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1 Introduction 

1.1 Motivation of the thesis 

Hydrogels have been playing an important role in biomedical fields over 100 

years for their widely tunable chemical, physical and bio-relevant properties.1 However, 

still, we face important challenges for conventional single network hydrogels in order to 

meet specific scientific study requirements for the understanding and advancing 

structure-property relations and application needs.2-5 An important example addresses the 

poor mechanical performance of synthetic hydrogels compared to many natural 

hydrogels.6, 7 Other examples address tailoring their responsiveness to variations of state 

variables (p, V, T, n).8 

Inspired by the structure of load-bearing soft tissues, the double network approach 

was proposed.9 Thermoresponsive double network hydrogels, which combines (boasts) 

the superior mechanical properties of double network hydrogels with the easy-to-control 

feature of thermoresponsive hydrogels, have received much attention for various 

applications, including biosensors, soft robotics, and drug delivery.10-12 So far, only 

limited pairs of combinations of polymers have been studied, and the thermoresponsive 

networks were mainly poly(N-isopropylacrylamide)(PNIPAM) or its copolymers. 

However, PNIPAM is potentially cytotoxic because the low molecular weight amino 

compounds can be generated by hydrolysis.13 Therefore, new thermoresponsive polymers 

with better biocompatibility are strongly desired for thermoresponsive double network 

hydrogels designed for biomedical applications. 
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Poly(N-vinylamide)s, a class of water-soluble carbon chain polymers with the 

amide group tied directly to the polymer backbone, present an isomeric alternative to 

polyacrylamides offering versatile chemical modification via the backbone-linked amine 

functionality after hydrolysis.14, 15 Poly(N-vinylacetamide)(PNVA) and poly(N-

vinylformamide)(PNVF) are of good biocompatibility, and they are able to be readily 

modified by N-substitution at the amide position.16, 17 Alkylated PNVAs and PNVFs have 

been proved as LCST-type polymers,18-21 which can work as alternatives to PNIPAM for 

the development of biocompatible thermoresponsive double network hydrogels. 

1.2 Scope of the thesis 

In this thesis, we developed a series of N-alkylated poly(N-vinylamide)s with 

different side chain length by N-substitution of the constituent monomer units of PNVAs 

or PNVFs. The amphiphilic nature of these poly(N-alkyl-N-vinylamide)s was adjusted by 

the molecular weight and structure of backbone polymer, alkyl side chain length, as well 

as degree of alkyl chain substitution. Based on the hydrophobicity, we firstly developed a 

series of physically crosslinked hydrogels and thermoresponsive hydrogels, and then we 

investigated various thermoresponsive double network hydrogels prepared from the 

combinations of the aforementioned two types of poly(N-alkyl-N-vinylacetamide)s. It 

was demonstrated that poly(N-vinylacetamide)s derivatives are promising components 

for thermoresponsive tough double network hydrogels. 

Chapter 2 gives a detailed analysis of the literature on double network hydrogels. 

Chapter 3 describes reversible hydrogel formation by hydrophobic interaction for 

poly(N-alkyl-N-vinylacetamide)s with 3 mol% of alkyl chains (side chain length = 10, 12, 
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14, 16 and 18). The polymers dissolve in ethanol and can be cast to thin films in a mould. 

When immersed in water, they swell and form biocompatible hydrogels. Polymers with 

alkyl substituents of different length demonstrate strong differences in strength of the 

hydrophobic association. Relatively short alkyl substituents yield hydrogels which flow 

upon shearing but still segregate from excess water, i.e., exhibit syneresis. Longer alkyl 

substituents yield hydrogels with mechanical properties approaching those of 

permanently crosslinked hydrogels. Hydrogels were characterized by strain- and stress-

controlled rheological experiments. Their rheological properties follow a time-

temperature-stickiness superposition principle indicating that the side chains serve as 

sticky substituents which extend the terminal relaxation time according to their 

hydrophobicity. 

Chapter 4 reports on the thermoresponsive properties of poly(N-alkyl-N-

vinylacetamide)s and poly(N-alkyl-N-vinylformamide)s modified by N-substitution of 

poly(N-vinylamide)s with short hydrocarbon substituents. Demixing in aqueous solution 

was tailored over a wide temperature range by substituting the poly(N-vinylamide)s by 

relatively short alkyl side chains (e.g., n-propyl, n-butyl or allyl groups). Introduction of a 

small fraction of allyl groups allowed preparation of hydrogels by photo-initiated thiol-

ene addition. Hydrogels were characterized for their temperature-dependent swelling and 

swelling kinetics. We observed inverse molecular weight dependence of the cloud points 

of polymers meaning that the lower molecular weight samples have lower cloud points. 

Covalently crosslinked hydrogels of these polymers showed the corresponding volume 

phase transition. Once the hydrogels collapsed at elevated temperature, swelling would 

recover below the volume phase transition temperature in short time but only to reduced 
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degree of swelling. Further swelling to the original degree of swelling appeared to be 

extremely slow and was difficult to be observed because of the long times needed. As an 

explanation, we discuss the formation of ordered clusters from stereoregular segments in 

the polymer chain: These clusters appear to result in extra quasi‑permanent crosslinks 

which reduce reswelling. 

Chapter 5 describes double network hydrogels consisting of a covalently 

crosslinked alkylated PNVA network and a reversibly crosslinked alkylated PNVA 

network. For each network, polymers with different alkyl chain lengths and molecular 

weights were used to study the effects on the temperature-dependent swelling behavior 

and mechanical properties of the double network hydrogels. A key challenge in this study 

was caused by the solubility and viscosity limitations for the choice of the fractions of the 

components and their concentrations during the chemical crosslinking step. Enhanced 

mechanical strength and tissue-like stress-strain mechanical response were achieved for 

selected double network hydrogels. 
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2 Literature review 

2.1 Single network hydrogels 

Hydrogels, three-dimensional physically or chemically crosslinked hydrophilic 

polymer networks which swell but do not dissolve in water,1 have received extensive 

attention in diverse biomedical fields including but not limited to drug delivery,2 wound 

dressing,3 tissue engineering,4 contact lens,5 hygiene products,6 biosensors,7 hydrogel 

machines,8 and soft robots9. Furthermore, they have also played an important role in the 

corresponding commercial markets10, 11 since the term “hydrogel” was first proposed in 

189412.  

In particular, for countless biomedical applications, hydrogels are of further 

increasing interest owing to their widely tunable chemical, physical and bio-relevant 

properties.11 However, there still remain some major problems for conventional single 

network hydrogels (SN gels) to be solved in order to meet all the requirements of various 

scientific and industrial needs,8, 9, 13, 14 most noteworthy, their mechanical weakness 

(strength < 50 kPa, stiffness < 10 kPa, toughness < 10 J/m2).15 

For their good biocompatibility, hydrogels have been extensively used as 

structural substitute or template of human tissue in tissue engineering.4 However, 

conventional chemically crosslinked SN gels are usually weak and brittle, which limits 

their use as substitute materials for load-bearing soft tissues, such as articular cartilage, 

tendon, ligament and muscle.16, 17 
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Hydrogels have been considered as ideal wound dressing materials to promote 

wound healing process for their comprehensive properties, such as the ability to cool the 

wound area, absorb tissue exudates, as well as protect the wound from bacteria.18, 19 

However, when frequent bending or complex motions are involved in the neighbourhood 

of the wound, the chance for bacterial infection could be largely increased,18 because the 

hydrogel dressing can break before the wound gets fully recovered. 

Hydrogels are also promising materials for implantable bio-sensors with 

integrated flexible electronic devices, and health-monitoring systems to monitor health-

related parameters to assist diagnosis and treatment.20 Yet, the poor mechanical 

properties also limited their application, for instance, strain and pressure sensors need to 

tolerate cyclic compression or stretching, therefore, the devices must have excellent 

mechanical properties to ensure the accuracy of the data acquired and the durability of the 

sensor.21 

Furthermore, hydrogels have attracted considerable attention in emerging fields 

like soft robotics based on their excellent features including flexibility, stretchability, 

transparency and biocompatibility.9, 22 For these purposes, mechanically strong hydrogels 

which can tolerate cyclic large deformations are also required.15 

For all these requirements, many hydrogel systems have been investigated to 

develop mechanically strong hydrogels. Examples are nanocomposite hydrogels,23 

topological hydrogels,24 hydrophobic association hydrogels25, and double network 

hydrogels (DN gels)26. 

2.2 Double network hydrogels 
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It is noteworthy that natural hydrogels of bio-tissues consist of multi-components 

with multi-scale hierarchical structures.15 By this, they are soft and strong at the same 

time. They have low modulus at small strain while they exhibit high modulus at large 

strain; in contrast, synthetic SN gels are usually weak.15 The articular cartilage, which is 

mainly composed of water (around 70 wt.%), collagen (around 20 wt.%) and 

proteoglycan (around 10 wt.%) with a fracture modulus over 10 MPa under 

compression,27 can maintain its structure and function after subjected to daily 

compressive force up to 20 MPa for lifetime.28 The excellent mechanical performance of 

articular cartilage is attributed to the interpenetrating network structure formed by 

collagen and proteoglycan aggregates.29 As shown in Scheme 1, collagen consists of 

three polypeptide chains which twist tightly into a rope-like triple helix structure 

stabilised by hydrogen bonds;27, 28 while each proteoglycan has a bottle-brush-like 

structure formed by as many as 100 chondroitin sulfate and 30 keratan sulfate side chains 

which are linked laterally to a core protein, and proteoglycan aggregate is formed by 

many proteoglycans bonded with a hyaluronic acid backbone by link protein.28 The 

flexible proteoglycan aggregates network tends to spread out due to the mutual repulsion 

between negatively charged proteoglycan molecules, and they are immobilised in the 

rigid collagen framework without a chance to move out of tissue.29 
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Scheme 1. Simplified illustration for network structure of articular cartilage (modified 
according to literature30). Other components including chondrocytes, non-collagenous 
proteins, and glycoproteins, etc., are omitted. 

Inspired by the excellent mechanical performance of load-bearing bio-tissues, the 

theory of DN gels was first proposed by Gong group in 2003.26 For such high 

performance, the double networks, typically, the first network is made of a strongly 

crosslinked polyelectrolyte, while the second network is made of a loosely crosslinked 

neutral polymer with a molar concentration of 20 to 30 times of the first network.16 This 

type of DN gels were prepared by a two-step polymerization process: firstly the first 

network is formed by the reaction of monomer, initiator and crosslinker, and secondly the 

first gel is immersed into the precursor solution of the second network which is 

crosslinked successively within the first network.16 After the two-step crosslinking, the 

first network interpenetrates the second network and remains under strain. Upon 

deformation, the first network is broken into small clusters and dissipates large amount of 

energy, and then these clusters present as elastic filler of the flexible second network. The 

first network work as sacrificial bonds to make the double network tough.31 Since the DN 

theory was proposed, various material combinations, crosslinking strategies, and potential 

biomedical applications had been extensively investigated.32  
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Neutral polymers often do not swell strongly in monomer solutions, therefore, it 

can be difficult to use them as the first network polymer to make strong hydrogels 

directly from the combination of two neutral polymers. To further extend the range of 

polymers which can be used to build tough DN gels, a molecular stent technique33 was 

proposed: introduce a linear polyelectrolyte to entangle with the neutral polymer network 

as the first network to highly expand and swell this composite network in the second 

monomer solution by the increased osmotic pressure. 

According to the types of crosslinking of the two constituent networks, DN gels 

can be classified into full-interpenetrating DN gels (full-IPNs), semi-interpenetrating DN 

gels (semi-IPNs), and mechanical blends.34, 35 Full-IPNs consist of two or more 

chemically crosslinked networks which interpenetrate into but do not chemically bonded 

with each other, therefore, any one of the constituent networks cannot be removed 

without breaking chemical bonds; in contrast, semi-IPNs are made of two networks but 

only one of the network is chemically crosslinked, therefore, the separation of the two 

networks do not need to break the chemical bonds. The mechanical blends refer to the 

mixture of two or more polymers without any chemical crosslinking. 

2.3 Thermoresponsive double network hydrogels 

Thermoresponsive hydrogels are probably the most extensively studied stimulus-

responsive hydrogels, because their properties can be easily controlled by small variation 

of local temperature, which can be manipulated by numerous methods.36, 37 If such 

hydrogels are filled with magnetic nanoparticles or photo-thermal agents, the local 

temperature can be controlled remotely by applying external magnetic field38 or near 
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infrared laser irradiation39, so that the swelling ratio and other properties of hydrogels can 

be manipulated. 

Thermoresponsive double network hydrogels (T-DN gels), which combine the 

superior mechanical properties of DN gels with the easy-to-control feature of 

thermoresponsive hydrogels, have drawn much attention in diverse fields including 

biosensor,40 soft robotics,41 drug delivery,42 and 4D printing,43 etc. 

 To make mechanically strong T-DN gels, the combination of a thermoresponsive 

polymer and a non-thermoresponsive polymer were usually used.41, 44-51 

 As early as the year of 1994, Gutowska et al. had already proposed the concept of 

T-DN gels.44 They prepared semi-IPNs consisting of crosslinked poly(N-

isopropylacrylamide) (PNIPAM) and physically entangled linear poly(ether urethane-

urea) (Biomer). With higher content of hydrophobic Biomer, the compression modulus of 

semi-IPNs could be increased to around ten times that of PNIPAM SN gels due to the 

higher apparent crosslinking density and lower degree of swelling. The thermosensitivity 

was reduced compared with the PNIPAM SN gels whereas the VPTT was unchanged. 

Krakovský et al. prepared a series of T-DN gels consisting of thermoresponsive 

PNIPAM first network with varying crosslinking densities and hydrophilic 

polyacrylamide (PAAm) second network with constant crosslinking density.45 It was 

observed that incorporation of the hydrophilic second network could reinforce the shear 

modulus but lower the thermosensitivity regardless of the crosslinking density of the 

thermoresponsive first network; and the shear modulus of these T-DN gels was positively 

correlated with the crosslinking density of the first network. 
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Muniz et al. prepared thermoresponsive semi-IPNs consisting of chemically 

crosslinked PAAm and physically entangled PNIPAM.46, 47 Temperature-dependent 

permeability46 and compressive elastic modulus47 of these semi-IPNs were 

comprehensively investigated. Compared with the crosslinked PAAm SN gel, the semi-

IPNs had lower equilibrium degree of swelling, higher polymer volume fraction as well 

as higher apparent crosslinking density due to the incorporation of relatively more 

hydrophobic PNIPAM; at higher temperatures above the LCST (32°C), although no large 

shrinking was observed due to the supporting effect of the crosslinked PAAm network 

for the collapsed PNIPAM chains,47 the permeability of the semi-IPNs to model drug was 

largely increased because of the increased pore volume and amount of water expelled 

resulted by the collapse of PNIPAM chains, which could enhance the diffusion of the 

model drug,46 and the semi-IPNs exhibited higher compressive elastic modulus owing to 

the entangled PNIPAM chains collapsing around the PAAm network as a solid filler.47  

Boon-in et al. fabricated T-DN gels composed of poly(2-acrylamido-2-methyl-1-

propanesulfonic acid) (PAMPS) as the first network and PNIPAM as the second network 

to serve as flexible and strong dressings which could provide prolonged cooling at above 

32°C for inflamed skins to relieve pain and dissipate the heat caused by inflammation.48 

Incorporation of the PAMPS led to stronger DN gels with a storage modulus of 3850 Pa, 

which was around three times that of PNIPAM SN gel (1315 Pa), and also led to more 

prolonged cooling.  

Zheng et al. designed T-DN gels composed of physically crosslinked alginate and 

chemically crosslinked PNIPAM for all-hydrogel soft robotics.41 Tunable LCST (22.5°C 

to 32°C) and enhanced mechanical properties (compressive stress of 6.3 MPa and 
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uniaxial stretch of 9.95) were accomplished by optimizing the concentration of the AlCl3 

used for preparation. The (Na-alginate/PNIPAM)/(Al-alginate/PNIPAM) bilayer 

hydrogel actuator could be actuated above 22.5°C and grip an object when made into a 

four-arm shape. 

Means et al. developed a T-DN gel exhibiting ultra-high compressive strength 

around 23 MPa and compressive modulus around 1.5 MPa by using tightly crosslinked 

and highly negatively charged PAMPS as the first network, and loosely crosslinked 

thermoresponsive and zwitterionic P(NIPAM-co-MEDSAH), a copolymer of NIPAM 

and [2-(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium hydroxide 

(MEDSAH) as the second network.49 Apart from the excellent mechanical properties, 

which were ascribed to the intra-network ionic interactions of the highly negatively 

charged first network and zwitterionic second network as well as the inter-network ionic 

interactions between the two networks, this DN gel also retained the 

thermoresponsiveness of PNIPAM hydrogel and had a VPTT of around 35°C, which 

make it a promising candidate for thermoresponsive smart materials. 

Li et al. fabricated T-DN gels composed of poly(2-acrylamido-2-

methylpropanesulfonic acid sodium salt) (PNaAMPS) as the rigid and brittle first 

network and poly(N-isopropyl acrylamide-co-acrylamide) (P(NIPAM-co-AAm)) as the 

soft and ductile second network.50 It was proved that these T-DN gels exhibited desirable 

thermally controlled swelling properties, good biocompatibility, and antibacterial 

functions for biomedical applications like wound dressing and skin replacement. The 

optimized DN gel exhibited excellent mechanical properties with a tensile strength of 

1.37 MPa, elongation fracture strain of 673.3%, and elastic modulus of 0.76 MPa. 
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Guo et al. fabricated two topologically opposite semi-IPNs by the combination of 

hydrophilic poly(N,N-dimethylacrylamide) (PDMA) and thermoresponsive PNIPAM 

with the same polymer compositions and investigated the differences in their 

thermoresponsive properties.51 It was demonstrated that in swollen isochoric condition, 

the thermo-toughening effect of the semi-IPN with crosslinked PNIPAM was much more 

notable than that of the semi-IPN with crosslinked PDMA. When the temperature was 

increased from 20°C to 60°C, semi-IPN with crosslinked PNIPAM had a 10 times 

increase in the elastic modulus and much higher fracture energy; while the semi-IPN with 

crosslinked PDMA only had 3 times increase in the elastic modulus and little higher 

fracture energy. 

The combination of two thermoresponsive polymers could also lead to 

mechanically strong T-DN gels.40, 42, 52-56 

X. Zhang et al. reported T-DN gels consisting of two chemically crosslinked 

PNIPAM networks to make an easy-to-remove drug-carrier with better thermosensitivity 

and more sustained drug release profile.42 The polymer content of the first network was 

kept constant while that of the second network was varied. Compared with the PNIPAM 

SN gels, these full-IPNs exhibited almost unchanged LCSTs, higher glass transition 

temperatures, higher thermosensitivity, enhanced mechanical performance, and more 

sustained drug release profile. The compression and tensile modulus of the PNIPAM 

based T-DN gels were positively correlated with the content of the second network 

component, and could reach 13.34 kPa and 33 kPa, which were times higher than that of 

the single network PNIPAM hydrogel, 3.8 kPa and 1.96 kPa, respectively. The 

contribution of the second network to the excellent mechanical properties of the T-DN 



27 
 

gels were attributed to the increase in polymer mass per volume, the enhancement in the 

intermolecular and intramolecular interactions as well as the interlocking between the 

two networks. 

Fei et al. designed PNIPAM T-DN gels consisting of two PNIPAM networks with 

different crosslinking densities, then they prepared micropillar arrays using these T-DN 

gels by UV-assisted micropatterning technique to improve the thermoresponsitivity for 

more efficient thermally modulated cell release.52 To achieve high equilibrium degree of 

swelling, Fei et al. prepared PNIPAM T-DN gels incorporated with polysiloxane 

nanoparticles which were added during the formation of the first network or the second 

network,53 by varying the composition, it was found that the DN gel which was loaded 

with polysiloxane nanoparticles (around 200 nm in diameter) during the formation of the 

first network, exhibited optimal performance including higher equilibrium degree of 

swelling, higher thermosensitivity than the SN and DN PNIPAM gels, as well as higher 

modulus, strength and fracture strain compared with PNIPAM SN gel. 

Furthermore, Fei et al. developed ultra-strong T-DN gels by the combination of 

tightly crosslinked ionized P(NIPAM-co-AMPS) comprised of different amounts of 

AMPS (100:0 to 25:75 wt.% ratio of NIPAM:AMPS) as the first network and loosely 

crosslinked PNIPAM as the second network.54 It was observed that these T-DN gels had 

higher thermosensitivity with an around 1°C lower VPTT compared with the PNIPAM-

based SN gel and T-DN gel; higher AMPS content resulted in improved water uptake 

capacity, lower extent and rate of deswelling, as well as enhanced reswelling behavior. 

An ultra-strong hydrogel, which had an ultimate compressive strength (17.5 MPa), high 

compressive modulus (0.085 MPa) as well as high fracture strain (95%) at 25°C, was 
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accomplished by using NIPAM:AMPS at a mass ratio of 25:75 wt.% for the first network. 

