reachȱ severalȱ thousandȱ timesȱ theirȱ initialȱ dryȱ weight. [1Ȭ2] ȱ Becauseȱ ofȱ theirȱ hydrophilicity,ȱ hydrogelsȱreadilyȱswellȱwhenȱbroughtȱinȱcontactȱwithȱaqueousȱsolutions,ȱbutȱstillȱmaintainȱ theirȱ solidȱ formȱ dueȱ toȱ interȬchainȱ crossȬlinks,ȱ whichȱ displayȱ eitherȱ permanentȱ featuresȱ byȱ covalentȱ bondsȱ orȱ transientȱ bondingȱ byȱ physicalȱ interaction.ȱ Inȱ addition,ȱ alsoȱ dueȱ toȱ theirȱ significantȱwaterȱcontent,ȱhydrogelsȱalsoȱpossessȱaȱhighȱdegreeȱofȱflexibilityȱsimilarȱtoȱnaturalȱ tissue.ȱ Allȱ theseȱ interestingȱ propertiesȱ makeȱ themȱ usefulȱ forȱ diapers,ȱ contactȱ lenses,ȱ tissueȱ engineering, [3Ȭ5] ȱregenerativeȱmedicineȱandȱdrugȱdelivery, [6Ȭ9] orȱenvisagedȱasȱsensorsȱorȱsoftȱ actuators.ȱ [10Ȭ11] ȱ ȱ Scheme presentation of polymer gel (from P.G. De Gennes [12] )

Inȱnature,ȱhydrogelsȱinȱplantsȱandȱtissuesȱusuallyȱneedȱtoȱbearȱsufficientlyȱstiffnessȱinȱorderȱ toȱsupportȱmechanicalȱloadsȱfromȱsurroundingȱcomponents.ȱSimilarly,ȱmanyȱapplicationsȱofȱ artificialȱhydrogelsȱdemandȱthemȱtoȱmaintainȱphysicalȱintegrityȱoverȱtime,ȱsuchȱasȱinȱcontactȱ lenses,ȱ woundȱ dressings,ȱ drugȱ deliveryȱ andȱ coatings;ȱ otherȱ applicationsȱ evenȱ requireȱ hydrogelsȱ toȱ carryȱ significantȱ mechanicalȱ loadsȱ and/orȱ accommodateȱ substantialȱ deformation,ȱ suchȱ asȱ inȱ artificialȱ loadȬbearingȱ tissues,ȱ oilȱ fieldȱ packersȱ andȱ hydrogelȬbasedȱ actuatorsȱandȱsoftȱmachines.ȱ ȱ

Synthesis:ȱswellingȱstateȱandȱinhomogeneitiesȱ

Conventionally,ȱhydrogelsȱareȱdefinedȱasȱhighlyȱswollenȱnetworks,ȱofȱwhichȱtheȱamountȱofȱ waterȱ isȱ typicallyȱ aboveȱ 90ȱ wt%.ȱ However,ȱ theyȱ behaveȱ asȱ solids.ȱ Indeed,ȱ althoughȱ theȱ dynamicsȱofȱtheȱnetworkȱconstitutiveȱpolymerȱchainsȱisȱdominatedȱbyȱthermalȱfluctuations,ȱ likeȱinȱliquids,ȱtheȱgelȇsȱsolidȬlikeȱbehaviorȱarisesȱfromȱtheȱfactȱthatȱnetworkȱtopologyȱisȱfixedȱ orȱ"frozen"ȱduringȱtheȱsynthesis.ȱToȱdefineȱtheȱgel,ȱitȱisȱthenȱnecessaryȱtoȱconsiderȱtwoȱstates:ȱ 1/ȱ theȱ conditionsȱ ofȱ preparationȱ (concentration,ȱ goodȱ orȱ poorȱ solventȱ conditions,ȱ yieldȱ ofȱ reaction,ȱ etc.)ȱ andȱ 2/ȱ theȱ situationȱ atȱ theȱ momentȱ ofȱ theȱ studyȱ (solvent,ȱ swellingȱ ratio,ȱ temperature,ȱetc.).ȱHence,ȱtheȱ"preparativeȱensemble"ȱandȱ"finalȱensemble"ȱareȱambiguouslyȱ defined.ȱTheȱmainȱsourceȱofȱinhomogeneitiesȱinȱhydrogelsȱderivesȱfromȱtheȱsynthesisȱofȱtheȱ networks.ȱ Duringȱ theȱ lastȱ fewȱ decades,ȱ withȱ theȱ developmentȱ ofȱ advancedȱ technologies,ȱ especiallyȱ scatteringȱ techniques,ȱ theȱ classificationȱ andȱ characterizationȱ ofȱ inhomogeneitiesȱ insideȱtheȱhydrogelsȱhaveȱbeenȱinvestigatedȱinȱdetail.ȱAccordingȱtoȱShibayamaȱetȱal [13Ȭ14] ȱtheȱ inhomogeneitiesȱofȱhydrogelsȱcanȱbeȱclassięedȱintoȱ3ȱgroupsȱ(Figureȱ1. (From Shibayama et al. [14] ) Basedȱ onȱ thisȱ classification,ȱ aȱ numberȱ ofȱ factorsȱ canȱ impactȱ theȱ homogeneityȱ ofȱ hydrogels,ȱ suchȱasȱtheȱconcentrationȱofȱmonomerȱorȱcrossȬlinkers,ȱasȱwellȱasȱtheȱintrinsicȱpropertiesȱofȱ monomersȱ andȱ initiatorȱ systems.ȱ Forȱ instance,ȱ spatialȱ inhomogeneitiesȱ increaseȱ withȱ theȱ concentrationȱ ofȱ crossȬlinkerȱ inȱ theȱ reactiveȱ medium,ȱ whichȱ leadsȱ toȱ stronglyȱ inhomogeneousȱ structures.ȱ Thus,ȱ underȱ largeȱ deformation,ȱ theȱ extensibilityȱ isȱ stronglyȱ restrictedȱbyȱtheȱshortestȱchains.ȱ

Mechanicalȱshortcomingȱofȱchemicalȱgelsȱ

Syntheticȱ hydrogelsȱ areȱ oftenȱ describedȱ asȱ "wetȱ andȱ soft"ȱ materials.ȱ Whereasȱ versatileȱ applicationsȱrelyȱonȱtheȱhighȱwaterȱabsorptionȱabilityȱ(wet),ȱtheirȱfurtherȱpotentialȱareȱstrictlyȱ restrainedȱbyȱtheȱcorrespondingȱweakness,ȱi.e.ȱsoftnessȱandȱfragility.ȱ Chemicalȱ hydrogelsȱ areȱ oftenȱ comparedȱ toȱ crossȬlinkedȱ elastomersȱ (whichȱ areȱ driedȱ gels)ȱ andȱreportedȱtoȱhaveȱlowerȱstiěnessȱ(10ȱkPa),ȱstrengthȱ(100ȱkPa)ȱandȱfractureȱtoughnessȱ(10ȱ J/m 2 ). [15] ȱ Asȱ illustratedȱ inȱ Figureȱ 1.3,ȱ fromȱ theȱ basicȱ pictureȱ ofȱ aȱ networkȱ formedȱ byȱ aȱ collectionȱofȱlongȱandȱflexibleȱchains,ȱLakeȱandȱThomas [16] (from Lake and Thomas [16] ) Suchȱargumentȱisȱbasedȱonȱtheȱassumptionȱthatȱtheȱtransmittedȱloadȱthroughoutȱtheȱnetworkȱ bringsȱeachȱbondȱinȱaȱpolymerȱstrandȱcrossingȱtheȱinterfaceȱcloseȱtoȱitsȱmaximalȱfreeȱenergyȱ (i.e.ȱtheȱdissociationȱenergyȱofȱtheȱweakestȱbondȱinȱtheȱmonomerȱunit).ȱ Ofȱcourseȱinȱtheȱcaseȱofȱhighlyȱswollenȱnetworks,ȱtheȱtheoreticalȱvalueȱofȱthresholdȱfractureȱ energyȱ G0ȱ decreasesȱ withȱ polymerȱ volumeȱ fractionȱ andȱ G0ȱ valuesȱ obtainedȱ forȱ gelsȱ areȱ typicallyȱ a1ȱ J/m 2 ȱ whileȱ theyȱ areȱ 10ȱ timesȱ higherȱ forȱ unęlledȱ rubbers.ȱ Yet,ȱ experimentally,ȱ chemicallyȱcrossȬlinkedȱelastomersȱcanȱexhibitȱfractureȱenergies,ȱGcȱthatȱareȱseveralȱordersȱofȱ magnitudeȱ higherȱ (aroundȱ 1ƺ10ȱ kJ/m²)ȱ thanȱ theȱ G0ȱ predictionȱ dependingȱ onȱ crackȱ propagationȱvelocity.ȱȱ Indeed,ȱfractureȱenergyȱinȱelastomersȱcanȱbeȱwrittenȱasȱtheȱcombinationȱofȱtwoȱcontributions:ȱ anȱinterfacialȱtermȱandȱaȱsecondȱcontributionȱrelatedȱtoȱviscoelasticȱlossesȱinȱaȱvolumeȱnearȱ theȱcrackȱtip.ȱThus,ȱGent [17] ȱproposedȱtheȱfollowingȱexpressionȱforȱtheȱfractureȱenergy,ȱGc:ȱȱ Gcȱ=ȱG0ȱ(1ȱ+ȱfȱ(aTv))ȱ withȱG0ȱbeingȱmostlyȱrelatedȱtoȱtheȱchemistryȱofȱtheȱinterfaceȱandȱtheȱsecondȱcontributionȱ(1ȱ +ȱ fȱ (aTv)),ȱ dependingȱ onȱ theȱ mechanicalȱ dissipationȱ inȱ theȱ volumeȱ andȱ relatedȱ toȱ theȱ crackȱ velocityȱvȱandȱtheȱtimeȬtemperatureȱsuperpositionȱandȱshiftȱfactorȱv.ȱ Asȱmentionedȱabove,ȱinȱrubbersȱ(i.e.,ȱ"dried"ȱgels)ȱthisȱsecondȱtermȱcanȱtypicallyȱenhanceȱtheȱ mechanicalȱ energyȱ requiredȱ toȱ propagateȱ aȱ crackȱ byȱ twoȱ orȱ threeȱ ordersȱ ofȱ magnitude.ȱ Inȱ contrast,ȱchemicallyȱcrossȬlinkedȱhydrogelsȱdoȱnotȱseemȱtoȱexhibitȱsuchȱdissipativeȱprocessesȱ andȱtypicalȱGcȱvaluesȱareȱquiteȱinȱlineȱwithȱtheȱLakeȱandȱThomas'ȱelasticȱprediction.ȱInȱthisȱ case,ȱ theȱ fractureȱ processȱ isȱ farȱ awayȱ fromȱ theȱ monomerƺmonomerȱ frictionȱ regime.ȱ Asȱ aȱ result,ȱ besidesȱ gel'sȱ softness,ȱ highlyȱ swollenȱ gelsȱ demonstrateȱ highȱ fragilityȱ andȱ particularȱ sensitivityȱtoȱdefectsȱorȱheterogeneities.ȱ

Reinforcedȱhydrogelsȱ

Overȱ theȱ lastȱ twoȱ decades,ȱ dueȱ toȱ tremendousȱ demandsȱ forȱ toughȱ hydrogelsȱ inȱ variousȱ applications,ȱ intensiveȱ researchȱ hasȱ beenȱ carriedȱ outȱ toȱ improveȱ theirȱ mechanicalȱ strength.ȱ Manyȱhydrogelsȱhaveȱshownȱsignificantȱenhancementȱofȱtoughnessȱoverȱtheirȱconventionalȱ counterparts,ȱ suchȱ asȱ hydrogelsȱ withȱ crystallineȱ domains,ȱ doubleȬnetworkȱ hydrogels,ȱ topologicalȱ hydrogelsȱ andȱ tetraȬarmȱ polymerȱ hydrogels,ȱ ionicallyȱ crossȬlinkedȱ hydrogels,ȱ nanocompositeȱ polymerȱ hydrogels,ȱ selfȬassembledȱ microcompositeȱ hydrogels,ȱ hydrogelsȱ withȱ hydrogenȱ bondsȱ andȱ hydrogelsȱ withȱ hydrophobicȱ interactions.ȱ Basically,ȱ allȱ theseȱ strategiesȱ aimȱ atȱ increasingȱ homogeneityȱ insideȱ theȱ networkȱ and/orȱ introducingȱ energyȱ dissipation.ȱ Basedȱ onȱ theseȱ points,ȱ toughȱ hydrogelsȱ canȱ beȱ dividedȱ intoȱ twoȱ groups:ȱ hydrogelsȱ withȱ covalentȱ architectureȱ improvementȱ andȱ hydrogelsȱ reinforcedȱ byȱ physicalȱ interactions.ȱ

Hydrogelsȱwithȱcovalentȱarchitectureȱimprovementȱ

ThereȱisȱsufficientȱevidenceȱfromȱhydrogelȱstudiesȱtoȱverifyȱthatȱhomogeneouslyȱcrossȬlinkedȱ networksȱ areȱ stronger,ȱ andȱ moreȱ extensibleȱ thanȱ aȱ heterogeneousȱ network.ȱ Indeed,ȱ inȱ aȱ homogenousȱnetwork,ȱtheȱappliedȱloadȱisȱdistributedȱoverȱaȱlargerȱfractionȱofȱchainsȱwithȱaȱ uniformȱ strainȱ distributionȱ thatȱ decreasesȱ theȱ numberȱ ofȱ sitesȱ forȱ microȱ crackȱ formation.ȱ Therefore,ȱ homogeneousȱ networksȱ areȱ moreȱ stretchableȱ thanȱ equivalentȱ heterogeneousȱ networksȱofȱtheȱsameȱaverageȱcrossȬlinkȱdensity.ȱ

Onȱ thisȱ basis,ȱ differentȱ approachesȱ haveȱ beenȱ investigatedȱ withȱ theȱ aimȱ ofȱ improvingȱ theȱ homogeneity,ȱ suchȱ asȱ slideȱ ringȱ andȱ tetraȬarmȱ hydrogels.ȱ Meanwhile,ȱ byȱ introducingȱ sacrificialȱ bonds,ȱ doubleȱ networkȱ hydrogelsȱ haveȱ alsoȱ demonstratedȱ excellentȱ mechanicalȱ properties.

Slideȱringȱhydrogelsȱ

Slideȱ ringȱ hydrogels,ȱ orȱ "topologicalȱ gels"ȱ (TPȱ gels)ȱ wereȱ madeȱ fromȱ necklaceȬlikeȱ macromolecules,ȱwhereȱtheȱcrossȬlinkersȱcanȱslideȱalongȱaȱpolymerȱchainȱandȱthusȱallowȱforȱ extensiveȱ stretchingȱ (Figureȱ 1.4).ȱ Inȱ thisȱ case,ȱ theȱ spatialȱ inhomogeneitiesȱ canȱ beȱ greatlyȱ reduced.ȱ Meanwhile,ȱ chainȱ endsȱ haveȱ stopperȱ moleculesȱ (topologicalȱ restrictions)ȱ thatȱ preventȱdissociationȱofȱtheȱcyclicȱmoleculesȱfromȱtheȱaxis.ȱForȱexample,ȱ΅Ȭcyclodextrinȱringsȱ wereȱ threadedȱ ontoȱ linearȱ polymerȱ chainsȱ suchȱ asȱ PEGȱ andȱ someȱ ofȱ theȱ ringsȱ wereȱ chemicallyȱ pairedȱ formingȱ slidingȱ crossȬlinksȱ betweenȱ chains. [18Ȭ20] ȱ Thanksȱ toȱ itsȱ homogeneity,ȱtheȱgelȱcanȱswellȱtoȱaboutȱ500ȱtimesȱitsȱoriginalȱweightȱandȱcanȱbeȱstretchedȱtoȱ nearlyȱ 20ȱ timesȱ itsȱ originalȱ length.ȱ Later,ȱ theȱ slideȱ ringȱ networksȱ wereȱ alsoȱ shownȱ toȱ beȱ extremelyȱuniformȱbyȱsmallȬangleȱneutronȱscatteringȱandȱlightȱscatteringȱmeasurements. [21Ȭ22] ȱ Theȱmechanicsȱofȱslideȱringȱgelsȱdifferȱfromȱtheȱtraditionalȱpolymerȱnetworksȱinȱthatȱthereȱisȱ aȱ "slidingȱ state"ȱ whereȱ polymerȱ chainsȱ areȱ activelyȱ slidingȱ throughȱ theȱ links.ȱ Thisȱ Schematic drawing of a polyrotaxane with a) a polymer chain of PEG threading the cyclic molecules and end capped with bulky end groups b) after cross-linking of cyclic molecules to form the topological gels c) pulley effect of cyclic molecules and polymer chains under tension. (From Ito et al. [19] ) Despiteȱhighȱextensibilityȱandȱhomogeneity,ȱtheȱmodulusȱremainsȱrelativelyȱlowȱ(aroundȱ10ȱ kPa)ȱ andȱ tearȱ propertiesȱ haveȱ notȱ beenȱ reportedȱ soȱ far,ȱ probablyȱ dueȱ toȱ weakȱ energyȱ dissipationȱwithinȱtheseȱnetworks.ȱMoreover,ȱtheȱslidingȱabilityȱofȱcyclodextrinȱringsȱalongȱ theȱPEGȱchainȱisȱrestrictedȱwithȱlimitedȱsolventȱconditions.ȱIndeed,ȱasȱsoonȱasȱtheȱringsȱstartȱ toȱaggregate,ȱtheirȱmobilityȱisȱgreatlyȱreduced.ȱ

