

6.3.2 Structure uniformity of B-DN films 

 Although spin coating is a simple method for fabricating thin membrane, it is still 

challenging to fabricate homogenous thin membrane due to solvent evaporation. If the 

evaporation rate of solvent exceeds diffusion rate within the membrane, a substantial 

solvent concentration gradient will be generated. This solvent gradient will make the 

interface physically unstable[29]. In addition, spread-over of polymer solution on the 

substrate by centrifugal force has an tendency to form laterally phase-separated 

structure with radial striations from the center to the edge due to the Marangoni-like 

instability[30,31], which appears when the solvent evaporated quickly during spin casting 

process. To address this problem, the evaporation rate of solvent during spin coating 
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process should be controlled in order to get homogenous membrane. In this work, we 

selected DMF, whose evaporation rate is very slow due to high vapor pressure, as the 

solvent. In addition, the DMF vapor was introduced by blowing nitrogen inside a DMF 

bubbler. In order to evaluate solvent evaporation during spin coating process, the 

copolymer concentration after spin coating was measured. As shown in Figure 1a, the 

triblock copolymer concentration slightly increases as the spin speed increases, 

indicating that the solvent evaporates slightly during spin coating process. As shown in 

Figure 1b, the thickness uniformity of the B-DN gel membrane from the center to edge 

was also achieved by the well-controlled solvent evaporation. To further confirm the 

structure homogeneity of the B-DN gel membranes, small-angle X-ray scattering 

(SAXS) experiments at different distance from center were performed (Figure 1c~e). 

As shown in Figure 1f, the maximum scattering peak positions (q1) of the membrane is 

independent of the distance from the center of the sample. Moreover, the azimuthal 

angle independence of the scattering profile (insert of Figure 1f) indicates no 

orientation structure in the gels. The isotropic, homogeneous structure of the sample 

was also confirmed by the tensile stress-strain curves in the directions parallel with and 

vertical to the direction from center to the edge. As shown in Figure 1g, the tensile 

curves at the opposite directions almost overlap with each other, indicating the isotropic 

structure of the hydrogel membranes. 

6.3.3 Mechanical property and self-recovery 

The B-DN films are enough tough and self-standing. Despite its thinness (36.2 μm), 
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the B-DN film can sustain the impact from a metal ball (120 g) falling from height of 70 

mm (insert of Figure 2a). By comparing the typical stress-strain curve of B-DN film 

and its counterparts (PAAm gel and B film) in Figure 2d, it is obvious that the thin 

B-DN film, with ≈75 wt% water content, had a large enhancement on mechanical 

properties than the PAAm gel and B film. The values of fracture stress σb and fracture 

strain εb of the thin and tough B-DN film reached 8.01 MPa and 9.39 mm/mm, 

respectively. These excellent mechanical performances demonstrate that the DN 

principle for creation of tough bulk gels is also effective at micro-scale. As mentioned 

in previous macro-scale hydrogel work, the huge enhancement originated from 

abundant of sacrificial hydrogen bonds formed between carboxyl groups of the 

midblock PMAc and amino groups of the second network poly(acrylamide)[25][32].  

The B-DN films also show 100% self-recovery. As shown by the cyclic test in Figure 

1e, the B-DN film exhibited large hysteresis for the first loading-unloading cycle, 

which dissipates significant energy. After that, the loading-unloading curve gradually 

recovered back to the first loading-unloading curve with increasing the waiting time 

to 60 h (Figure 2f). To clarify the structure evolution of long period, in situ SAXS 

was also performed during the cycle test. The 2D SAXS spectra of the B-DN film 

during cycle and after relaxation for 60 h were compared in Figure 3. The B-DN film 

at undeformed state and waiting for 60 h after deformation, the SAXS patterns are 

isotropic. This result highlights that the structure deformation due to the extension can 

be erased after waiting enough time. The recovery process is probably related to the 
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competition of the elasticity of the primary chain at undeformed state and the strength 

of the temporarily re-formed bonds. The elasticity of the primary chain raptured the 

re-formed hydrogen bonds and recovered to its equilibrium state. This result confirms 

that the residual area in the cyclic tensile test is not due to the rupture of covalent 

bonds but due to the rupture of the physical bonds which can fully recover after 

waiting enough time. To the best of our knowledge, it is the first report so far that the 

ultrathin hydrogel film with such high toughness and 100% self-recovery. The high 

toughness and 100% self-recovery endow the hydrogel films with great potential for 

the application as artificial skin, muscle sheaths or organ septum.    