The aforementioned T-DN gels were further investigated to assess their potential to be 

used as self-cleaning membranes for implanted glucose biosensors,40 for this application, 

small amount (1-2 wt.%) of N-vinylpyrrolidone (NVP) comonomer was incorporated into 

the PNIPAM network to raise the VPTT over 38°C in order to keep the T-DN gels in the 

maximum swollen state when implanted into the tissue to guarantee that the glucose 

diffusion was maximized. It was proved that this type of T-DN gels had enhanced 

mechanical properties, good cytocompatibility, and high thermosensitivity, and owing to 

these features, they could achieve thermally driven cell detachment from the gel surface 

to maintain glucose diffusion and thus elongate the lifetime of implanted glucose 

biosensors.  

C. Liu et al. prepared nanocomposite T-DN gels composed of starch-based 

microspheres crosslinked oligo (ethylene glycol) methyl ether methacrylate (POEGMA) 

and diethylene glycol dimethacrylate (DEGMA) crosslinked poly(2-(2-methoxyethoxy) 

ethyl methacrylate) (PMEO2MA) by two-step free radical polymerization.55 Interestingly, 

the DN gels only went through a volume phase transition at 20.2°C (the LCST of 

PMEO2MA) without further collapse at 68.0°C (the LCST of POEGMA) due to the 

homogeneity of both networks. Incorporation of these starch-based microspheres could 

enhance the physical adherence and entanglements between the microspheres and the 

polymer network and thus make the networks more perfect; meanwhile, it could also 

bring in larger internal friction to avoid fracture caused by stretching. The T-DN gel with 

optimized composition exhibited high toughness (91.1 ± 1.2 kJ/m3), fracture stress (49.2 
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± 0.7 kPa), elastic modulus (8.1 ± 0.3 kPa) as well as large fracture strain (5.7 ± 0.1) 

under stretching. 

Hanyková et al. prepared T-DN gels consisting of highly crosslinked 

thermoresponsive poly(N,N’-diethylacrylamide) (PDEAAm) as the first network and 

loosely crosslinked PDEAAm or PAAm or PAMPS as the second network.56 It was 

observed that the thermosensitivity of these T-DN gels could be lowered by non-

thermoresponsive polymers (PAAm or PAMPS), but enhanced by the PDEAAm in the 

second network. For the high swelling ratio of PAMPS, the temperature-dependent 

deswelling of the T-DN gels was severely hindered; therefore, the thermosensitivity 

decreased dramatically with increasing amount of PAMPS until disappeared. For the 

PDEAAm/PDEAAm or PDEAAm/PAAm T-DN gels, the Young’s modulus could reach 

2-3 times that of the PDEAAm SN gels and decrease with the increasing swelling ratio 

for each type of DN gels. 

Apart from enhancing the mechanical properties, T-DN gels were also designed to 

tailor other properties of SN gels to improve their utility or efficacy for various 

applications.57-63 

Z. Liu et al. reported T-DN gels made of xanthan gum (XG) and methylcellulose 

(MC) from aqueous solution.57 At room temperature, the XG/MC blend solution could 

flow and became injectable under applied stress owing to the shear thinning property of 

XG. At 37°C the samples formed a gel due to the thermal gelation property of MC. The 

T-DN gels had good biocompatibility and biodegradability as well, which indicated that 
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these T-DN gels had the potential to serve as injectable drug carriers to realize 

temperature controlled drug delivery. 

For a PNIPAM SN gel, the response rate to temperature change is slow due to the 

formation of a dense skin layer at the shrinking course.64 To achieve more rapid response 

rate to temperature change, Li et al. studied T-DN gels consisting of guar gum (GG) and 

PNIPAM.58 By introducing hydrophilic GG component into the PNIPAM network, the 

temperature sensitivity and permeability of the thermoresponsive hydrogel was improved, 

which could allow the T-DN gel to be used for establishing controlled drug delivery 

system for specific-colonic drug release.  

Lu et al. fabricated T-DN gels consisting of poly(methyl methacrylate) (PMMA) 

and PNIPAM.59 This type of DN gels exhibited good thermosensitivity and lower final 

water retention at 37°C, as well as slower methylene blue release rate compared with the 

crosslinked PNIPAM SN gel. 

Wang et al. investigated both the semi-IPNs consisting of glutaraldehyde 

crosslinked chitosan with non-crosslinked PNIPAM,60 and the full-IPNs composed of 

formaldehyde crosslinked chitosan and methylene bis-acrylamide crosslinked PNIPAM.61 

Both the semi-IPNs and the full-IPNs were sensitive to the temperature change, but 

unlike other PNIPAM-based hydrogels which would shrink above volume transition 

temperature, their thermosensitivity resulted in the change of transparency, i.e., they kept 

transparent at low temperatures while turned opaque above their transition temperatures 

(32°C for semi-IPNs and 30°C for full-IPNs); as with other properties (e.g., swelling 

behavior of hydrogels), the incorporation of the PNIPAM had significant influence in that 
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of the full-IPNs but little influence in that of semi-IPNs; these IPNs may have the 

potential to be applied in hydrogel devices or soft robotics.60, 61  

J. Zhang et al. fabricated semi-IPNs by the combination of non-crosslinked 

poly(vinyl alcohol) (PVA) with crosslinked PNIPAM to make hydrogels with extremely 

high temperature response rate which could be very important for the performance of 

chemical sensors and artificial organs.62 The incorporation of PVA endowed these semi-

IPNs with higher equilibrium swelling, significant faster response rate, and full 

deswelling in one minute above LCST of PNIPAM. 

Käfer et al. designed T-DN gels by the combination of thermophilic poly(N-

acryloyl glycinamide) (PNAGA) and thermophobic PNIPAM.63 By increasing the weight 

ratio of PNIPAM to NAGA, the thermoresponsive behavior of these T-DN gels changed 

from thermophilic volume phase transition to double thermoresponsive behavior (i.e., the 

temperature-dependent volume change curve was determined by the co-contribution of 

the thermoresponsiveness of PNAGA and PNIPAM). 

Moreover, various characterization methods were used to improve the 

understanding of structures and properties of T-DN gels as well as establish theoretical 

models for them.65-73 

Furthermore, temperature- and pH- dual responsive DN gels were prepared for 

more versatile applications.74-77 

Above all, tens of different combinations of materials have been investigated to 

produce T-DN gels, but still many issues remain to be solved, in particular, only limited 
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pairs of combinations of polymers have been studied, and the thermoresponsive networks 

were mainly PNIPAM or its modified type (e.g., copolymers containing NIPAM units). 

However, it has been proved that PNIPAM is potentially cytotoxic,78 and the 

cytotoxicity of PNIPAM could be attributed to the potentially existing low molecular 

weight amino compounds resulted by hydrolysis.79 Therefore, new thermoresponsive 

polymers are strongly desired for T-DN gels designed for biomedical applications. 

2.4 Thermoresponsive N-alkylated poly(N-vinylamide)s 

Poly(N-vinylamide)s, a class of water-soluble carbon chain polymers with amide 

groups in side substitutes, are expected to serve as the alternatives of polyacrylamides for 

possessing the isomeric structures, and be used as models of natural polyamides (e.g., 

proteins).80, 81 Polyvinylpyrrolidone (PVP), which was first developed by Walter Reppe 

and his colleagues in BASF during the 1930s and used as blood plasma substitute in 

World War II, is probably the most well-known poly(N-vinylamide) and has been used in 

diverse fields including but not limited to pharmaceuticals, cosmetics, and textiles.80, 82 

Poly(N-vinylcaprolactam) (PNVCL) is another popular poly(N-vinylamide), which has 

also been broadly investigated for biomedical applications owing to its thermoresponsive 

behavior with an LCST which is close to body temperature (ranging from 32°C to 35°C) 

and can be manipulated by varying the degree of polymerization or concentration.83 

Structures of representative N-vinylamide monomers are shown in Scheme 2. The 

large-scale synthesis of N-vinylamide monomers are challenging: for instance, it took 

researchers years to solve the problem in purifying NVF by distillation on large scale, 

until a special chaser was invented and adopted in the system,84 and NMVA monomer 
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was the only N-vinylamide monomer that had been produced on industrial scale till the 

year of 1998.80 

 

Scheme 2. Structures of representative N-vinylamide monomers. (a) N-vinylformamide 
(NVF); (b) N-vinylacetamide (NVA); (c) N-methyl-N-vinylacetamide (NMVA); (d) N-
vinylpyrrolidone (NVP); (e) N-vinylcaprolactam (NVCL). 

Among the representative N-vinylamide monomers, only N-vinylacetamide (NVA) 

and N-vinylformamide (NVF) are able to be readily modified by N-substitution at the 

amide position, therefore we are particularly interested in their corresponding polymers, 

PNVA and PNVF, both of which are of good biocompatibility.85, 86 Functional groups can 

be linked with PNVA or PNVF by direct N-substitution at the amide position or reactions 

with the N-vinylamine units which can be obtained by hydrolysis of PNVA or PNVF.81, 87 

Some of alkylated PNVAs and PNVFs have been proved as LCST-type polymers,88-91 

therefore, they are expected to work as ideal alternatives for PNIPAM to make T-DN gels 

with enhanced mechanical performance. 
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3 Hydrophobic interaction within sparsely N-alkylated 

poly(N-vinylacetamide)s enables versatile formation 

of reversible hydrogels 

3.1 Introduction 

Hydrogels formed by biocompatible polymers, which get crosslinked by physical 

bonds, such as ionic interaction, hydrophobic association, or hydrogen-bonding, have 

gained wide interest for application in biology and medicine.1, 2 Typically, their 

crosslinking elements aggregate to small domains or clusters, so that the crosslinks gain 

strength by multiplicity.3 In the case that the binding energy ε of the associating group is 

strong, ε >> kT, the lifetime of the clusters or crosslinks is practically infinite. If ε 

approaches kT, associating groups can be dynamically exchanged between clusters; the 

lifetime and strength of a crosslinking cluster depends also on the number of associating 

groups that form this crosslink.4, 5 Strain caused disruption of such a crosslinking cluster 

is not an irreversible catastrophic event but a sequence of rearrangements during which 

single cluster-constituting elements may get exchanged between adjacent clusters. This 

spreads the fracture stress and thus the fracture energy can be dissipated.6 As a 

consequence, physical hydrogels can demonstrate high toughness and large strain at 

break.7 

Multiple reversible bonding within one cluster yields another characteristic feature 

of such networks. When a cluster gets disrupted by strain, the driving force for its 

recovery serves like a memory of the original structure as long as the interacting groups 
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do not assemble and relax in a new structure of similarly low free energy.5, 8, 9 In 

particular in networks consisting of strong and weak crosslinks, this memory causes self-

healing properties so that a deformation or even the formation of micro-cracks can be 

reversed. Breaking weaker crosslinks allows some yielding, while the stronger crosslinks 

can recover the shape of the hydrogel and direct the weaker bonds to reorganize in the 

original topology.5, 10 

Synthetic hydrogels crosslinked by hydrophobic interactions can be classified into 

three groups. The first group comprises hydrogels in which water swollen domains are 

interpenetrated by hydrophobic domains that account for a large volume fraction φ of the 

material, φ > 0.2. These are typically statistical copolymers with amphiphilic segments. 

Here soft water swollen domains get held together by extended or even continuous 

domains and the swelling ratio is limited to a factor below 2.7, 10-12 A second group 

comprises triblock structures with a hydrophilic center block. In this case, the 

hydrophobic end blocks associate to discrete domains which act as the crosslinks. The 

lengths of the hydrophobic end blocks determine their size and strength of interaction.10, 

13 It is a characteristic feature of such triblock copolymers that the end groups can 

associate in dilute solution to form flower-like soluble micelles, while intermolecular 

association to gelled structures is favored at higher concentration.14 As a third group, 

copolymers with block-wise sequences of the alkyl-substituted monomers have been 

achieved by a technique called micellar copolymerization where the hydrophobic 

monomers get pre-clustered by addition of surfactant.9 In all these cases, the strength of 

the crosslinks gets fortified significantly by crystallization for longer hydrophobic alkyl-

segments.15 
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In this work, we address reversibly crosslinked hydrogels with a small fraction of 

hydrophobic alkyl-substituents, which are stochastically distributed along the water 

soluble polymer backbone. Hydrophobic association of the alkyl substituents will be 

strongly confined by the topological constrictions exerted by their linkage to the polymer 

backbone and only few alkyl chains can assemble in a single cluster. Yet the small 

volume fraction of hydrophobic side chains ensures their full separation by the 

hydrophilic matrix as finite size crosslinks. Very small numbers of association should 

also suppress crystalline ordering in the case of longer side chains. Even for relatively 

long n-alkyl side chains like octadecyl substituents, the network will be connected by 

amorphous and thus liquid hydrophobic clusters, i.e., the side chains are sticky 

attachments to the hydrophilic polymer backbone, whose stickiness is systematically 

increased by their length. 

In order to synthesize reversibly linked hydrogels as described above, we focused 

on poly(N-vinylacetamide), a structural isomer to poly(N-methylacrylamide) known for 

its excellent water solubility.16 The circumstance that the amine function is directly 

bound to the backbone opens wide possibilities for functionalization and substitution 

after partial hydrolysis or by direct N-substitution of the amide. Thus, n-alkyl side chains 

can be attached to the preformed polymer backbone. This way we avoid block formation 

caused by unfavorable copolymerization parameters and differences in monomer 

solubility, and we could alkylate only a small fraction of the monomer units (3 mol%). 

We could study the side chain length dependence of the strength of the hydrophobic 

crosslinks without interference by crystallization. We believe that these gel-forming 
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polymers present rather well-defined building blocks for more advanced heterogeneous 

hydrogel structures as exemplified in nature. 

3.2 Experimental section 

3.2.1 Materials 

N-vinylacetamide (NVA), sodium hydride (NaH) dispersed in paraffin liquid 

(60%), and 2,2'-azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (VA-044) were 

purchased from Tokyo Chemical Industry Co., Ltd. Anhydrous dimethylformamide 

(DMF),2,2′-azobis(2-methylpropionitrile) (AIBN, 98%), and alkyl bromides (H–(CH2)n–

Br, n = 10, 12, 14, 16, 18) were bought from Sigma-Aldrich. Anhydrous tetrahydrofuran 

(THF) was a product of Acros Organics. Deuterated methanol and water were purchased 

from Deutero GmbH. P.a. level ethanol, methanol and dichloromethane were obtained 

from VWR. AIBN was purified by recrystallization from methanol. Deionized water (DI 

water) was used for all experiments. 

3.2.2 Sample denotation 

The following denotation was used for polymers: P_62 and P_8 represent 1.6 wt.% 

and 11.1 wt.% aqueous solution of the poly (N-vinylacetamide) (PNVA) with degree of 

polymerisation (DP) = 4500. PNVAxxx-Cn-y represents poly(N- alkyl-N-vinylacetamide) 

with DP = xxx, n-alkyl side chains consisting of n methylene units, –(CH2)n–H, at a 

degree of substitution (DS) of y. 

3.2.3 Synthesis of poly(N-vinylacetamide) 

Poly(N-vinylacetamide)s (PNVA) were synthesized through free radical 

polymerization. For PNVA with Mn > 50 kDa, NVA was dissolved in water to 0.1 g/mL 
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at room temperature and degassed by three freeze-thaw cycles. Subsequently, the solution 

was heated to 60°C, and VA-044 (0.01 mol% of [NVA]) was added. The mixture was 

stirred at 60°C for 18 hours and precipitated in a tenfold volume of acetone. Finally, the 

polymer was redissolved in water and dried by lyophilisation. 

For PNVA with Mn < 50 kDa, NVA was dissolved in ethanol with AIBN (3 mol% 

of [NVA]) used as initiator, and the same conditions and procedure were applied. 

3.2.4 N-alkylation of poly(N-vinylacetamide) 

N-alkylation of PNVA was carried out under nitrogen gas atmosphere at water-

free conditions. Firstly, PNVA was dissolved in anhydrous DMF at 60°C (60 mL/g) and 

cooled to room temperature for further use. NaH (60%, dispersed in paraffin liquid) was 

washed twice with anhydrous THF and subsequently by anhydrous DMF, and finally 

suspended in anhydrous DMF (30 mL/g). The suspension was kept cool in an ice bath 

and the DMF-solution of PNVA was added in a dropwise manner controlled by a 

precision syringe pump (to avoid vigorous foaming or explosion). The alkyl bromide was 

added either by injection (for liquid alkyl bromides) or putting in the powder directly 

after 30 minutes. Reaction time, temperature and stoichiometric ratios used in the 

synthesis procedure are listed in Table S1. 

For work-up, methanol was added dropwisely to quench remaining NaH. Solvents 

were removed by rotary evaporator; the residue was re-dissolved in 

methanol/dichloromethane mixture (the ratios of the two solvents varied according to the 

hydrophobicity of the polymers), and then precipitated in a tenfold volume of acetone. 

The precipitate was purified by dialysis against water and dried via lyophilisation. 
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3.2.5 Nuclear magnetic resonance 

High resolution 1H NMR (400 MHz) spectra were measured by a Bruker Avance 

III-400 spectrometer (Bruker Corporation, Billerica, MA, USA). For NMR sample 

preparation, the PNVA and PNVA-Cn-0.03 polymers were dissolved in deuterated 

methanol (CD3OD), while the PNVA-Cn-y (y ≥ 0.1) samples were dissolved in 

CD3OD/CDCl3, the ratios of the two solvents varied according to the hydrophobicity of 

the samples. 

13C high-resolution NMR spectra were measured at T = 23°C on a wide bore 

AVIII500 Bruker NMR spectrometer operating at a frequency of 125.721 MHz. 13C-1H 

cross-polarization under magic angle spinning (CP-MAS) with a rotor frequency of 5 

kHz and direct polarization (DP-MAS) were used for both dry polymers and hydrogels 

prepared by swelling the polymers in D2O. For CP-MAS and DP-MAS measurements, 

13C-1H heteronuclear decoupling was employed by applying a spinal 64 pulse sequence at 

the proton frequency.17 The 13C NMR spectra were referenced externally to adamantane. 

The recycle delay was 10 s for DP-MAS experiments, the 13C pulse length was 4 s, while 

the dwell time was 10 s, and the number of scans was 4096. The time domain data were 

4k, and the zero filling was done with 32k. For CP-MAS experiments the contact pulses 

had duration of 4 ms and the recycle delay was set to 5 s. The spectral integral intensities 

of 13C NMR spectra were determined using the Bruker software TopSpin 3.2.6. The 13C 

spectral decomposition was processed using MestReNova (2018, Mestrelab Research 

S.L.) program. 
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3.2.6 Size exclusion chromatography 

The size exclusion chromatography (SEC) system was equipped with a HPLC 

pump (1260 Infinity, Agilent), a dual refractive index/viscosity detector (ETA-200, 

WGE), an UV-detector (VWD, 1290 Infinity II, Agilent). SEC was performed using 

DMF (≥ 99.9%, HPLC grade, VWR) containing 1mg/mL of LiBr (≥ 99%, Sigma-Aldrich) 

as an eluent and 2 µL/mL toluene (≥ 99%, Sigma-Aldrich) as internal standard at a flow 

rate of 1 mL/min at 60°C. For separation, a precolumn (8 × 50 mm2) was combined with 

three GRAM gel columns (8 × 300 mm2 with nominal pore widths of 30, 100, and 1000 

Å, Polymer Standards Service). Narrowly distributed poly(methyl methacrylate) 

standards (Polymer Standards Service) were used for calibration of molecular weight. 

PSS WinGPC UniChrom software (Version 8.3.2) was used for the evaluation of 

molecular weights. 

3.2.7 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) traces were recorded with a DSC 8500 

(PerkinElmer, Waltham) in the range of -30 to 230°C with a heating/cooling rate of 

10°C/min in aluminum crucibles. 

3.2.8 Hydrogel preparation 

All hydrogel samples were prepared by solution casting. Polymers were firstly 

dissolved in ethanol and the solution was poured into a flat-bottomed petri dish (for 

rheological measurements) or into glass vial (for swelling ratio measurement). After 

complete evaporation of the ethanol, the polymer film was immersed into large amount of 

water to swell. 
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3.2.9 Swelling 

To measure the degree of swelling, 100 mg of each polymer was dissolved in 

ethanol at 20 mg/mL in a glass vial, ethanol was removed by evaporation in a vacuum 

drying oven at 65°C for 48 h, and then 50 mL of deionized water was added. The vial 

was kept at room temperature (25°C) or 60°C for further observation and measurements. 

At predetermined time points, the water phase was removed and residue water was 

blotted by a precision wipe (Kimtech™ Science). The mass of the swollen hydrogel was 

determined by weighing, and mass of polymers extracted to the sol phase was weighed 

after freeze drying. The swelling ratio (SR) is calculated by Equation 1: 

   (1) 

Where Mgel represents the mass of gel phase, Mp is the mass of polymer in gel phase. 