TetraȬPEGȱhydrogelsȱȱ

Anotherȱ setȱ ofȱ polymerȱ networksȱ withȱ highȱ homogeneityȱ isȱ TetraȬPEGȱ hydrogelsȱ (Figureȱ 1.5).ȱTheyȱcanȱbeȱformedȱbyȱcombiningȱtwoȱstarȬshapedȱpolymersȱwithȱsymmetricalȱarmsȱofȱ theȱ sameȱ size,ȱ whereȱ theȱ tetrahedronȱ macromonomersȱ reactȱ withȱ eachȱ otherȱ viaȱ theȱ functionalȱgroupsȱonȱtheȱendȱofȱtheirȱarms. [23Ȭ24] ȱMaximumȱcompressionȱstrengthȱofȱ2.5ȱMPaȱ isȱobtainedȱforȱaȱgelȱmadeȱfromȱtwoȱPEGȬbasedȱtetrahedralȬlikeȱmacromonomersȱwithȱamineȱ andȱ succinimidylȱ esterȱ functionalȱ groupsȱ whenȱ theȱ stoichiometricȱ ratioȱ ofȱ theȱ twoȱ macromonomersȱ isȱ 1:1.ȱ ScaĴeringȱ studiesȱ showȱ thatȱ theseȱ tetraȬPEGȱ hydrogelsȱ areȱ mostlyȱ homogeneousȱwithȱlowȱconcentrationȱfluctuationsȱcomparableȱtoȱthoseȱofȱtheȱcorrespondingȱ solutions. [25] ȱIfȱtheȱratioȱofȱtheȱreactingȱmacromonomersȱisȱnotȱstoichiometric,ȱheterogeneityȱ developsȱwithȱtheȱincreaseȱofȱstructuralȱdefects. [26] ȱInȱaddition,ȱitȱturnsȱoutȱthatȱtheȱgelsȱareȱ veryȱsensitiveȱtoȱfractures [27] ȱasȱtheyȱdoȱnotȱinvolveȱefficientȱdissipationȱprocess.ȱ ȱ Preparation and structure of tetra-PEG gels. TAPEG and TNPEG are tetraamine terminated PEG and tetra-NHS-glutarate terminated PEG, respectively. (From Chung et al [23][24] )

Doubleȱnetworkȱhydrogelsȱ

Inȱ2003,ȱGongȱetȱal. [28] ȱ developedȱ theȱ firstȱ toughȱ chemicalȱ gelsȱ byȱ introducingȱ aȱ dissipationȱ mechanismȱ atȱ theȱ molecularȱ levelȱ throughȱ theȱ interpenetrationȱ ofȱ "strong"ȱ andȱ "weak"ȱ polymerȱ networks.ȱ Theseȱ hydrogelsȱ wereȱ preparedȱ inȱ aȱ twoȬstepȱ process:ȱ firstȱ formingȱ aȱ tightlyȱcrossȬlinkedȱnetwork,ȱthenȱswellingȱthisȱgelȱinȱaȱsolutionȱofȱaȱsecondȱmonomerȱwithȱaȱ lowȱratioȱofȱcrossȬlinkingȱagent,ȱandȱfinallyȱcarryingȱoutȱaȱsecondȱpolymerization.ȱAsȱaȱresultȱ ofȱtheȱhighȱdegreeȱofȱswellingȱinȱtheȱmonomerȱsolution,ȱtheȱfirstȱpolyelectrolyteȱgelȱnetworkȱ (PAMPS)ȱ isȱ highlyȱ extendedȱ inȱ theȱ finalȱ material,ȱ whileȱ theȱ secondȱ networkȱ (PAAm)ȱ isȱ relaxed.ȱ Therefore,ȱ theȱ firstȱ denselyȱ crossȬlinkedȱ networkȱ providesȱ theȱ hydrogelȱ withȱ highȱ rigidityȱwhileȱtheȱsecondȱlooselyȱcrossȬlinkedȱnetworkȱallowsȱforȱgoodȱextensibility.ȱUnderȱ theseȱ circumstances,ȱ theȱ doubleȱ networkȱ hydrogelsȱ canȱ achieveȱ extremelyȱ highȱ toughnessȱ withȱcompressiveȱstrengthsȱupȱtoȱ17ȱMPaȱatȱ90%ȱwaterȱlevelȱasȱwellȱasȱhighȱfractureȱenergyȱ valueȱ ofȱ 100Ȭ1000ȱ J/m 2 ȱ(Figureȱ 1.6). [29Ȭ30] ȱ Nevertheless,ȱ thereȱ isȱalwaysȱ aȱ disadvantageȱ ofȱtheȱ toughȱ andȱ doubleȱ networkȱ gels:ȱ onceȱ covalentȱ bondsȱ ofȱ theȱ firstȱ networkȱ areȱ broken,ȱ theȱ damageȱisȱirreversible.ȱAboveȱaȱcriticalȱstress,ȱtheȱfirstȱnetworkȱfracturesȱandȱbuildsȱclustersȱ thatȱcanȱslideȱandȱactȱasȱcrossȬlinkers.ȱ [28] ) Recently,ȱaȱmoreȱhomogenousȱtoughȱgel [31] ȱwasȱpreparedȱbyȱcombiningȱdoubleȱnetworkȱwithȱ tetraȬarmedȱgels.ȱ Aȱ nearlyȱ homogeneousȱ firstȱ networkȱ structureȱ basedȱonȱ tetraȬPEGȱ gelsȱ isȱ formedȱ viaȱ aȱ molecularȱ stentȱ method,ȱ whileȱ PAAmȱ isȱ stillȱ appliedȱ asȱ theȱ secondȱ network.ȱ Thisȱkindȱofȱgelȱshowedȱessentiallyȱtheȱsameȱtougheningȱbehaviorȱasȱthatȱofȱtheȱconventionalȱ doubleȱnetworkȱgel,ȱwhichȱposesȱtheȱroleȱofȱtheȱhomogeneityȱwithinȱtheȱfirstȱnetworkȱinȱtheȱ tougheningȱ mechanismȱ ofȱ doubleȱ networkȱ gels.ȱ Atȱ theȱ sameȱ time,ȱ forȱ theȱ reasonȱ ofȱ highȱ homogeneity,ȱtheȱmoreȱhomogenousȱfirstȱnetworkȱgelȱdemonstratesȱmuchȱweakerȱmodulusȱ degradationȱthanȱconventionalȱones.ȱ Afterȱ theȱ pioneeringȱ workȱ ofȱ Jianȱ Pingȱ Gong,ȱ severalȱ theoreticalȱ studiesȱ haveȱ successfullyȱ proposedȱ someȱ interpretationȱ ofȱ theȱ toughnessȱ ofȱ hydrogels. [30,ȱ 32Ȭ33] ȱ Meanwhile,ȱ severalȱ doubleȱ networkȱ hydrogelsȱ withȱ structureȱ modificationȱ haveȱ beenȱ reported,ȱ includingȱ hydrogelsȱwithȱaȱfirstȱphysicalȱnetwork, [34] ȱinvolvingȱnaturalȱpolymers, [35] ȱetc. [36Ȭ37] ȱ

Hydrogelsȱ reinforcedȱ byȱ secondaryȱ physicalȱ interactionsȱ

Generally,ȱ crossȬlinkersȱ formedȱ byȱ covalentȱ bondȱ areȱ moreȱ stableȱ thanȱ physicalȱ ones,ȱ asȱ covalentȱbondȱenergyȱisȱhigherȱ(e.g.ȱbondȱdissociationȱenergyȱforȱCȬCȱcovalentȱbondȱisȱ347ȱ kJ/mol [38] )ȱthanȱtheȱphysicalȱinteractionsȱ(e.g.ȱbondȱdissociationȱenergyȱforȱhydrogenȱbondingȱ 8Ȭ35ȱkJ/mol;ȱLondonȱdispersionȱtypeȱhydrophobicȱinteractionsȱisȱ4Ȭ8ȱkJ/mol [39] ).ȱInȱthisȱcase,ȱ secondaryȱ physicalȱ interactionsȱ canȱ beȱ appliedȱ intoȱ theȱ hydrogelsȱ inȱ orderȱ toȱ serveȱ asȱ transientȱ crossȬlinkers.ȱ Unlikeȱ pureȱ chemicalȱ gels,ȱ whereȱ inhomogeneitiesȱ areȱ significantȱ atȱ highȱ crossȬlinkȱ densities, [40Ȭ41] ȱ theȱ polymerȱ networksȱ thatȱ areȱ reinforcedȱ byȱ secondaryȱ physicalȱcrossȬlinksȱdoȱnotȱshowȱthisȱdisadvantage.ȱIndeed,ȱtransientȱinterȬchainȱassociationsȱ allowȱ mobilityȱ andȱ chainȱ rearrangementsȱ withinȱ theȱ network,ȱ whichȱ mayȱ retardȱ fractureȱ propagation, [42] ȱAtȱtheȱsameȱtime,ȱtheȱrelativeȱweakerȱandȱmobileȱbondsȱalsoȱcontributeȱtoȱtheȱ higherȱtoughnessȱasȱwellȱasȱextensibility,ȱwhileȱtheȱreversibilityȱofȱcrossȬlinkersȱcontributesȱ greatlyȱ toȱ selfȬhealing.ȱ Moreȱ importantly,ȱ thanksȱ toȱ theȱ reversibilityȱ ofȱ theȱ physicalȱ crossȬ links,ȱ theȱ energyȱ dissipationȱ involvedȱ duringȱ breakingȱ andȱ reȬformationȱ processesȱ canȱ greatlyȱ increaseȱ theȱ fractureȱ resistance.ȱ Moreover,ȱ theȱ responsiveȱ behaviorȱ ofȱ physicalȱ interactionsȱ towardsȱ environmentalȱ conditionsȱ opensȱ theȱ wayȱ toȱ stimuliȱ responsivenessȱ ofȱ hydrogels.ȱ Inȱgeneral,ȱtheȱphysicalȱinteractionsȱthatȱhaveȱbeenȱappliedȱtoȱprepareȱtoughȱhydrogelsȱareȱ versatileȱ (Figureȱ 1.7), [43] ȱ suchȱ asȱ hydrogenȱ bonding,ȱ ionicȱ interaction,ȱ crystallization,ȱ nanocompositeȱ orȱ microgels,ȱ dipoleȬdipoleȱ interactionȱ orȱ hydrophobicȱ crossȬlinks. [43] )

IonicallyȱcrossȬlinkedȱhydrogelsȱ

Tough,ȱresilientȱandȱselfȬhealingȱmaterialsȱhaveȱbeenȱdevelopedȱbyȱintroducingȱionicȱcrossȬ linkers,ȱ especiallyȱ polyelectrolytesȱ withȱ cations.ȱ Aȱ coupleȱ ofȱ naturalȱ polymerȱ orȱ syntheticȱ polyelectrolytesȱcanȱbeȱusedȱforȱthisȱpurpose,ȱsuchȱasȱAlginate,ȱChitosanȱorȱpoly(methacrylicȱ acid)ȱ (PMAA),ȱ whileȱ theȱ cationsȱ canȱ beȱ chosenȱ fromȱ Zn 2+ ,ȱ Ca 2+ ,ȱ Ni 2+ ,ȱ Al 3+ ȱ andȱ Fe 3+ ȱ etc.ȱ Itȱ isȱ provenȱ thatȱ concentration,ȱ pHȱ andȱ theȱ natureȱ ofȱ theȱ cationȱ canȱ significantlyȱ influenceȱ theȱ mechanicalȱstrength.ȱForȱexample,ȱfollowingȱtheȱIrvingȱWilliamsȱseries, [44] ȱCu(II)Ȭcomplexesȱ areȱmoreȱstableȱthanȱtheȱCa(II)Ȭcomplexes.ȱȱ AnȱexampleȱisȱgivenȱinȱFigureȱ1.8ȱwhereȱaȱionicallyȱcrossȬlinkedȱalginateȬCa 2+ ȱframeȱisȱusedȱ toȱ reinforceȱ aȱ covalentlyȱ crossȬlinkedȱ PAAmȱ network. [45] ȱ Withinȱ thisȱ typeȱ ofȱ specialȱ doubleȱ [45] )

AnotherȱtoughȱhydrogelȱwithȱionicȱinteractionsȱisȱtheȱoneȱdevelopedȱbyȱGongȱetȱalȱinȱ2013. [39] ȱ Unlikeȱtheȱoneȱdescribedȱpreviously,ȱthisȱpolyampholyteȱnetworkȱwasȱformedȱonlyȱbyȱionicȱ bonds.ȱ Basedȱ onȱ theȱ experienceȱ onȱ toughȱ hydrogels,ȱ weakȱ andȱ strongȱ bondsȱ areȱ randomlyȱ distributedȱinsideȱtheȱhydrogelȱ(Figureȱ1.9).ȱTheȱnetworkȱconnectivity,ȱbasedȱonȱionicȱbonds,ȱ isȱ characterizedȱ byȱ aȱ wideȱ distributionȱ ofȱ strength:ȱ theȱ strongȱ bondsȱ servedȱ asȱ permanentȱ crossȬlinksȱ toȱ maintainȱ theȱ shapeȱ ofȱ theȱ gel,ȱ whereasȱ theȱ weakȱ bondsȱ performȱ severalȱ mechanicalȱ functions:ȱ increasingȱ theȱ fractureȱ resistanceȱ byȱ bondȱ rupture;ȱ enhancingȱ theȱ [39] ) Veryȱ recently,ȱ Zhouȱ etȱ al [48] ȱ reportedȱ theȱ synthesisȱ ofȱ novelȱ dualȬcrossȬlinkedȱ hydrogelȱ preparedȱ byȱ combiningȱ bothȱ covalentȱ crossȬlinkingȱ andȱ multivalenceȱ ionȱ pairingȱ ofȱ Fe 3+ Ȭ acrylicȱ acidȱ coordination.ȱ Underȱ strain,ȱ theȱ relativelyȱ weakerȱ ionicȱ bondsȱ canȱ serveȱ asȱ reversibleȱ sacrificialȱ bondsȱ andȱ ruptureȱ toȱ dissipateȱ energies.ȱ Asȱ aȱ result,ȱ ultrahighȱ mechanicalȱstrength,ȱexcellentȱelongation,ȱandȱgoodȱselfȬrecoveryȱpropertiesȱareȱachieved.ȱ Whileȱtheȱgelsȱcanȱbeȱstronglyȱreinforced,ȱtheȱionicȱcrossȬlinksȱareȱvulnerableȱtoȱmobileȱions,ȱ whichȱ limitȱ theȱ hydrogelȱ applicationsȱ toȱ someȱ extent,ȱ especiallyȱ underȱ physiologicalȱ andȱ engineeringȱ conditions.ȱ Forȱ instance,ȱ theȱ performanceȱ ofȱ certainȱ ionicallyȱ crossȬlinkedȱ hydrogelsȱdegradeȱmarkedlyȱinȱelectrolyteȱsolutions. [49] ȱ