6.3.4 Thickness tunability  

Besides its excellent mechanical properties and 100% self-recovery, the thickness and 

the mechanical properties can be tuned in wide range by altering experimental 

parameters. By altering the triblock copolymer concentration and the spin velocity, 

resulting thickness of the B-DN film could be precisely controlled. As showed in 

Figure 4a, uniform B-DN films with tunable thickness were successfully prepared at 

intermediate triblock weight concentration (cp) ranges from 0.1 to 0.25 (wt/wt). When 

the cp lower than 0.1, B films could not be formed because the triblock copolymers 

formed a looped conformation (where both endblock are located at the same micelle) 

instead of the bridge between two micelles, which acts as gelation points[33]. While as 

concentrations increase above 0.25, high viscosity of the solution resulted in an 

inhomogeneous film. The mechanical performance of B-DN films increases as the 
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increasing of cp (Figure 4c). It is probably due to an increase of bridging fraction 

between neighboring micelles or more effective hydrogen bonds formed between 

bridging chain and second network. Besides that, spin velocity was taken into account 

to controlling thickness of thin films. As clearly displayed in Figure 4b, it is a simple 

and effective way to tuning the thickness from 103 μm to 15 μm by increasing the 

spin velocity from 500 rpm to 5000 rpm. The tensile performance is independent of 

thickness when spin velocity are slow; while it was noted that the tensile performance 

began to decrease when continue to increase spin velocity (Figure 4d). 

6.3.5 Mechanical modulation 

The hydrogen bonds formed between amino group from second monomer and 

carboxyl group from midblock are very essential for endowing B-DN films with 

excellent mechanical properties and self-recovery. Therefore, the molar ratio of 

hydrogen-bonding species was varied to tune mechanical properties. The tensile 

stress-strain curves of the B-DN film showed in Figure 5b demonstrate that 

mechanical performances were successfully tuned widely. There exists a critical 

concentration point (CAAm: 2 mol/L), where the Young's modulus E and fracture stress 

σb is up to their maximum respectively, corresponding to molar ratio of 0.96 (Figure 

6 and Table 3). This ratio is close to the ideal stoichiometric ratio of 1:1. With 

continuous increase of CAAm, excessive hydrophilic PAAm chain weaken the existing 

hydrogen bond due to restriction of polymer chain conformation, resulting in decrease 

of the E and fracture stress (Figure 5c, d).  
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Based on the enhancement of hydrogen bonds by hydrophobic interaction[34], the 

second monomer AAm was replaced by other amino derivative monomers having 

hydrophobic moieties N,N-dimethylacrylamide (DMA) and N,N-diethylacrylamide 

(DEA). As shown in Figure 7a, the mechanical properties of B-DN films strongly 

depended on the second monomer chemical structures. The B-DN film synthesized 

with AAm (CAAm= 0.5 M) as the second monomer did not show any yielding point, 

whereas the hydrogel film synthesized with DMA and DEA as second monomers 

exhibited a distinct yielding points at low strain. Hydrogel film fabricated with DEA 

monomer shows a larger yielding stress (3.55 MPa) compared with that fabricated 

with DMA monomer (2.38 MPa). It is expected that the enhanced mechanical strength 

is due to the stronger hydrogen bonds formed in the hydrogel film based on DMA and 

DEA monomers. Figure 7b-d shows the effect of 2nd monomer concentration on the 

stress-strain curves of B-DN films synthesized with AAm, DMA and DEA, 

respectively, where the triblock copolymer concentration CP is fixed at 0.17. The 

Young’s modulus first increases then decreases as increasing of 2nd monomer 

concentration and all of them arrive the minimum at the critical concentrations. 