We also measured the apparent swelling of the same series of polymers at 60°C. 

Apparent swelling ratio (ASR) is calculated by Equation 2: 

 (2) 

Where Mgel represents the mass of the gel phase and Mp_total is the mass of the initial 

amount of polymer (total polymer mass in the gel phase and sol phase). 

3.2.10 Rheology 

Measurements were conducted with a shear rheometer (DHR-3, TA Instruments, 

USA) using a cone-plate geometry (diameter 40 mm, angle 2° and truncation 57µm) 

equipped with a water trap. Excess amount of hydrogels were loaded on the centre of the 

plate to fill up the gap space, and the hydrogels were resting and equilibrated at room 

𝐴𝐴𝐴𝐴𝐴𝐴 =
𝑀𝑀𝑔𝑔𝑔𝑔𝑔𝑔 − 𝑀𝑀𝑝𝑝_𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

𝑀𝑀𝑝𝑝_𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
 

𝑆𝑆𝑆𝑆 =
𝑀𝑀𝑔𝑔𝑔𝑔𝑔𝑔 − 𝑀𝑀𝑝𝑝

𝑀𝑀𝑝𝑝
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temperature until the normal axial force became negligible, then the extra amount of 

hydrogel was removed before measurement. 

(a) Creep recovery. At the predetermined temperature, a fixed shear stress was applied to 

the hydrogel samples for 180 s, followed by the relaxation period of 300 s. The strain was 

recorded with respect to time. No slippage or breakage of the hydrogels was observed 

during the test. 

(b) Stress relaxation. At the predetermined temperature a fixed strain was applied to the 

hydrogel sample for 200 s and the relaxation modulus was recorded with respect to time. 

(c) Shear rate sweeps were measured within the shear rate range of 10-4 to 103 s-1 at 

different temperatures. 

(d) Frequency sweeps were measured from 10-3 to 102 Hz at fixed strain and at different 

temperatures. 

3.2.11 Cytotoxicity and cell adherence studies 

Gel films were cast from ethanol solution, dried and subsequently swollen in 

water. For evaluation of the cytotoxicity of the hydrogels extract, the film of PNVA4500-

C18-0.03 was immersed in culture medium (DMEM) for 36 h and the conditioned culture 

media was collected. Then primary human fibroblasts (NHDF) (passage 8) were seeded 

together with the conditioned culture medium and cultivated for 24 h and 72 h. XTT 

assay (ATCC) was performed to evaluate the cell viability according to the 

manufacturer’s protocol.18 Cell viability was determined by measuring the absorbance (at 

490 and 630 nm) with microplate reader (SpectraMaxM3, Molecular devices, Germany). 
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For the evaluation of cell adherence and viability of NHDF directly seeded on the 

hydrogel, live-dead fluorescent assay was performed. 0.4 mg or 4 mg of the respective 

PNVA4500-Cn-0.03 polymers were dissolved in ethanol and added to 48-well plate in 

fourfold implementation; ethanol was removed by evaporation in a vacuum drying oven 

at 65°C for 48 h. After sterilization by UV irradiation for 2 h, samples were soaked in 0.4 

mL DMEM cell culture media for 48 h for further experiments. The media was collected 

after 48 h. 3×104 of NHDF (passage 8) were seeded on top of the hydrogel and 

subsequently cultured with the previously collected media. Live/dead staining was 

performed after 36 h of cell culture on all hydrogel samples using live/dead cell assay 

(Live/dead cell double staining kit, 04511-1KT-F). 

3.3 Results and discussion 

3.3.1 Synthesis of polymers 

PNVA-Cn polymers were synthesized by N-alkylation of PNVAs, which were 

prepared by free radical polymerization (Figure 1a). 1H NMR was used to determine the 

degree of alkyl side chain substitution (DS) of the PNVA-Cn polymers, examples of peak 

assignments in the spectra (PNVA4500 and PNVA4500-C10-0.03) are shown in Figure 1b-c. 

The DS was determined as the ratio of alkylated NVA units to all NVA units from the 

ratio of the total integrated peak area from 1.2 ppm to 2.2 ppm to the integrated peak area 

from 0.8 ppm to 1.0 ppm, denoted as K, and n is the number of carbon atom in the alkyl 

side chain, as shown in Equation 3: 

(3) 

 

 

𝐷𝐷𝐷𝐷 =
5

3𝐾𝐾 − 2𝑛𝑛 + 4
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Figure 1. (a) Synthesis procedure of PNVA and poly(N-alkyl-N-vinylacetamide)s; (b) 
and (c) are 1H NMR spectra of PNVA4500 and PNVA4500-C10-0.03 in deuterated methanol. 
(Signal peaks a’ and d marked in (c) are not visible due to the very low DS.) 
 

Molecular weight distributions of PNVA and poly(N-alkyl-N-vinylacetamide)s 

were checked by SEC (see Figure S1, Supporting Information). The elution curves show 

that PNVA and the N-alkylated polymers all have unimodal molecular weight 

distributions and confirms that the post-polymerization N-alkylation route yielded a 

stochastical substitution of the alkyl side chains along the PNVA backbone. Copolymers 

with such a small fraction of n-alkyl side chains cannot be prepared easily by 

copolymerization because of unfavourable copolymerization parameters and segregation. 

3.3.2 Gel formation 

In order to prepare homogeneous hydrogels from PNVA4500-Cn-0.03 (n = 10, 12, 

14, 16, 18), the polymers were firstly dissolved in ethanol. From this solution, a solid film 

was cast by evaporation of the solvent in a flat-bottomed mould. We obtained clear trans-

parent films, which could be immersed in water for swelling (Figure 2a). Irrespective of 

the length of the alkyl side chains, all polymers swelled to a finite degree of swelling. 
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Figure 2. (a) Schematic illustration of hydrogel preparation process; (b) Swelling ratio 
(SR) of PNVA4500-Cn-0.03 hydrogels (denoted as Cn in the legend) for 14 days at 25°C. 
The insets show PNVA4500-C12-0.03 hydrogel and PNVA4500-C18-0.03 hydrogel after 
swelling for 14 days at 25°C. For the swelling rate measurement, 100 mg of PNVA4500-
Cn-0.03 polymer and 50 mL of deionized water was used (replicates = 3). 
 

Figure 2b and Table 1 show the swelling as recorded for 14 days at 25°C after 

the ethanol cast polymer films were immersed in water. PNVA4500-Cn-0.03 (n = 10, 12) 

hydrogels showed high degrees of swelling and could slowly flow. In contrast, 

PNVA4500-Cn-0.03 (n = 14, 16, 18) hydrogels were elastic and mechanically strong, and 

they reached an equilibrium degree of swelling of 8 to 16. Such degrees of swelling are 

expected for a high degree of crosslinking at a high functionality of the crosslinks. Here 

the degree of substitution corresponds to an average of 32 monomer units between two 

crosslinks, while the functionality of a crosslink can exceed 4, as it is formed by 

association of the alkyl side chains. 
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Table1. Extracted polymer fraction and swelling ratio of PNVA4500-Cn-0.03 polymers 
immersed in water for indicated days at constant temperature. 

Entry 25°C, 14 days 60°C, 24 days 

Extracted polymer 

fraction (%) 

Swelling ratio 

(SR) 

Extracted polymer 

fraction (%) 

Swelling ratio 

(SR) 

PNVA4500-C10-0.03 16 ± 3 68 ± 3 100 / 

PNVA4500-C12-0.03(a) 9 ± 1 63 ± 1 15 ± 1 57 ± 2 

PNVA4500-C14-0.03 0 16 ± 1 4 ± 1 20 ± 1 

PNVA4500-C16-0.03 0 10 ± 0.2 7 ± 0.5 15 ± 1 

PNVA4500-C18-0.03 0 8 ± 0.1 5 ± 1 9 ± 0.4 

(a) There is no significant change of DS (within the accuracy of the 1H NMR determination 3% ± 1%) 
between the originally employed polymer (PNVA4500-C12-0.03) and the polymer that has been extracted in 
water. 
 

To investigate the effects of temperature on the swelling behaviour of PNVA4500-

Cn-0.03 polymers, we also recorded an apparent swelling ratio (ASR, not corrected for the 

extracted fraction of polymer) over a longer period of time (24 days) at higher 

temperature (60°C) (see Figure S2 and Table 1). 

The ASR of PNVA4500-C10-0.03 reached its peak value rapidly after 1 day and 

successively decreased during the following 9 days. Hence, PNVA4500-C10-0.03 polymers 

could be fully extracted to the sol phase at elevated temperature (i.e., 60°C or higher). We 

explain this by rearrangement of the hydrophobic clusters favoured by the high 

temperature and the long time. Association of the alkyl side chains to domains yielded 

originally a network structure, rearrangement of the alkyl side chains between domains 

allowed formation of microgels and flower-like micelles driven by the osmotic pressure. 
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A systematic study of the degree of association of molecules in the sol phases will be 

subject of further studies. 

For PNVA4500-Cn-0.03 (n = 12, 14, 16, 18), the extracted polymer fraction only 

increased slightly by 4% to 7% at 60°C. PNVA4500-Cn-0.03 (n = 14, 16, 18) showed 

higher swelling ratio at 60°C compared to 25°C, which would be expected for a quasi-

permanent network when the interaction with the solvent is improved by temperature. 

3.3.3 Biocompatibility 

Biocompatibility of the PNVA4500-Cn-0.03 hydrogels was evaluated firstly by 

incubating NHDF together with supernatant sol fraction of the PNVA4500-C18-0.03 

hydrogel (for testing cytotoxicity) and secondly by direct cultivation on the gel surface 

(for testing adherence and viability via live-dead staining). Viability of cells was tested 

by live-dead staining whereby dead cells were fluorescently stained (red) and living cells 

were stained with green. When NHDFs were seeded on top of the hydrogels, we 

monitored whether cells could adhere and spread on the hydrogel surface. Typically, the 

NHDFs adhere on an adsorbed protein layer and protein repellent surfaces will not allow 

cell adherence, preventing cellular spreading. Thus, if the NHDF cannot adhere on the 

hydrogel surface, it is an indication of protein repellency of the hydrogel surface. 

Figure 3a depicts the viability (24 and 72 hours) of NHDF cultured in PNVA4500-

C18-0.03 hydrogel extract (conditioned medium). We observed no significant differences 

in cellular viability between the hydrogel extract and control media. Also, NHDF 

cultivation on hydrogel films as demonstrated in Figure 3b did not indicate a significant 

fraction of dead cells (red fluorescence labeled) irrespective of the length of the n-alkyl 

substituents and thus the gel strength. However, even after 36 h, the NHDF showed a 
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rounded morphology indicating lack of strong adherence and spreading (See also the 

bright field micrographs in Figure S3, Supporting Information). Hence, the experiments 

give a first indication of the biocompatibility and protein repellency of the 

polyvinylamide hydrogels. 

 
Figure 3. (a) Cell viability test by XTT assay of NHDF cells in the presence of 
PNVA4500-C18-0.03 extract after 24 h and 72 h incubation time (replicates = 4). The 
control was treated with DMEM medium only; (b) Live (green) and dead (red) 
fluorescence images of NHDF cells after cultivation on hydrogel films of PNVA4500-Cn-
0.03 (denoted as Cn) for 36 h (replicates = 3) with indicated polymer concentration in 
DMEM. The scale bars represent 100 µm. 
 
3.3.4 Structural characterization of the hydrogels 

An important aspect of our concept to prepare a series of reversible hydrogels, for 

which the gel strength depends merely on the hydrophobicity of the side chains, i.e., 

stickiness, has been that we wanted to exclude side chain crystallization also for 

relatively long alkyl substituents. Comb-like polymers with relatively long alkyl side 

chains can crystallize at ambient temperature, when the length of the alkyl chains exceeds 

14 methylene groups.19-21 In the case of the sparely but evenly substituted polymers 

described here, domain sizes of n-alkyl aggregates are expected to be very limited and the 

question arises, whether side chain crystallization can be excluded for relatively long 

alkyl substituents. 
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DSC heating diagrams were recorded for PNVA4500-Cn-0.03 (n = 10, 12, 14, 16, 

18), PNVA4500-Cn-1 (n = 10, 12, 14, 16) and PNVA220-C18-1. DSC data of all other 

polymers are summarized in Table S2 (Supporting Information). For most of the samples 

we could observe a glass transition in the range from 170°C to 200°C. 

Figure 4 demonstrates a comparison for 1-bromooctadecane, PNVA220-C18-1 (full 

substitution) and PNVA4500-C18-0.03 (3 mol% substitution). For PNVA220-C18-1, side 

chain crystallization is indicated by the melting endotherm at 58.1 °C with ∆H = 61 J/g 

and recrystallization upon cooling, 𝑇𝑇𝑐𝑟𝑟𝑑𝑑𝑠𝑠𝑡𝑡𝑡𝑡𝑛𝑠𝑠𝑔𝑔𝑡𝑡  = 57°C. 1 As it is expected by the reduced 

melting entropy for the polymer tethered side chains, the melting temperature is higher 

than that of the corresponding 1-bromooctadecane. No evidence on side chain 

crystallization was found for the slightly alkylated PNVA4500-C18-0.03. Inhibition of side 

chain crystallization for the low degree of substitution was confirmed by thermooptical 

studies between crossed polarizers (see Figure S4, Supporting Information). As expected, 

we observed a strong birefringence and spherulite formation for the fully substituted 

polymers but no birefringence for a film of PNVA4500-C18-0.03 as prepared from the melt. 

 

                                                 

1 From the melting entropy ∆S per CH2-unit in the side chains compared to ∆S° of an ideal –(CH2)n– 
crystal, one can estimate the degree of crystallinity for the side chains to be not more than 30% (see 
Supporting Information) 
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Figure 4. DSC curves of 1-bromooctadecane and PNVA-C18 (second heating or cooling), 
heating/cooling rate is 10°C/min. 
 

It must be noted that we observed another, although very weak transition between 

T = 66°C and T = 71°C for most of the samples, irrespective of whether they were fully 

or only slightly substituted (see Table S2, Supporting Information). Because this 

transition is at higher temperature than the side chain melting transition of the fully N-

alkylated polyvinylamides and independent of the degree of substitution we assign it 

tentatively to the breakdown of small hydrogen-bonded clusters formed from short 

stereoregular segments of the N-vinylamide monomers. 

In order to obtain more insight into the side chain ordering, we performed 13C-

MAS (magic angle spinning) NMR experiments on the PNVA4500-C18-0.03 hydrogel and 

the PNVA220-C18-1 bulk sample. Because of the so-called γ-gauche effect for the 

chemical shift, –(CH2)n– segments in the all-anti zig-zag conformation yield a signal at 

32.6 ppm, while –(CH2)n– segments adjacent to gauche-arrangements in the disordered 

amorphous state give a signal at 30.0 ppm.22 We performed 13C-MAS with and without 

cross polarisation, i.e., CP-MAS and DP-MAS. By the CP-MAS experiments, the 
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“crystalline” –(CH2)n– signal is significantly overestimated, while by experiments 

without cross polarisation it has been underestimated because of its long T1-relaxation 

time and too short sampling times.23, 24 Yet the spectra allowed to discriminate a 

crystalline and an amorphous –(CH2)n– signal for the hydrogels and confirmed semi-

quantitatively that side chain crystallization can be neglected in the case of the 

PNVA4500-C18-0.03 hydrogel (see Figure S5, Supporting Information). 

3.3.5 Mechanical characterization of hydrogels 

For the rheological characterization of the hydrogels, we firstly employed creep 

recovery experiments with a shear rheometer. The shear stress was set to a minimum as 

enabled by the rheometer and the creep period was 3 min. Hydrogels were soaked in 

water for 6 days before they were transferred to the rheometer. (See Figure S6, 

Supporting Information) 

Figure 5 depicts exemplary creep-recovery experiments with the hydrogels from 

PNVA4500-C12-0.03 and PNVA4500-C18-0.03 in comparison to aqueous solutions of 

PNVA4500 at concentrations which correspond to degree of swelling of C12- and C18- 

hydrogels. The elastic contribution increased significantly when the length and the 

hydrophobic stickiness of the side chains were increased. Within the time frame of the 

experiment, the PNVA4500-C12-0.03 hydrogel exhibited a strong temperature dependence 

of the viscous flow and the recoverable creep, while the PNVA4500-C18-0.03 hydrogel 

behaved like a permanently crosslinked gel. 
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Figure 5. Representative creep recovery curves for PNVA4500-C12-0.03 and PNVA4500-
C18-0.03 hydrogel in comparison to PNVA4500 aqueous solutions of the corresponding 
concentration at 25, 35, and 50°C. Stresses were set to 20, 160, and 1 Pa, for PNVA4500-
C12-0.03, PNVA4500-C18-0.03, and the PNVA4500 solutions respectively. 
 

From the temperature dependence of the low shear viscosity, we attempted to 

evaluate an activation energy for the release of the associations. In the case of the shorter 

side chains C10 and C12 we determined values of 27 kT (at 1.6 w/v%) and 26 kT (at 1.7 

w/v%) at 298 K as shown in the supporting information (see Figure S7 and Table S3). 

These values are within the same order of magnitude as the activation energy reported 

before for a telechelic polyethyleneoxide polymer with hexadecyl endgroups, Ea = 28 

kT.25 However, we do not think that the structures are comparable. While in the case of 

alkyl groups at the chain end, the authors consider crosslinks in the form of small 

micelles of about 10 alkyl chains, we assume smaller and much more disordered 

associates which are in close proximity. This should correspond to a smaller activation 

energy for the disengagement or hoping of the alkyl chains. At the same time each chain 
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is linked to a larger number of the clusters and this multiplicity of links is expected to 

retard the flow compared to an endgroup-substituted polymer. The situation is even less 

comparable for the polymers with longer side chains because their gelation yields much 

higher concentrations. 

Figure 6 demonstrates a comparative evaluation of creep recovery experiments 

regarding the nonelastic strain, the viscosity and relaxation times derived thereof (see 

method used for calculation in Figure S6, Supporting Information). For PNVA4500-C12-

0.03 hydrogel at 2°C, the recoverable creep corresponded to 80% of the strain, and we 

determined a viscosity value nearly five orders of magnitude higher than the one 

measured for the parent PNVA4500 at about the same concentration (P_62). Upon raising 

the temperature to 70°C the viscosity as well as the recoverable strain of PNVA4500-C12-

0.03 decreased approaching the properties of the PNVA4500 solution. For PNVA4500-C18-

0.03 with 18 methylene units in the side chains, the viscous strain contribution was only 5% 

at 2°C and increased to only 8% at 70°C. Figures 6d-f depict a comparison of poly(N-

vinylacetamide) substituted by side chains of different length in dependence of the 

swelling ratio or polymer concentration. Longer side chains cause more dense networks 

which swell less, are more elastic and exhibit longer relaxation times. 
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Figure 6. (a-c) Comparative evaluation of creep recovery experiments of the PNVA4500-
Cn-0.03 hydrogels and PNVA4500 aqueous solutions with a concentration corresponding 
to the degree of swelling at temperatures from 2°C up to 70°C: (a) unrecoverable strain, 
(b) apparent viscosity after t-180 sec (𝜂𝜂 = 𝜎𝜎/𝛾̇𝛾), (c) relaxation times (𝜏𝜏 = 𝜂𝜂 × 𝐽𝐽𝑔𝑔𝑒𝑒); (d-f) 
comparison of different hydrogels at 25°C for unrecoverable strain (d), viscosity (e) and 
relaxation time (f). (Note: the data of P_62 in (c) and (f) are not displayed in the graph 
because its relaxation times are so short that it cannot be measured by the rheometer 
using this method.) 

Figures 7a-b depict shear rate dependent viscosities of the soft PNVA4500-C10-

0.03 hydrogel in comparison to the equally concentrated PNVA4500 solution (P_62). For 

both samples, we observed Newtonian behaviour at low shear rates, however with a 

roughly three orders of magnitude higher viscosity of the PNVA4500-C10-0.03 hydrogel at 

low temperature (e.g., 2°C), irrespective of the same degree of polymerisation. The 

difference dropped to two orders of magnitude, when the temperature was raised to 50°C. 

Shear rate dependent viscosities of PNVA4500-C16-0.03 and PNVA4500-C18-0.03 at higher 

concentration respectively lower degree of swelling are shown in Figures 7c-d. When 

shear rates were decreased stepwisely for the PNVA4500-C16-0.03 hydrogel, which was at 

rest before, the low shear rate viscosity was by an order of magnitude higher than when 
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the experiment was started at low shear rates. Going from low to high shear rates yielded 

an apparent η0 value around 106 Pa·s for both PNVA4500-C16-0.03 and PNVA4500-C18-0.03 

hydrogels. Figure 7d includes also viscosity data determined at very low shear rates and 

long creep times. The comparison demonstrates a significant dependence of the 

Newtonian shear regime on the pre-treatment of the sample. Experimental η0 values 

increased by a factor of 12 to 35 at low shear rates and long equilibration time. 