Nanocompositeȱpolymerȱhydrogelsȱ

Nanocompositeȱ polymerȱ hydrogelsȱ canȱ beȱ consideredȱ asȱ polymerȱ networksȱ swollenȱ withȱ waterȱ inȱ theȱ presenceȱ ofȱ nanoparticles,ȱ whichȱ actȱ asȱ multifunctionalȱ crossȬlinkersȱ withȱ theȱ polymerȱ chainsȱ (Figureȱ 1.10,ȱ left).ȱ Theȱ incorporatedȱ nanoparticlesȱ mayȱ impartȱ mechanicalȱ toughness,ȱ deformability,ȱ andȱ highȱ swelling/deswellingȱ ratesȱ ofȱ theȱ polymerȱ network. [50Ȭ51] ȱ Sinceȱ 2002,ȱ Haraguchiȱ andȱ coȬworkersȱ haveȱ reportedȱ theȱ formationȱ ofȱ thisȱ typeȱ ofȱ ''nanocompositeȱ hydrogel"ȱ withȱ aȱ uniqueȱ organicȬinorganicȱ networkȱ structureȱ byȱ theȱ introductionȱ ofȱ exfoliatedȱ clayȱ plateletsȱ inȱ aȱ polymerȱ networkȱ ofȱ NȬalkylacrylamideȱ derivatives. [50,ȱ52Ȭ55] ȱSuchȱ transparentȱhydrogelsȱshowȱveryȱinterestingȱmechanicalȱproperties:ȱ extremelyȱ highȱ deformabilityȱ (upȱ toȱ 1000%)ȱ andȱ tunableȱ stiěnessȱ byȱ changingȱ theȱ ratioȱ ofȱ inorganicȱ nanoparticlesȱ (Figureȱ 1.10,ȱ right).ȱ Inȱ addition,ȱ theȱ fractureȱ energyȱ increasesȱ dramaticallyȱ comparedȱ withȱ conventionalȱ organicȱ gels.ȱ Neverthelessȱ forȱ thatȱ system,ȱ aȱ significantȱ instantaneousȱ residualȱ strainȱ isȱ observed,ȱ mostlyȱ assignedȱ toȱ plateletȱ residualȱ alignment.ȱ Afterwards,ȱ theȱ polymer/clayȱ nanocompositeȱ systemȱ hasȱ beenȱ systematicallyȱ investigatedȱ andȱ extendedȱ toȱ otherȱ architectures.ȱ Forȱ example,ȱ byȱ combiningȱ theȱ clayȱ nanoparticlesȱwithȱtheȱidealȱstructureȱofȱtetraȬPEGȱhydrogels, [56] ȱaȱlargeȱenhancementȱofȱtheȱ mechanicalȱpropertiesȱofȱhydrogelȱisȱobtainedȱcomparedȱtoȱpureȱtetraȬPEGȱsystems.ȱ ȱ Figure 1.10. Left: Schematic representation of the structure of Haraguchi's nanocomposite hydrogels, from [52] ; Right: Stress-strain curves of nanocomposite PNIPA/clay hydrogels by varying the clay content (NC1 to NC9), in comparison to a corresponding organic hydrogel, from Haraguchi et al. [50] Similarly,ȱitȱwasȱshownȱthatȱtheȱintroductionȱofȱsilicaȱnanoparticlesȱintoȱpolymerȱhydrogelsȱ stronglyȱ impoveȱ theirȱ mechanicalȱ strength.ȱ Comparedȱ withȱ clays,ȱ theȱ sphericalȱ andȱ wellȬ dispersedȱ silicaȱ nanoparticlesȱ possessȱ aȱ numberȱ ofȱ advantages,ȱ suchȱ asȱ commercialȱ availability,ȱstability,ȱisotropyȱandȱfunctionality.ȱSimilarȱtoȱtheȱpolymer/clayȱnanocompositeȱ system,ȱ theȱ stiffness,ȱ strengthȱ andȱ toughnessȱ canȱ beȱ remarkablyȱ enhancedȱ byȱ addingȱ increasingȱ amountsȱ ofȱ silicaȱ nanoparticlesȱ inȱ theȱ polymerȱ networks,ȱ especiallyȱ poly(NȬ alkylacrylamide). [57Ȭ58] ȱ Forȱ instance,ȱ aȱ varietyȱ ofȱ mechanicalȱ propertiesȱ areȱ seenȱ toȱ beȱ simultaneouslyȱ enhancedȱ byȱ addingȱ theȱ silicaȱ nanoparticlesȱ intoȱ theȱ poly(N,NȬ dimethylacrylamide)ȱnetwork.ȱInȱaddition,ȱtheȱresultingȱhydrogelsȱshowȱtimeȱdependenceȱofȱ dissipativeȱ andȱ recoveryȱ processesȱ (Figureȱ 1.11). [59] ȱ Basedȱ onȱ theseȱ hybridȱ interactionsȱ involvingȱ reversibleȱ bondingȱ betweenȱ polymerȱ chainsȱ andȱ silicaȱ surfaces,ȱ efficientȱ gluingȱ wasȱ simultaneouslyȱ demonstratedȱ byȱ usingȱ aqueousȱ nanoparticleȱ suspensionsȱ inȱ placeȱ ofȱ polymerȱadhesives. [60] ȱInȱthisȱcase,ȱphysicalȱadhesionȱbetweenȱtwoȱgelȱsurfacesȱcanȱbeȱreadilyȱ achievedȱbyȱsimplyȱspreadingȱaȱdropletȱofȱsilicaȱnanoparticleȱonȱtheȱgelȱsurfaceȱandȱkeepingȱ theȱcontactȱduringȱaȱfewȱseconds.ȱTheȱresultingȱgluingȱhasȱbeenȱshownȱtoȱbeȱveryȱefficient,ȱ notȱ onlyȱ withȱ hydrogelsȱ butȱ alsoȱ withȱ humanȱ tissuesȱ withȱ importantȱ applicationsȱ inȱ vivoȱ organȱrepair. [60Ȭ61] ȱ Followingȱ theȱ importantȱ developmentȱ ofȱ nanocompositeȱ hydrogels,ȱ differentȱ mechanismsȱ haveȱ beenȱ proposedȱ toȱ explainȱ theȱ reinforcementȱ behavior,ȱ suchȱ asȱ theȱ formationȱ ofȱ "clayȬ brushȱ particles", [62] ȱ particleȬinducedȱ monomerȱ enrichment [63] ȱ orȱ silica/polymerȱ hydrogenȱ bonding. [57] ȱ Atȱ theȱ sameȱ time,ȱ theȱ scopeȱ ofȱ particlesȱ hasȱ beenȱ widelyȱ expandedȱ (e.g.ȱ graphemeȱ oxide, [64Ȭ65] ȱ surfactantȱ particles, [66] ȱ hydroxyapatiteȱ nanocompositesȱ orȱ celluloseȱ nanocrystalsȱ [67] )ȱwhichȱalsoȱdemonstrateȱeffectiveȱreinforcementȱinȱmechanicalȱbehavior.ȱ 

Microgelȱreinforcedȱhydrogelsȱ

Inspiredȱ byȱ carbonȱ blackȱ reinforcedȱ rubbers,ȱ theȱ introductionȱ ofȱ aȱ hardȱ phaseȱ intoȱ aȱ softȱ systemȱ seemsȱ toȱ beȱ anȱ interestingȱ wayȱ toȱ increaseȱ theȱ mechanicalȱ strengthȱ ofȱ gels.ȱ Forȱ instance,ȱ macromolecularȱ microsphereȱ compositeȱ hydrogelsȱ withȱ 100ȱ nmȱ peroxidizedȱ microspheresȱ asȱ initiatorsȱ andȱ crossȬlinkersȱ exhibitȱ excellentȱ compressiveȱ performancesȱ (Figureȱ 1.12). Proposed mechanism for the formation of a macromolecular microsphere composite hydrogel and a macromolecular microsphere composite hydrogel microstructure (from Wang et al. [START_REF] Huang | ȱ Advancedȱ Materialsȱ[END_REF] ) Laterȱ on,ȱ itȱ wasȱ shownȱ thatȱ theȱ introductionȱ ofȱ highlyȱ crossȬlinkedȱ microgelsȱ insideȱ aȱ hydrogelȱ filmȱ isȱ responsibleȱ forȱ dramaticȱ enhancementȱ inȱ mechanicalȱ strengthȱ andȱ toughnessȱofȱtheȱsingleȱnetwork. [70] ȱTheȱhydrogelsȱwereȱpreparedȱwithȱaȱlooselyȱcrossȬlinkedȱ continuousȱphaseȱmatrixȱ(PAAm)ȱandȱaȱvirtuallyȱdoubleȬnetworkȱmicrogelsȱdisperseȱphase.ȱ Byȱvisualizingȱtheȱembeddedȱmicrogelsȱunderȱstretching,ȱitȱwasȱconfirmedȱthatȱtheȱdisperseȱ phaseȱ serveȱ asȱ sacrificialȱ bondsȱ underȱ stretchingȱ andȱ improveȱ theȱ mechanicalȱ strength.ȱ Whileȱtheȱmechanicalȱpropertiesȱareȱcomparableȱwithȱtheȱconventionalȱbicontinuousȱdoubleȱ networks,ȱ theȱ preparationȱ ofȱ thisȱ kindȱ ofȱ microgelȱ reinforcedȱ hydrogelȱ isȱ easierȱ toȱ handleȱ andȱfasterȱtoȱprepare. [71] ȱ

Hydrogelsȱwithȱhydrogenȱbondingȱ

Aȱhydrogenȱbondȱisȱaȱtypeȱofȱattractiveȱinteractionȱbetweenȱanȱelectronegativeȱatomȱandȱaȱ hydrogenȱ atomȱ bondedȱ toȱ anotherȱ electronegativeȱ atom.ȱ Forȱ aȱ longȱ time,ȱ thisȱ kindȱ ofȱ interactionȱ hasȱ beenȱ widelyȱ appliedȱ inȱ theȱ fieldȱ ofȱ supramolecularȱ chemistry [72Ȭ73] ȱ andȱ biomedicinalȱ science. [74] ȱ Inȱ thisȱ case,ȱ theȱ introductionȱ ofȱ hydrogenȱ bondingȱ isȱ anotherȱ importantȱstrategyȱforȱhydrogelȱreinforcement.ȱȱ Forȱ example,ȱ byȱ simplyȱ copolymerizingȱ vinylȬ4,6ȬdiaminoȬ1,3,5Ȭtriazineȱ orȱ 3ȬacrylamidoȬ phenylboronicȱ acidȱ insideȱ aȱ chainȱ lengthȬmodulableȱ polyethyleneȱ glycolȱ PEGȱ network,ȱ Liuȱ etȱ al.ȱ successfullyȱ introducedȱ hydrogenȱ bondsȱ intoȱ theȱ hydrogels. [75] ȱ Thisȱ gelȱ demonstratesȱ wideȱ tunableȱ properties,ȱ particularlyȱ withȱ highȱ elasticityȱ withoutȱ compromisingȱ strength.ȱ Theȱ contentȱ ofȱ hydrogenȱ bondingȱ significantlyȱ increasesȱ bothȱ theȱ tensileȱ andȱ compressiveȱ strengthsȱofȱtheȱhydrogels.ȱMoreover,ȱpHȱcanȱstronglyȱinfluenceȱtheȱformationȱofȱthisȱkindȱofȱ physicalȱ interactions, [76] ȱ thusȱ changingȱ theȱ macroscopicȱ behaviors.ȱ However,ȱ fractureȱ resistanceȱisȱquiteȱlow.ȱ Laterȱ on,ȱ aȱ quadrupleȱ hydrogenȬbondingȱ strategyȱ hasȱ alsoȱbeenȱ developedȱ toȱ prepareȱ selfȬ healingȱ andȱ highlyȱ deformableȱ toughȱ hydrogels.ȱ Thisȱ kindȱ ofȱ polyurethaneȱ hydrogelȱ withȱ functionalizedȱ PEGȱ unitȱ andȱ 2Ȭ(3Ȭ(6ȬmethylȬ4ȬoxoȬ1,4ȬdihydropyrimidinȬ2Ȭyl)ureido)ethylȱ methacrylateȱunitȱinside, [77] [77] ) Fromȱtheȱaboveȱdescription,ȱhydrogelsȱwithȱhydrogenȱbondingȱshowedȱgoodȱenhancementȱ ofȱ mechanicalȱ behaviors.ȱ Meanwhile,ȱ unlikeȱ theȱ caseȱ ofȱ rubbers,ȱ hydrogenȱ bondsȱ inȱ hydrogelsȱhaveȱrelativelyȱlowerȱassociationȱstrengthȱdueȱtoȱcompetitionȱofȱwaterȱforȱbindingȱ sites. [78] ȱ

HydrogelsȱwithȱdipoleȬdipoleȱinteractionȱ

DipoleȬdipoleȱinteractionȱisȱanotherȱkindȱofȱattractiveȱforceȱbetweenȱtheȱpositiveȱendȱofȱoneȱ polarȱmoleculeȱandȱtheȱnegativeȱendȱofȱanotherȱpolarȱmolecule.ȱSimilarȱtoȱtheȱotherȱkindȱofȱ physicalȱ interaction,ȱ itȱ canȱ beȱ appliedȱ toȱ formȱ crossȬlinksȱ insideȱ theȱ hydrogels.ȱ Liuȱ etȱ alȱ preparedȱ hydrogelsȱ byȱ incorporatingȱ polyacrylonitrileȱ insideȱ theȱ hydrophilicȱ networkȱ byȱ copolymerization. [79] ȱ Asȱ theȱ nitrileȱ groupsȱ inȱ theȱ polyacrylonitrileȱ canȱ formȱ dipoleȬdipoleȱ interaction,ȱ theȱ correspondingȱ hydrogelsȱ exhibitȱ anȱ intriguingȱ combinationȱ ofȱ propertiesȱ [80] )

Later,ȱ anotherȱ typeȱ ofȱ reinforcedȱ gelȱ combiningȱ dipoleȬdipoleȱ interactionsȱ withȱ hydrogenȱ bonding [80] [81] ȱ demonstratedȱtheȱpreparationȱofȱroomȱtemperatureȱselfȬhealableȱgelsȱviaȱtheȱselfȬassemblyȱofȱ ditopicȱ ligands,ȱ consistingȱ ofȱ aȱ 2,6Ȭbis(1Ȭmethylbenzimidazolyl)ȱ pyridineȱ attachedȱ toȱ eitherȱ endȱofȱaȱPEGȱcore,ȱinȱtheȱpresenceȱofȱtransitionȱmetal.ȱFustinȱandȱGohy [82] ȱreportedȱthatȱtheȱ formationȱ ofȱ coordinationȱ interactionsȱ betweenȱ poly(triethyleneglycolȱ methyletherȱ methacrylate)ȱ andȱ Ni(II)ȱ couldȱ helpȱ toȱ prepareȱ hydrogelsȱ withȱ goodȱ rheologicalȱ behavior.ȱ Inspiredȱ byȱ mussels,ȱ histidineƺdivalentȱ cationȱ coordinationȱ bondsȱ andȱ 4Ȭnitrocatechol/3Ȭ hydroxyȬ4Ȭpyridinononeȱ cationȱ complexesȱ wereȱ developedȱ byȱ Messersmith [83]ȱ andȱ Hawker, [84] ȱrespectively.ȱItȱprovesȱthatȱtheȱmechanicalȱpropertiesȱshowȱaȱstrongȱdependenceȱ onȱ theȱ natureȱ ofȱ metalsȱ andȱ ligandsȱ used.ȱ However,ȱ theseȱ physicalȱ gelsȱ withȱ onlyȱ metalȬ ligandȱcoordinationȱseemȱtoȱbeȱtooȱweakȱforȱtractionȱtest.ȱInȱaddition,ȱtheȱpropertiesȱofȱtheȱ resultingȱgelsȱareȱshownȱtoȱbeȱpHȱandȱionicȱsensitive.ȱ

Hydrogelsȱwithȱcrystallineȱdomainsȱȱ

Gelsȱreinforcedȱbyȱcrystallizationȱareȱanotherȱfamilyȱofȱhydrogelsȱwithȱexcellentȱmechanicalȱ propertiesȱ andȱ uniqueȱ microstructures.ȱ Specially,ȱ whenȱ aqueousȱ solutionsȱ ofȱ poly(vinylȱ alcohol)ȱ (PVA)ȱ withȱ aȱ highȱ saponificationȱ ratioȱ undergoȱ aȱ freezeȬthawingȱ orȱ castȬdryingȱ process,ȱ aȱ strongȱ andȱ highlyȱ elasticȱ gelȱ isȱ formed. [START_REF] Chang | ȱ Biopolymers/PVAȱ Hydrogels/Anionicȱ Polymerisation/Nanocomposites[END_REF] ȱ Gelȱ formationȱ isȱ ascribedȱ toȱ theȱ formationȱofȱPVAȱcrystallites,ȱwhichȱserveȱasȱphysicalȱcrossȬlinkersȱinȱtheȱnetwork.ȱWhenȱtheȱ numberȱofȱfreezeȬthawingȱcyclesȱorȱcastȬdryingȱprocessȱgrows,ȱtheȱdegreeȱofȱcrystallinityȱofȱ theȱ PVAȱ hydrogelsȱ increasesȱ atȱ theȱ sameȱ time.ȱ Asȱ theȱ crystallineȱ crossȬlinksȱ areȱ bothȱ reversibleȱ andȱ stableȱ withȱ mobileȱ ions,ȱ itȱ makesȱ themȱ suitableȱ toȱ useȱ underȱ physiologicalȱ environment.ȱ Inȱ thisȱ case,ȱ PVAȱ hasȱ beenȱ widelyȱ usedȱ andȱ extensivelyȱ developedȱ forȱ biomedicalȱapplicationsȱduringȱtheȱlastȱfewȱdecades. [86Ȭ87] ȱ WangȱetȱalȱreportedȱtheȱpreparationȱofȱPVAȱhydrogelsȱwithȱanisotropicȱmicrostructureȱwithȱ theȱ directionalȱ freezingȬthawingȱ method. [88] ȱ Hence,ȱ theȱ gelsȱ demonstrateȱ significantȱ anisotropyȱ inȱ theirȱ mechanicalȱ properties:ȱ theirȱ tensileȱ strength,ȱ modulusȱ andȱ fractureȱ energyȱ beingȱ muchȱ higherȱ inȱ oneȱ directionȱ comparedȱ withȱ theȱ other.ȱ Unfortunately,ȱ PVAȱ hydrogelsȱsynthesizedȱwithȱthisȱmethodȱareȱbrittle.ȱBesidesȱPVA,ȱitȱwasȱfoundȱthatȱphysicalȱ gelsȱcouldȱbeȱachievedȱwithȱpoly(2Ȭhydroxyethylȱmethacrylate). [START_REF] Zhu | ȱ Journalȱ ofȱ Materialsȱ ChemistryȱBȱ[END_REF] ȱȱ Aȱ hybridȱ hydrogelȱ involvingȱ chemicalȱ crossȬlinkers,ȱ hydrophilicȱ interactionȱ andȱ crystallineȱ polymerȱnetworksȱhasȱbeenȱreportedȱrecently. [START_REF] Li | [END_REF] ȱInȱtheȱsystem,ȱaȱlargeȱnumberȱofȱcrystallitesȱ 

Hydrogelsȱwithȱhydrophobicȱinteractionsȱ

Withȱ aȱ largeȱ amountȱ ofȱ water,ȱ hydrogelsȱ areȱ basicallyȱ hydrophilic.ȱ Inȱ thisȱ case,ȱ theȱ introductionȱofȱhydrophobicȱmoietiesȱthatȱareȱableȱtoȱselfȬassociateȱinȱwaterȱcanȱdramaticallyȱ increaseȱtheȱextensibilityȱandȱresistanceȱtoȱcrackȱpropagation.ȱ Forȱexample,ȱbyȱcopolymerizingȱaȱsmallȱamountȱofȱhydrophobeȱ(e.g.ȱNȬbutylȬ,ȱNȬhexylȬ,ȱNȬ octylȬ,ȱ N,NȬdihexylacrylamides)ȱ withȱ acrylamideȱ andȱ methyleneȬbisȬacrylamideȱ inȱ theȱ presenceȱ ofȱ sodiumȱ dodecylȱ sulfateȱ (SDS),ȱ hydrophobicallyȱ modifiedȱ hydrogelsȱ wereȱ obtainedȱ withȱ improvedȱ extensibilityȱ andȱ resistanceȱ toȱ crackȱ propagationȱ dueȱ toȱ theȱ deformationȱofȱhydrophobicȱassociationsȱunderȱstress. [91] [97] )

Anotherȱ exampleȱ ofȱ reinforcedȱ hydrogelsȱ withȱ hydrophobicȱ interactionsȱ isȱ theȱ anisotropicȱ hydrogelȱ withȱ bilayerȱ structuresȱ reportedȱ byȱ Gongȱ etȱ al. 