Before the critical point, the Young’s modulus continue to increase due to more 

hydrogen bonding formation; After critical point, the hydrogen bond saturated and 

extra hydrophilic PAA make the gel swelling, resulting the decrease of the Young’s 

modulus. It is worthy to mention is the critical point decrease in the B-DN gel based 

on AAm, DMA, DEA, respectively.  
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This facile method for the fabrication of B-DN gel membranes via the combination of 

spin-coating and the DN concept is general, and allows the mechanical performance 

of a wide range of triblock copolymers of different structure to be tuned. B-DN 

membranes from triblock copolymers with different midblock and total 

molecular-chain lengths were successfully fabricated (Figure 8 and Table 4). The 

Young’s modulus of these B-DN gel membranes was observed to increase with 

decreasing midblock-chain length, whereas fracture strain is proportional to the length 

of the midblock chain. For example, Young’s modulus increased from 0.15 to 1.97 MPa 

as the degree of polymerization of the midblock, n, decreased from 390 to 220; Young’s 

modulus also decreased from 1.97 to 0.36 MPa when the total molecular length of the 

triblock copolymer was increased by a factor of 1.3.  

6.3.6 Ultrafast pH sensitivity  

Owing to its chemical structure and thinness, the tough B-DN films showed ultrafast 

pH sensitivity. Figure 10a shows the image of gel films (thickness: 30.4 m) fully 

swollen in acidic and alkaline buffer solution. The gel film showed relatively shrunk 

state in the acidic condition at pH=2.2. However, when the gel was immersed in the 

alkaline solution at pH=13.0, the gel remarkably swelled and long axial length L of 

the gel increased 1.4 times from that in the acidic condition. This swelling is caused 

by increase of osmotic pressure of the gel induced by counterion dissociation of 

carboxyl group in PMAc block in the alkaline solution. The gel subsequently 

recovered to its original shrunk state when re-immersed in the acidic solution at pH=2.2. 
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Such repeated swelling and shrinking did not cause permanent damage to the sample. 

The Figure 10b shows the fast response-recovery properties by altering pH from 2.2 to 

13. The calculated response time of B-DN film is within 4 s, which shows a much faster 

response-recovery when compared with the reported pH-responsive hydrogels[35–38]. 

The typical tensile curves of the B-DN films under the two different pH condition are 

shown in Figure 10c along with the film equilibrated at pH7. The sample in pH2.2 

buffer solution show remarkably similar stress-strain curves, indicating structure of 

the hydrogel film does not change in acidic buffer solution. On the other hand, the 

Young’s modulus, fracture strain and fracture stress of sample in pH13 buffer solution 

decrease because the hydrogen bonding between amino and carboxyl group was 

destroyed due to the dissociation of carboxyl groups (shown in Figure 10d). However, 

the gel in pH13 still keeps moderately-high mechanical performance such as 4.2 MPa 

of fracture stress and 10 of fracture strain. To the best of our knowledge, the B-DN 

film is only a stimuli-responsive gel that shows high mechanical performance both in 

swollen and shrunk state. Thus, those properties of mechanical robustness and 

ultrafast response give rise to the hydrogel films acting as a good candidate for soft 

actuators requiring high mechanical properties.  

6.3.7 Application for postoperative adhesive membrane 

6.3.7.1 Sterilization Stability  

The biostability of the B-DN gel membranes permitted us to characterize their 

biocompatibility using the trypan blue live/dead exclusion method[39]. As biomaterials 
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used for implantation in body, proper sterilization is required[40,41]. However, in many 

cases, the sterilization process may destroy the physical bonds of the hydrogels and 

therefore bring negative effects on the mechanical and biological properties of the 

materials[42]. While for B-DN gel membranes, as shown in Figure 11, the use of 

autoclavation at 120 oC, 7 minutes, and 101 kPa, for sterilization process does not result 

in statistical differences in tensile curves in comparison to the results obtained for 

non-sterilized B-DN gel membranes. The result permits us to use the B-DN gel 

membranes for biological tests. 