 
Figure 7. Shear rate dependent viscosities of (a) PNVA4500, (b) PNVA4500-C10-0.03, (c) 
PNVA4500-C16-0.03 and (d) PNVA4500-C18-0.03. Data were measured by shear rate 
sweeps. In (c), viscosities were first measured starting at low shear rates (filled symbols) 
with a sample kept for over 12 hours at rest and afterwards also from high to low shear 
rates (open symbols). Only in the former case a plateau of η0 could be observed at low 
shear rates. The purple points at ultra-low shear rates in (d) were determined from σ/γ̇ 
after 3 and 60 minutes. 
 

The data in Figure 7c demonstrate anti-thixotropy (negative thixotropy) for the 

polymers with relatively long alkyl side chains, i.e., associations are improved by long 
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lasting shearing and cannot re-equilibrate within the time of the experiment. This 

behaviour might be expected because association linkages are not uniform consisting of 

larger and smaller clusters of alkyl chains whose topological arrangement and size 

distribution is certainly effected by shearing. The anti-thixotropic effect corresponds to 

shear thickening observed for the polymers with shorter side chains and in a more 

pronounced way at higher temperatures, when rearrangement of the associations could 

take place within the time scale of the experiment. Clearly, the rheology data demonstrate 

a transient character of the crosslinks with an enormous range of relaxation times. 

 
Figure 8. (a-c) are frequency dependence of G’ and G’’ for indicated hydrogels and 
PNVA4500 aqueous solution deformed by strain of 2%, 1% and 2%, respectively; (d) 
crossover frequency and modulus of PNVA4500-C10-0.03 hydrogel and PNVA4500 aqueous 
solution obtained from frequency sweep. 
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We also performed dynamic shear experiments for comparison. Figure 8a 

demonstrates the frequency dependence of the storage and loss modulus for the highly 

swollen soft PNVA4500-C10-0.03 hydrogel (equilibrated for 6 days) at different 

temperatures. We observed a strong temperature dependence of the frequency at which G’ 

crossed G’’, while for an eight times higher concentration of the same polymer without 

alkyl side chains, the crossover frequency changed significantly less between 2° and 

50°C (Figure 8c). For the PNVA4500-C18-0.03 hydrogel, we observed a wide rubber 

elastic plateau within the frequency/temperature window of the experiment (Figure 8b). 

Overall, the data show a remarkable continuity of the effects caused by the 

stepwise increase of the length of the side chains. This confirms our initial expectation 

that the side chains will serve as sticky attachments to the hydrophilic backbone, whose 

stickiness is systematically increased by their length. If the increased hydrophobic 

interaction causes merely an increased stickiness, we expect a thermorheological uniform 

flow mechanism common to all samples, manifested in a time-temperature-stickiness 

master curve. This is indeed the case as shown in Figure 9. 
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Figure 9. (a) Time-temperature-stickiness master curve (on the right side) generated by 
horizontally shifting time-temperature superposition master curves of PNVA4500-Cn-0.03 
hydrogels and PNVA4500 aqueous solutions (on the left side) according to creep 
experiments (conditions for measurements, see Table S4, Supporting Information); (b) 
Side chain length dependence of shift factor (𝑎𝑎𝐶𝐻2) for PNVA4500-Cn-0.03 hydrogels, the 
red dash line show the linear fitting of shift factor with respect to side chain length. 
 

Figure 9a depicts a time-temperature-stickiness superposition master curve 

constructed from the time-temperature master curves of the compliance data from creep 

experiments (see Figure S8, Supporting Information). In Figure 9b we plotted the shift 

factor 𝑎𝑎𝐶𝐻2  as a function of the length of the side chains. Roughly we found that the 

extension by one CH2-group corresponded to a time shift by 2.6 orders of magnitude. In 

Figure 9a we also added compliance data for the 1.6 wt.% and the 11.1 wt.% solutions of 

poly(N-vinylacetamide) (see results of PNVA4500 aqueous solutions (P_62 and P_8) in 

Figures 5 and 6). For the low concentrations, their compliance data fit to the time-

temperature-stickiness superposition master curve at the end when the stickiness effect is 

small and negligible. For the high concentrations when entanglements control the flow 

behaviour of the PNVA and the hydrophobic stickiness of the alkyl-substituted polymers, 

we find a significant deviation. We also found significant deviations from a common 

master curve when we probed the time-temperature-stickiness superposition for data from 
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stress relaxation experiments (see Figures S9 and S10, Supporting Information), whereby 

the relaxation started from states in the nonlinear deformation regime. 

3.4 Conclusion 

PNVAs are biocompatible hydrophilic polymers which enable versatile substitution 

to introduce particular functionalities either via the amine groups after hydrolysation or 

by direct addition to the amide group. We took advantage from the fact that the long alkyl 

chains could be substituted to the preformed macromolecules ensuring a stochastical 

distribution along the backbone even at low degrees of substitution. The low degree of 

substitution ensured preservation of the hydrophilic character of the PNVAs irrespective 

of the variation in length of the side chains while at the same time, we could tailor the 

strength of the hydrophobic interaction. 

We could shape geometrically defined objects from the polymers by casting their 

ethanol solutions into a mould. When such objects were brought into contact with water, 

PNVAs with shorter alkyl substituents yielded soft hydrogels, which flow upon shearing 

but still segregate from excess water, i.e., they showed syneresis; while PNVAs with 

longer alkyl substituents yielded hydrogels with mechanical properties as if permanently 

crosslinked. 

Figure 10 presents an idealized qualitative model to explain the gelation and the 

flow behaviour of the polymers in water: The alkyl groups act as sticky sites distributed 

along the polymer backbone. Each sticky interaction can be considered a transient 

crosslink. Their stickiness is determined by the rates by which they attach and detach 

from each other. These rates depend on the length and respective hydrophobicity of the 

alkyl chains. Shorter alkyl chains exchange more quickly than longer alkyl chains and the 
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exchange rate is strongly dependent on temperature. Hence, as shorter the alkyl chains 

and as higher the temperature, the more transient are these crosslinks. Longer alkyl side 

chains and lower temperatures cause smaller rates of the exchange processes by which a 

polymer chain can change its position. Smaller rates of this exchange processes result in 

dramatically increased terminal relaxation times. In this respect the flow behaviour 

resembles that of ionomers, where the ionic substituents serve as sticky substituents 

within the hydrophobic bulk.26 However, the scope of applications of the present 

hydrogel system is entirely different. 

 
Figure 10. Schematic illustration of an idealized qualitative model for dynamics of 
PNVA-Cn-0.03 hydrogel system (association and dissociation in water). 
 

We consider the fact, that we could tailor the rheological properties over an 

enormous range as a speciality of the presented system. Time-temperature superposition 

and our successful attempt to construct a time-temperature-stickiness superposition 

master curve demonstrate the coherent flow mechanism for all hydrogel samples 

irrespective of the length of the alkyl side chains. We consider the N-alkylated 

polyvinylamides not only of interest as a biocompatible hydrogel with tailored 

mechanical properties, but also a basis for more advanced rheology investigations. 
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3.6 Supporting information 

Size exclusion chromatography (SEC) 

 
Figure S1. SEC elution curves of PNVA and poly(N-alkyl-N-vinylacetamide)s in DMF 
(DP = 4500 for all samples). 
 

Apparent swelling dynamics 

 
Figure S2. Apparent swelling dynamics of PNVA4500-Cn-0.03 hydrogels (denoted as Cn 
in the legend) at 60°C for 24 days. 
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Bright field microscopy of cells on hydrogels 

Contrary to the NHDF seeded on tissue culture polystyrene, where the cells 

displayed elongated morphology, cells seeded on the hydrogel surface exhibited rounded 

morphology with a tendency to form cellular clusters (Figure S3 a, b). The clustering of 

the NHDF can be attributed to their low attachment to the hydrogel surface,1 inducing 

enhanced cell-cell interaction. It is also known that cell-cell interactions lead to improved 

cellular viability and survival.2 Therefore, the ability of the fabricated polyvinylamide 

hydrogels to maintain cellular viability as well as initiate cellular cluster formation could 

be useful in biomedical applications such as the construction of multicellular spheroids 

and organoids.3, 4 
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Figure S3. Bright field images of NHDF cells after (a) 16 h and (b) 36 h incubation on 
the PNVA4500-Cn-0.03 hydrogels with indicated polymer concentration in DMEM. Scale 
bars represent 100 µm. 
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Polarized light microscopy 

Polarized light microscopy was performed using a Zeiss Axioplan 2 optical 

microscope equipped with crossed polarizers and a Mettler Toledo FP82HT hot stage. 

Sample powder was loaded between a glass slide and a cover slide, and pressed to form a 

thin film rightly after being heated above its melting point. The heating/cooling rate was 

set to 5°C/min. A red retardation plate (retardation = 550nm) was applied to create a 

color image for white light illumination based on Newtonian subtraction colors.  

As shown in Figure S4, spherulites were observed at 25°C for PNVA220-C18-1, 

the fully substituted polymer. When the temperature was raised to 60°C, the spherulites 

gradually began to melt and disappeared at 61.6°C, indicating the phase change to the 

amorphous state. Upon cooling, the crystalline texture started to form at around 57°C and 

finished at 56.6°C. No birefringence was observed for PNVA4500-C18-0.03 indicating its 

side chains could not crystallize. 

 
Figure S4. Polarized light optical micrographs of a hot-pressed film of PNVA220-C18-1 
captured with a red retardation plate in front of the analyser. Sample was heated from 
25°C to 70°C and cooled at heating/cooling rate of 5°C/min to 25°C. 
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Magic angle spinning (MAS) NMR 

 
Figure S5. 13C CP-MAS (a, b) and 13C DP-MAS (c, d) NMR spectra of PNVA220-C18-1 
polymer (a, c) and PNVA4500-C18-0.03 hydrogel (b, d) measured at 23°C. Arrows in the 
spectra indicate peaks relevant to trans conformations (at around 32.6 ppm, red arrows) 
and gauche conformations (at around 30.0 ppm, blue arrows) of the alkyl side chains. 
 
Experimental setup and calculation for creep recovery measurements 

The last terminal part of creep curve was fitted using linear regression (as shown 

in Figure S6). The strain rate (γ̇) was determined as the slope of the linear fit (k), and 

shear compliance (Jeq) was calculated from the intercept of the linear fit (b) divided by 

shear stress (𝜎𝜎0). Viscosity (𝜂𝜂) and relaxation time (τ) were calculated by Equations S1-4:  

(S1)                                    

 (S2) 

 (S3) 

(S4) 

𝐽𝐽𝑒𝑒𝑒𝑒 =
𝑏𝑏
𝜎𝜎0

 

𝜂𝜂 =
𝜎𝜎0
𝛾̇𝛾

 

𝛾̇𝛾 = 𝑘𝑘

𝜏𝜏 = 𝜂𝜂 × 𝐽𝐽𝑒𝑒𝑒𝑒 
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Figure S6. (a) Schematic diagram of creep recovery experiments using cone-plate 
geometry; (b) viscosity, relaxation time and unrecoverable strain (%) determined from 
creep recovery curves. 
 
Activation energy calculated from creep experiments by Arrhenius plot 

The activation energy of PNVA4500-Cn-0.03 hydrogels (see Table S3) was 

calculated by Arrhenius plot using Equations S5 and S6 according to literature5, 6: 

  (S5) 

(S6) 

The viscosity and shift factor of hydrogels were obtained from creep experiments 

(parameters used for measurements, see Table S4, supporting information). 

 
Figure S7. Arrhenius plots of viscosity and shift factor for (a) PNVA4500-C10-0.03 
hydrogel and (b) PNVA4500-C12-0.03 hydrogel. 
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Master curve generated from creep compliance 

 
Figure S8. (a, c) Creep compliance master curves of (a) PNVA4500-C12-0.03 and (c) 
PNVA4500-C18-0.03 hydrogel generated at 25°C by time-temperature superposition; (b, d) 
Temperature dependence of shift factor (aT) for (b) PNVA4500-C12-0.03 and (d) 
PNVA4500-C18-0.03 hydrogel, the lines are linear fitting of the respective data. 
 
Master curve generated from stress relaxation 

Figure S9 shows representative stress relaxation experiments for the PNVA4500-

C12-0.03 and PNVA4500-C18-0.03 samples at different temperatures. For each of the 

samples we could construct a master curve as demonstrated in Figure S9c, hence the 

time-temperature superposition is valid, indicating that there is no change in the flow 

mechanism within the investigated time-temperature window.  

When we also attempted to construct a master curve from the master curves for 

the PNVA4500-Cn-0.03 hydrogels with n = 12, 14, 16 and 18 in order to demonstrate a 

coherent flow mechanism irrespective of the length of the alkyl substituents, we found a 
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remarkable convergence to one common mater curve, as shown in Figure S10. 

Experiments were based on an initial fast deformation which actually affects the 

hydrophobic association structures. The certainly significant misfit is actually to be 

expected considering that the stress relaxation started form different structural states 

caused by nonlinear deformation. 

 
Figure S9. (a-b) Temperature dependent stress relaxation modulus of (a) PNVA4500-C12-
0.03 and (b) PNVA4500-C18-0.03 hydrogels deformed by initial strain of 20% and 2%, 
respectively; (c) Stress relaxation master curves of PNVA4500-Cn-0.03 hydrogels (n = 12, 
18) generated at 25°C by time-temperature superposition; (d) Temperature dependence of 
shift factor (aT) for PNVA4500-Cn-0.03 hydrogels (n = 12, 18), the lines are linear fitting 
of the respective data. 
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Figure S10. Master curve generated from time-temperature superposition master curves 
of PNVA4500-Cn-0.03 hydrogels according to stress relaxation experiments, shear induced 
changes of the association structures affect the time-temperature-stickiness superposition 
(conditions for measurements, see Table S5, Supporting Information). 
 

Estimation of the extent of side chain ordering in C18 side chains 

As a reference we take ∆S0 = 7.8 J/K/mol  as the melting per CH2 group in 

polyethylene.7 ∆𝐴𝐴 for PNVA220-C18-1 (full substitution) was calculated using the data of 

second heating shown in Figure 4 according to Equation S7. 

                                                          (S7) 

For each repeat unit (NVA-C18):  

𝑀𝑀𝑤 = 337.59 g/mol 

𝑇𝑇𝑡𝑡𝑛𝑠𝑠𝑔𝑔𝑡𝑡 = 58℃ = 331K  

∆𝐴𝐴1 = ∆𝐻𝐻 ÷ 𝑇𝑇𝑡𝑡𝑛𝑠𝑠𝑔𝑔𝑡𝑡 = 61.4 J/g ÷ 331K = 0.1855 J/g/K = 62.6 J/K/mol  (Entropy 

change per monomer) 

∆𝐴𝐴𝐶𝐻2
𝑃𝑁𝑉𝐴−𝐶18 = 62.6 𝐽𝐽/𝐾𝐾/𝑚𝑜𝑙 ÷ 18 = 3.48 𝐽𝐽 𝐾𝐾⁄ 𝑚𝑜𝑙⁄  

For disordering a CH2 group in an ideal crystal of polyethylene (PE), 

∆𝐺𝐺 = ∆𝐻𝐻 − 𝑇𝑇 × ∆𝑆𝑆 
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∆𝐴𝐴𝐶𝐻2
𝑃𝐸  = 7.8 J/K/mol, the ratio of ∆𝐴𝐴𝐶𝐻2

𝑃𝑁𝑉𝐴−𝐶18 ∆𝐴𝐴𝐶𝐻2
𝑃𝐸�  indicates a significantly lower 

degree of ordering (< 45%) for the side chain crystallization. 
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Table S1. Parameters for synthesis of poly(N-n-alkyl-N-vinylacetamide)s. 

Sample 

PNVA  
Mn (PDI) 
by SEC 
[kDa] 

H(CH2)nBr 
Molar ratio of Bromide 

to 
monomer unit 

Molar ratio of NaH to 
monomer unit 

Reaction 
 temperature, time 

DS 
 by 1H NMR 

[mol%] 

Yield 
 (%) 

PNVA4500-C10-0.03 380 (2.7) n = 10 0.3 0.5 25°C, 18 h 3% 82 
PNVA4500-C12-0.03 380 (2.7) n = 12 0.3 0.5 25°C, 18 h 3% 78 
PNVA4500-C14-0.03 380 (2.7) n = 14 0.3 0.5 25°C, 18 h 3% 89 
PNVA4500-C16-0.03 380 (2.7) n = 16 0.3 0.5 25°C, 18 h 3% 82 
PNVA4500-C18-0.03 380 (2.7) n = 18 0.3 0.5 25°C, 18 h 3% 90 

PNVA220-C18-1 19 (2.2) n = 18 2.0 2.4 50°C, 65 h 100% 75 
 

Table S2. DSC results of PNVA4500-Cn-0.03 and PNVA-Cn-1 (all data measured in second heating at a heating rate of 10°C/min). 

Side chain length (n) 

1-CnH2n+2 

m.p. 

1-CnH2n+1Br 

m.p. 

PNVA4500-Cn-0.03 PNVA-Cn-1 

PNVA  
Mn [kDa] 

Onset 1 Onset 2 Tg PNVA  
Mn [kDa] 

Onset 1 Onset 2 Tg 

10 -29.7℃ -29.2℃ 380 - - 189℃ 380 - 68℃ - 

12 -9.6℃ -9.5℃ 380 - 68℃ 174℃ 380 - 67℃ 173℃ 

14 5.8℃ 5.6℃ 380 - 67℃ 177℃ 380 - 65℃ 197℃ 

16 18.1℃ 18.0℃ 380 - 64℃ 182℃ 380 - - - 

18 28.2℃ 28.2℃ 380 - 72°C 179℃ 19 58℃ 71℃ - 
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Table S3. Activation energy obtained from creep experiments by Arrhenius plot 

PNVA4500-Cn-0.03 
hydrogel 

Ea from η 
(kJ/mol) 

Ea from aT 
(kJ/mol) 

Ea from 
η 
(kT) 

Ea from 
aT 
(kT) 

Polymer 
concentration 
in hydrogel 
or aqueous 
solution 

C10 67.7 79.3 27 32 1.6 w/v% 
C12 64.6 87.6 26 35 1.7 w/v% 
C14 61.4 - 25 - 6.3 w/v% 
C16 40.4 - 16 - 10 w/v% 
C18 14.2 - 6 - 12.5 w/v% 
P_8 30.0 30.8 12 12 12.5 w/v% 
P_62 26.4 24.7 11 10 1.6 w/v% 
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Table S4. Experimental conditions used for creep experiments for master curves of 
PNVA4500-Cn-0.03 (creep time = 180 s). 
Hydrogel 
PNVA4500-Cn-0.03 
(swelling time = 6 days) 

Stress (Pa) Temperatures measured for master 
curve (°C) 

C10 1 2, 25, 35, 50 

C12 20 2, 10, 15, 25, 35, 50 

C14 10 25, 35, 50 

C16 160 10, 25, 35, 50 

C18 160 2, 10, 25, 35, 50, 70, 80, 90 

P_8 1 2, 10, 15, 25, 35, 50, 70 

P_62 1 2, 10, 15, 25, 35, 50, 70, 90 

 
Table S5. Experimental conditions used for stress relaxation experiments for master 
curves of PNVA4500-Cn-0.03 (time = 200 s).  
Hydrogel 
PNVA4500-Cn-0.03 
(swelling time = 6 days) 

Strain Temperatures measured 
for master curve (°C) 

C10 20% 25, 30, 35, 40, 45, 50, 55 

C12 20% 25, 30, 35, 40, 45, 50, 55 

C14 2% 25, 35, 50, 70 

C16 2% 25, 35, 50, 70 

C18 2% 25, 35, 50, 70 
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4 Synthesis and thermoresponsive properties of N-

alkylated poly(N-vinylamide)s and their hydrogels 

4.1 Introduction 

Since the earliest reports on the lower critical solution temperature (LCST) 

behavior of aqueous poly(N-isopropylacrylamide) (PNIPAM) solutions,1 the 

thermoresponsive volume phase transition of hydrogels has attracted increasing 

attention for applications, e.g., in the field of biomedicine for actuation of drug 

delivery,2 tissue engineering,3 and studies of mechanotransduction in cell biology.4 

Within the wide range of other polymers, which exhibit LCST behavior in aqueous 

solution,5 polyacrylamides have certain advantages. For example, the transition 

temperature of PNIPAM is in the range of the human body temperature, and the 

concentration dependence of the lower demixing temperature is negligible.6 The latter 

is particularly favorable for ensuring a defined volume phase transition in hydrogels. 