Poly(NȬisopropylacrylamide)ȱ

Sinceȱ theȱ firstȱ publicationȱ ofȱ itsȱ thermoȬresponsiveȱ behaviorȱ inȱ 1967, [112Ȭ113] ȱ PNIPAȱ (Figureȱ 1.18)ȱ remainsȱ theȱ mostȱ extensivelyȱ studiedȱ inȱ thisȱ field.ȱ Comparedȱ withȱ theȱ otherȱ thermoȬ responsiveȱpolymers,ȱPNIPAȱdemonstratesȱquiteȱaȱlotȱofȱadvantages:ȱȱ 1) theȱtransitionȱtemperatureȱ(ca.ȱ32ȱ o C [114] )ȱisȱveryȱcloseȱtoȱbodyȱtemperature;ȱȱ 2) theȱtransitionȱtemperatureȱisȱalmostȱstable,ȱonlyȱslightlyȱaffectedȱbyȱenvironmentalȱ conditionsȱ suchȱ asȱ pH,ȱ polymerȱ concentrationȱ orȱ polymerȱ chainȱ length, [115] ȱ andȱ almostȱtotallyȱindependentȱofȱarchitecture;ȱ 3) PNIPAȱ isȱ aȱ waterȱ soluble,ȱ nonionicȱ polymer, [116] ȱ andȱ thenȱ notȱ veryȱ sensitiveȱ toȱ physiologicalȱconditions;ȱȱ 4) theȱcollapsedȱdomainsȱofȱPNIPAȱaboveȱLCSTȱareȱdescribedȱasȱ"frozen"ȱorȱ"glassy":ȱ theyȱareȱconsequentlyȱlessȱdynamicȱandȱmoreȱstable; [116] ȱ 5) PNIPAȱ isȱ chemicallyȱ stableȱ andȱ doesȱ notȱ sufferȱ fromȱ hydrolysisȱ underȱ specificȱ conditions. [117] ȱ O HN n TheȱintroductionȱofȱhydrophobicȱunitsȱalongȱtheȱpolymerȱchainȱdecreasesȱtheȱLCST,ȱandȱviceȱ versa.ȱForȱinstance,ȱtheȱLCSTȱcanȱbeȱshiftedȱtoȱlowerȱtemperaturesȱbyȱcopolymerizingȱmoreȱ hydrophobicȱ comonomers. [123Ȭ124] ȱ Inȱ addition,ȱ theȱ LCSTȱ ofȱ PNIPAȱ canȱ alsoȱ beȱ tunedȱ byȱ changingȱsolventȱcomposition, [125Ȭ126] ȱaddingȱsalt [127Ȭ129] ȱorȱsurfactantȱmolecules. [130Ȭ131] ȱ Uponȱ coolingȱ belowȱ theȱ LCST,ȱ theȱ chainȱ expansionȱ takesȱ placeȱ atȱ aȱ lowerȱ temperature,ȱ whichȱ resultsȱ inȱ aȱ soȬcalledȱ thermalȱ hysteresis. [114] ȱ Accordingȱ toȱ theȱ researchȱ ofȱ Wuȱ andȱ Lutz, [132Ȭ133] ȱthisȱhysteresisȱcanȱbeȱascribedȱtoȱtheȱformationȱofȱhydrogenȱbondingȱ(especiallyȱ intermolecularȱ ones)ȱ inȱ theȱ collapsedȱ state.ȱ Underȱ thisȱ circumstance,ȱ theȱ rehydrationȱ ofȱ PNIPAȱ isȱ hindered.ȱ Meanwhile,ȱ studiesȱ byȱ Laszloȱ etȱ al. [122] ȱ haveȱ shownȱ thatȱ theȱ slowȱ relaxationȱofȱtheȱfrozenȱnetworkȱisȱresponsibleȱforȱtheȱhysteresis.ȱ InȱtheȱcaseȱofȱmacroscopicȱcrossȬlinkedȱhydrogels,ȱtheȱsituationȱbecomesȱmoreȱcomplexȱasȱaȱ denseȱ layerȱ rapidlyȱ formsȱ atȱ theȱ gelȱ surfaceȱ aboveȱ theȱ transitionȱ temperatureȱ andȱ thisȱ stronglyȱreducesȱtheȱwaterȱdiffusionȱandȱtheȱrateȱofȱdeswelling.ȱInȱorderȱtoȱobtainȱgelsȱwithȱ improvedȱ swelling/deswellingȱ kinetics,ȱ versatileȱ methodsȱ haveȱ beenȱ proposed,ȱ suchȱ asȱ theȱ preparationȱ ofȱ macroporousȱ PNIPA [134Ȭ135] ȱ combȬlikeȱ PNIPAȬgȬPNIPAȱ hydrogel [136] ȱ orȱ utilizingȱotherȱsyntheticȱmethods. [137Ȭ138] ȱ ȱ

Zwitterionicȱpolymersȱ

Polyzwitterionicȱ polymersȱ areȱ ionicȱ macromoleculesȱ containingȱ bothȱ cationicȱ andȱ anionicȱ groupsȱinȱtheȱsameȱmonomerȱunit.ȱOneȱofȱtheȱspecificȱpropertiesȱofȱtheseȱmaterialsȱisȱtheirȱ excellentȱantiȬbiofoulingȱbehavior, [139Ȭ142] ȱwhichȱdrawsȱmuchȱattentionȱinȱtheȱbiomedicalȱfield.ȱ Inȱ addition,ȱ thanksȱ toȱ theirȱ uniqueȱ propertiesȱ derivedȱ fromȱ theȱ interactionsȱ betweenȱ theȱ oppositeȱ charges,ȱ theyȱ canȱ beȱ usedȱ forȱ variousȱ potentialȱ applications,ȱ suchȱ asȱ chelatingȱ agent, [143] ȱbiosensors, [144Ȭ145] ȱenzymeȱimmobilization, [146] ȱsoftȱcontactȱlenses, [147] ȱdrugȱrelease, [148] ȱ andȱwoundȱdressing. [149] ȱȱ Accordingȱ toȱ theirȱ generalȱ structure,ȱ severalȱ typesȱ ofȱ polymersȱ withȱ differentȱ zwitterionicȱ pendantȱ groupsȱ haveȱ beenȱ preparedȱ andȱ studiedȱ inȱ details,ȱ suchȱ asȱ phosphobetaine, [150Ȭ151] ȱ sulfobetaine, [152Ȭ153] ȱandȱcarboxybetaine. [154] Inȱ theȱ nextȱ fewȱ years,ȱ Haasȱ andȱ hisȱ groupȱ haveȱ performedȱ intensiveȱ investigationsȱ onȱ PNAGA, [161Ȭ166] ȱ concerningȱ itsȱ associativeȱ behavior,ȱ measurementȱ ofȱ differentȱ parametersȱ (copolymerizationȱratios,ȱpolymerizationȱrateȱconstant,ȱHugginsȱkȇȱvalue,ȱetc),ȱdevelopmentȱ ofȱderivatives,ȱwhichȱlaidȱaȱsolidȱbasisȱforȱtheȱresearchȱonȱthisȱpromisingȱpolymer.ȱHowever,ȱ afterȱ publishingȱ theirȱ lastȱ paperȱ onȱ PNAGAȱ inȱ 1971,ȱ nearlyȱ noȱ interestȱ wasȱ shownȱ worldwideȱduringȱtheȱnextȱfewȱdecades.ȱȱ Itȱ isȱ onlyȱ atȱ theȱ endȱ ofȱ theȱ 90'sȱ thatȱ researchersȱ startedȱ toȱ focusȱ againȱ onȱ PNAGA.ȱ Theȱ presenceȱ ofȱ aggregatesȱ inȱ veryȱ diluteȱ solution [159] ȱ andȱ theirȱ eliminationȱ byȱ thiocyanateȱ areȱ confirmedȱ byȱ lightȱ scattering [167] ȱ andȱ Ramanȱ spectroscopy, [168] ȱ respectively.ȱ Laterȱ on,ȱ structureȱanalysis [169] ȱasȱwellȱasȱversatileȱlivingȬpolymerizationȱapproachesȱofȱPNAGAȱwereȱ reported [170Ȭ171] ȱ withȱ aȱ betterȱ understandingȱ ofȱ theȱ impactȱ ofȱ ionicȱ impuritiesȱ onȱ theȱ UCSTȱ behavior. [160] ȱ Basedȱ onȱ theseȱ works,ȱ PNAGAȱ demonstratesȱ itsȱ potentialȱ inȱ biomedicalȱ applications.ȱ [172Ȭ173] ȱ However,ȱfromȱtheȱcurrentȱworkȱonȱPNAGA,ȱalmostȱallȱtheȱattentionȱhasȱonlyȱbeenȱpaidȱtoȱ theȱsynthesisȱmethodȱandȱtheȱinfluenceȱofȱUCSTȱbehavior,ȱwhileȱonlyȱveryȱfewȱpapersȱreportȱ thermoȬresponsiveȱ mechanicalȱ properties.ȱ Lutzȱ etȱ alȱ foundȱ thatȱ theȱ viscosityȱ ofȱ homoȱ PNAGAȱ inȱ phosphateȱ buěeredȱ salineȱ solutionsȱ decreasesȱ withȱ moreȱ thanȱ 3ȱ decadesȱ uponȱ heatingȱ (Figureȱ 1.22). [159] ȱ Inȱ caseȱ ofȱ chemicalȱ gels,ȱ Okano [174] ȱ andȱ Argawaal [175] 

Objectiveȱofȱtheȱdissertationȱ

Asȱ describedȱ inȱ thisȱ chapter,ȱ differentȱ approachesȱ haveȱ beenȱ developedȱ toȱ reinforceȱ theȱ mechanicalȱ propertiesȱ ofȱ hydrogels.ȱ Amongȱ theȱ differentȱ strategies,ȱ theȱ introductionȱ ofȱ physicalȱinteractionsȱhasȱbeenȱshownȱtoȱbeȱveryȱeffective.ȱHowever,ȱalthoughȱtheseȱphysicalȱ interactionsȱ areȱ reversibleȱ byȱ nature,ȱ theȱ impactȱ ofȱ theirȱ reversibilityȱ onȱ theȱ mechanicalȱ propertiesȱofȱhydrogelsȱisȱanȱimportantȱissueȱthatȱhasȱneverȱbeenȱproperlyȱtackled.ȱInȱsomeȱ casesȱ weȱ canȱ easilyȱ imagineȱ thatȱ theȱ possibilityȱ toȱ switchȱ on/offȱ theȱ physicalȱ interactionsȱ couldȱbeȱdifficultȱasȱitȱneedsȱtoȱintroduceȱionsȱorȱcompetitorsȱofȱspecificȱinteractionsȱthroughȱ solventȱexchanges.ȱInȱthisȱregard,ȱaȱphysicalȱtriggerȱlikeȱtemperatureȱisȱveryȱappealingȱandȱ thermoȬresponsiveȱ polymersȱ clearlyȱ appearȱ asȱ theȱ rightȱ buildingȱ blocksȱ toȱ designȱ polymerȱ networksȱwithȱthermoȬresponsiveȱmechanicalȱproperties.ȱ Indeed,ȱ duringȱ theȱ lastȱ threeȱ decades,ȱ thermoȬresponsiveȱ polymersȱ haveȱ beenȱ widelyȱ investigatedȱasȱtheyȱprovideȱtechnologicalȱanswersȱforȱindustrialȱorȱmedicalȱapplicationsȱthatȱ requireȱmaterialsȱorȱcomplexȱfluidsȱwithȱimprovedȱorȱ responsiveȱpropertiesȱabove/belowȱaȱ givenȱ temperature.ȱ However,ȱ sinceȱ theȱ pioneeringȱ workȱ ofȱ Tanakaȱ etȱ al [176] 

Introduction

Associating polymers have known a tremendous development during the last decades due their enhanced viscoelastic properties that find applications in a wide range of domains like food, cosmetics, paints, drilling fluids, etc. [1][2][3] In this framework, responsive polymers, which are able to change their macroscopic behavior under environmental conditions like ionic strength, pH, temperature, light, red-ox activity or under external fields (electric or magnetic), are very useful for applications where enhanced properties are needed under certain conditions. [4][5][6] Among these various mechanisms, temperature is a common trigger that naturally occurs in many applications and thermo-responsive polymers have known a large development in different fields like oil recovery or biomedical applications. [7][8][9][10][11][12] Indeed, these systems can be efficiently used to increase or to control the viscosity of drilling fluids submitted to large temperature gradients in deep formations or to promote sol/gel transitions around body temperature with applications like injectable hydrogels and controlled drug release. [3,[12][13] Although cellulosic derivatives [14][15] were the first thermo-thickeners to be used in aqueous media, thermo-responsive systems have been widely diversified during the last two decades. [4,7,16] They are generally designed on the basis of block or graft architectures containing hydrophilic and water-soluble moieties alternating with responsive blocks or grafts characterized by a Lower Critical Solution Temperature (LCST) in the range of application. Quite a lot of systems, mainly based on poly(N-alkylacrylamide) and poly(alkylene oxide) have been reported with various level of understanding of their structure/properties relationships [17][18][19][20][21][22][23] For these copolymers the key parameters are the chemical nature of both LCST and hydrophilic sequences as well as the design of associating copolymers (distribution and relative ratio between hydrophilic and "hydrophobic" moieties) that directly impact the level of the phase segregation (from nano-to macroscopic scale) and the final properties of aqueous formulations.

In the case of thermo-thickening copolymer solutions, designed with poly(ethylene oxide-copropylene oxide) derivatives, the LCST sequences self-assemble into liquid-like aggregates above their transition temperature. These hydrophobic domains behave as efficient physical cross-links and viscoelastic analysis highlight the dynamic properties of these systems with a finite lifetime of the responsive stickers. [16,22] By comparison, poly(N-isopropylacrylamide) (PNIPA) behaves rather differently as during the phase transition the PNIPA-rich phase reaches the so-called Berghmans point where it is supposed to become glassy. [24][25] Although this assumption remains controversial, [26] the formation of frozen PNIPA domains above their transition temperature is often taken into account to explain the formation of stable colloidal PNIPA particles at high temperature with ineffectiveness of colloid aggregation [27] or the extraordinarily slow deswelling of macroscopic PNIPA hydrogels; the out-of equilibrium state of the gel being conserved for many days. [28] In the framework of thermo-thickeners with grafted architectures, the phase transition driven by LCST moieties must remain confined at a local scale to avoid the macro-phase separation and the ruin of the elastic properties. Although most of thermo-responsive graft copolymers are generally designed with a hydrophilic backbone and LCST side-chains, [7,16] the opposite topology is also conceivable with similarities with weakly ionized PNIPA chains where electrostatic repulsions stabilize the transient network formed at high temperature. [29] Interestingly, a direct comparison between 3D self-assemblies of graft copolymers with similar composition but opposite topology (see Figure 2.1) has never been investigated so far although this comparison naturally raises a lot of questions about the structure/properties relationships. For instance, we can reasonably wonder how these graft copolymers with opposite topologies will behave below and above the transition temperature. How the responsivity of LCST stickers (association temperature, concentration of polymer rich phase…) will be affected by the topology? What will the microstructure of 3D self-assemblies and the corresponding viscoelastic properties be? What will the relative sensitivity of these copolymers to environmental modifications induced by adding cosolute be?

In order to address the topological issue in thermo-associating graft copolymers, grafted Based on this set of copolymers, a detailed comparative study has been performed in semidilute solution as a function of temperature and added molecules like salt or surfactant. This original analysis, carried out by rheology, differential scanning calorimetry, NMR and light/neutron scattering techniques, surprisingly highlights very common features as well as large differences between the two copolymers that could be understood from their topology.

Experiment section 2.1. Materials

N-isopropylacrylamide (NIPA, Aldrich), N,N-dimethylacrylamide (DMA, Aldrich), cysteamine hydrochloride (AET•HCl, Fluka), potassium peroxodisulfate (KPS, Aldrich), acrylic acid (AA, anhydrous > 99%, Fluka), dicyclohexylcarbodiimide (DCCI, Aldrich), ammonium persulfate (APS, Aldrich), sodium metabisulfite (SBS, Aldrich) were used as received. All organic solvents were analytical grade and water was purified with a Millipore system combining inverse osmosis membrane (Milli RO) and ion exchange resins (Milli Q)

for synthesis and purification.

Synthesis of thermo-sensitive linear copolymers

The synthesis of responsive linear copolymers was performed according to a three-step process. Telomers were first synthesized through free radical polymerization. Then, the macromonomers were obtained by coupling amino-terminated telomers with acrylic acid and finally graft copolymers were prepared by free radical polymerization of monomers and macromonomers. An example is given in Figure 2.2 in the case of PDMA-g-PNIPA and the detailed procedure is described in supporting information. In order to simplify the nomenclature of the copolymers, PNIPA-g-PDMA and PDMA-g-PNIPA will be named PN-D and PD-N, respectively. 