6.3.7.2 In vitro biocompatibility  

In order to evaluate the biocompatibility of B-DN gel membranes, cell viability was 

measured by directly seeding the cells on the surface of B-DN gel membranes. 293T 

cells (ATCC® CRL-3216™) were used to perform the cytotoxicity test. Tissue culture 

polystyrene (TCPS) was used as a negative and noncytotoxic control. Following ISO 

standard 10993-5, direct contact was implemented to evaluate whether there is a 

cytotoxic response to B-DN gel membranes. Then 5mL of the 2x104 cells/mL cell 

suspension were seeded on sterilized B-DN gels and TCPS control and incubated for 72 

and 120 h in a 5% CO2 humidified atmosphere at 37ºC. Gel was covered by silicone 

rubber ring to prevent gel from floating. Cell counts were based on hemocytometric, 

tryphan blue exclusion detection (n>250 per dish). The morphology of cells on 

different substrates was observed under bright field microscope and fluorescence 

microscopy (Keyence BZ-9000), and the results are shown in Figure 12. We found that 
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cell viability on a B-DN gel membrane is as high as that of the negative control using 

tissue-culture polystyrene (TCPS), the common nontoxic cell cultivation material. 

Throughout 120 h of cell cultivation, cell viability was maintained above 95%, 

confirming that B-DN gel membranes are not cytotoxic. The mechanical robustness 

and the biocompatibility of this B-DN gel membrane provide opportunities for the 

construction of artificial tissue membranes using synthetic materials. 

6.3.7.3 In vivo subcutaneous and liver implantation 

Given that the DMA monomer itself is non-toxic and bio-inert, the B-DN(DMA) gel 

membrane was chosen for the in vivo biocompatibility test[27,28]. The B-DN(DMA) gel 

membranes were implanted underneath the rabbit skin and on surface of liver. The 

responses of the tissues were microscopically examined by pathologists at 

postoperative week 2. Representative histological images of the tissues for the 

subcutaneous experiment and liver experiment were shown in Figure 13a, c, 

respectively.  Importantly, there was no inflammatory response and fibrosis found with 

the presence of gel membranes, as compared with the histological images of the control 

tissues without membrane implantation (Figure 13b, d), showing that the B-DN 

membranes did not induce any pathological reaction to the neighboring tissues. 

Furthermore, the B-DN membrane shows no microscopical adhesion to the 

surrounding organs, indicating the potential use of B-DN membranes as anti-adhesive 

sheets to reduce postoperative tissue adhesion formation which is one of the major 

problems after various surgical procedures. The mechanical robustness and 
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biocompatibility of these B-DN gel membranes provide the opportunities to construct 

artificial tissue membranes and surgical anti-adhesive membranes using synthetic 

materials. 

6.3.8 Potential application for tissue membrane  

We fabricated 5–100-μm-thick B-DN gel membranes with water contents of 60–95%. 

The Young’s modulus of these membranes is tunable over the 0.1–100 MPa range, 

while maintaining very high fracture stress (0.9–8.0 MPa), fracture strain (2–13), and 

toughness (work of extension: 0.4–40 MPa/m3) (Table 4 and Figure 9). These B-DN 

gel membranes are promising as replacement biological membranes, such as in 

Glisson’s capsules, pericardia, and gastrointestinal walls, and so on. To study these 

possibilities, the structures and mechanical properties of a variety of tissue 

membranes, data that are not available in literature, were measured in this work 

(Table 5). These tissue membranes, containing 50–90% water, were 10–1000 μm 

thick. We found that the mechanical properties of our B-DN gel membranes overlap 

with, or are superior to, those of the biological-tissue membranes studied (Figure 14). 

Specifically, the Young’s modulus and fracture stress of B-DN gel membranes are 

comparable with these tissue membranes, while their fracture strain and toughness are 

much higher than those of the tissue membranes. These results indicate that the B-DN 

gel membranes are suitable for use in replacement of tissue membranes. These 

properties enable the B-DN gel membranes to potentially replace injured tissue 

membranes. For such biomaterial purposes, stability in saline solution, tolerance to 
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extreme pH, stability against sterilization, and biocompatibility, are critically required 

for B-DN gel membranes. We found that the B-DN gel membranes are stable in saline 

solution, while their mechanical tolerances to extreme pH (2.2–10.0) are much higher 

than those of the various tissue membranes in this study, which are damaged when 

exposed to low or high pH solutions. Typical tensile curves of the B-DN gel 

membranes in saline solution and in buffer solution at different pH are shown in 

Figure 15. The samples in saline solution and in pH 2.2 buffer solutions show almost 

identical stress-strain curves to that obtained in pure water, indicating that the 