A family of yet little investigated, but promising water soluble and biocompatible 

polymers are poly(N-vinylformamide) and poly(N-vinylacetamide),7, 8 which are 

isomers of polyacrylamides, exhibiting similar or even better water solubility.9 Their 

major advantage is their accessibility for chemical modification. N-vinylformamide 

and N-vinylacetamide can be copolymerized in a stochastic sequence and chemically 

modified afterwards by N-alkylation or selective hydrolysis of the formamide units.10 

Hydrolysis yields primary amine groups linked to the polymer backbone.11 N-

alkylation allows tailoring the water solubility.12 Most importantly, the amine group 

can be employed for linking to activated carboxylic acid groups for conjugation with 
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peptides and other biomolecules. Hence, the polymers listed in Scheme 1 are 

intriguing candidates for novel biomaterials. Stochastic copolymerization and 

subsequent chemical modification by substitution and partial hydrolysis followed by 

further functionalization can be used to ensure statistical distribution of side chains 

along the backbone. 

 
Scheme 1. Structure of copolymer of poly(N-vinylformamide-stat-N-vinylacetamide -
stat-N-alkyl-N-vinylacetamide) 

In Chapter 3, we have described formation of reversible hydrogels of poly(N-

vinylacetamide)s that were substituted by 3 mol% of longer alkyl chains (C10-C18).13 

In this chapter, we focus on the LCST behavior of poly(N-alkyl-N-vinylamide)s with 

a higher degree of functionalization with short n-propyl and n-butyl alkyl chains and 

their hydrogels. So far, LCST behavior has been reported for poly(N-alkyl-N-

vinylamide)s bearing short alkyl side chains at the amide position synthesized by 

copolymerization of the N-alkylated N-vinylamide monomers.12, 14-16 Yet, these 

studies do not contain detailed information on the concentration and molecular weight 

dependence of their water solubility and the formation of thermoresponsive 

hydrogels. 
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Scheme 2. Synthesis procedure for poly(N-alkyl-N-vinylamide)s by N-substitution of 
poly(N-vinylamide)s 

This chapter focuses on a more detailed study of the LCST behavior of such 

poly(N-vinylamide)s and the volume phase transition of hydrogels from these 

polymers. In contrast to the synthetic route reported in literature,12, 14-16 the polymers 

investigated in this chapter were prepared by an inverse approach, relying on 

post‑polymerization modification, as shown in Scheme 2. Compared to the 

polymerization of N‑alkylated monomers, modification of the monomer units after 

polymerization has been considered to provide the following advantages: (i) The 

degree of polymerization (DP) of polymer backbones can be controlled by variation 

of the initiator concentration and determined before substitution; (ii) The degree of 

substitution (DS) of R2‑ can be controlled by the amount of sodium hydride while the 

alkyl bromide can be employed in excess. Different substituents can be connected to 

the polymer backbone in one step by incorporating appropriate equivalents of alkyl 

bromides; (iii) DP and DS of the final products are controlled independently, while in 

the case of the copolymerization, the substitution pattern along the polymer backbone 

is controlled by the copolymerization kinetics of the respective N‑alkyl‑N‑vinylamide 

monomers;12, 14-16 (iv) A broad variety of substituents can be considered, including 
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relatively longer alkyl groups (e.g., chain length n > 10) and substituents with 

unsaturated bonds (e.g., allyl group). In this chapter, poly(N‑vinylamide)s were 

synthesized through free radical polymerization, then these pre‑polymers were 

N‑alkylated by n‑propyl or n‑butyl groups in order to adjust the LCST. 

4.2 Experimental section 

4.2.1 Materials 

N‑vinylacetamide (NVA), sodium hydride (NaH) dispersed in paraffin liquid (60%), 

and 2,2'‑azobis[2‑(2‑imidazolin‑2‑yl)propane]dihydrochloride (VA‑044) were 

obtained from Tokyo Chemical Industry Co., Ltd. N‑vinylformamide (NVF, 98%), 

anhydrous dimethylformamide (DMF), 1,2‑ethanedithiol, and all alkyl bromides were 

received from Sigma‑Aldrich. Anhydrous dimethyl sulfoxide (DMSO) and anhydrous 

tetrahydrofuran (THF) were products of Acros Organics. Isopropanol and ethanol 

were purchased from Fischer Chemical. Technical acetone was purchased from Höfer 

Chemie. 2,2‑Dimethoxy‑2‑phenylacetophenone (DMPA) and technical n‑hexane were 

purchased from VWR. Deuterated methanol, deuterium oxide and 5 mm NMR tubes 

(ASTM Type 1, Class-B glass) were purchased from Deutero. 

2,2′‑azobis(2‑methylpropionitrile) (AIBN, 98%, Sigma‑Aldrich (Merck, Darmstadt, 

Germany)) was purified by recrystallization from methanol, NVF was purified by 

distillation at 70 °C under high vacuum. All the other reagents were used as received. 

Deionized water was used for all experiments. 1000 Da MWCO dialysis membrane 

was a product of Spectrum Laboratories, Inc. 
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4.2.2 Sample nomenclature 

The following denotation was used for polymers: PNVA‑x represents PNVA with 

DP = x; PNVA‑Cn‑y‑x represents poly(N‑alkyl‑N‑vinylacetamide) with DP = x, and 

n‑alkyl side chains consisting of n methylene units at DS of y; 

PNVA‑(allyl‑y1)‑(Cn‑y2)‑x represents N‑substituted PNVA with a backbone DP = x 

and two types of side chains: allyl at DS of y1, and Cn at DS of y2. 

4.2.3 Synthesis of poly(N-vinylamide)s 

Poly(N‑vinylamide)s were prepared by free radical polymerization in alcohol or 

water solution. The molecular weight was adjusted by the monomer to initiator ratio. 

Synthetic parameters are shown in Table S1. Firstly, NVA or NVF was dissolved, and 

then the monomer solution was degassed by three freeze‑pump‑thaw cycles. After 

that, the solution was heated to reaction temperature and radical initiator was added 

under nitrogen flow. The mixture was kept at reaction temperature for 18 hours and 

reaction was terminated by exposure to air. The mixture was precipitated in acetone, 

and then the precipitate was dialyzed against deionized water using 1000 Da MWCO 

dialysis membrane. Final products were obtained by lyophilization. 

4.2.4 Synthesis of poly(N-alkyl-N-vinylamide)s 

As a representative example, 1 gram of PNVA (11.7 mmol) was dissolved in 

60 mL of anhydrous DMF. Sodium hydride powder (NaH, dispersed in paraffin 

liquid), which was successively washed by anhydrous THF and anhydrous DMF, was 

suspended in 30 mL of anhydrous DMF and cooled in an ice bath for 30 min. The 

aforementioned PNVA@DMF solution was slowly injected into the NaH suspension 
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controlled by a syringe pump. The degree of substitution could be controlled by the 

equivalent of NaH with excess amount of alkyl bromides (as shown in Figure 1). The 

mixture was stirred for 30 min while being kept in an ice bath. The bromide (allyl 

bromide, n‑propyl bromide or n‑butyl bromide) was added and the ice bath was 

removed. When the reaction finished, the reaction mixture was cooled again by the ice 

bath for 30 min, and then quenched by methanol. Solvents were removed by rotary 

evaporation and the residual solids were dissolved in ethanol and precipitated in 

technical n‑hexane. The polymer was dialyzed against deionized water using 1000 Da 

MWCO dialysis membrane. Final products were obtained by lyophilization. Detailed 

parameters are listed in Table S2, Supporting Information. 

For the preparation of poly(N‑alkyl‑N‑vinylformamide)s, 1.67 gram of the parent 

polymer (PNVF) were dissolved in 30 mL of anhydrous DMSO, sodium hydride 

(NaH) was washed and suspended in certain volume of anhydrous DMF. The reaction 

was conducted at 25 °C and stopped after 18 hours, quenched by methanol, then 

precipitated directly in THF. Detailed parameters are listed in Table S3, Supporting 

Information. 

4.2.5 Synthesis of poly(N-allyl-N-vinylacetamide-stat-N-alkyl-N-

vinylacetamide)s 

N‑alkylated polymers with only a small fraction of allyl groups for covalent 

crosslinking were prepared by first preparing and isolating allyl‑functionalized 

polymers using allyl bromide followed by a second step in which the remaining 

amides were N‑alkylated by the n‑alkyl bromide according to the procedure described 
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above. Detailed parameters are listed in Table S4, Supporting Information. 

4.2.6 Hydrogel preparation 

DMPA and 1,2‑ethanedithiol (0.2 eq and 0.5 eq, respectively; relative to the total 

amount of allyl groups in each polymer) were added to a solution of 

PNVA‑(allyl‑4%)‑(C3‑91%)‑176 or PNVA‑(allyl‑4%)‑(C4‑35%)‑176 (300 mg/mL in 

ethanol). Then the solution was loaded into a 5 mm NMR tube (O.D. = 4.950 ± 0.030 

mm, wall thickness = 0.43 mm), sealed by the NMR tube cap, rested still for over an 

hour until no air bubbles were visible inside the solution, then exposed to UV 

irradiation (UVP, UVL‑56, 6 W, 365 nm wavelength) at 20 ± 2 °C for 8 hours. The 

distance between the NMR tube and the planar light source was around 2 mm. After 

crosslinking, the hydrogels were dried at 65 °C in an oven, and then taken out from 

the NMR tube, extracted and swollen by water at 20 ± 2 °C. Water was changed every 

12 hours for one week until the hydrogels reached equilibrium swelling ratio. 

4.2.7 Characterization 

High resolution 1H‑NMR spectra were recorded on a Bruker Avance III‑400 

FT‑NMR spectrometer at 400 MHz. Deuterated methanol or deuterium oxide was 

used as solvent. 

Molecular weights (Mn and Mw) were determined by size exclusion 

chromatography (SEC) either in DMF or in water. The set‑up for SEC in DMF 

consisted of a HPLC pump (1260 Infinity, Agilent), a dual RI‑/Visco detector 

(ETA‑2020, WGE), an UV‑detector (VWD, 1290 Infinity II, Agilent). One pre-

column (8×50 mm) and three GRAM gel columns were applied. The diameter of the 
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gel particles measured 10 µm, and the nominal pore widths were 30, 100, 1000 Å 

(8×300 mm2, Polymer Standards Service). DMF (≥99.9%, HiPerSolv 

CHROMANORM® HPLC grade, VWR) with 1 g/L LiBr (≥99%, Sigma-Aldrich) 

was used as the eluting solvent and 2 µL/mL of toluene (≥99%, Sigma-Aldrich) were 

added as internal standard. The flow rate and temperature were set to 1 mL/min and 

60 °C, respectively. Calibration was carried out using narrowly distributed 

poly(methyl methacrylate) (PMMA) standards (Polymer Standards Service).  

For SEC in water, water (HiPerSolv CHROMANORM® HPLC grade, VWR) 

containing 0.1 mol/L sodium nitrate (NaNO3, p.a. level, Merck KGaA) and 0.01 wt% 

sodium azide (NaN3, extra pure, Merck KGaA) was used as eluent. The set‑up 

consisted of a pre‑column (8 × 50 mm) and three Novema Max gel columns 

(8 × 300 mm, 30, 100, and 1000 Å, Polymer Standards Service) with an Agilent 1200 

HPLC pump, a refractive index detector (1200, Agilent), and an UV‑detector (VWD, 

1200, Agilent). The diameter of the gel particles measured 5 µm. Elution was done at 

a flow rate of 1.0 mL/min at 40 °C. Ethylene glycol (0.5 μL/mL, 99.5%, Fluka 

analytical) was added as internal standard. Calibration was performed using narrowly 

distributed poly(ethylene oxide) standards (Polymer Standards Service). All results 

were evaluated using the PSS WinGPC UniChrom software (Version 8.3.2). 

4.2.8 Cloud point measurements 

Polymers measured were dissolved in deionized water at predetermined 

concentrations then the mixture was pre-cooled at 4°C before measurement. 

Transmittance-temperature curves of thermoresponsive polymers were recorded by a 
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Varian Cary 100 Bio UV–Vis spectrophotometer equipped with a thermo-regulator. 

The heating/cooling rate was 0.5 °C min-1 unless otherwise mentioned. The cloud 

point (Tcp) of a polymer solution was determined as the temperature at the inflection 

point of its transmittance-temperature curve of the first heating. Here, the inflection 

point is the minimum value of the first order derivative of the transmittance-

temperature curve.  

4.2.9 Degree of Swelling and swelling dynamics of hydrogels 

The equilibrium swelling ratios of hydrogels (SR(T0)) at temperature T0 (20 ± 

2°C) were determined according to Equation 1. 

(1) 

where Ws (T0) is the mass of the swollen hydrogel and Wd is the mass of dry 

lyophilized hydrogel. For the rates of deswelling and reswelling, the respective 

hydrogel sample was put into 20 mL of deionized water, which was brought to the 

target temperature (T1) before. After a waiting period during which the sample could 

adjust to the temperature, it was taken out of the water, water attached to the surface 

was quickly removed by blotting with a tissue wiper (Kimtech™ Science) and the 

mass of the swollen gel (Ws(T1)) was determined by weighing, and the swelling ratio 

was calculated by Equation 2. 

(2) 

4.3 Results and discussion 

Molecular weights of the radically polymerized PNVAs and PNVFs were 

adjusted by altering the initiator to monomer ratio (Table S1, Supporting 

𝑆𝑆𝑆𝑆 (𝑇𝑇0) =
𝑊𝑊𝑠𝑠(𝑇𝑇0) −𝑊𝑊𝑑𝑑

𝑊𝑊𝑑𝑑
 

𝑆𝑆𝑆𝑆(𝑇𝑇1) =
𝑊𝑊𝑠𝑠(𝑇𝑇1)
𝑊𝑊𝑠𝑠(𝑇𝑇0) × (𝑆𝑆𝑆𝑆(𝑇𝑇0) + 1) − 1 
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Information). This way, we obtained a series of PNVAs and PNVFs with low, middle 

and high DP in the range of 70, 180, and 1000, respectively. According to size 

exclusion chromatography (SEC), molecular weight distributions of the parent 

polymers were monomodal (Figure S1, Supporting Information). The parent PNVAs 

and PNVFs were converted to poly(N‑alkyl‑N‑vinylamide)s by N‑substitution with 

allyl bromide, n‑propyl bromide and n‑butyl bromide. Samples were analyzed by 1H 

NMR for composition. DS could be evaluated from the 1H‑NMR signals of the side 

chains and the polymer backbone. (For details see Figure S2 and Figure S3, 

Supporting Information). 

Both allyl or alkyl bromides as well as NaH as base were used in excess. We 

found that the DS mostly depends reproducibly on the amount of NaH used in the 

functionalization reaction. This is demonstrated in Figure 1 for the substitution of 

PNVA (DP = 176) by n‑butyl bromide, where the DS was varied from 17 mol% to 

97 mol%. For high DS exceeding 80%, large excesses of at least 4.5 eq. of NaH were 

required. Extrapolation to low DS indicates that only a fraction of the excess NaH got 

consumed by side reactions with the solvent, e.g., remaining traces of water. We 

propose that the large excess is needed to overcome the reactivity restrictions of the 

heterogeneous reaction, where the polymer needs to react with NaH particles 

dispersed in the solvent. 
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Figure 1. Dependence of the degree of substitution of 
poly(N‑n‑butyl‑N‑vinylacetamide) PNVA‑C4‑DS‑176 on equivalents of sodium 
hydride per amide group used in the reaction. All polymers were prepared from the 
same batch of PNVA‑176, the molar ratio of n‑butyl bromide to NaH was kept at 5:6. 
Red dashed line is the fitting curve according to the fitting equation: 
DS = ‑0.2273644 + 0.6173327 ∙ ln(eqNaH + 0.97469) with adjusted r² = 0.996. 
 

Table 1 lists N‑alkylated poly(N‑vinylamide)s employed in the following study. Denotation 

of the samples was chosen to allow direct identification of the degree of polymerization and 

the substitution. As an example, PNVA‑(allyl‑4%)‑(C4‑35%)‑176 is a poly(N‑vinylacetamide) 

with degree of polymerization DP = 176 where the amide groups were statistically substituted 

to 35% by n‑butyl groups and 4% by allyl groups. 
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Table 1. Thermoresponsive alkylated poly(N-vinylamide) derivatives synthesized 

Entry Name 
Backbone 

polymer 

Mn of backbone 

polymer 
DP (a) substituent DS(b) 

End group 

from 

Approximate 

LCST/°C(c) 

1 PNVA-C3-100%-70 PNVA 6 kDa 70 n-propyl 100% AIBN 53.5 

2 PNVA-C3-100%-176 PNVA 15 kDa 176 n-propyl 100% AIBN 57.3 

3 PNVA-C3-100%-1057 PNVA 90 kDa 1057 n-propyl 100% VA-044 61.3 

4 PNVA-C4-37%-70 PNVA 6 kDa 70 n-butyl 37% AIBN 43.9 

5 PNVA-C4-25%-176 PNVA 15 kDa 176 n-butyl 25% AIBN 72.3 

6 PNVA-C4-30%-176 PNVA 15 kDa 176 n-butyl 30% AIBN 55.0 

7 PNVA-C4-45%-176 PNVA 15 kDa 176 n-butyl 45% AIBN 44.1 

8 PNVA-C4-47%-176 PNVA 15 kDa 176 n-butyl 47% AIBN 35.8 

9 PNVA-C4-53%-176 PNVA 15 kDa 176 n-butyl 53% AIBN 29.7 

10 PNVA-C4-71%-176 PNVA 15 kDa 176 n-butyl 71% AIBN 25.1 

11 PNVA-C4-97%-176 PNVA 15 kDa 176 n-butyl 97% AIBN 11.6 

12 PNVA-allyl-97%-70 PNVA 6 kDa 70 allyl 97% AIBN 39.8 

13 PNVA-allyl-70%-176 PNVA 15 kDa 176 allyl 70% AIBN 65.8 

14 PNVA-allyl-87%-176 PNVA 15 kDa 176 allyl 87% AIBN 45.2 

15 PNVA-allyl-97%-176 PNVA 15 kDa 176 allyl 97% AIBN 43.0 

16 PNVA-(allyl-4%)-(C3-91%)-176 PNVA 15 kDa 176 allyl; n-propyl 4%; 

 

AIBN 60.0(d) 

17 PNVA-(allyl-4%)-(C4-35%)-176 PNVA 15 kDa 176 allyl; n-butyl 4%; 

 

AIBN 45.6(e) 
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18 PNVF-C3-93%-183 PNVF 13 kDa 183 n-propyl 93% VA-044 44.7 

19 PNVF-C3-73%-605 PNVF 43 kDa 605 n-propyl 80% VA-044 47.3 

20 PNVF-C3-100%-605 PNVF 43 kDa 605 n-propyl 100% VA-044 43.0 

21 PNVF-C4-32%-183 PNVF 13 kDa 183 n-butyl 32% VA-044 40.3(f) 

22 PNVF-allyl-59%-183 PNVF 13 kDa 183 allyl 59% VA-044 23.4 

(a) DP: degree of polymerization of the backbone polymer; (b) DS: degree of substitution of alkyl side chains; (c) The cloud point of 50 mg/mL aqueous polymer solution at 
inflection point of transmittance-temperature curves is taken as approximate LCST of the corresponding polymer (unless the concentration is specifically mentioned); (d-e) 
cloud points measured from 100 mg/mL aqueous polymer solution; (f) cloud point measured from 20 mg/mL aqueous polymer solution. 
  



101 
 

In the last column of Table 1, we also listed the approximated LCSTs which 

were estimated from the concentration dependence of cloud points. The cloud point 

(Tcp) was determined by the temperature of the inflection point of the 

transmittance‑temperature curves during heating.17 For this method, the observation of 

the cloud points is highly dependent on the heating rates, and the true value is more 

closely approached by lower heating rates. For the lack of reference regarding the 

influence of heating rates in cloud points of alkylated poly(N‑vinylamide)s in 

literature, transmittance‑temperature curves of aqueous solution of 

PNVA‑C3‑100%‑176 (50 mg/mL) at three different heating rates were compared and 

shown in Figure 2a. The cloud points measured were 56.8 °C, 57.4 °C and 60.4 °C, at 

heating rates of 0.3 °C/min, 0.5 °C/min, and 1.0 °C/min, respectively. Notably, 

relatively high heating rates (e.g., 1.0 °C/min) would cause considerable error in cloud 

points, while relatively low heating rates (e.g., 0.3 °C/min) would result in long 

duration of measurements and consequent change in concentration, therefore 

0.5 °C/min was selected as the heating rate for all the cloud point measurements due 

to the compromise of duration and precision. Furthermore, there is also remarkable 

hysteresis between heating and cooling curves. The higher the heating rate, the more 

severe was the hysteresis effect due to retarded segregation. 