Size exclusion chromatography (SEC)

Experiments were carried out with two different chromatographic systems. The first one, which was applied to the absolute characterization of polymer samples, is a Viscotek triple detector (TDA 302) equipped with three columns (OH-pak). During the analysis carried out at 28 °C the flow rate was controlled at 0.6 mL•min -1 using 0.2 M NaNO3 as mobile phase.

The molar masses were derived from a universal calibration curve based on Pullulan standards from Sopares (OmniSEC software). The other chromatographic system from Waters is equipped with similar Shodex OH-pak columns thermostated at 10 °C and a differential refractometer (Shimadzu RID-10A). This system was mainly used to follow, without purification, the conversion of the reactions. The flow rate was controlled at 0.90 mL.min -1 using 0.5 M LiNO3 as mobile phase.

Nuclear magnetic resonance (NMR)

All the NMR measurements were performed on a Bruker Avance III HD spectrometer operating at 700 MHz for 1 H, using a standard 5 mm broadband Smart probe. The temperature control was achieved by a Bruker BCU II unit and a build in temperature control unit. Following experimental conditions were employed for the variable temperature experiments: 32 transients, 45 degree flip angle, 2.5 sec acquisition time, 2 sec relaxation delay. The sample was allowed to equilibrate for ~ 10 minutes at each temperature. The 1 H chemical shifts were referred to residual HOD peak at each temperature. [30] 3 wt % solutions of PD-N and PN-D in D2O were used for the NMR measurements.

Rheology

The viscoelastic properties of the copolymers were studied in aqueous solutions, in the semidilute regime, using a stress-controlled rheometer (AR 1000 from TA Instruments) equipped with a cone/plate geometry (diameter 40 mm, angle 2, truncature 55.9 μm). The experiments were performed in the linear viscoelastic regime which was established for each sample by a stress sweep at the lowest frequency. The temperature was controlled by a high power

Peltier system that provides fast and precise adjustment of the temperature during heating and cooling stages. Typically, the experimental conditions were fixed at constant frequency (1 Hz) and shear stress (2 Pa). Particular care was taken to avoid the drying of the sample by using a homemade cover which prevents from water evaporation during experiment. In these conditions, dynamic moduli (G ' and G '' ) as well as complex viscosity (η*) were recorded between 20 and 60 °C by applying heating and cooling scans of 2 °C.min -1 .

Differential Scanning Calorimetry (DSC)

The phase transition of PNIPA-based copolymers in aqueous solution was investigated by Differential Scanning Calorimetry using a DSC Q200 from TA instrument. Polymer solutions (80 mg), equilibrated with a reference filled with the same quantity of solvent, were submitted to temperature cycles between 10 and 70 °C. The heating and cooling rates were similarly fixed at 2 °C.min -1 .

Dynamic Light Scattering (DLS)

Dynamic Light Scattering (DLS) was carried out on a CGS-3 goniometer system equipped with He-Ne laser illumination at 633 nm and an ALV/LSE-5003 correlator. All samples were initially filtered through 0.45 μm Millipore syringe filters. The samples were stabilized at constant temperature for 10 min prior to measurement. The data were collected by monitoring the light intensity at a scattering angle of 90°. Dynamic Light Scattering was performed on dispersion of 0.1 g.L -1 to avoid dilution effects. Each measurement lasts 120 s.

Small Angle Neutron Scattering (SANS)

SANS experiments were performed at Laboratoire Léon Brillouin (CEA-Saclay, France) on the PAXY spectrometer. The wavelength of the incident neutron beam was set at O = 12 Å with a corresponding sample-to-detector distance of 4.7 m. This configuration provides a scattering vector modulus [q=4SO sin(T/2)] ranging between 0.002 and 0.04 Å -1 (where T is the scattering angle). All the samples were prepared at room temperature in D2O and transferred into 2-or 5-mm-thick quartz containers for SANS experiments. For the data treatment, the scattering from the empty quartz cell was subtracted, the efficiency of the detector cell was normalized by the intensity delivered by a pure water cell of 1-mm thickness and absolute measurements of the scattering intensity I(q) (cm -1 or 10 -8 Å -1 ) were obtained from the direct determination of the incident neutron flux and the cell solid angle.

Results

Synthesis and characterization of graft copolymers

Let us first recall that PN-D has PNIPA backbone and graft PDMA chains, while PD-N has the opposite topology with PDMA backbone and PNIPA grafts. Graft precursors and copolymers were characterized by 1 H NMR and SEC (Table 2.1). In the case of aminoterminated PDMA and PNIPA, the molar masses are 15 and 23 kg/mol, respectively, in good agreement with similar telomerizations performed with NIPA, DMA and other hydrophilic comonomers. [31][32] After coupling the amino end-group with a large excess of acrylic acid, and assuming a quantitative yield of this reaction, we can see that the level of macromonomer incorporation in the graft copolymer is relatively high for the two macromonomers. 1 H NMR analysis gives a relative conversion of about 80 % for the copolymerization of vinyl-terminated PDMA and PNIPA with respect to the other comonomer. Starting from the same feed monomer/(macromonomer) weight ratio (50/(50)), the final weight composition of graft architectures is 56/(44) for both PN-D and PD-N. Even if these topologically inverse copolymers do not have exactly the same DMA/NIPA weight content, their equilibrated composition remains in good agreement with our initial goal as it provides a good compromise between solubility and aggregation at high temperature. Moreover, the high molar mass of the copolymer chains (Mn ~ 400 kg/mol) is favorable for the physical gel formation, as high molar mass means 1) low overlap concentration with the possibility to develop a percolated network at low concentration, and 2) a higher number of side-chains per macromolecule (between 8 and 12 in average for PD-N and PN-D) increasing the probability of inter-chain contacts.

Thermo-thickening behavior: sol/gel transition

As shown in Figure 2.3, the two copolymer solutions studied at 3 wt% in the linear regime exhibit very similar thermo-thickening properties. At low temperature, typically below 35 °C, the backbone and the side chains are soluble in water and the copolymer solutions are mainly fluids with a very weak elastic contribution that is negligible and not measurable in our conditions. In this range of temperature the complex viscosity (see Figure 2.18 in supporting information), which is also the Newtonian viscosity at this frequency, decreases smoothly following an Arrhenius dependence. When the transition takes place, above Tas = 35 °C, PNIPA sequences start to self-associate giving rise to a sol/gel transition with a huge increase of elasticity, mainly between 35 and 45 °C.

Then at high temperature, (T>45-50 °C), well above the phase transition, the dynamic moduli, particularly the elastic one, still increase slightly with temperature. In these conditions, the copolymer solutions behave as elastic gels with a very weak frequency dependence of the modulus and very long relaxation times which are out of scale in these experiments (see Figure 2.17 in supporting information). Here, we have to mention that the associating process is totally reversible with temperature with almost no hysteresis in the conditions of the study (see Figure 2.16). Interestingly, the two graft copolymers display very similar thermo-thickening properties that emphasize at the first order a common selfassembling process despite their opposite topologies. The main difference that can be underlined from Figure 2.3 is the rise of the elastic modulus that takes place a few degrees before for PN-D solution compared to PD-N. From another macroscopic point of view, the two copolymer solutions, initially transparent, remain translucent above the association temperature but more whitish for PN-D. By comparison, graft copolymers prepared by grafting shorter PNIPA side chains onto water-soluble backbones like poly(sodium acrylate)

or polyacrylamide remain totally transparent, even at high temperature and for high fraction of responsive stickers. [23,[31][32] 

Phase transition

The LCST-type phase transition of PNIPA in aqueous solutions is a very well-known phenomenon that has been widely reported in the literature. [24,33] At low temperature, PNIPA chains are soluble in water and take a coiled conformation in order to maximize their hydrogen bonds with water molecules. Crossing the transition temperature, the chains start to undergo a sharp coil-to-globule transition in water, changing from hydrophilic state to hydrophobic one. During demixing, energy is required to disrupt the interactions between water molecules and amide groups and the phase transition of PNIPA is an endothermic process that can be easily followed by calorimetry. For instance, DSC experiments have shown that the characteristic parameters of the transition, typically the temperature and the transition enthalpy, are strongly coupled to the structure of the chain (molar mass, chemical composition and topology) and to the environmental conditions (pH, ionic strength, cosolvent …). [24,[33][34][35] A typical thermogram is given in inset of at the same relative concentration. This comparison supports the idea that there is some energetic barrier in the association process due to the steric hindrance from the water-soluble backbone.

Complementary experiments have been carried out by 1 H NMR as a function of temperature.

From the series of NMR spectra obtained between 15 and 55 °C with the PD-N solution (Figure 5a), we can see that the signal of methyl groups of DMA, around 3 ppm, becomes broader with increasing temperature but its area remains almost unchanged or just slightly decreases with increasing temperature as reported in In the same conditions, the signals of methyl and methine groups of NIPA, observed at 1 and 4 ppm respectively, show a dramatic decrease above 35 °C and practically disappear at 55 °C. This feature, which has been widely reported with PNIPA copolymers or gels, [36][37][38][39] can be assigned to the formation of a solid-like rich-PNIPA phase close to its glass transition [24] and where the motions of the functional groups are strongly reduced. As shown in Figure 2.5b, the PN-D sample undergoes a more abrupt transition than PD-N as already described by DSC. The main conclusion that holds for the two copolymer solutions, is that at high temperature most of PNIPA sequences are aggregated into PNIPA-rich domains of low mobility. The low exchange rate of PNIPA sequences at high temperature is also responsible for the "covalent network" pattern obtained with the two copolymers in the gel state (Figure 2.17 in supporting information). 

Structure from small angle neutron scattering

Scattering experiments have been performed at different temperatures with copolymer solutions in D2O. As shown in supporting information (Figure 2.18), there is no significant modification of the thermodynamic behavior of PNIPA replacing H2O with D2O; or at least the difference remains within 1 °C as already reported in the literature. [40] As shown in increasing temperature, the intensity still increases with a characteristic length that can be more easily observed at higher polymer concentrations (see Figure 2.7a). This means that hydrophilic PDMA side-chains efficiently stabilize the phase separation process of PNIPA backbone at a microscopic level; the characteristic size of the micro-phase separation being D=2S/qmax. Concurrently, as soon as the transition takes place, the Porod's law (I(q) ~ q -4 ) is observed in the asymptotic regime, in agreement with the formation of a biphasic system with sharp interfaces.

q (Å -1 ) 0.001 0.01 0.1 I(q) (cm -1 ) By comparison, the thermo-association process of PD-N in aqueous solution takes place more progressively upon heating. As soon as the transition temperature is reached, the scattering intensity starts to increase at low q with the formation of heterogeneities at long distance. Then, above 35 °C, the scattering intensity increases progressively and its qdependence finally reaches the Porod's law at high temperature, above 45-50°C. These scattering patterns, typical from microphase separation, have been already described for water-soluble polymers grafted with PNIPA or other LCST side-chains [18,41] and for weakly charged PNIPA gels [42] or linear copolymers. [29] From Figure 2.7, we notice that at high temperature the two microphase separated systems are characterized by similar correlation lengths, about 500 Å, but the PN-D solution clearly shows a higher upturn at low q (higher osmotic compressibility) that emphasizes a lower stability of its self-assembly.

q (Å -1 ) 0.001 0.01 0.1 In order to get more details on the formation of PNIPA domains, the experimental invariant (Qexp) was determined from the scattering curve:
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In the case of incompressible biphasic systems, as it is for PNIPA copolymer solutions above their transition temperature, the invariant is in theory a constant that only depends on volume fraction (Ii) and difference between the scattering length densities (the contrast (Ui) ) of the two phases:
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itself is a function of the scattering length density and volume fraction of the phase component, it is then possible to estimate the composition of the segregated phase. Here we assume that PDMA segments are totally excluded from the segregated phase and remain in the outer medium with water and possibly a fraction of non aggregated PNIPA chains (1-fPNIPA). On this basis, two extreme hypotheses can be considered:

1) all PNIPA segments are embedded into micro-domains (fPNIPA = 1) at a volume fraction IPNIPA <1 ; considering the presence of water inside the aggregates, 2) only a fraction of PNIPA chains (fPNIPA < 1) contributes to the formation of dry aggregates (IPNIPA = 1).

As shown in supporting information (Figure 2.19), the extrapolated values of fPNIPA times IPNIPA do not strongly differ from one hypothesis to the other. Considering that all the other situations lie between these two limits, we have used the average value of fPNIPA*IPNIPA in the following discussion to describe the "level of the phase separation". Such data treatment is exemplified in These results are in good agreement with previous data obtained by DSC, 1 H NMR and rheology where the PD-N sample (with PNIPA grafts) was shown to self-associate more gradually with temperature compared to the opposite PN-D structure (with PNIPA backbone). Above 45 °C, the phase transition is almost over for PN-D, as seen from DSC and NMR (fPNIPA # ), and the dynamic moduli increase more gently. This can be correlated with a small increase of the PNIPA concentration inside the microdomains, with or without some reorganisation at the mesoscopic level. For the PD-N sample, this strong segregation regime where all PNIPA side-chains are embedded into aggregates, is observed only at higher temperature; typically above 55 °C. In these conditions where most PNIPA side-chains participate to the association behavior the invariant analysis shows that the microdomains are not totally dry and contain around 20 to 30 wt% of water. This result is in good agreement with the literature that generally describes the phase transition of PNIPA by the formation of glassy-like aggregates; the glass transition of the PNIPA/water system being close to room temperature for PNIPA volume fraction around 70 wt%. [21] Temperature (°C) From the asymptotic behavior obtained at high temperature (I(q) ~ q -4 ), the total interface area of microdomains (S) in the scattering volume (V) can be calculated using the following relation :
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As VI2 is the total volume of microdomains and I1 is close to 1 for all the copolymer solutions in the segregated regime, the left hand term in equation {3} can be identified with the specific surface of PNIPA microdomains (Sspe). Interestingly, at high temperature, this specific surface is almost the same whatever the topology (PN-D or PD-N) and the concentration of copolymers (Cp = 3 and 8 wt%) : Sspe # 0.022 Å -1 . One could see perhaps some close relation with the internal structure of the Yin and Yang copolymers having similar PDMA/PNIPA composition (close to 50/50). While the specific surface can be easily calculated, the real size of the microphase separated domains cannot be precisely determined. Indeed domains size is closely related to the possible morphology : S2/V2 being equal to 1/t for platelets of thickness t (t=46 Å), 2/R for cylinders of radius R (R=93 Å), 3/R for spheres of radius R (R=140 Å) and 4/[ or 6/[ for various random biphasic models with a correlation distance [ ([ = 186 or 280 Å, respectively). [43][44][45] 3.5.

Concentration dependence

As shown in supporting information (Figure 2.20), there is no major difference concerning the thermodynamic behavior as a function of the copolymer concentration. Indeed, for both series of copolymer solutions, the same endotherm with similar association temperature and enthalpy were obtained independently of the concentration investigated between 1 and 10 wt%. Looking at the macroscopic properties, the conclusion is rather different. For simplicity we have plotted in Figure 2.9 the complex viscosity versus the temperature as this single parameter K* is proportional to both loss and storage moduli in the liquid (solution) and solid (gel) states, respectively. Working at low concentration (1 wt%), in the semi-dilute regime, the PD-N solution exhibits a very weak increase of viscosity above 40 °C (about 1 decade) followed by thermo-thinning at higher temperatures. In this case, the elastic modulus remains negligible at all temperatures and the solution is mainly viscous. While 1 wt% is too low to form a percolating network with the PD-N copolymer, this situation becomes more favorable at higher concentrations as a dramatic increase of elasticity and complex viscosity is observed from 2 wt%. In the case of the PN-D sample, the formation of an elastic network at high temperature is obtained at higher concentration than PD-N, typically 3 wt%. Indeed, the solution at 1 wt% does not really show any thermoviscosifying effect while, at 2 wt%, only a weak thermo-thickening is observed between 35 and 40 °C followed by a collapse of the macromolecular assembly at higher temperature. Even if the level of viscosity and concurrently the level of overlapping of copolymers PD-N and PN-D are similar at low temperature, we have to consider that, contrary to PD-N, the PN-D sample undergoes a strong collapse of its pervaded volume at the transition threshold.

There is consequently an important competition between intra-and inter-chain associations in the vicinity of the transition temperature and concentration will have a huge impact on the connectivity of the self-assembly. Conversely, as the PDMA backbone has a weak temperature dependence, we can reasonably assume that inter-chain associations will become favorable as soon as the overlapping of the chains will be effective in the low temperature range. Whatever the copolymer is, stable and thermo-reversible gels are readily obtained above the critical percolation concentration.

Addition of salt

It is well known that the addition of salts in aqueous media generally destabilizes the hydration state of LCST polymers and leads to a decrease of their transition temperature.

This effect, known as salting-out, has been extensively used to control the phase separation on a very broad range of temperature [17] that can extend well beyond 'T= 100 °C. In the present study we have used potassium carbonate which is known to strongly modify the solubility of PNIPA. As shown in Figure 2.10, the addition of K2CO3 0.3 M decreases the association temperature from 36-38 to 23 °C in a very similar manner for the two copolymers.