structure of the B-DN gel membrane does not change in saline solution and acidic 

buffer solution. On the other hand, the samples became soft and the fracture stress 

decreased in pH 13.0 buffer solution, suggesting that some of the hydrogen bonds 

between the amides and the carboxyl group are destroyed due to the dissociation of 

the carboxyl groups under alkaline conditions, however the membrane still exhibits 

moderately high mechanical performance, such as a fracture stress of 4.2 MPa and a 

fracture strain of 10. To the best of our knowledge, these B-DN gel membranes are 

the only existing hydrogel membranes that show high mechanical performance over 

such a wide pH range. The B-DN gel membranes also exhibit excellent mechanical 

performance in saline solution at human-body temperature (37 °C) (Figure 15 and 

Table 6).  

6.4 Conclusion 

In summary, we have successfully synthesized tough, ultrathin and 100% 
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self-recovery B-DN hydrogel films with ultrafast pH response based on DN concept 

and spin casting method. Under micro-scale thickness, hydrogel films show 

super-high exhibited remarkable 100% self-recovery and ultrafast pH sensitivity 

(response time within 4s) while keeping tough mechanical properties due to the 

stability of hydrophobic micelles. The ultrafast pH-sensitive hydrogel films with 

toughness, 100% recoverability would extend soft materials as smart candidates in 

industrial and biomedical applications such as would dressing, artificial skin and 

actuators.  
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Table 1. Description of triblock copolymers studied in this work. 

 

a)Molar fraction of midblock PMAA. b)Weight-average molecular weight. c)Molecular 

weight distribution. 
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Scheme 1. Schematics of preparation of thin B-DN gel membranes. (a) Spin coated thin membrane of 

tri-block copolymer was fabricated by depositing certain amount of triblock copolymer solution onto a 

spin dish, followed by rapid acceleration of spin speed. After spin coating, the thin membrane was 

immersed in water for hydrophobic chain self-assembly to form weak B gel membrane as the first 

network. After reaching equilibrium, the B gel membrane was transferred to the second 

monomer/UV-initiator aqueous solution and soaked for several minutes. Finally, the second monomer 

was polymerized for 8 h to form the polymers that can form physical association with the first network. 

(b) The chemical structures of the triblock copolymer and second monomers. 
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Table 2. Sample codes and formulations of B-DN gel membranes studied in this work. 

 

a) N is the degree of polymerization of the midblock of the triblock copolymer, CP is the weight 

fraction of triblock copolymer (wt/wt) in the precursor solution for preparing the spin coated membranes, 

s is the spin speed (rpm), m is the 2nd monomer types and C2 is the 2nd monomer concentration (mol/L) 

in the precursor solution for the polymerization of the second polymers that form physical association 

with the first network. The 2nd monomer was polymerized at the initiator concentration of 0.05 mol% (in 

relative to 2nd monomer) in the absence of chemical crosslinker. 
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Figure 1. (a) Comparison of triblock copolymer concentration Cp before and after spin 

coating. (b) Thicknesses of B-DN gel membranes measured at different distances 

(indicated in the graph) from the center for different spin speed. Sample code: B273 

(0.23-s/AAm-2). (c-e) 2D Small angle X-ray scattering spectra of B-DN gel 

membranes measured at different distances from the center and (f) the corresponding 

integrated one-dimensional SAXS intensity profiles. The inserting figure is the 

azimuthal angle distribution of the scattering intensity of the SAXS peaks along q value 

from 0.19 nm-1 to 0.26 nm-1 for (c) ~ (e ). The region outlined between yellow short 

dash circles, corresponds to the region for azimuth integration. Spectra have been 

shifted vertically for clarity. Sample code: B273 (0.23-3000/AAm-2). (g) Stress-strain 

curves of B-DN gel membranes at radical and tangential direction. Sample code: B273 

(0.23-3000/AAm-2). 
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Figure 2. (a) Optical images of the B-DN gel membrane with a thickness of 36.2 