 

Figure 2. (a) Transmittance‑temperature curves for PNVA‑C3‑100%‑176 (50 mg/mL) 
measured by firstly heating then cooling at different heating/cooling rates. 
Transmittance between 4 °C and 70 °C were measured for 0.5 °C/min and 1.0 °C/min 
groups; while transmittance between 20 °C and 70 °C were measured for 0.3 °C/min 
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group; (b) Transmittance‑temperature curves for sample S1 (PNVA‑C3‑100%‑176 at 
50 mg/mL) and sample S2 (PNVA‑C4‑47%‑176 at 50 mg/mL), 
transmittance‑temperature curves from 4 °C to 70 °C were recorded at 0.5 °C/min. 
First heating: the aqueous solutions were prepared and cooled at 4 °C for 24 h before 
measurements; second heating: the samples which were used in the first heating were 
cooled at 4 °C for 24 h and then re‑measured; (c) Cloud point curve of 
PNVA‑C3‑100%‑176 recorded at heating rate of 0.5 °C/min, the labels (unit: °C) 
represent cloud points at corresponding concentrations. 

Figure 2b demonstrates the reversibility of the precipitation/dissolution. After 

cooling at low temperature for sufficient time (e.g., at 4°C for 24 h), the 

transmittance‑temperature curves in the second heating overlapped well with that of 

the first heating. This observation indicated that the polymer solution returned to the 

same state.  

For further studies, aqueous solutions for cloud point measurements were kept at 

4°C for at least 24 hours. Figure 2c summarizes cloud points of PNVA‑C3‑100%‑176 

at concentrations up to 200 mg/mL. Above 20 mg/mL, the cloud point curve became 

rather flat like it is known for polyacrylamides.6 As listed in Table 1 for the different 

polymers, we took the cloud points of the 50 mg/mL solutions as an approximate 

LCST (measured at a heating rate of 0.5 °C/min unless otherwise specified).  

Figure 3 depicts variations of the cloud point depending on the molecular weight 

of PNVAs, which were fully substituted by n‑propyl groups. Irrespective of the low 

heating rate, the transition occurred in a narrower temperature window for lower 

molecular weights. At higher concentrations, the cloud points yielded a flat 

concentration dependence from which we estimated the LCST as given in Table 1. 

We observed inverse molecular weight dependence, implying that lower molecular 

weight polymers showed lower cloud point temperatures.18-21 For higher molecular 

weights, the onset of turbidity was not observed at low concentration, most likely 

because polymers could not agglomerate to sufficiently large particles to scatter the 
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light and attenuate transmission. As it will be discussed below, this retardation was 

attributed to some crosslinking by the formation of clusters of short stereoregular 

segments. Still, higher molecular weight polymers should exhibit larger miscibility 

gaps compared with lower molecular weight ones according to the statistical 

thermodynamics of polymer solutions.22, 23 In agreement with this, LCST shifting 

towards lower temperatures with increasing molecular weights has been confirmed for 

aqueous solutions of poly(ethylene oxide).24 However, the inverse molecular weight 

dependence, which we observed for all samples reported here, has been reported also 

for poly(N‑isopropylacrylamide)s and explained by the association of hydrophobic 

end groups of hydrophilic polymer backbones.18, 19, 25 The concentration of 

hydrophobic end groups may exceed the critical association concentration, and the 

entropy of mixing corresponds to that of a much larger molecular volume than that of 

the non‑associated high molecular weight polymers yielding an apparently lower 

LCST.26 This is an additional explanation for our observation. While the two lower 

molecular weight samples were polymerized with AIBN as an initiator favouring end 

group association, only PNVA‑C3‑100%‑1057 was prepared with the water soluble 

initiator VA‑044. 
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Figure 3. Influence of molecular weight on cloud point and phase transition time. (a) 
temperature‑dependent transmittance curves of PNVA‑C3‑100%‑70, 
PNVA‑C3‑100%‑176, and PNVA‑C3‑100%‑1057 aqueous solution at indicated 
polymer concentrations (mg/mL); (b) comparison of the temperature‑dependent 
transmittance curves of PNVA‑C3‑100%‑DP (DP = 70, 176, and 1057) at identical 
concentration of 50 mg/mL; (c) comparison of the cloud point curves of 
PNVA‑C3‑100%‑DP (DP = 70, 176, and 1057). Heating rate = 0.5 °C/min. 
 

The cloud point shifted to lower temperature, when the n‑propyl substituents were 

replaced by allyl and by n‑butyl groups indicating an increased hydrophobicity of 

these substituents (Figures 4 and 5). For the allyl substituted PNVAs (Figure 4), we 

observed that the cloud point could be shifted to lower temperature when the fraction 

of allyl substituted units were increased, and the difference in LCSTs caused by 

increase of DS became negligible when the DS exceeded a certain value (e.g., 

DS > 87%). 
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Figure 4. (a) Transmittance‑temperature curves of PNVA‑allyl‑97%‑176 aqueous 
solutions at indicated concentrations; (b) Comparison of the cloud point curves of 
PNVA‑allyl‑DS‑176 (DS = 70%, 87%, and 97%). Heating rate = 0.5 °C/min. 
 

Figure 5a depicts cloud point curves of PNVA‑176 which was N‑alkylated by 

n‑butyl bromide to different degrees. As shown in Figure 5b as an example of the 

cloud point for the 50 mg/mL solutions, which we took for an estimation of the LCST, 

the cloud point decreased monotonically with increasing DS. This monotonic decrease 

is expected only for a stochastical substitution of the polymer backbone. Figure 5c 

gives a comparison of the miscibility gap as measured by cloud points for the 

practically fully N‑substituted PNVAs with n‑propyl, allyl and n‑butyl groups, 

respectively. Figure 5d depicts transmission measurements for the respective highest 

concentration of the samples in Figure 5c, demonstrating a slower onset of the 

cloudiness at lower temperature at increasing length of the side chains. We consider 

this an indication that the higher hydrophobicity of the longer alkyl chains causes a 

stronger amphiphilic character of the monomer unit with its hydrophilic backbone and 

favours intramolecular association in the early stages of the segregation. 
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Figure 5. (a, b) Cloud point suppression upon increasing N‑alkylation of PNVA by 
n‑butyl groups. (a) Cloud point curves of PNVA‑176 with 45%, 71% and 97% 
substitution by n‑butyl groups (transmittance‑temperature curves for all data point are 
shown in Figure S4, Supporting Information); (b) monotonic decrease of the cloud 
points upon increasing degree of substitution, the red dashed curve is the fitting line 
according to equation: 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = 𝑒𝑒5.04869−3.49×𝐷𝐷𝐷𝐷+0.99142×𝐷𝐷𝐷𝐷2 , adjusted r2 = 0.95; (c) 
comparison of the cloud point suppression by practically full n‑propyl, n‑allyl, and 
n‑butyl substitution of PNVAs; (d) comparison of the rate by which the cloudiness 
developed in solutions at 50 mg/mL (the transmittance was measured upon heating at 
0.5 °C/min). 
 

Furthermore, we investigated low molecular weight polyvinylamides in which the 

isobutyronitrile end groups were replaced by water soluble 2‑isopropyl‑2‑imidazoline 

groups and we replaced the prepolymer PNVA by the presumably more water soluble 

PNVF. To eliminate the effect of the backbone molecular weights, we prepared 

polymers from PNVA‑176 (15 kDa) and PNVF‑183 (13 kDa) with roughly identical 

monomer units per chain. Figures 6a‑c depicts the comparison of the cloud point 

curves of PNVA‑C3‑100%‑176 with isobutyronitrile end groups and 

PNVF‑C3‑93%‑183 with 2‑isopropyl‑2‑imidazoline end groups. Opposite to our 
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expectation, PNVF‑C3‑93%‑183 turned out to segregate at lower temperature than the 

poly(N‑vinylacetamide) derivative. The same trend is observed by the comparison of 

PNVA‑allyl‑70%‑176 and PNVF‑allyl‑59%‑183 (Figures 6d‑f). Because the choice 

of the end groups would promote the converse effect, the data indicate that the PNVF 

backbone favours segregation. A tentative explanation may be that the formamide 

groups tend to form clusters comprising short stereoregular segments. Both this 

observation and explanation are supported by earlier reports.12, 14, 15 The atactic 

polymer configuration contains segments with a different stereo‑structure and we 

assume that short segments with a suitable stereo‑structure, can form hydrogen 

bonded clusters which in turn favour segregation. Such an explanation is supported by 

the fact that the polymers which precipitated at high temperatures from concentrated 

aqueous solutions did not quickly re‑dissolve when they were cooled below the LCST. 

 
Figure 6. Comparison of cloud points of alkylated PNVAs and alkylated PNVFs. (a, 
b, d, e) are temperature‑dependent transmittance curves of (a) PNVA‑C3‑100%‑176, 
(b) PNVF‑C3‑93%‑183, (d) PNVA‑allyl‑70%‑176, and (e) PNVF‑allyl‑59%‑183 
aqueous solutions at different concentrations. (c, f) are comparison of cloud point 
curves of (c) PNVA‑C3‑100%‑176 and PNVF‑C3‑93%‑183, and (f) 
PNVA‑allyl‑70%‑176 and PNVF‑allyl‑59%‑183. 
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Formation of small crosslinking clusters favoured by hydrophobic segregation at 

high temperature, which act as catenations after cooling a sample from a temperature 

above the LCST to the solubility regime, should become much more obvious with 

permanently crosslinked gel bodies. In order to do swelling and deswelling 

experiments with gels from the thermoresponsive alkylated PNVAs, we prepared 

permanently crosslinked gels from PNVA‑(allyl‑4%)‑(C3‑91%)‑176 and 

PNVA‑(allyl‑4%)‑(C4‑35%)‑176. Crosslinking was done by the photo‑initiated radical 

reaction of the allyl groups with ethanedithiol (Scheme 3). 

 
Scheme 3. Synthetic route for the preparation of PNVA-allyl-Cn hydrogels by UV. 

Figure 7 depicts a series of small gel discs, which had been cut from a 

cylinder prepared by crosslinking of an ethanol solution of the respective polymer in 

an NMR tube. After drying to remove the ethanol, samples were swollen at 20 ± 2 °C 

in deionized water. The photographs in Figures 7a and 7b show samples kept in water 

at target temperatures and photographed immediately after taken out of water. For 

each of the images, the sample was kept at the respective temperature for three days in 

order to ensure equilibrium swelling. Figures 7c and 7d demonstrate the collapse of 

the hydrogels at different temperatures. The geometrically affine shrinkage of the 

short cylinders demonstrates macroscopically homogeneous crosslinking. 
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Figure 7. (a) and (c) are pictures and swelling ratio of 
PNVA‑(allyl‑4%)‑(C3‑91%)‑176 hydrogels after soaked in water at indicated 
temperatures for 3 days, respectively. (b) and (d) are pictures and swelling ratio of 
PNVA‑(allyl‑4%)‑(C4‑35%)‑176 hydrogels after soaked in water at indicated 
temperatures for 3 days, respectively. The mesh size behind the hydrogels samples in 
(a) and (b) is 5 mm × 5 mm. Error bars for the swelling ratios in Figures (c) and (d) 
represent standard deviation (replicates = 3). The blue dashed lines in Figures (c) and 
(d) indicate the VPTT of the respective sample calculated by first‑order derivation of 
the exponential fitting line of the swelling‑temperature data. 
 

Figure 8 depicts reswelling after the samples were first heated from 20 ± 2 °C 

to a particular temperature and then brought back to 20 ± 2 °C. After fast initial 

reswelling, the samples reached a plateau at a degree of swelling significantly smaller 

than the original degree of swelling (the equilibrium degree of swelling at 20 ± 2 °C 

before heating). This reduction of the degree of swelling increased with higher 

temperatures before reswelling. The gradual decrease in swelling depicted in Figures 
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7c and 7d when the temperature was raised could in principle be homogeneous 

(described by the increase of a single interaction parameter) or heterogeneous (as 

polymer segments of slightly different structure which lose solubility at different 

temperatures). Also in the second case, gels will remain transparent as long as the 

domains do not exceed a size that can cause scattering. In view of the extremely broad 

transition regime and the observation of the retarded precipitation of the higher 

molecular weight polymers (Figure 3a), explanation by heterogeneous loss of 

solubility is more likely. In this case, the degression of the degree of swelling after the 

first heating which is stronger at higher temperature or the extend of the collapse was 

chosen in the pre‑treatment can be explained by the formation of crosslinking clusters 

of different aggregation strength, which do not redissolved within the time of the 

experiment. When we determined the degree of swelling of samples that were kept in 

water for more than one year, we found that the original degree of swelling could be 

recovered partly (Figure 9). 

 
Figure 8. Time dependence of the reswelling of hydrogels from (a) 
PNVA‑(allyl‑4%)‑(C3‑91%)‑176 and (b) PNVA‑(allyl‑4%)‑(C4‑35%)‑176. Samples 



111 
 

were first swollen at 20 ± 2°C then brought for 3 days to the temperature indicated by 
the legend and subsequently monitored for reswelling at 20 ± 2°C after indicated time. 
Figures (c) PNVA‑(allyl‑4%)‑(C3‑91%)‑176, and (d) PNVA‑(allyl‑4%)‑(C4‑35%)‑176, 
demonstrate the collapse and reswelling of a sample swollen at equilibrium at 20°C 
then brought to 50°C for 48 h and subsequently cooled again to 20°C. Reswelling 
after the sample has been collapsed at a particular temperature turned out to be 
reversible (see Figure S5 in supporting information). 

 

 
Figure 9. Reswelling coefficient (expressed by SR/SR0 (%)) of hydrogels from (a) 
PNVA‑(allyl‑4%)‑(C3‑91%)‑176 and (b) PNVA‑(allyl‑4%)‑(C4‑35%)‑176. Samples 
were first swollen at 20 ± 2°C (initial degree of swelling = SR0), then kept for 3 days 
at the deswelling temperature, and subsequently brought back to 20°C to monitor the 
time‑dependent reswelling after indicated time in the legend (final degree of swelling 
= SR).  
 

Formation of additional crosslinks is in agreement with the concept, that short 

stereoregular segments may form ultra-small but rather strong hydrophobic clusters. 

Yet, we cannot exclude that additional crosslinking has been caused at least partially 

by remaining reactive reagents such as ethanedithiol in combination with DMPA and 

the allyl groups. 

4.4 Conclusion 

Poly(N‑alkyl‑N‑vinylamide)s do not only present an alternative to other 

thermoresponsive polymers. These isomers of polyacrylamides are furthermore of 

significant interest because of the possibilities for chemical modification via the 

backbone‑bound amine function offered by post hydrolysis. The 

poly(N‑alkyl‑N‑vinylamide)s with allyl, n‑propyl, and n‑butyl substituents prepared in 

this work demonstrated how the LCST behavior of their aqueous solutions could be 
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manipulated and tailored by altering the molecular weight, hydrophobic substituent 

and degree of substitution. As a second point, we noticed that the 

poly(N‑vinylamide)s might undergo secondary bonding with each other. Most 

importantly, the high molecular weight polymers do not precipitate readily from 

aqueous solution when the temperature is raised above the LCST. In addition, we 

found that gels do not reswell to the initial degree, once they have been collapsed by 

raising the temperature above the VPTT. As a tentative explanation, we consider 

formation of nanometre‑sized clusters between short stereoregular segments within 

the atactic macromolecules. Such an explanation is analogous to the properties of 

polyvinylchloride, which can form elastomer composites with an appropriate 

plasticizer without covalent crosslinking.27 Certainly this question whether such an 

associative bond formation or clustering needs to be supported by further evidence of 

a secondary bonding crosslinking should be subject of further experiments such as 

light scattering experiments in dilute solution, small angle X‑Ray studies on the gels 

(SAXS) and eventually also neutron scattering. Yet, such studies were beyond the 

scope of this thesis. So far, we could only explore the field to raise these questions. A 

first rather simple study suggested here, might be dissolution and swelling studies of 

samples in water to which different salts are added following the Hofmeister Series.28, 

29 
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4.6 Supporting information 

Table S1. Synthetic parameters and molecular weights of poly(N-vinylamide)s 

Entry Monomer Solvent concentration 
of monomer 

(mg/mL) 

Initiator [monomer]/[I] 

molar ratio 

Reaction 

temperature 

 

Yield 

(%) 

DP(a) 

 

Mn/kDa 

in H2O 

Mw/kDa 

in H2O 

Mn/kDa 

in DMF 

Mw/kDa 

in DMF 

PNVA-70 NVA isopropanol 50 AIBN 20 70 81 70 5.5 11.3 6.3 13.2 

PNVA-176 NVA ethanol 100 AIBN 33.3 60 95 176 14.5 37.4 16.6 36.9 

PNVA-1057 NVA water 100 VA-044 400 60 83 1057 90.4 333.2 98.9 379.4 

PNVF-165 NVF water 50 VA-044 4.5 60 49 165 11.7 21.9 insoluble insoluble 

PNVF-183 NVF water 100 VA-044 9 60 56 183 12.8 27.5 insoluble insoluble 

PNVF-605 NVF water 143 VA-044 160 60 86 605 43.1 124.3 insoluble insoluble 
(a) DP is calculated from Mn in water 
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Table S2. Synthetic parameters for alkylated poly(N-vinylacetamide)s 

Entry 
Molar ratio 

[NaH]/[NVA] 
Alkyl bromide 

Molar ratio 

[Alkyl bromide]/[NVA] 

Reaction 

temperature (°C) 

Reaction 

time (hour) 

PNVA-C3-100%-70 10 1-bromopropane 12 25 72 
PNVA-C3-40%-176 2.4 1-bromopropane 2 25 72 
PNVA-C3-79%-176 5 1-bromopropane 6 25 72 
PNVA-C3-87%-176 7.5 1-bromopropane 9 25 72 
PNVA-C3-100%-176 10 1-bromopropane 12 25 72 
PNVA-C3-100%-1057 10 1-bromopropane 12 25 72 
PNVA-(iso-C3)-0%-176 10 2-bromopropane 12 25 72 
PNVA-C4-37%-70 1.8 1-bromobutane 1.5 25 72 
PNVA-C4-25%-176 1.2 1-bromobutane 1 25 72 
PNVA-C4-30%-176 1.5 1-bromobutane 1.25 25 72 
PNVA-C4-45%-176 1.8 1-bromobutane 1.5 25 72 
PNVA-C4-47%-176 2.1 1-bromobutane 1.75 25 72 
PNVA-C4-53%-176 2.4 1-bromobutane 2 25 72 
PNVA-C4-71%-176 3.6 1-bromobutane 3 25 72 
PNVA-C4-97%-176 6 1-bromobutane 5 25 72 
PNVA-(iso-C4)-7%-176 12 1-brom-2-methylpropane 10 25 72 
PNVA-allyl-97%-70 2.4 allyl bromide 2 0 19 
PNVA-allyl-4%-176 0.06 allyl bromide 0.05 0 19 
PNVA-allyl-70%-176 1.2 allyl bromide 1 25 72 
PNVA-allyl-87%-176 1.8 allyl bromide 1.5 25 72 
PNVA-allyl-97%-176 2.4 allyl bromide 2 25 72 
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Table S3. Synthetic parameters for alkylated poly(N-vinylformamide)s 

Entry 
Volume of DMSO 
for PNVF solution 

(mL/g PNVF) 

Volume of DMF 
for NaH 

suspension 
(mL/g PNVF) 

Molar ratio 
[NaH]/[NVF] Alkyl bromide Molar ratio 

[Alkyl bromide]/[NVF] 
Reaction 

temperature (°C) 
Reaction time    

(hour) 

PNVF-C3-93%-183 18 72 5 1-bromopropane 6 25 24 
PNVF-C3-80%-605 18 72 2.1 1-bromopropane 1.75 25 24 
PNVF-C3-100%-605 18 72 5 1-bromopropane 6 25 24 

PNVF-(iso-C3)-12%-605 18 72 5 2-bromopropane 6 25 24 
PNVF-C4-32%-183 72 36 (DMSO) 0.7 1-bromobutane 0.583 25 24 
PNVF-C4-87%-183 18 72 2.1 1-bromobutane 1.75 25 24 
PNVF-C4-100%-183 18 72 6 1-bromobutane 5 25 24 
PNVF-C4-60%-605 18 72 2.1 1-bromobutane 1.75 25 24 
PNVF-C4-90%-605 18 72 6 1-bromobutane 5 25 24 

PNVF-(iso-C4)-15%-605 18 72 2.4 1-bromo-2-
methylpropane 2 25 24 

PNVF-allyl-59%-183 18 72 2.4 allyl bromide 2 0 24 

 

Table S4. Synthetic parameters for poly(N-allyl-N-vinylacetamide-stat-N-alkyl-N-vinylacetamide)s 

Entry V_A(a) V_B(b) Molar ratio 
[NaH]/[NVA] Alkyl bromide Molar ratio 

[Alkyl bromide]/[NVA] 
Reaction 

temperature (°C) 
Reaction time 

(hour) 
PNVA-(allyl-4%)-(C3-91%)-176 59 29.5 10 1-bromopropane 12 25 72 
PNVA-(allyl-4%)-(C4-35%)-176 59 29.5 1.8 1-bromobutane 1.5 25 72 

(a) V_A: Volume of DMF for PNVA-allyl-4% solution (mL/g PNVA-allyl-4%-176); (b) V_B: Volume of DMF for NaH suspension (mL/g PNVA-allyl-4%-176).
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Figure S1. SEC traces of PNVAs and PNVFs measured in water. The suffix number 
represents the degree of polymerisation (DP) of the respective homopolymers. 