We can also notice that the addition of salt increases the transition enthalpy of the PD-N sample that reaches about 4.5-4.7 kJ/mol of NIPA like the PN-D copolymer and the graft PNIPA precursor as well. We can assume that the dehydration process of PNIPA grafts with formation of intra-molecular hydrogen bonding is more efficient at high temperature in the presence of salt. The viscoelastic properties of the same solutions, reported in Figure 2.11, display a dramatic difference between the two copolymers. In the case of PD-N, with PNIPA grafts, the addition of salt mostly shifts the association temperature along the x-axis towards lower temperature as observed from DSC. The complex viscosity or dynamic moduli only show a weak decrease with added salt that can be related to a slight deswelling of the PDMA backbone as the quality of solvent becomes worse. This behavior is well documented with solutions of poly(sodium acrylate) grafted with poly(ethylene oxide) which have been studied on a very high range of K2CO3 concentrations (up to 1.2 molar). [46] By comparison, the impact of salt on a 3 wt% PN-D solution is much more critical as the percolation and thermo-thickening properties rapidly vanish. Indeed, if addition of salt effectively decreases the association temperature, only a weak thermo-thickening is observed with K2CO3 0.1 M with a decrease of the moduli at high temperature of more than one decade compared to the same solution in 

Addition of surfactant

The addition of ionic surfactant, either anionic such as SDS (sodium dodecyl sulfate) or cationic like CTAC (cetyltrimethyl ammonium chloride), is known to dramatically modify the phase transition of PNIPA derivatives in aqueous solution. In the case of SDS, it was proposed that above a critical aggregation concentration (~ 0.8 mM), that is well below the critical micelle concentration of SDS (8.6 mM), surfactant micelles bound to PNIPA segments via hydrophobic interactions, forming polyelectrolyte necklaces that progressively hinder the formation of PNIPA aggregates at high temperatures. [38,[47][48] Indeed, as shown in Figure 2.12, the addition of SDS into PD-N and PN-D solutions has the opposite effect of salt with an increase of the association temperature and a decrease of the transition enthalpy. A weaker segregation state at high temperature was also observed by 1 H NMR in the presence of 2.5 mM of SDS (Figure 2.23 in supporting information). We can also mention that from 2D NOESY experiments (not shown here) it was emphasized that in the range of concentration studied, SDS molecules efficiently interact with NIPA units, as already reported in the literature, [49] but not with DMA. Again the two copolymers behave very similarly from the thermodynamic point of view but their macroscopic properties are totally different at this polymer concentration. As shown in Figure 2.13, the viscoelastic properties of the PD-N solution is shifted to higher temperature with increasing SDS concentration in agreement with DSC data. Concurrently the thermo-thickening properties progressively decrease and we could expect to totally suppress the thermo-association behavior at very high SDS concentrations, when all PNIPA chains will be saturated by surfactant micelles forming water-soluble polyelectrolyte necklaces. [47] Such behavior is expected at high temperature for weight ratio SDS/PNIPA (S/P) higher than 0.4, [38,47] i.e. SDS concentration higher than 20 mM in our conditions. By comparison, the sol/gel transition is totally suppressed for the PN-D solutions, even for the lowest concentration of added surfactant (2.5 mM, i.e. S/P # 0.05). In this case, where the gelation threshold relies on the percolation of PNIPA aggregates, the solubilization of PNIPA chains or sequences with the formation of polyelectrolyte necklaces will be critical for the percolation process, especially at 3 wt% which is just above the concentration threshold. 

Self-assembling in dilute solution

Dynamic Light Scattering (DLS) has been used to investigate the variation of the size distribution profile of copolymer chains during the phase transition process. For that purpose very dilute solutions (0.01 wt%) have been prepared at room temperature and the size of the copolymer chains was followed as a function of temperature. The results reported in 

Discussion

As shown in this work, the solution properties of the two copolymers PD-N and PN-D, having similar compositions but opposite topologies, display close resemblance and critical differences in aqueous media.

Water-soluble copolymers grafted with LCST stickers have been well studied during the last two decades and their structure determined from scattering techniques is generally described with the formation of LCST microdomains connected by water-soluble macromolecular backbones. The exact structure strongly depends on the nature and number of the LCST stickers, but also on the nature of the backbone which could be polyelectrolyte or neutral, in very good solvent or in theta-solvent. All these parameters will have critical impacts on the microphase separation as they will control the size and the stability of domains. In the case of PDMA which could be considered in good solvent in water, the neutron scattering data obtained with PD-N solutions show a rather continuous process for the microphase separation with the formation of an increasing number of PNIPA aggregates of increasing concentration that finally leads to sharp interfaces with the outer medium at According to the schematic description given in Figure 2.14, PNIPA sequences inserted between PDMA side-chains collapse above their transition temperature and form sticky globules that self-associate into a percolating 3D structure. This mechanism can be compared to the one reported with aqueous solutions of pure linear PNIPA as they also form physical networks during phase separation above some overlap concentration. [49,50] Nevertheless for pure PNIPA, the non-equilibrium morphologies, which are kinetically controlled, are much less stable with time or under high deformation. This is not the case with graft copolymers, ) semi-dilute solutions of polymer in good solvent; [51] the entangled regime starting around 5 wt%. On the other hand, the results are more surprising at high temperature where similar elastic moduli were obtained for both PN-D and PD-N solutions.

This leads us to believe that a similar self-assembly of PN-D and PD-N in water underlies their macroscopic properties.

In this framework, one of the main features of the micro-phase separation of PNIPA sequences is the important slowing down of the polymer dynamics. The "glassy" behavior, or more precisely the low dynamics of PNIPA aggregates, is of prime importance as the lifetime of the associations is responsible for the covalent-like 3D network observed at high temperature. Moreover the abrupt transition of the PN-D sample, together with the formation of concentrated aggregates of low mobility, gives the possibility to freeze the micro-phase separated structure during the early stage of the transition.

In the case of PN-D solution, the concentration is a critical parameter and a stable thermothickening behavior was observed only at a sufficiently high concentrations (3 wt% and above), typically in the semi-dilute entangled regime where intermolecular associations overcome the intramolecular collapse of the chains. Below this concentration, the formation of loosely connected or unconnected clusters will only provide poor viscous properties. On the other hand, the PD-N copolymer is more stable at lower concentration (below 3 wt%):

this gives rise to viscosity enhancement through the formation of PDMA bridges between unconnected PNIPA clusters.

It is interesting to notice that when stable gels are formed, either with PN-D or PD-N, they exhibit very similar values of the elastic modulus at the same polymer (or PNIPA) concentration with a quadratic dependence of G' on concentration (see Figure 2.15). Taking into account the picture of a bicontinuous structure, where the mechanical properties are mainly brought by the concentrated PNIPA phase, this mechanical behavior is comparable with open-cell polymer foams where the elastic modulus of the material varies with the modulus of the wall and the square of their volume fraction. [52] C (wt%) Working close to the concentration threshold of the copolymers (3 wt%), the addition of salt or surfactant reveals real differences with opposite macroscopic behaviors. For the PD-N sample, addition of salt (or SDS) decreases (or increases) the association temperature as expected from the solubility of PNIPA chains. These additives also modify the elastic modulus in the gel state as 1) salt slightly deswells the PDMA backbone, decreasing the degree of overlapping, and 2) SDS decreases the number of PNIPA stickers by forming polyelectrolyte necklaces. On the other hand, while the shift of the association temperature is similar for PN-D compared to PD-N, both salt and SDS dramatically ruins the 3D scaffold initially formed in water. In the first situation, the loss of connectivity can be correlated to a lower stabilization of PNIPA domains by PDMA hydrophilic side-chains; the characteristic elength of the microphase separation increasing with salt concentration. In the presence of SDS, the opposite effect is observed with the formation of smaller PNIPA aggregates which become more repulsive with the binding of SDS molecules.

Supporting Information

Synthesis of thermo-sensitive linear copolymers

The synthesis of responsive linear copolymers was performed according to a three-step process that is summarized as follows.

Synthesis of Amino-Terminated Telomers

The synthesis of functional chains was achieved by radical polymerization using an efficient chain transfer agent AET. This telomerization allows controlling the end group of the polymer as well as its molar mass. In a three necked flask, 100 mmol of monomers (NIPA or DMA) was dissolved in 100 mL of water and the solution was deoxygenated for 1 h with nitrogen bubbling. The redox initiators, KPS (1.0 mmol) and AET•HCl (2.0 mmol), were separately dissolved in 10 mL of water and deoxygenated for 30 min before adding to the monomer solution. The reaction was allowed to proceed in an ice bath, in order to avoid the phase separation of the reaction medium in the case of PNIPA. SEC was applied to monitor the polymerization process. After 4 h, no monomer was left according to SEC, and an appropriate amount of sodium hydroxide was added to neutralize the hydrochloride ions and the polymer was recovered by dialysis against pure water (membrane cut-off=3.5 kDa)

for one week and freeze-dried. The telomers were obtained with a yield of 70 wt%.

Synthesis of linear macromonomers

Typically for the PNIPA macromonomer, 6.0 g of amino-terminated telomers (about 0.26 mmol) and 0.29 g of AA (4 mmol) were initially dissolved in 50 mL of NMP at room temperature. After dissolution, 0.8 g of DCCI (4 mmol), initially dissolved in a minimum of NMP, was introduced rapidly and the reaction was allowed to proceed overnight under stirring at room temperature. After dilution with 100 mL of water, the polymer was purified by dialysis against pure water (membrane cut-off=3.5 kDa) for one week, and the aqueous solutions were filtered and freeze dried. The reaction was almost quantitative and the PNIPA macromonomer was obtained with a yield of 95 wt%. A similar process was applied for PDMA macromonomers, with a yield of 95 %.

Synthesis of graft copolymers

The reaction was carried out in aqueous solution in a three necked flask immersed in an ice bath. Typically, for the synthesis of PDMA-g-PNIPA, 5 g of PNIPA macromonomer (0.22 mmol), 5 g of DMA (51 mmol) and 3.4 mg of SBS (0.018 mmol) were dissolved at low temperature in 100 mL of water and let for 1h under nitrogen atmosphere. Then, ammonium peroxodisulfate (14.4 mg, 0.063 mmol) was dissolved in a small amount of water, deoxygenated, and transferred under nitrogen atmosphere into the reaction medium. The reaction was allowed to proceed below 10 °C and the conversion with time of both monomer and macromonomer was controlled by SEC. At the end of the reaction, the copolymer solution was purified by dialysis directly against pure water (membrane cut-off=50 kDa) for three weeks and freeze-dried. The PDMA-g-PNIPA was obtained with a yield of 88 wt%. A similar process was applied for PNIPA-g-PDMA, with a yield of 90%.

Viscoelastic analysis

As shown in Figure 2.16, the complex viscosity (K*) can be used to describe the thermothickening behavior of graft copolymer solutions as this single parameter is proportional to the loss modulus in the liquid state (low temperature) and to the storage modulus in the gel state (at high temperature). At high temperature, well above the transition threshold, the copolymers solutions behave like elastic gels with a high elastic modulus (compared to the viscous modulus) that is almost independent of the frequency (Figure 2.17). ) ( dq q I q Q is performed within a limited q-range (q < 0.05 Å -1 ), the relative error on the experimental value can be considered lower than 10 %.

q (Å -1 ) 0.00 0.01 0.02 0.03 0.04 0.05 q 2 *I(q) (Å In the process of the microphase separation of copolymer solutions, the characteristic size of concentration fluctuations may be calculated using the Bragg law d=2S/qmax where qmax is the position of the maximum in the Lorentz-corrected scattering intensity, i.e. q 2 I(q) vs q. As the position of qmax cannot be accurately defined at low concentration (here 3 wt%) from the original curve I(q) vs q, the Lorentz-corrected intensity has been used in 
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Thermo-responsive hardening in LCST-type hydrogels: structure/properties relationships Draft paper to be submitted.

Introduction

During the last decades, covalent hydrogels have received considerable attention due to their important potential as biological containers or mechanical transducers. They are actually used in many bio-applications [1][2][3][4] such as superabsorbents, contact lenses, drug delivery systems or scaffolds for tissue engineering but they intrinsically suffer from their poor mechanical strength. The reinforcement of their mechanical properties became a challenging issue that led to smart and innovative answers during the last decade. On one hand, one can find original covalent architectures like double networks, [5] slide-ring gels [6] or topological gels, [7] which have been shown to strongly improve the mechanical properties in terms of stiffness, fracture toughness or stretchability. On the other hand, a more versatile approach consists in introducing physical interactions into the covalent network. In this case, the reinforcement of mechanical properties has been nicely demonstrated with nanocomposite [8] and hybrid networks, [9] which develop reversible interactions between the polymer matrix and inorganic nanofillers like clay platelets or silica beads. In these examples, hybrid hydrogels showed very high stiffness and deformability (1000%) that can be tuned with their formulation. This idea to mix both reversible and covalent cross-links within the same structure to get tough hydrogels has been extended afterwards to other physical interactions.

We can mention for instance hydrophobically modified hydrogels, [10][11][12] which show a large increase of their extensibility and resistance to crack propagation due to a "costly" deformation of hydrophobic associations under stress, or other mixed systems involving complex formation like calcium alginates embedded in a cross-linked polyacrylamide network [13] or polyampholyte hydrogels. [14] In this latter case, recently developed by Gong et Now, from a fundamental point of view, as well as for specific applications, it could be interesting to switch on/off the association process through a simple environmental trigger.

Moreover, such systems would offer the possibility to investigate the exact contribution of physical interactions to the mechanical properties of the swollen network and/or to develop hydrogels with responsive toughness.

In order to tackle this problem, one can immediately think about stimuli responsive polymers that are currently used as transducers in smart polymeric systems. In this regard, a physical trigger like temperature is very appealing and thermo responsive polymers obviously appear as a natural choice of building blocks to prepare polymer networks with responsive mechanical properties. During the last three decades, thermo responsive polymers have been widely investigated as they provide technological answers for industrial or medical applications that require materials or complex fluids with improved or responsive properties above/below a given temperature. However, since the pioneering work of Tanaka et al [15] describing the volume phase transition of responsive hydrogels, most of academic studies on responsive polymer networks were mainly dedicated to the swelling/deswelling behavior of hydrogels in order to develop smart systems able to respond reversibly under external stimuli. Even for hybrid systems which demonstrate excellent mechanical properties, like nanocomposite gels based on poly(N-isopropylacrylamide) (PNIPA), almost all the studies were carried out in the swollen state. The main issue when crossing the transition threshold is that in most cases the polymer network concurrently undergoes a large volume transition that dominates the macroscopic properties. It is then difficult to draw a direct comparison of the mechanical behavior before, during and after the transition in order to achieve a good understanding of the structure/properties relationships. To the best of our knowledge, there are only a couple of papers where the authors have tried to reduce the volume phase transition by adjusting the hydrophilic/hydrophobic balance of the network. Nevertheless, while they succeeded on this point, the mechanical properties were not strongly modified by the phase transition. [16][17] Based on a previous work, [18] related to the stability and viscoelastic properties of LCSTbased graft copolymers in aqueous media, the main goal of this project was to investigate the structure/properties relationships of thermo-responsive hydrogels in isochoric conditions.

For that purpose, the "LCST/hydrophilic" balance was set with equal amounts of LCST and water-soluble polymers; namely poly(N-isopropylacrylamide) (PNIPA) and poly(N,Ndimethylacrylamide) (PDMA). Working with fixed polymer concentrations and PNIPA/PDMA ratio, the impact of the network topology has been addressed by preparing four different networks designed with grafted or semi-interpenetrated architectures (see -GPD-N: a hydrophilic PDMA network grafted with thermo-responsive PNIPA side-chains;

-GPN-D: a thermo-responsive PNIPA network grafted with hydrophilic PDMA side-chains (inverse topology of GPD-N);

-GPD/PN: free thermo-responsive PNIPA chains embedded in a PDMA network;

-GPN/PD: free PDMA chains embedded in a thermo-responsive PNIPA network (inverse topology of GPD/PN).

The structure and macroscopic properties of these hydrogels have been investigated as a function of temperature by swelling experiments, DSC, rheology, mechanical analysis and small angle neutron scattering. This comprehensive set of analyses clearly highlights that in isochoric conditions, the phase separation of PNIPA is responsible for a strong and reversible mechanical reinforcement of hydrogels with a large impact of the topology. 

Experimental section 2.1. Materials

N-isopropylacrylamide (NIPA, Aldrich), N,N-dimethylacrylamide (DMA, Aldrich), cysteamine hydrochloride (AET•HCl, Fluka), potassium peroxodisulfate (KPS, Aldrich), acrylic acid (AA, anhydrous > 99%, Fluka), dicyclohexylcarbodiimide (DCCI, Aldrich), and tetramethylethylenediamine (TEMED, Aldrich) were used as received. All organic solvents were analytical grade and water was purified with a Millipore system combining inverse osmosis membrane (Milli RO) and ion exchange resins (Milli Q) for synthesis and purification.

Synthesis of polymer precursors

The synthesis of PDMA and PNIPA macromonomers was performed as previously described [18] using a telomerization process with cysteamine hydrochloride followed by modification of the amino end-group with acrylic acid in order to get the vinyl function. The absolute characterization of macromonomers by size exclusion chromatography gives similar molar masses for the two polymers: Mn=36 kg/mol (Ð=1.4) for PNIPA and Mn=39 kg/mol (Ð=1.3) for PDMA. These polymerizable precursors are used afterwards to prepare graft copolymer networks.

On the other hand, polymers chains of high molar mass were synthesized by radical polymerization using KPS/TEMED as initiator. In a three-necked flask, 100 mmol of monomers (NIPA or DMA) was dissolved in 100 mL of water and the solution was deoxygenated for 1 h with nitrogen bubbling. The redox initiator, KPS (108 mg, 0.4 mmol)

and TEMED (46.4 mg, 0.4 mmol), were separately dissolved and deoxygenated in 10 mL of water prior addition into the monomer solution. The reaction was allowed to proceed in an ice bath and SEC was used to monitor the polymerization process. After stirring overnight, almost full conversion is achieved, and polymers were purified by dialysis against pure water (membrane cut-off=6-8 kDa) during one week and recovered by freeze-drying. The linear polymers were obtained with a yield of about 75 wt% for both PNIPA and PDMA. The molar masses and molecular weight distribution characterized by SEC are Mn=290 kg/mol (Ð=1.5) for PNIPA and 161 kg/mol (Ð=1.4) for PDMA. The high molar masses of these precursors will contribute to the formation of physical entanglements within semi-IPN.