μm which can sustain the impact of a 120 g ball (white arrow) falling from the 

height of 10 cm (inserted image). (b) Optical image showing aspiration process 

of the B-DN gel membrane, of 36.2-μm-thick and 16-cm2-area, into a 

micropipette with a tip diameter of 800 µm. (c) 3D microscope image of the 

surfaces of B-DN membrane (red profile) and the glass substrate (light gold 

profile); the thickness of B-DN membrane was determined by the height 

difference of the two surfaces. Sample code: B273 (0.23-3000/AAm-2). (d) 

Comparison of tensile stress-strain curves between B-DN gel membrane and its 
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counterparts. The pure PAAm gel membrane, with a thickness of 523 μm, was 

prepared from a precursor solution of 2 mol/L AAm, 0.05mol% MBAA, and 0.05 

mol% α-keto (relative to AAm concentration). B gel membrane: B273 (0.23-3000), 

thickness: 34.2 µm; B-DN gel membrane: B273 (0.23-3000/AAm-2), thickness: 

36.2 µm. The insert figures show the B-DN gel membrane at its free-standing 

state and the stretching state at a strain of 4. The gel membrane was dyed for a 

clear visibility. (e) Waiting time dependence of the cyclic tensile test results, and 

(f) Waiting time dependence of the residual strain and hysteresis ratio (area ratio 

of the subsequent hysteresis loops to the virgin one). Sample code: B273 

(0.23-500/AAm-2), thickness 113 µm.  
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Figure 3. (a) Selected 2D SAXS spectra of B-DN gel membranes stretched at different 

strains (ε) during cyclic tensile test, and the 2D SAXS patterns of the loaded sample 

after waiting for 60 h at room temperature. Stretching direction is vertical. (b) 

Comparison of one-dimensional scattering intensity profiles of B-DN gel membrane 

integrated along the stretching direction between the virgin state and after-60 h 

recovery of the pre-stretched state (ε =1.0). 
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Figure 4 (a) Thickness of the B-DN gel membranes as a function of triblock 

copolymer concentration in precursor solution Cp and (c) corresponding 

stress-strain curves. Sample code: B273 (Cp-3000/AAm-2). (b)Thickness of the 

B-DN gel membranes as a function of spin speed, s. Sample code: B273 

(0.23-s/AAm-2) and (d) corresponding stress-strain curves. 
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Figure 5 (a) The one-dimensional swelling ratio Q and (b) Tensile behaviors of 

the B-DN gel membranes prepared at different concentration of the second 

monomer AAm, C2. Sample code: B273 (0.23-3000/AAm-C2). (c) Dependence of 

the Young’s modulus, (d) fracture strain and fracture stress on the C2 
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Figure 6 Molar ratio R of amino of 2nd polymer to the carboxyl of PMAA in B-DN 

gel membranes determined by the element analysis. The red horizontal dotted line 

denotes the 1:1 ratio of amino of 2nd polymer to the carboxyl of PMAA. Sample code: 

B273 (0.23-3000/AAm-C2). 
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Table 3. Weight percentage of elements in various B-DN gel membranes of sample 

series (0.23-3000/AAm-C2) obtained by element analysis. 

 

a)Molar ratio R of amino of 2nd polymer to the carboxyl of PMAA in B-DN gel 

membranes. 
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Figure 7 (a) Tensile behaviors of the B-DN gel membranes with different types of 

second network. Sample code: B273 (0.23-3000/m-0.5). Tensile behaviors of the B-DN 

gel membranes prepared at different concentration of the second monomer AAm (b), 

DMA (c) and DEA (d). Sample code: B273 (0.23-3000/AAm-C2), B273 

(0.23-3000/DMA-C2) and B273 (0.23-3000/DEA-C2). 
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Figure 8. (a) Thickness of B-DN gel membranes prepared using triblock copolymers 

with different midblock length and (b) the corresponding tensile stress-strain curves. 