 

 

Figure S2. (a) 1H-NMR spectrum of PNVA-176 measured in D2O: δ = 3.91 - 3.50 
(1H, Ha), 1.94 - 1.75 (3H, Hb), 1.66 - 1.27 (2H, Hc) ppm. (b) 1H NMR spectrum of 
PNVF-183 measured in D2O: δ = 8.10 - 7.53 (1H, Hb), 4.00 - 3.20 (1H, Ha), 
1.80 - 1.10 (2H, Hc) ppm, and * denotes residual water. 
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Figure S3. Examples of 1H-NMR peak assignment for poly(N-alkyl-N-vinylamide)s: 
(a) PNVA-C3-87%-176 in CD3OD. DS = 5/(3K-2n+4); K is the ratio of peak at 
1.2 - 2.2 ppm to peak at 0.8 ppm, n = 3 for n-propyl and n = 4 for n-butyl; (b) 
PNVF-C3-73%-605 in D2O. DS is calculated by peak f; (c) PNVA-allyl-97%-176 in 
D2O. DS is calculated by value of peaks e and f. The symbol * denotes signal of 
residual water, # denotes solvent residual of CD3OD, and #’ denotes impurity signal 
from CD3OD. 



121 
 

Figure S4. Transmittance-temperature curves of the aqueous solutions of 
PNVA-C4-DS-176 samples with DS of 45%, 71%, and 97%. 

 

 

Figure S5. Reswelling coefficient (β) of PNVA-(allyl-4%)-(C4-35%)-176 hydrogel at 
equilibrium at 20 ± 2°C in water treated by heating/cooling (80°C/20°C) cycles. 
Reswelling coefficient was calculated by the swelling ratio at the indicated time 
divided by the initial swelling ratio (time = 0). 
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5 Thermoresponsive double network hydrogels 

from N-alkylated poly(N-vinylacetamide)s 

5.1 Introduction 

Mechanically strong hydrogels have remained a privilege of natural tissue until 

recently. Only when researchers discovered the strong improvement in toughness of 

double network hydrogels, synthetic hydrogels could be prepared to approach the 

outstanding mechanical properties of natural water hydrous tissue.1-3 Still the strength 

of the hydrogels in jelly fish or cartilage cannot be achieved.4, 5 Structural drawbacks 

of synthetic hydrogels are their often rather high degree of swelling, i.e., firstly the 

high fraction of water molecules which they can take up, and secondly the lack of a 

mechanism which distributes strain through a large volume. Consequently, the stress 

upon deformation is carried by a very small fraction of the network chains at the same 

time, which then cannot resist the stress. Well-defined crack tips at the fracture front 

are formed, and irrespective of their softness the hydrogels appear brittle at larger 

strain.6 In contrast, hydrous tissues in plants as well as in animals, which mostly 

contain only about 70% of water, dissipate stress over large volumes and can be 

extremely tough. Most remarkable, however, is their ability to combine a low 

modulus at low strain with a high modulus at large strain as it is depicted 

schematically in Figure 1. 
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Figure 1. Representative stress-strain curves for conventional single network 
hydrogel, rubber and human tissue.6  
 

Such at the first glance contradicting properties cannot be achieved by simply 

increasing the crosslinking density because this would yield a higher modulus already 

at small strain. Characteristic for natural hydrous tissue is their complex and often 

heterogeneous multicomponent composition. Different components like the stiff rod 

collagen fibrils and the flexible proteoglycans in cartilage are combined within 

anisotropic micro-structures.7, 8 

In view of this complexity, double networks appear just a first step to 

synthesize hydrogels with improved mechanical properties, irrespective of the fact 

that maximum stress values of 10 MPa and elongation values at break of 2000% have 

been reported.9 Typically such double networks are prepared by swelling a more 

densely crosslinked first network with the monomers of the second network.1 As a 

consequence, the first network is pre-strained within the matrix of the second network. 

Upon mechanical stretching or compression, the first network can dissipate energy, 

ultimately by breaking up into smaller patches. While such micro-networks within the 

macro-network may act like fillers (Filling a network with micro- or nano- particles is 

well known to enforce the mechanical strength significantly depending on the 

interaction between the colloidal particles and the network strands10), the break-up 

mechanism can dissipate energy only once. When such a double network is exposed 
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to large strain, it is initially very strong, but it loses at least part of its strength upon 

repeated deformation. 

Improvement of such double network hydrogels might be achieved when the first 

network is crosslinked by reversible bonds, which can recover after release of the 

stress while the strain was too little to break the second network. In Chapter 3 of this 

thesis, a series of reversibly crosslinked alkylated polyvinylamides have been 

described whereby their strength and uptake of water could be tailored over a wide 

range without losing hydrophilicity. When these networks are swollen with a 

crosslinking monomer mixture, double networks with a reversibly but tightly 

crosslinked first network could be prepared. However, the strength of the double 

network hydrogel is still expected to result as the sum of that from the constituent 

networks. In this chapter, we attempted to investigate whether we can observe a truly 

synergistic effect, where the strained double network is reinforced by the strain. Such 

reinforcement by strain is well known for natural rubber, which undergoes strain-

induced crystallization whereby the crystalline microdomains serve as additional 

crosslinks and filler at the same time.11 For this purpose, we prepared double networks 

from the thermoresponsive alkylated polyvinylamides reported in Chapter 4 and the 

reversibly crosslinked hydrogels of Chapter 3. The questions to be answered are: (i) 

Can the combination of the well swollen thermoresponsive network below the LCST 

and the reversibly crosslinked network from Chapter 3 yield double networks with 

superior mechanical properties? (ii) Would the thermoresponsive component above 

the LCST form a filler within the reversibly crosslinked network which enhances the 

mechanical properties of the latter significantly? (iii) How does such a double 

network behave at the volume phase transition of the thermoreversible network 

component? In the last case, we hypothesize that the orientation by strain of the 



125 
 

thermoreversible network strands will cause a decrease of the LCST and might cause 

some strain induced increase of the modulus. 

5.2 Experimental section 

5.2.1 Materials 

N-vinylacetamide (NVA), sodium hydride (NaH) dispersed in paraffin liquid (60%), 

and 2,2'-azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (VA-044) were 

obtained from Tokyo Chemical Industry Co., Ltd. Anhydrous dimethylformamide 

(DMF), 1,2-ethanedithiol, and all alkyl bromides were received from Sigma-Aldrich. 

Anhydrous tetrahydrofuran (THF) was a product of Acros Organics. Ethanol was 

purchased from Fischer Chemical. Technical acetone was purchased from Höfer 

Chemie. 2,2-Dimethoxy-2-phenylacetophenone (DMPA) and technical n-hexane were 

purchased from VWR. Deuterated methanol and water were purchased from Deutero. 

2,2′-azobis(2-methylpropionitrile) (AIBN, 98%, Sigma-Aldrich (Merck, Darmstadt, 

Germany)) was purified by recrystallization from methanol. All other reagents were 

used as received. Deionized water was used for all experiments. 1000 Da MWCO 

dialysis membrane was a product of Spectrum Laboratories, Inc. 

5.2.2 Sample denotation 

The following denotation was used for polymers: PNVA-Cn-y-x represents 

poly(N-alkyl-N-vinylacetamide) with DP = x, n-alkyl side chains consisting of n 

methylene units, –(CH2)n–H, at a degree of substitution DS = y; PNVA-(allyl-y1)-(Cn-

y2)-x represents poly(N-allyl-N-vinylacetamide-stat-N-alkyl-N-vinylacetamide)s with 

DP = x and two types of side chains: allyl at DS of y1, and Cn at DS of y2. 

5.2.3 Polymer synthesis 

(a) Synthesis of PNVAs and PNVA-Cn polymers  
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Same synthesis procedures of PNVAs and PNVA-Cn polymers as described in 

Chapter 3 were adopted in this chapter. For the synthesis of PNVAs, NVA 

monomers were polymerized by free radical polymerization under oxygen free 

conditions. Ethanol was used as solvent with AIBN as the initiator for the synthesis of 

relatively low molecular weight PNVAs (Mn < 50 kDa); while deionized water and 

VA-044 were used for the synthesis of relatively high molecular weight PNVAs (Mn > 

50 kDa).  

As with the synthesis of PNVA-Cn (n = 14 or 18) polymers, firstly, PNVA was 

dissolved in anhydrous DMF, while NaH was washed and suspended also in 

anhydrous DMF with successively cooling by an ice bath; Secondly, the 

PNVA@DMF solution was injected into NaH suspension; Lastly, the respective alkyl 

bromide was added and the reaction was carried out at room temperature (25°C) 

under N2 gas atmosphere. 

PNVAs and PNVA-Cn polymers were obtained via precipitation and successively 

dialysis against deionized water. 

(b) Synthesis procedures of PNVA-allyl and PNVA-allyl-Cn (n = 3 or 4) polymers 

Same synthesis procedures as documented in Chapter 4 were applied in this chapter. 

For the synthesis of PNVA-allyl (DS < 5%) polymers, same procedures as that of 

PNVA-Cn mentioned above (in 2.3a) was adopted, allyl bromide was used instead of 

alkyl bromides. 

For the synthesis of PNVA-allyl-Cn (n = 3 or 4), firstly, PNVA-allyl was dissolved in 

anhydrous DMF, while NaH was washed and suspended also in anhydrous DMF with 

successively cooling by ice bath; Secondly, the PNVA-allyl@DMF solution was 
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injected into the NaH suspension; Lastly, the respective alkyl bromide was added and 

the reaction was carried out at room temperature (25°C) under N2 gas atmosphere.  

PNVA-allyl-Cn (n = 3 or 4) polymers were collected by precipitation and subsequent 

dialysis against deionized water. 

5.2.4 Characterization of polymers 

As described in Chapter 3 and Chapter 4, the molecular structure of the polymers 

were determined using deuterated methanol as solvent measured by 400 MHz 1H 

NMR; Molecular weight and polydispersity of the PNVAs were characterized by size 

exclusion chromatography (SEC) using water as solvent. Water (HiPerSolv 

CHROMANORM® HPLC grade, VWR) containing 0.1 mol/L sodium nitrate 

(NaNO3, p.a. level, Merck KGaA) and 0.01 wt% sodium azide (NaN3, extra pure, 

Merck KGaA) was used as eluent. The set‑up consisted of a pre‑column (8 × 50 mm) 

and three Novema Max gel columns (8 × 300 mm, 30, 100, and 1000 Å, Polymer 

Standards Service) with an Agilent 1200 HPLC pump, a refractive index detector 

(1200, Agilent), and an UV‑detector (VWD, 1200, Agilent). The diameter of the gel 

particles measured 5 µm. Elution was done at a flow rate of 1.0 mL/min at 40 °C. 

Ethylene glycol (0.5 μL/mL, 99.5%, Fluka analytical) was added as internal standard. 

Calibration was performed using narrowly distributed poly(ethylene oxide) standards 

(Polymer Standards Service). All results were evaluated using the PSS WinGPC 

UniChrom software (Version 8.3.2). All results were evaluated using the PSS 

WinGPC UniChrom software (Version 8.3.2). 

5.2.5 Hydrogel preparation 

(a) Preparation of single network physical gels from PNVA-Cn (n = 14 or 18) 

polymers 
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Physical gels of PNVA-Cn (n = 14 or 18) were prepared by solution cast method.12  

Firstly, the sample polymer was dissolved in ethanol in a flat-bottomed mould; then 

polymer film was obtained after solvent evaporation at room temperature; lastly, 

hydrogel was formed by swelling the polymer film in large amount of deionized water 

until equilibrium swelling. According to results reported in Chapter 3, it was 

assumed that the extraction of PNVA-Cn (n = 14 or 18) polymers during swelling was 

negligible. 

(b) Preparation of single network hydrogels 

(1) PNVA-allyl or PNVA-allyl-Cn (n = 3 or 4) was dissolved in ethanol, magnetic 

stirring and vortexing were used to obtain the homogenized solution; 

(2) Pre-determined amount of dithiol and DMPA were added to polymer solution, 

after the container was covered with aluminum foil, the mixture was 

homogenized by magnetically stirring and vortexing;  

(3) The mixture was transferred into a 5 mm diameter NMR tube by a syringe, 

and the tube was sealed by NMR tube cap.  

(4) The solution-loaded NMR tube was vertically placed and fixed onto the UV 

lamp with a gap of around 2 mm (as shown in Scheme 2), and the tube was 

covered with aluminum foil and rested for 30 minutes to get rid of fine 

bubbles inside of solution mixture;  

(5) UV irradiation (365 nm wavelength (UVP, UVL-56, 6 W)) was applied for 15 

hours (the complete curing of most samples were observed within 2 hours UV 

irradiation, the extended radiation time was used to ensure maximum 

crosslinking of all samples especially those were a little whitish); 

(6) The NMR tube (after its cap was removed ) was transferred to a drying oven 

and dried at 65°C for over 3 days until constant mass was reached; 
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(7) The dried cylindrical gel body was immersed into large amount of water, and 

water was changed every 12 hours for over 3 days until equilibrium swelling 

ratio was reached. 

Scheme 2. Schematic illustration of experimental setup for hydrogel preparation by 
UV crosslinking. 

 

(c) Preparation of double network hydrogels 

(1) Polymers for both networks (network A: PNVA-Cn (n = 14 or 18); network B: 

PNVA-allyl-Cn (n = 3 or 4) or PNVA-allyl) were weighed separately and 

dissolved together in ethanol to form a mixed solution; magnetic stirring and 

vortexing were used to obtain the homogenized solution; 

(2) Same procedure as steps (2) to (7) described in 5.2.5 (b) were adopted to 

obtain the double network hydrogel. 

5.2.6 Characterization of hydrogels 

(a) Polymer content in extraction 

Mass of the polymer in the extraction liquid generated by 5.2.5 b (7) was 

determined by lyophilization. It is proved that the extracted amount is negligible. 

(b) Swelling ratio measurement 

(1) Swelling ratio (SR) of hydrogels at 20 ± 2°C and was calculated by Equation 

1, 

(1) 
𝑆𝑆𝑆𝑆 =

𝑀𝑀𝑔𝑔𝑔𝑔𝑔𝑔 − 𝑀𝑀𝑑𝑑𝑑𝑑𝑑𝑑

𝑀𝑀𝑑𝑑𝑑𝑑𝑑𝑑
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where Mgel represents mass of swollen gel in water, Mdry represents mass of dry 

gel obtained by lyophilization of swollen gel. 

(c) Temperature-dependent swelling behavior study 

Hydrogel samples which were swollen to their equilibrium swelling at 20°C were 

heated at 50°C and afterwards cooled at 20°C. At predetermined time points, sample 

was removed from the water, surface attached water was blotted by precision wipe 

and the mass of the swollen hydrogels was determined by weighing, swelling ratio 

was calculated by the same method as 5.2.6 b(1). 

(d) Dynamic mechanical analysis (DMA) 

Before measurement, the sample hydrogels were submerged in water at a target 

temperature (T1) for over 24 hours until equilibrium swelling ratio were reached. 

Shortly before the DMA measurement, after the surface water blotted by precision 

wipe, diameter of the hydrogel was measured immediately by a calliper and the 

degree of swelling was calculated as below: 

Assuming that the density of polymers is approximately 1 g/cm3 (equal to density of 

water), the swelling ratio for hydrogel samples at higher temperatures (> 20°C) used 

for DMA measurements was estimated by Equation 2. 

(2) 

Where SR(T0) and SR(T) represent the estimated swelling ratio at 20°C and T °C, 

respectively; d(T0) and d(T) represent the diameter of cylindrical hydrogels at 20°C 

and T °C, respectively. 

The mechanical properties of all hydrogels were investigated by TA Instruments 

Model Q800 DMA (V21.3 Build 96, TA Instruments, New Castle, DE) equipped with 

𝑆𝑆𝑆𝑆(𝑇𝑇) = �
𝑑𝑑(𝑇𝑇)
𝑑𝑑(𝑇𝑇0)

�
3

× (𝑆𝑆𝑆𝑆(𝑇𝑇0) + 1) − 1 
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submersion compression clamp. Before each measurement, the drive shaft position, 

clamp mass, clamp offset and clamp compliance were calibrated according to the 

standard protocol. Each sample was carefully transferred to the sample chamber and 

put in the centre of the platform, deionized water (temperature = T1) was added to 

make the sample fully submerged in water during testing to prevent dehydration, the 

furnace was kept closed during measurement to maintain constant temperature and 

avoid disturbance. After temperature T1 reached, the sample was kept at this 

temperature for another 10 minutes before measurement. Then, a pre-load force of 0.1 

N was applied and thickness of the sample was measured using the initial 

displacement of clamp, afterwards, the static force was gradually ramped to 18 N at a 

rate of 0.5 N/min and the data were collected every 2 s while the sample was 

compressed. The data collected were analysed by Universal Analysis 2000 provided 

by TA instruments. 

5.3 Results and discussion 

PNVA-Cn and PNVA-allyl-Cn were synthesized by N-substitution of PNVAs which 

were prepared by free radical polymerization. 1H NMR was used to determine the 

degree of alkyl side chain substitution (DS) of the PNVA-Cn polymers, signal 

assignments by the example of PNVA-C18-6%-176 are shown in Figure 1a. The DS 

was determined according to Equation 3 as the ratio of alkylated NVA signals in the 

range from 0.8 ppm to 1.0 ppm to the total integrated peak area of NVA units in the 

range from 1.2 ppm to 2.2 ppm, denoted as K, whereby n is the number of carbon 

atoms in the Cn side chain. 

   (3) 𝐷𝐷𝐷𝐷 =
5

3𝐾𝐾 − 2𝑛𝑛 + 4
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For polymers with allyl- and short alkyl substituents, integration from 1.2 ppm to 2.2 

ppm to the integration from 0.8 ppm to 1.0 ppm is denoted as K1, integration from 5.6 

ppm to 6.1 ppm to the integration from 0.8 ppm to 1.0 ppm is denoted as K2, n is the 

number of carbon atoms in the Cn side chain. Figure 1b depicts the 1H NMR 

spectrum of PNVA-(allyl-4%)-(C3-91%)-176 as an example. The DS1 and DS2 of 

PNVA-(allyl-DS1)-(Cn-DS2) were calculated by Equations 4 and 5: 

  (4) 

 

(5) 

 
Figure 1. 1H NMR spectra of (a) PNVA-C18-6%-176 and (b) PNVA-(allyl-4%)-(C3-
91%)-176 in deuterated methanol. 
 

Table 1 lists the characterization of the polymers which have been used further on. 

  

𝐷𝐷𝐷𝐷1 =
15𝐾𝐾2

3𝐾𝐾1 − 2𝑛𝑛 + 4
 

𝐷𝐷𝐷𝐷2 =
5

3𝐾𝐾1 − 2𝑛𝑛 + 4
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Table 1. Polymers used for hydrogels preparation 

Entry Name Mn of PNVA 
backbone DP Substituent DS Approximate  

LCST a) 

A1 PNVA-C18-6%-176 15 kDa 176 n-octadecyl 6% / 

A2 PNVA-C14-8%-1057 90 kDa 1057 n-tetradecyl 8% / 

A3 PNVA-C18-6%-1057 90 kDa 1057 n-octadecyl 6% / 

B1 PNVA-allyl-4%-176 15 kDa 176 allyl 4% / 

B2 PNVA-(allyl-4%)-(C3-91%)-176 15 kDa 176 allyl; n-propyl 4%; 91% 60.0°C 

B3 PNVA-(allyl-4%)-(C4-35%)-176 15 kDa 176 allyl; n-butyl 4%; 35% 45.6°C 

B4 PNVA-(allyl-4%)-(C3-91%)-1057 90 kDa 1057 allyl; n-propyl 4%; 91% 64.0° C 

a) Approximate LCST is the cloud point at inflection point of the transmittance-temperature curve of aqueous polymer solution at 100 mg/mL measured by UV-vis 
photometer at heating rate of 0.5°C/min.  
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Table 2. Composition, preparation parameter, swelling ratio (SR) and transparency of single network hydrogels (SN gel) and double network 
hydrogels (DN gel). 

a) For all samples, concentration of the molar ratio of n(thiol) : n(allyl) is 1:1, n(DMPA) : n(allyl) is 1:5. 
b) All SN gels of A or B are completely transparent at 20°C after extracted and equilibrated in water; more plus sign ‘+’ represent more transparent. 
 