Synthesis of hydrogels

The same procedure was followed to prepare both graft and semi-interpenetrated networks.

Monomer, cross-linker (stock solution of MBA) and macromonomer (or linear polymer chains), were initially dissolved in a given amount of water under nitrogen bubbling; the temperature of the reactor being controlled with an ice bath. Stock solutions of KPS and TEMED were separately prepared under nitrogen atmosphere and after 30 min aliquots were added into the reaction medium. After fast mixing (2 min), the final formulation was rapidly transferred between glass plates of 2 mm width under nitrogen atmosphere and the reaction was left to proceed overnight in the fridge (4 °C). The resulting hydrogels were then cut with a die-cutter of rectangular or round shape and directly used for DSC and swelling experiments or stored into paraffin oil before mechanical testing in order to avoid any change in hydrogel composition induced by swelling or drying. For all the topologies, the weight ratio "monomer/macromonomer (or linear polymer)/water" was constant, equal to 1/1/10 (Q0=6), and the molar ratio "monomer/MBA/KPS/TEMED" was set equal to 100/0.1/1/1. The details are reported in Table 3.1. 

Gel composition and swelling experiments

The samples, originally in their preparation state (Q0), were weighed and placed at a given temperature in a large excess of pure water. Water was changed every day during one week and the swelling at equilibrium (Qe) was calculated from the weight ratio between the swollen polymer network (polymer + solvent) and the dried polymer.

Differential Scanning Calorimetry (DSC)

The phase transition of PNIPA-based hydrogels was investigated by Differential Scanning Calorimetry using a DSC Q200 from TA instrument. Gel samples (around 80 mg), equilibrated with a reference filled with the same quantity of solvent, were submitted to temperature cycles between 10 and 70 °C. The heating and cooling rates were fixed at 2 °C/min.

Rheology

The viscoelastic properties of hydrogels in their preparation state (discs with 4 cm diameter and 2 mm thickness) were studied using a stress-controlled rheometer (AR 1000 from TA Instruments) equipped with a plate/plate geometry (diameter 40 mm). The experiments were performed in the linear regime and the temperature was controlled by a high power Peltier system. The experimental conditions were fixed at constant frequency (1 Hz) and shear stress (2 Pa). A particular care was taken to avoid the drying of the sample by using a homemade cover which prevents from water evaporation during experiment. In these conditions, dynamic moduli (G ' and G '' ) were recorded between 20 and 70 °C by applying heating and cooling scans of 2 °C/min.

Tensile tests

Tensile tests were performed on a standard tensile Instron machine, model 5565, equipped with an environmental chamber especially designed for the study and allowing for a precise control of the swelling state. The device used a 10 N load cell (with a relative uncertainty of 0.16 % in the range from 0 to 0.1 N) and a video extensometer which follows the local displacement up to 120 mm (with a relative uncertainty of 0.1 % at full scale).

The gel samples used for mechanical tests are synthesized in home-made moulds consisting of two covered glass plates spaced by a stainless steel spacer of 2 mm thick. The gels are then cut with a punch and their final dimensions are L0 = 30 mm, w0 = 4.9 mm and t0 = 2 mm. The gauge length was taken constant (L~20 mm). For high temperature or long-term experiments, in order to prevent the samples from evaporation, tests were conducted in an environmental chamber consisting of a temperature controlled paraffin oil bath surrounding the sample. As a control experiment we verified the total immiscibility of the paraffin oil with the gel within the temperature range investigated in this study.

All the tensile experiments were carried out at a strain rate of 0.06 s -1 , which corresponds to an initial velocity of 1.2 mm/s, with at least with three tests per sample to check the reproducibility. During the test, time (t), force (F) and displacement (L) are recorded while the nominal stress (Η=F/S0Ǽȱ ȱ ȱ ȱ ǻΉ=(L-L0)/L0) and stretch ratio O (O=L/L0) are calculated. Fracture energy data were obtained using the single edge notch geometry. A notch of about 2 mm length was made in the middle of the sample strip, whose total width was 5 mm. The fracture energy (GC) was calculated using the following expression: [19] Gc=(6.W.c)/džΏc , ȱȱȱȱȱȱǰȱΏc=Lc/L0 the deformation rate at break in single edge notch experiment and W the strain energy density calculated by integration of the stress versus engineering strain of un-ȱǰȱȱΉc ǻΉcƽΏc-1).

Small Angle Neutron Scattering (SANS)

SANS experiments were performed at Laboratoire Léon Brillouin (CEA-Saclay, France) on the PAXY spectrometer dedicated to anisotropic measurements. Two experimental configurations at the sample-to-detector distance, D=2.5 and 4.7 m, with respective incident neutron wavelengths of O0 = 4.5 and 12 Å, provide a scattering vector modulus
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ranging between 3.10 -3 and 5.10 -1 Å -1 (where T is the scattering angle).

For SANS experiments, gel plates of 2-mm thick were specially synthesized in D2O to intensify the scattering contrast between the polymer network and the solvent.

For isotropic analyses, the gel discs (diameter = 14 mm and thickness = 2mm) punched from plate samples in their preparation state were fit inside a ring spacer hermetically sandwiched between two quartz slides. The gel samples were then placed in a temperature controlled autosampler and let to equilibrate at least during 30 min at a given temperature (between 15 and 60 °C) prior to scattering experiments.

For anisotropic measurements performed with hydrogels under uni-axial deformation, a special device has been developed as described in a previous paper [20] (see Figure 3.2). With this setup, the hydrogel strip, immersed into the thermostated chamber filled with perfluorodecalin, can be studied for hours without any risk of drying. In the following, all the anisotropic scattering experiments have been carried out during at least 1 hour for each sample in a given deformation state. For all the analyses, the efficiency of the detector cell was normalized by the intensity delivered by a pure water cell of 1-mm thickness and absolute measurements of the scattering intensity I(q) (cm -1 or 10 -8 Å -1 ) were obtained from the direct determination of the incident neutron flux and the cell solid angle. Finally, the coherent scattering intensity of the gel was obtained after subtracting the contribution of the solvent used, as well as perfluorodecalin for samples studied in the oil environment. For 2D SANS experiments, the incident neutron flux recorded on a two dimensional detector built up with 15500 cells of 25 mm 2 , is directly transformed into a 2D image with a color code.

After sector averaging (see details in supporting information), the data have been quantitatively analyzed in terms of diffusion pattern. 

Results and discussion

Graft hydrogels

Transition temperature and swelling behavior

As illustrated in Figure 3.3, both gels feature an endothermic peak upon heating which is related to the overall energy balance of hydrogen bonds disruption/re-formation between amide groups and water molecules. The phase transition of graft hydrogels occurs more readily when PNIPA is located in the backbone instead of the side-chains, as already observed with linear graft copolymers, [18] and the endothermic process starts at about In this case, the variation of the viscoelastic properties is totally reversible and the same values of G', around 1 and 10 kPa, are obtained at low and high temperatures respectively even after several heating/cooling cycles. This result is in good agreement with the fact that the gel does not change its volume during the phase transition as water would be irreversibly expelled from the rheometer during heating in the opposite case. On the other hand, depending of the heating/cooling rate, a strong symmetric hysteresis can be observed between heating and cooling cycles (Figure 3.5). This hysteresis can be highly reduced from almost 'T=30 °C to 5 °C by simply decreasing the scanning rate from 5 to 0.5 °C/min, respectively. Thermal hysteresis has been widely reported in the literature from DSC experiments performed on PNIPA gels. It is generally observed that the rate of cooling strongly impacts the transition temperature due to the slow relaxation of the frozen network.

On the other hand the rate of heating is expected to have little influence on the onset of the phase separation since the segregation between PNIPA-rich and water-rich regions is very prompt compared to the characteristic times involved in the reorganization of the polymerrich and solvent-rich interfaces featured by a diffusion coefficient typical of the glassy state. [21] Here, as shown in Figure 3.5, the hysteresis signature is very symmetric on both sides of the transition temperature determined by DSC. The main reason for this artifact can be related to the relatively high gap used with the plate/plate geometry (2 mm for gels instead of 100 μm for solutions with cone/plate geometry) that does not allow reaching instantaneous thermal equilibrium in the whole discoid sample.

Large strain behavior and fracture properties

Monotonic tensile tests were carried out with hydrogels in their preparation state, after From these results, GPN-D appears more stretchable than GPD-N, both at high and low temperatures, suggesting larger heterogeneities in the covalent GPD-N network. At 60 °C the differences observed between the two networks are mainly related to the self-organization of the PNIPA-rich phase. With the micro-phase separation of PNIPA into polymer-rich domains, both hydrogels demonstrate an improvement of fracture resistance (Table 3.

2).

This responsive toughness is far to be negligible as the fracture energy increases from 24 to 100 J/m 2 in the case of GPD-N. Again, the better properties obtained for GPN-D underline the importance of the macromolecular architecture. 

Shape-memory properties

As physical interactions can be reversibly triggered by heating, we can try to obtain more insight into this mechanism by testing shape-memory effect. By definition, shape memory materials are capable of performing complex shape transition (e.g. bending or stretching)

and to recover strain in response to an external stimulus after the application of a programming process. [22] Among different stimuli, thermally induced shape memory [23] is very common, the recovery taking place with respect to a certain critical temperature, e.g. Tg, Tm or Tc. This property has been reported for various smart materials like metal alloys but also for PNIPA gels that can reversibly recover their original form upon cooling below LCST with potential applications as modulated materials. [24][25] For that purpose shape memory experiments have been performed with both GPN-D and GPD-N gels. As shown in Figure 3.7a, the gels were initially stretched at various strain ratios (50 and 100%) at 20 °C, and then heated at 60 °C to promote the phase transition of PNIPA in the deformed state. After 5 minutes in these conditions, the gels were unloaded at 60 °C and the time-dependence of the residual deformation was characterized. Finally, the gels were cooled down at 20 °C to assess the strain recovery of the process. After 5 minutes in these conditions, the gels were unloaded at 60 °C and the time-dependence of the residual deformation was characterized. Finally, the gels were cooled down at 20 °C to assess the strain recovery of the process. As shown in Figure 3.7b, at 60 °C the shape is maintained (from iii to iv) and only part of the strain is instantaneously lost, typically 30 to 50 %, when the gel is unloaded, demonstrating the ability of PNIPA domains to induce and undergo internal stresses within the biphasic structure. Interestingly, in the case of the GPD-N gel, the shape-memory effect remains overtime whereas GPN-D exhibits slow relaxation processes. As physical associations in GPD-N take place between neighboring pendant stickers, the formation and the stability of physical cross-links do not seem to be connected to the deformation of the covalent PDMA frame.

Finally, both gels recover rapidly their initial dimension and release all their internal stress when physical associations are suppressed by cooling at 20 °C.

This set of mechanical analyses clearly demonstrates that a reversible and large reinforcement of hydrogels can be triggered in isochoric conditions on the basis of a phase transition mechanism. Interestingly, the two graft hydrogels, designed with opposite topologies, display similar temperature dependence of their tensile modulus at low deformation. Nevertheless, the way the thermo-responsive polymer is introduced into the iii a polymer network, inside the backbone or as pendant chains, is not ineffective towards the structure/properties relationships.

Nanostructure from small angle neutron scattering analysis

Both hydrogels with opposite topology, GPN-D and GPD-N, were studied by Small Angle Neutron Scattering (SANS) in order to investigate the nanostructure of the polymer network as a function of the temperature in static mode and under uni-axial deformation.

SANS under static conditions

As shown in a previous paper, [18] the replacement of H2O with D2O does not induce significant modification of the transition temperature in linear graft copolymers PNIPA/PDMA. Therefore, all the gel samples have been studied in pure D2O in order to enhance the scattering contrast arising from the phase separation. The results are presented in Figure 3.8. From a general point of view, the SANS data obtained with the gels are qualitatively very similar to those already described for weakly charged PNIPA gels [26] and recently reported for homologous linear graft copolymers. [18] For both hydrogels, the scattered intensity dramatically increases during the heating process on the whole q-range investigated. As observed from DSC, the transition temperature starts around 30 °C for GPN-D and above 31 °C for GPD-N in agreement with the departure of the phase transition of PNIPA chains forming the backbone or the side-chains, respectively. This phase transition of PNIPA chains induces an increase of the scattered intensity over the whole q-range with the appearance of a correlation peak at low q value, typically between q=0.01 and 0.02 Å -1 , figuring fluctuation concentrations between rich-and poor-PNIPA phases. We also observe that the correlation peak is narrower for GPD-N, compared to GPN-D, in relation with a more ordered biphasic structure when the phase transition arises from the side-chains rather than the backbone. At high temperature, the scattered intensity of both hydrogels decays in the high-q regime with the same Porod law I(q)~q -4 , characteristic of a sharp interface. Moreover, Figures 3.8c In the case of GPN-D, the position of the correlation peak, qpeak=0.0132 Å -1 , corresponding to a characteristic distance (dc=2S/qpeak) of 480 Å, is rather constant between 31 and 34 °C; i.e. just above the transition threshold. At higher temperatures, the position of qpeak subsequently shifts to lower q values, with further development of the microphase separation. On the other hand, the wavelength of the correlation peak in GPD-N gradually increases at the beginning of the phase separation, below 34 °C, and finally remains constant up to 50 °C (qpeak=0.012 Å -1 ; dc # 520 Å), indicative of a stable microphase separated structure for GPD-N.

Beside this qualitative description, a more quantitative analysis can be done by using adequate models for both hydrogels. For that purpose, we start from the fact that above the transition temperature SANS curves demonstrate the existence of a two-phase system with a characteristic wavelength (correlation peak) and a sharp interface as deduced from the asymptotic regime. Moreover, we assume here that GPD-N forms a more regular and stable structure with PNIPA-rich domains dispersed into the PDMA network. This assumption, which was one of the two hypotheses reported for analogous graft copolymers, [18] comes from the relatively narrow mid-width of the correlation peak observed in Figure 3.8a as well as the presence of two additional oscillations at 0.0226 and 0.0341 Å -1 . Other indices will be given afterwards. For GPD-N, we assume that a fraction of PNIPA side-chains (fPNIPA) selfassemble at a given temperature, above the transition, into polydisperse spherical domains (with R2, V and IPNIPA: the core radius, the standard deviation of the Gaussian size distribution and the volume fraction of PNIPA inside the core) which behave with a repulsive hard sphere potential of radius RHS. In this micellar model (core-shell with hard sphere repulsions) we assume that RHS is higher than R2 in order to take into account the surrounding PDMA chains (see Figure 3.10a). For the microphase separation of GPN-D, we assume the formation of a bicontinuous structure between PNIPA-rich domains and PDMA/water phase and apply the Teubner-Strey model. This phenomenological model was originally introduced to represent the micellar structure of ternary systems: water/oil/surfactant mixtures. Since then, it is widely used to describe random bicontinuous structures in microemulsions. [27] This model assumes a pair correlation function of the form:
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with Βȱ ȱ ȱ ȱ ǻȱ ¢ȱ ȱ ȱ ȱ Ǽȱ ȱ ȱ ȱ ¢ȱ length scale of the structure (see Figure 3.10b), characteristic of a domain size or periodicity and roughly equal to dc=2S/qpeak.

The analytical description of these two models is given in supporting information. In the case of GPD-N, the micellar model fits reasonably well the experimental data without any adjusting parameter in the whole q-range, except the small upturn observed at low q value in relation with interactions at larger scales. The fit parameters given in Table 3 According to this model, PNIPA side-chains are assumed to self-associate into polydisperse spherical domains surrounded by a PDMA shell which characteristic size remains almost constant above Tc (R2 = 160 Å and RHS = 260 Å), as well as its polydispersity that can be defined by V/R2 = 0.28. In the same temperature range, the main variations come from the increasing number of PNIPA side chains embedded into these domains (fPNIPA = 0.3 to 0.75) and from their increasing concentration inside the micellar core (IPNIPA = 0.5 to 0.77). As a consequence, the aggregation number continuously increases with W At 50 °C, 75 % of PNIPA chains are involved in the formation of micro-domains and their volume fraction inside the core is about 77 %. In these conditions, the level of the phase separation defined by fPNIPA*IPNIPA is about 0.6 and close to the values already reported for analogous graft copolymers. [18] Table 3.3: Fitting parameters obtained for GPD-N at different temperatures using the core-shell model with hard sphere repulsions. 

Temperature (°C) R2 (Å) V (Å) RHS (Å) fPNIPA IPNIPA IHS Nagg 31.3 --- --- --- 0.

*Approximate values

In the case of GPN-D, the Teubner-Strey model fits also quite well the experimental data over the whole q-range for all temperatures above 31 °C. As the temperature increases, we observe that the periodicity, d, continuously increases above 34 °C while the correlation ǰȱ Βǰȱ does not evidence clear variation in this range (Table 3.4). These correlation lengths, [, determined at temperatures above the transition temperature are quantitatively similar to the ones calculated from the total interfacial area: [27] ߦ = ܽ Iଵ Iଶ ௌ Τ with I2 and I1 =1-I2, the volume fraction of each phase (here 2 refers to the PNIPA-rich phase); S/V, the total specific area of the internal interface and a, a numerical value taken equal to 7.16 used for a large variety of bicontinuous emulsions. [27] Table 3 

SANS under uni-axial deformation

SANS is widely used to analyze the structure of polymer networks under deformation as thermal fluctuations of polymer chains and more especially frozen inhomogeneities give rise to very informative anisotropic patterns. [29][30][31][32][33] Working with hydrogels, deformation can be induced by swelling experiments which emphasize their structural inhomogeneities or more simply by mechanical stretching. Here, the complex spatial distribution of strains and stresses in deformed hydrogels is a crucial issue for understanding the reinforcement mechanisms. [20,34] As PNIPA-rich domains have very slow dynamics at high temperature and behave as quenched heterogeneities, these scatterers can be used as probes to follow their average displacement under mechanical deformation and to investigate the local nanostructure of thermo-responsive hydrogels. For that purpose, a series of SANS experiments have been carried out on GPN-D and GPD-N hydrogels, under incremental elongation ratio, from O = 1 to 3-5 at 60 °C, i.e. well above the phase transition temperature.