Sample code: BN (0.23-3000/AAm-2); (c) Thickness of B-DN gel membranes prepared 

using triblock copolymers with different molecular weight and (d) corresponding 

tensile stress-strain curves. Sample code: B220 (0.23-3000/AAm-2), 1.3B220 

(0.23-3000/AAm-2). 
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Figure 9. Work of extension and Young’s modulus of B-DN gel membranes prepared 

at different formulations and spin conditions. Red, Cp, triblock concentration range 

from 0.1 to 0.25 (wt/wt); Gray, spin speed ranges from 500 to 5000 rpm; green, C2, the 

2nd monomer concentration ranges from 0.2 to 7 mol/L; orange, the 2nd monomer types 

(AAm, DMA and DEA) with same concentration 0.5 mol/L; cyan, Lmidblock, the B-DN 

membranes prepared from different midblock length ranges from 220 to 390; pink, 

Ltriblock, the B-DN membranes prepared from different total molecular weight. 
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Figure 10. (a) Photographs of the B-DN gel membranes experiencing reversible 

swelling–shrinking upon changes in pH between pH13.0 and pH2.2. The B-DN gel 

membrane was dyed for a clear visibility. (b) Oscillatory swelling-shrinking (pH2.2 

↔ pH13.0) behavior of the B-DN gel membranes. (c) Tensile behaviors of the B-DN 

gel membranes tested in buffers with pH= 13.0, 7.0 and 2.2, respectively. (d) 

Schematic illustration of the mechanism of reversible swelling-shrinking for B-DN 

gel membranes in response to pH change. Sample code: B273 (0.23-3000/AAm-2), 

thickness: 30.4±0.6 µm.  
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Figure 11. Tensile behaviors of the B-DN gel membranes tested before and after 

sterilization, respectively. 

  



177 

 

Figure 12. Photographs taken by bright field microscopy of 293T cell after the cells 

were cultured on the tissue culture polystyrene (TCPS) and B-DN gel film for 72h (a, d) 

and 120 h (b, e), respectively. Corresponding immunefluorescent images of (b) and (e) 

were shown in (c) and (f) at 4x magnification. (g) Cell density of live and dead of 293T 

cell after the cells were cultured on the tissue culture polystyrene (TCPS) and B-DN gel 

film for 72h and 120 h. (h) Cell viability of 293T cell after the cells were cultured on the 

tissue culture polystyrene (TCPS) and B-DN gel membranes for 72 h and 120 h. 

Sample code: B273 (0.23-2000/AAm-2), thickness: 44.1±8.1 µm.
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Figure 13. Microscopic observations of hematoxylin- and eosin-stained sections of 

subcutaneous tissue (a) and liver surface (c) implanted with B-DN gel membranes at 

postoperative weeks 2. (b) and (d) are the corresponding normal tissue as control 

without B-DN gel membranes implantation. Black arrows indicate the B-DN gel 

membranes. Sample code: B273(0.23-2000/DMA-2), thickness: 47.5 ± 5.1 µm. 
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Table 5. Summary of physical properties of various B-DN gel membranes. 

a)N: degree of polymerization of the midblock of the triblock copolymer, Cp: the weight 

fraction of triblock copolymer in the precursor solution (wt/wt), s: the spin speed (rpm). 

m and C2: the 2nd monomer type and corresponding monomer concentration (mol/L). 

LB is the length of midblock in triblock copolymer. Mn is the number average molecular 

weight of triblock copolymer. b)The parameters t, E, εb, σb, Wb, and cw are thickness, 

Young’s modulus, fracture strain, fracture stress, work of extension at fracture, and the 

water content of B-DN gel membranes, respectively. 
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Figure 14. Depicting the mechanical properties of the B-DN gel membranes developed 

in this work and various biological-tissue membranes. (a) Fracture strain vs. Young’s 

modulus; (b) fracture stress vs. Young’s modulus; (c) Work of extension (energy 

density required to achieve tensile fracture) vs. Young’s modulus. Numerical data are 

listed in Tables S3 and S4 for the B-DN gel membranes and the biological tissue 

membranes, respectively. 
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Figure 15. (a) Tensile behavior of the B-DN gel membrane at room temperature in 

saline solution, pure water, and in buffer solutions at pH 2.2 and 13.0. Sample code: 

B273 (0.23-3000/AAm-2), thickness: 30.4 ± 0.6 µm.  
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Table 6. Physical properties of selected B-DN gel membrane tested in saline solution at 

37 oC 

 

a) n is the degree of polymerization of the midblock of the triblock copolymer, CP: the 

weight fraction of triblock copolymer in the precursor solution (wt/wt), s: the spin 

speed (rpm). m and C2: the 2nd monomer type and corresponding monomer 

concentration (mol/L). b)The parameters E, εb, σb and Wb, are Young’s modulus, fracture 

strain, fracture stress and work of extension at fracture of B-DN gel membranes, 

respectively. 
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Figure 17. The swelling ratio (a) and tensile curves of selected B-DN gel membranes 

test at room temperature (25 oC) and body temperature (37 oC) in saline solution. 