  

Sample 
Polymer 

A 
SR of A 
SN gel 

Polymer 
B 

SR of B 
SN gel 

Concentration of B in ethanol  
(mg/mL) a) 

Mass ratio 
A:B 

SR of the DN gel 
Transparency of the 

sample b) 

SN_B1_208 / / B1 20.0 ± 0.8 208 / / transparent (+++) 
DN_A2_B1_(1:2.08)_208 A2 35 ± 1.5 B1 20.0 ± 0.8 208 1 : 2.08 17.2 ± 0.5 translucent (+) 
SN_B2_300 / / B2 36.3 ± 0.2 300 / / transparent (+++) 
DN_A1_B2_(1:3)_300 A1 12.8 ± 0.1 B2 36.3 ± 0.2 300 1 : 3 57.9 ± 0.6 transparent (+++) 
DN_A1_B2_(3:3)_300 A1 12.8 ± 0.1 B2 36.3 ± 0.2 300 3 : 3 22.1 ± 1.4 opaque (-) 
DN_A1_B2_(5:3)_300 A1 12.8 ± 0.1 B2 36.3 ± 0.2 300 5 : 3 Not gelled / 
DN_A2_B2_(1:3)_300 A2 35 ± 1.5 B2 36.3 ± 0.2 300 1 : 3 52.0 ± 1.9 a little whitish (++) 
DN_A3_B2_(1:3)_300 A3 9.1 ± 0.1 B2 36.3 ± 0.2 300 1 : 3 41.8 ± 0.4 a little whitish (++) 
SN_B3_300 / / B3 28.4 ± 1.6 300 / / transparent (+++) 
DN_A2_B3_(1:3)_300 A2 35 ± 1.5 B3 28.4 ± 1.6 300 1:3 29.8 ± 0.4 translucent (+) 
DN_A2_B3_(3:3)_300 A2 35 ± 1.5 B3 28.4 ± 1.6 300 3:3 Not gelled / 
DN_A3_B3_(1:3)_300 A3 9.1 ± 0.1 B3 28.4 ± 1.6 300 1:3 17.6 ± 0.02 translucent (+) 
DN_A3_B3_(3:3)_300 A3 9.1 ± 0.1 B3 28.4 ± 1.6 300 3:3 Not gelled / 
SN_B4_150 / / B4 82.8 ± 6.3 150 / / transparent (+++) 
DN_A1_B4_(1:3)_150 A1 12.8 ± 0.1 B4 82.8 ± 6.3 150 1:3 90.1 ± 2.6 transparent (+++) 
DN_A1_B4_(2:3)_150 A1 12.8 ± 0.1 B4 82.8 ± 6.3 150 2:3 81.0 ± 3.4 transparent (+++) 
DN_A2_B4_(1:3)_150 A2 35 ± 1.5 B4 82.8 ± 6.3 150 1:3 92.3 ± 2.77 transparent (+++) 
DN_A3_B4_(1:3)_150 A3 9.1 ± 0.1 B4 82.8 ± 6.3 150 1:3 67.7 ± 1.3 transparent (+++) 
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Double network hydrogels were prepared according to the procedure shown in 

Scheme 3. Herein, PNVA-Cn (n = 14 or 18) polymers, which could further form 

physical gel networks by hydrophobic association of long alkyl side chains, were used 

to form network A; while thermoresponsive PNVA-allyl-Cn (n = 3 or 4) polymers 

were employed for the network B. 

Firstly, an alcoholic solution containing PNVA-Cn polymer (entries A1, A2 and A3 in 

Table 1) and PNVA-allyl-Cn (entries B2, B3, B4 in Table 1) were prepared and 

subsequently mixed with crosslinking reagents and transferred to a 5 mm NMR tube 

for UV crosslinking. After further drying, the solid DN gels were removed from the 

NMR tube and swollen in water.  

This procedure is discriminated from the mostly used preparations of DN, where a 

first network is prepared and swollen by monomer and crosslinker, which is 

subsequently polymerized to form the second network. In our case two different 

polymers are dissolved and the second polymer is covalently crosslinked in the 

presence of a reversibly crosslinking polymer. The maximum concentration of the 

polymers is limited by their solubility. 

From a large number of preparations, we chose only those which swelled in a 

homogeneous, affine way, i.e., kept their cylindrical shape rather perfectly. Whether 

gels were transparent or opaque is marked in Table 2, which lists the gels taken for 

further consideration. The molar ratio of initiator and crosslinker (with respect to the 

total molar of allyl groups in the solution for crosslinking) was kept the same. 
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Scheme 3. Schematic illustration of the procedure for double network hydrogel 
preparation procedure and crosslink mechanism of each network. 

According to Chapter 3 and Chapter 4, it was confirmed that all PNVA-Cn 

(n = 14 or 18) hydrogels, as well as all the UV-crosslinked PNVA-allyl-Cn (n = 3 or 4) 

hydrogels could reach equilibrium swelling after 24 hours at room temperature and 

relatively high temperatures (e.g., 50°C or above), thus it was expected that the 

double network hydrogels made from the combination of these two types of polymers 

could also reach equilibrium swelling state upon heating/cooling in short time. 

It is noteworthy that the swelling ratio of the DN_An_B2_(1:3)_300 (n = 1, 2, 

3) double network hydrogels are all larger than both the swelling ratio of the 

constituent network-A (physical gel formed by An) and the single network 

SN_B2_300. Furthermore, these DN gels are also a little whitish, while both An 
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physical gels and SN_B2_300 are transparent at 20°C. These observations indicated 

that the DN gels are not ideally homogeneous, there exist larger domains formed by 

aggregation of either network A or B, and the size of some of these domains could be 

larger than 100 µm, the limit of scattering observed by a naked eye (see Scheme 4). 

 
Scheme 4. Schematic illustration of possible explanation for the cloudiness of double 
network hydrogels. 
 

Thermoresponsive deswelling/reswelling behavior of representative double 

network hydrogels were as shown in Figure 2. It is shown that both the deswelling 

and the first step in reswelling mostly finished in 24 hours, but a slow second step in 

reswelling can last years. We explain this tentatively by the formation of physical 

crosslinks formed by aggregation of short homotactic sequences in the 

polyvinylamide chains (as discussed in Chapter 4). In Chapter 4, it has been 

demonstrated that the swelling behavior of single network B2 and B3 gels are very 

similar, therefore, here we only use B2 as a representative network B to investigate the 

similarity and differences in deswelling/reswelling behavior of the DN gels using A1, 

A2 or A3 for network A. 
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Figure 2. Thermoresponsive deswelling and reswelling kinetics of double network 
hydrogels. M0 represents the initial mass of each hydrogel sample with equilibrium 
swelling ratio at 20°C without pre-heating history; M represents the mass of hydrogel 
at indicated time after being treated by labelled temperature. The dashed lines serve as 
guides to the eye. 
 

Three different UV-crosslinkable thermoresponsive polymers (B2, B3, and B4) 

were used as the polymer for network-B of the thermoresponsive double network 

hydrogels. 

Firstly, we studied DN gels prepared by the combination of PNVA-Cn (n = 14 

or 18) and B2 (PNVA-(allyl-4%)-(C3-91%)-176 with an approximate LCST of 60°C.  

The representative stress-strain curves of single network-A, single network-B, 

thermoresponsive double network and non-thermoresponsive double network 

hydrogels under submersion uniaxial compression are depicted in Figure 3.  

SN_B2_300 (crosslinked thermoresponsive single network hydrogel) broke at 

relatively small strain (around 50%) and low stress (< 0.1 MPa) at 30 to 50°C, and the 

toughness, strength and strain at break of the hydrogel are notably enhanced when the 

temperature was increased to 60°C (see Figure 3a). In comparison, the SN_A2 

hydrogel (PNVA-C14-8%-1057) is tougher and stronger at 30°C, and the strain at 

break is close to 100% (see Figure 3c).  
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Compared with SN_B2_300, the thermoresponsive double network hydrogel 

DN_A2_B2_(1:3)_300 was stronger and broken at larger strain, the toughness started 

to increase notably from relatively lower temperature (50°C), and the ratio of modulus 

at large strain to initial modulus was much higher, which is similar to the mechanical 

property of human tissue. 

When B2 (PNVA-(allyl-4%)-(C3-91%)-176) in the aforementioned DN gel was 

replaced with B1 (PNVA-allyl-4%-176), a non-thermoresponsive polymer with same 

number of allyl group along the chain, it was found that the stress-strain curves of the 

new double network hydrogel (DN_A2_B1_(1:2.08)_208) at different temperatures 

were roughly overlapped with each other, and the stress at break was very low. 

Improved hydrophobic aggregation and crosslinking of the PNVA-Cn physical gels 

can certainly not explain the dramatic increase in stress at break, strain at break and 

toughness of the thermoresponsive double network hydrogels at higher temperatures. 

Yet the effect can undoubtedly be assigned to the collapse of the thermoresponsive 

polymer chains. 
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Figure 3. Stress-strain curves of representative hydrogels at different temperatures. (a) 
single network thermoresponsive hydrogel (SN_B2_300); (b) thermoresponsive 
double network hydrogel (DN_A2_B2_(1:3)_300); (c) physical gel from A2 by 
solution casting method from ethanol solution; (d) non-thermoresponsive double 
network hydrogel (DN_A2_B1_(1:2.08)_208), inset is the curves shown in different 
scale range. Hydrogels shown in (b) and (d) have same molar concentration of allyl 
group in same volume of ethanol (used in the solution for crosslinking). The stars at 
the end of the curves in (b) and (c) indicate that the tested hydrogel sample was not 
broken until maximum static force (18 N) of the Q800 DMA was applied, thus the 
actual stress-strain curve of the indicated sample can be extended to higher 
strain/stress, so that the actual stress/strain/modulus at break and toughness of the 
sample can be much higher than the value measured at 18N. 
 

Above all, we found it possible to prepare stronger and tougher hydrogels by 

the combination of PNVA-Cn and thermoresponsive PNVA-allyl-Cn polymers with 

suitable parameters (include, but not limited to: molecular weights, side chain length, 

degree of alkyl chain substitution, and concentration of both polymers). 

To study the influence of molecular weight, side chain length, and mass 

fraction of PNVA-Cn on the swelling and mechanical properties of thermoresponsive 

double network hydrogels (when B2 was used for network-B), four thermoresponsive 
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DN gels using A1, A2 or A3 for network-A were prepared and their temperature-

dependent swelling and mechanical properties were measured (See Figure 4).  

The swelling ratio of all hydrogels with B2 started to decrease notably with 

increasing temperature from 20°C to 60°C, the shrinkage started at much lower 

temperature than the LCST of B2 (around 60°C); in contrast, the swelling ratio of 

hydrogel with B1 stayed almost the same over the explored temperature range (Figure 

4a). 

Comparing DN_An_B2_(1:3)_300 (n = 1, 2, 3) thermoresponsive DN gels, 

they exhibited similar low initial modulus (in the range of 0.06 MPa to 1.0 MPa) but 

significant difference in modulus at break, and both modulus of all the three DN gels 

were increased notably with increasing temperature over 40°C (Figure 4b and 4c), 

the significant effect of temperature on modulus started at higher temperature (40°C 

or above) than that on swelling ratio. The modulus at break for DN gels with A2 

(PNVA-C14-8%-1057), A3 (PNVA-C18-6%-1057) and A1 (PNVA-C18-6%-176) at 

60°C were 21.3 MPa, 10.8 MPa and 1.3 MPa, respectively; and the corresponding 

swelling ratio of the DN gels were 3.8, 4.9 and 5.6. The vast difference in modulus at 

break between these three DN gels could be ascribed to the molecular weight of 

polymer used for network-A as well as the swelling ratio of the DN gels at the 

measurement temperature. 

It was also found that the mass fraction of network-A polymer also played an 

important role in the swelling and mechanical properties of thermoresponsive DN gels. 

When the mass ratio of polymer A1 to B2 was increased from 1:3 to 3:3, the swelling 

ratio of DN_A1_B2_(3:3)_300 hydrogel was much lower than that of 

DN_A1_B2_(1:3)_300. Unlike the uniform and transparent gel body of 

DN_A1_B2_(1:3)_300, macroscopic heterogeneous structure was observed for the 
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DN_A1_B2_(3:3)_300 hydrogel. We explain this by a 3D web-like structure with 

aggregation of polymers at cross junctions of the web and void space around the 

junctions, which caused the super low initial modulus at all the measurement 

temperatures. Compression and heating above the collapse temperature made the web-

like structure of DN_A1_B2_(3:3)_300 packed more densely, which led to much 

higher modulus at break than DN_A1_B2_(3:3)_300 hydrogel (Figure 4a-4c). 

As shown in Figure 4d, although the DN_A1_B2_(3:3)_300 hydrogel was not 

the strongest DN gel among the samples, it was the most compressible sample with 

largest strain at break of 85% at 50°C or 60°C, which could also be explained by its 

special web-like structure: under compression, firstly the void space inside the DN gel 

became smaller without much force applied on the polymer structure. With the same 

A:B mass ratio, the DN gels with higher molecular weights network-A 

(DN_A2_B2_(1:3)_300 and DN_A3_B2_(1:3)_300) were more compressible than the 

one with lower molecular weight network-A (DN_A1_B2_(1:3)_300) because of the 

higher degree of entanglements of higher molecular weight polymers. Furthermore, 

the DN_A2_B2_(1:3)_300 fractured at larger strain at 40°C and 50°C compared to 

DN_A3_B2_(1:3)_300, because the crosslinks formed by C14 side chains are more 

dynamic than that of C18 side chains. 

As shown in Figure 4e, for the strength of DN gels (i.e., stress at break), 

DN_A2_B2_(1:3)_300 exhibited the highest strength for the high molecular weight of 

A2 and the flexibility of crosslinks formed by C14 side chains. DN_A1_B2_(3:3)_300 

also fractured at relatively high stress regardless of the low molecular weight 

network-A, which was caused by the super high mass content of network-A. 

The toughness of all samples is as shown in Figure 4f. DN_A2_B2_(1:3)_300 

and DN_A1_B2_(3:3)_300 hydrogels showed highest toughness while 
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DN_A1_B2_(1:3)_300 had the lowest toughness among the four thermoresponsive 

DN gels. 

Due to the limitation of the Q800 DMA, the maximum static force that can be 

applied to the hydrogel samples under compression is 18 N. Therefore the stress-strain 

curves can only be recorded until 18N. The data of the following samples shown in 

Figures 4c-f were calculated by assuming that the hydrogels break at 18 N: 

DN_A3_B2_(1:3)_300 at 60°C, DN_A2_B2_(1:3)_300 at 50°C and 60°C, and 

DN_A1_B2_(3:3)_300 hydrogels at 50°C and 60°C, while the actual values at break 

would be no less than the data shown in Figure 4. 
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Figure 4. Temperature dependent swelling ratio and mechanical properties of 
hydrogels with B1 or B2 as polymers for the UV-crosslinkable network. (a) Swelling 
ratio; (b) initial modulus measured from slope over 0-10% strain; (c) modulus at break 
point; (d) Strain at break point; (e) stress at break point; (f) Toughness measured by 
the integral of the strain-stress curve taken from zero strain to strain at break. Note: 
DN_A3_B2_(1:3)_300 at 60°C, DN_A2_B2_(1:3)_300 at 50°C and 60°C, and 
DN_A1_B2_(3:3)_300 hydrogels at 50°C and 60°C were not broken until maximum 
static force (18 N) of the Q800 DMA was applied, all the data shown are measured 
from the stress-strain curves at the 18N (assume that sample broke at 18N). 
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The swelling and mechanical properties of thermoresponsive DN gels with 

PNVA-(allyl-4%)-(C4-35%)-176 (B3, approximate LCST: 45.6°C) as network-B are 

shown in Figure 5. Compared with the DN gels using B2 as network-B polymer, 

notable enhancement of mechanical properties with temperature started at much lower 

temperature (from 20°C); the modulus at break for these B3 DN gels are also stronger 

than their initial modulus, but the ratio of modulus at break to initial modulus is much 

lower; the modulus/strain/stress at break and toughness are much lower and not 

increased so many times with elevated temperature; the influence of side chain length 

of polymer for network-A in mechanical properties is not notable, the 

modulus/strain/stress at break as well as the toughness of DN gels with A2 or A3 are 

quite similar. In addition, the mechanical properties of DN gels with B3 were a little 

better than the single network gel SN_B3_300 except the initial modulus, which 

indicated that the introduction of the A network can also probably enhance the 

mechanical performance of A-B3 series of DN gels. 

According to this comparison, it is shown that PNVA-(allyl-4%)-(C3-91%)-

176 (B2), which has nearly full substitution, is a better choice for producing strong 

thermoresponsive DN gels compared with PNVA-(allyl-4%)-(C4-35%)-176 (B3), 

which is only partly substituted by alkyl side chains. The nearly full alkyl chain 

substitution of B2 makes the DN gels relatively more homogeneous and less likely to 

get locally damaged when subjected to compression. 
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Figure 5. Temperature dependent swelling ratio and mechanical properties of 
hydrogels with B3 as polymers for the UV-crosslinkable network. (a) Swelling ratio; 
(b) initial modulus measured from slope over 0-10% strain; (c) modulus at break point; 
(d) Strain at break point; (e) stress at break point; (f) Toughness measured by the 
integral of the strain-stress curve taken from zero strain to strain at break. 
 
 

In order to investigate the influence of higher molecular network-B on the 

swelling and mechanical properties of thermoresponsive DN gels, we also prepared 

samples using PNVA-(allyl-4%)-(C3-91%)-1057 (B4, approximate LCST: 64°C). 
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Unfortunately, due to the very high viscosity, which can largely hinder the 

homogeneous mixing of the two polymers, we reduced the concentration of B4 to 150 

mg/mL but kept the polymer mass ratio of A:B also at 1:3. 

The representative temperature-dependent stress-strain curves of the 

thermoresponsive single and double network hydrogels using B4 are shown in Figure 

6. At low temperatures (30°C to 50°C), both the SN and DN gels exhibited low 

strength (below 0.05 MPa) and low modulus, but the strain at break of the DN gel was 

extended to a little higher value; when the temperature was increased to 60°C, 

SN_B4_150 had lager modulus and strength, but a little lower strain at break 

compared to DN_A3_B4_(1:3)_150. The reason could be that polymer in network-A 

made the crosslinking of B4 more sparsely, under the condition that the concentration 

of B4 in solution is relatively low even without network-A. 

Compared to the DN gels with B2 (same structure with lower molecular 

weight), notable enhancement of mechanical performance of hydrogels with B4 

started at higher temperature (above 50°C), which is because the higher LCST of B4 

polymer. The inversed molecular weight effect has been demonstrated in detail in 

Chapter 4. 

 
Figure 6. Stress-strain curves of representative hydrogels at different temperatures. (a) 
Single network thermoresponsive hydrogel (SN_B4_150); (b) thermoresponsive 
double network hydrogel (DN_A3_B4_(1:3)_150). 
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Temperature-dependent swelling and mechanical properties of DN gels using 

B4 are shown in Figure 7. The swelling ratios of An_B4_(1:3)_150 hydrogels are 

much higher than An_B2_(1:3)_300 samples, due to the largely reduced concentration 

of both networks. Although B4 has higher molecular weight than B2, the reduced 

polymer concentration result in worse mechanical performance of the DN gels. 

  All the DN_An_B4_(1:3)_150 (n = 1, 2, 3) hydrogels exhibited lower modulus, 

strength and toughness compared with the SN_B4_150 at temperatures over 50°C, 

while similar values below 50°C. 



149 
 

 
Figure 7. Temperature dependent swelling ratio and mechanical properties of 
hydrogels with B4 as polymers for the UV-crosslinkable network. (a) Swelling ratio; 
(b) initial modulus measured from slope over 0-10% strain; (c) modulus at break point; 
(d) Strain at break point; (e) stress at break point; (f) Toughness measured by the 
integral of the strain-stress curve taken from zero strain to strain at break. 
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Above all, the swelling behavior and mechanical performance are dependent on the 

alkyl chain length, degree of substitution, molecular weight, total polymer 

concentration as well as the mass fraction of each polymer. 

5.4 Conclusion 

In this chapter, thermoresponsive double network hydrogels by the combination 

of PNVA-Cn (n = 14 or 18) and PNVA-allyl-Cn (n = 3 or 4) polymers were prepared 

and their temperature-dependent swelling behavior and mechanical properties under 

compression were studied. These thermoresponsive double network hydrogels 

exhibited tissue-like properties, they have very low modulus at small strain while very 

high modulus at large strain. Temperature can influence both the swelling ratio and 

mechanical properties, but the significant influence in mechanical properties always 

started at higher temperature than that in swelling. 

It was also found that many factors including, but not limited to the alkyl chain 

length of polymer for network-A, the structure of network-B polymer, molecular 

weight and mass fraction of two networks, as well as the total polymer concentration 

can influence the swelling behavior and mechanical properties significantly. With the 

proper combinations and suitable preparation parameters, the mechanical performance 

can be ideally enhanced compared to the corresponding single network 

thermoresponsive hydrogels. 
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