Sample codes were shown in the figure. 
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Chapter 7: Summary  

This work aims to get a better understanding of the structure and underlying toughening 

mechanism of tough and self-recoverable hydrogels. For this purpose, we chose the 

tough and self-coverable hydrogels based on self-assembly of ABA type triblock 

copolymer as a model system, and used NMR, rheology and time-resolved SAXS as 

detection technique. The effects of molecular parameters (including chain length of A 

or B block and triblock copolymer concentration) and external parameters (including 

temperature and) on preparation process, self-assembly structure, and 

structure-property relationship of gels were systemically studied. The main results and 

conclusions of this thesis are summarized as follows: 

1). Relaxation dynamic of precursor solutions. The effects of temperature and polymer 

concentration on relaxation dynamics of precursor solution was studied by combing 

temperature-sweep rheological measurement and NMR. Our results suggest that this 

system obeys time-temperature superposition (TTSP) and time-concentration 

superposition (TCSP) quite well, and shows a sol-gel transition by decreasing 

temperature. This allow us to separate the activation energy of micelle relaxation from 

chain friction of entanglements. We found that the activation energy of micelle 

relaxation, originating from endblock chain pullout from micelle, is independent of the 

polymer concentration. While the sol-gel transition temperature increases with polymer 

concentration, which could be explained as a preferred intermolecular association 
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between endblock chains at high concentration. 

2). Contribution of physical crosslinks and trapped entanglements in B gels. The 

individual contributions to the effective network from trapped chain entanglements and 

crosslinks in a physical triblock copolymer gels were successfully estimated by probing 

the modulus at uncrosslinked state (solution) and crosslinked state (B gel). The 

entanglements GN in uncrosslinked solution were probed by TTSP. The trapped 

entanglements Ge was calculated by GN normalized by swelling ratio from the solution 

to B gel. the contribution from crosslinks was calculated by subtracting the contribution 

of Ge from G, the total modulus of B gel. The ϕP dependence of Ge and Gc obeys power 

law with exponents of 2.5 and 1.0. The experimental exponent is perfectly conformed 

to the theoretical predictions, confirmed that our method is an effective method to 

separate the entanglements from crosslinks in physical hydrogels. It should be open the 

new door for designing new materials from theoretical viewpoint. 

3). Structure evolution of B gels. In the gel (named as B gel), with increasing 

concentration, the elastic modulus originated from number of elastically active chains 

firstly increase followed by a plateau. In addition, structure evolution was also 

observed in small angle X scattering (SAXS). Based on micro SAXS and macro 

mechanical property, we concluded that the dangling chain which has no contribution, 

is dominant at low concentration; while at high concentration, the bridged micelles is 

dominant. 

4). Toughening mechanism of B-DN gels. Based on results from a combination of 
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in-situ small-angle X-ray scattering and customized tensile device, the structure 

evolution during deformation was revealed, which suggests that the high toughness of 

self-recoverable B-DN gels is a synergistic effect of multiscale energy dissipation. In 

initial small strain region, the breaking and reforming of hydrogen bonding in chain 

scale dissipates energy, resulting in 100% self-recovery; In the middle strain region, the 

chain pullout of endblock from the micelles and debris reorganization of 1st network for 

forming cluster dissipate energy; In the large strain region, microvoids form, which also 

dissipate energy. 

5). Creation of tough and self-recoverable B-DN thin gel membrane. Benefiting from 

the thoroughly understanding of chain structure and self-assembly structure in gelation 

process and final gels, for the first time, we successfully prepared thin (10-100 um) but 

ultra-tough and 100% recoverable hydrogel membranes with high water content. Those 

membranes exhibit high pH sensitivity, excellent mechanical properties (even superior 

to those of various biological membranes), biocompatibility, and postoperative 

anti-adhesive property, foreshadowing their potential use as substitutes for biological 

membranes or postoperative anti-adhesive membrane. 
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