The 2D SANS spectra are shown in Figures 3.12

As expected, both unstrained samples (O=1), GPN-D and GPD-N, display at 60 °C an isotropic pattern with a circular diffraction ring corresponding to the correlation peak of the structure factor discussed in the previous section. As also reported in the static study, the diffraction ring for GPD-N is narrower than for GPN-D. with micellar gels of triblock copolymers by Reynders and co-workers. [35] Depending on the block composition and solvent concentration, they show that under stretching the initial hexagonal arrangement of polystyrene (PS) micellar cores undergo either affine deformation or improved angular as well as spatial order, indicating the formation of well defined layers of regularly spaced PS domains in the perpendicular direction of stretching. Diffraction patterns combining these two extreme cases have been obtained with different micellar systems. It is worth noting that the development of a similar 4 spot-patterns has been reported under stretching with a lot of hybrid materials like silica particles in dry polyacrylate latex films, [36] polyisoprene/silica [37] and nanocomposite or nano-hybrid hydrogels. [20,34,38] This morphological modification observed under stretching originates from the transverse compression that pushes the particles towards each other and from the localized shear displacements of these particles avoiding each other when they are in close contact. The main difference with hydrogels reinforced with inorganic nanoparticles is that in our system the microdomains are deformable under stretching. In this case, another possible scenario would be that at low relative deformation (below O=2) the spherical microdomains are distorted into prolate ellipsoid with their major axis along the equatorial direction. In this case the PNIPA-rich domains become closer in the perpendicular direction and farther along the deformation axis. At higher level of deformation, above some critical stress, the prolate microdomain becomes unstable and undergoes disruption processes. In this case, the formation of additional scatterers would be responsible for the emergence of new diffraction spots.

By comparison, the isotropic circular pattern of GPN-D rapidly turns to an elliptically shaped correlation band with a non-uniform azimuthal intensity distribution with two diffraction spots above O=2 in the perpendicular direction. At higher deformation (O=3-5), the anisotropy becomes even more important with the same spots always centered at about the same position. Qualitatively, this means that the inter-domains distance in GPN-D is more or less preserved in the perpendicular direction during a process of domain destruction upon stretching. Taking into account the values of qpeak determined in the x-and y-directions at each deformation, the ratio R = qpeak, O =0/qpeak, O allows to correlate the local displacement with the macroscopic deformation of the gel (O=L/L0). As shown in Figure 3.13, the local deformation in GPD-N is rather affine with the macroscopic deformation in both equatorial (x) and perpendicular (y) directions, at least up to O=2 along the x-axis and up to O=3, the largest deformation applied to this sample, in the perpendicular direction. By contrast, the behavior of GPN-D is not affine at all as the correlation peak rapidly disappears in the parallel direction for O<2, as the interdomain distance increases much more rapidly along the x-axis, while it remains almost constant in the transverse direction. We have to note here that these very different behaviors between the two networks is one of the reasons why we were inclined to believe that the two hydrogels self-associate differently, even if they have the same average composition and share some close properties at low deformation.

O=L/L 0 In order to obtain additional information in the low intensity region, and more especially in the high q-range, the SANS data obtained with the two neutron configurations were radially averaged along a given direction within a rectangular sector of axis parallel (//) or perpendicular (A), respectively, to the deformation axis. The corresponding intensities I//(q) and I A (q) are plotted in Figure 3.14.

In the case of GPN-D (Figures 3.14a and 3.14b), the whole scattering spectra determined in the perpendicular direction remains almost unaffected by the deformation. The main difference arises at low q values where we simply observe a small decrease of the osmotic compressibility that can be correlated to increasing repulsions between microdomains becoming closer. At large q values, the same interfaces are probed whatever the deformation is. The situation is very different in the stretching direction (//) as the Porod plots show that the q -4 dependence is shifted towards low q with increasing deformation and that additional q -D dependences appear at large q value with D ranging between 2 and 1, exponents corresponding to Gaussian or extended chains. As this phenomenon occurs in the softening zone of the mechanical properties (above O=1.5; see Figure 3.12) it could be attributed to the stretching and unfolding of PNIPA chains from the rich-polymer phase. A similar scenario with domain distortion and splitting, initially proposed for GPD-N, can also be considered for GPN-D but as PNIPA chains now form the cross-linked backbone of the network, the deformation of bicontinuous microdomains should proceed differently.

To support this discussion we can start from the theoretical work of Polotsky et al [39] which describe the mechanical unfolding of a homopolymer globule. According to their selfconsistent-field approach, the transition from the initial globular state to an extended conformation, above a critical deformation rate, is accompanied by an abrupt unfolding of the depleted globular head and a corresponding jump-wise drop in the intrachain tension. It is worth noting that a similar macroscopic behavior has also been predicted a long time ago by Dušek and Patterson with stretched hydrogels in poor-solvent conditions. [40] If we transpose this concept of conformational transition to GPN-D, we can assume 1) that under weak deformation the microdomains will be gently elongated in the direction of stretching and compressed in the transverse direction and 2) that rapidly, above a given deformation threshold, domains will "split" into dense regions connected by extended chains. This unfolding process with the formation of domains with stretched PNIPA chains can be supported by the asymptotic behavior observed in the x-direction as shown in Figure 3.14a.

Contrary to the predictions of Polotsky et al, [39] the unfolding transition of PNIPA does not give rise to a drop of the internal stress of the network or at least to a plateau because PNIPA chains are chemically-cross-linked in GPN-D. In the case of GPD-N (Figure 3.14 c and d), the asymptotic behavior at large q has been studied only for two deformation rates and it is more difficult to conclude with this system. Nevertheless we can see at O=3 some Porod's law with D#2 in agreement with a similar process of chain extension upon stretching.

Other routes, other stories

In the previous experiments 2D SANS were performed under deformation at 60 °C, starting from an undeformed microphase separated sample. Interestingly, complementary information can be obtained by changing the route, i.e. starting at 20 °C with a deformed sample (here O=2) and then increasing the temperature to initiate the microphase separation of the gel in the deformed state. The 2D SANS spectra obtained from these two routes are compared in Figure 3.15. In the case of GPD-N, deformed below the phase transition, and heated up after deformation we obtain a very isotropic pattern. This interesting result highlights that in a stretched PDMA network, the PNIPA side chains are able to selfassociate with their surrounding neighbors and to freeze the 3D structure. The formation of frozen aggregates already described previously is also responsible for the weak retraction of the structure when the stress is removed at 60 °C (Figure 3.15e). Here, the 2D pattern becomes just a little bit prolate in the equatorial direction. This result also means that there is a strong coupling between physical cross-links (PNIPA microdomains) and covalent crosslinks of the PDMA network, otherwise the relaxation would have been much more important. By comparison with the previous experiment, stretching at 60 °C an undeformed sample (Figure 3.15a), we can see that two different morphologies with different frozen internal stresses can be obtained according to the preparation method. These results are also in good agreement with the shape memory experiment and with the initial idea that PNIPA chains form frozen like aggregates above their phase transition.

In the case of GPN-D, the difference between the two routes is less pronounced as now the PNIPA backbone on its own sustains the deformation. At 60 °C and O=2, the two patterns are anisotropic but the aspect ratio is clearly lower when the sample is pre-stretched before phase separation. After removing the stress, the sample does not recover all its initial deformation but stress relaxation is observed at the local scale as the pattern becomes less 

Semi-IPN hydrogels

Transition temperature and swelling behavior

Following the same procedure developed for graft hydrogels, calorimetric, swelling and dynamic rheology analyses were carried out with semi-IPN. As shown in Figure 3.16a, the transition temperatures as well as the enthalpies are very close for GPD/PN and GPN/PD, pointing out similar levels of phase separation for PNIPA chains in both architectures.

Compared to graft hydrogels, which were characterized by lower transition enthalpies (around 3 kJ/mol compared to 4-5 kJ/mol), it can be concluded that there is less steric hindrance for the phase transition of PNIPA in semi-IPN topology. Again, there is a large hysteresis ('T=25-30 °C) due to the relative high rates of heating/cooling (2 °C/min) relative to the thickness of the sample, but the elastic modulus determined at low and high temperatures were reproducible along the cycle. The main result is that the efficiency of the PNIPA phase transition to improve the mechanical properties of semi-IPN is much weaker when PNIPA is the linear polymer instead of the cross-linked network. Indeed, the GPN/PD displays a temperature dependence of its elastic modulus which is very similar to previous graft copolymers with values ranging between 1 and 8 kPa where PNIPA belongs to the network frame and is involved in both chemical and physical cross-links. The main problem with the latter is to prevent the volume phase transition in the preparation state concurrently to the phase separation.

Mechanical properties

For mechanical tests, performed in oil environment at 60 °C, we can reasonably assume that the gels keep their initial dimensions. This is obvious for GPD/PN, as PNIPA chains cannot diffuse in the oil phase which is totally incompatible and water molecules remain in the network due to the positive osmotic pressure. For GPN/PD, the same principle holds for linear PDMA chains which remain confined into the PDMA network. Only water can be expelled at the surface of the gel when heated at 60 °C but as the volume shrinkage is relatively slow compared to the duration of the mechanical test this is not expected to happen. The mechanical properties reported in Figure 3.18 have been carried out at 60 °C with a strain rate of 0.06 s -1 . These conditions correspond to less than 15 minutes for the whole experiment: 10 minutes for thermal equilibrium and less than 2 minutes for the tensile test.

Well above the critical temperature of PNIPA, the phase separated semi-IPNs display a large reinforcement of the mechanical behavior with an increase of both tensile modulus and strain at break. By comparison between the two semi-IPNs, the GPN/PD hydrogel is clearly more extensible and harder, in agreement with dynamic data. This difference between the two gels becomes even more significant when comparing the fracture resistance determined from similar tensile experiments performed on notched samples (Table 3.5).

Table 3.5 Fracture resistance of semi-IPN hydrogels at 60 °C

GPN/PD GPD/PN GIC (J/m 2 ) 1488±153 116±10

For instance, the GPN/PD with PNIPA forming the cross-linked backbone can reach at 60 °C a fracture resistance of more than 1 kJ/m 2 , more than 10 times higher compared to GPD/PN.

Referring to previous results on graft hydrogels, it turns out that the best mechanical reinforcement induced by a phase transition mechanism is obtained when the responsive polymer belongs to the cross-linked backbone.

Structure from small angle neutron scattering

SANS experiments were first carried out with undeformed sample to investigate the phase transition within the networks. As shown in Figures 3.19, the phase separation takes place with the two hydrogels at larger wavelength, outside the q-range investigated. The two semi-IPN undergo an abrupt transition between 30 and 31 °C with a huge increase of the scattered intensity at low q wave vector. As observed by DSC, free PNIPA polymer chains seem more prompt to self-associate than the cross-linked PNIPA network but the difference is very small, more or less 1 °C. At high temperature, the patterns are almost the same for the two IPN with almost a unique Porod's law with q -4 on the whole q-range. When the samples are tested under stretching, anisotropy comes up (Figure 3.20).

Nevertheless, with the absence of characteristic distance observable in the q-range investigated there is much less information to retrieve. As already mentioned there is mainly no difference between the two semi-IPNs at high temperature and the main features are 1) the independence of the scattered intensity versus the deformation along the perpendicular direction and 2) the shift of the curves towards small q along the equatorial axis. These characteristics are qualitatively similar to those described for GPN-D, i.e. the deformation of PNIPA-rich domains along the stretching direction and the preservation of the correlation length in the perpendicular direction.

Conclusion

The original aim of this work was to combine hydrophilic and LCST polymer chains within the same hydrogel in order to get thermo-responsive mechanical properties whilst avoiding the problem related to volume phase transition. This challenge was met successfully by playing with the network architecture, grafted or semi-interpenetrated, and testing opposite topologies. Indeed, we show that all hydrogels designed with the same PDMA/PNIPA composition (50/50), are able to develop responsive and reversible toughness with large enhancement of these properties even by working in isochoric conditions. Nevertheless some differences arise from the architecture and we will summarize the main conclusions. Among the four different hydrogels investigated, the one which is certainly the less interesting from the point of view of its properties is the semi-IPN GPD/PN where the strong phase separation of free PNIPA chains and the absence of covalent bonding to the main network are responsible for its rather moderate mechanical reinforcement at high temperature. The other three networks can be classified into two groups according to whether the PNIPA belongs to the backbone or not.

When hydrogels are designed with a thermo-responsive PNIPA backbone, grafted or semiinterpenetrated with PDMA chains, the phase transition occurs promptly above the critical temperature and the scale of the phase transition strongly varies with the architecture. When long PDMA chains are only interpenetrated inside the network they are not able to totally screen the volume transition in our conditions. Indeed, the gel shows slow and weak deswelling from its preparation state and it is then difficult to make unambiguous comparison concerning its very good mechanical behavior. Nevertheless this gel displays the best mechanical performance at high temperature suggesting that the introduction of PNIPA in the backbone is one of the key points in the structure/properties relationships. By On the contrary, when hydrogels are designed with PNIPA side-chains, these latter selfassemble above the transition temperature forming a micellar network with a fairly high polymer concentration inside the core (~ 75%). The transition temperature is a little bit higher for these systems because PNIPA chains are shorter than those used in other hydrogels and also because they are attached to the PDMA backbone with no direct neighbors. These aggregates, schematically pictured in Figure 3.21, have very low dynamics at high temperature which is responsible for the frozen morphologies. This aspect was highlighted macroscopically with shape memory experiments, and locally as well with SANS patterns obtained following different routes. Even if the covalent cross-links which belong to the PDMA frame are located outside the PNIPA cores, the rheology and tensile tests suggest a strong coupling between covalent and physical cross-links as the elastic modulus is very close to those of opposite topologies. This picture has some analogies with hybrid hydrogels which are prepared by dispersing silica nanoparticles in a PDMA network for similar polymer composition. [20] Indeed, in this case, the reinforcement arises from a strong coupling between the covalent PDMA network and the specific interactions taking place between silica surfaces and PDMA chains. One of the main differences is that nanoparticles are nondeformable, and with GPD-N gels, we postulate that under extension PNIPA spherical domains become distorted in the direction of deformation and finally split for larger deformation.

The main conclusion based on grafted hydrogels is that it is a better option to introduce PNIPA in the backbone rather than in the side chains as it allows the best coupling between 
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Shape memory experiments

A general overview of the shape memory performance of GPD-N is given in 

Small Angle Neutron

Micellar model : core shell model with hard sphere repulsions

In the case of GPD-N we assume that above the transition temperature (Tas), a fraction of PNIPA side-chains (fPNIPAd1) self-associate into polydisperse spheres of volume fraction (IPNIPAd1). These PNIPA-rich domains (index 2) are dispersed in a homogeneous medium (index 1) containing the rest of PNIPA side-chains (1-fPNIPA), the whole PDMA network and water. For this binary system, with centrosymetric spherical domains, the scattering intensity can be described by the following relation: 
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the difference of scattering length densities between the polymer-rich domain and the surrounding swollen phase, ) (q P the form factor of the domains and ) (q S their structure factor.

A convenient way to compare scattering curves from different formulations is to divide I(q) in {eq.S1} by
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or by using the experimental value of the invariant given by:
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Indeed, for an incompressible biphasic system, the invariant is in theory a constant that only depends on the volume fraction and the contrast between the two phases:
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In the case of domains with sharp interfaces, the scattering intensity, as well as ) ( 2 q I q , rapidly decreases with q following the Porod's law ( 4) (
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) at high values of q. Thus, if the Porod regime is reached over the experimental chosen q-range, the integral in {eq.S2} can be calculated. We will use it in the following relation to describe the scattering data:
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The correction of the scattering intensity by the experimental value of the invariant is indeed a proper way to minimize experimental uncertainties related to concentration and contrast from one sample to another.
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enables to focus on the relevant scattering functions in the system: (i) the form factor P(q) that accounts for the interference of neutrons scattered from different parts of the given object and gives geometrical information about its size and shape and (ii) the structure factor S(q) that account from the interference of neutrons scattered from different objects and provides details about their correlation.

The normalized scattered intensities (I(q)/Qexp) determined above the transition temperature for GPD-N and GPN-D are shown in Figure 3.24.

If we assume that above Tas PNIPA side-chains self-associate forming polydisperse spherical micelles, P(q) can be described by the following expression: > @ dr r r q F r q P Z S V V In dilute conditions, when interactions between PNIPA domains are negligible, 1 ) ( q S over the whole range of q and ) (q I is equal to the form factor. This is not the case in hydrogels and we need to introduce a proper function to describe the structure factor S(q). In order to model the scattering behavior of hydrogels with the minimum number of adjustable parameters, a hard sphere potential between micelles has been assumed. Here we consider that there is some contribution of the surrounding PDMA network to the hard sphere repulsions and for that purpose we use in the fitting RHS t R2 (see Figure 3

.23).

Considering the Percus-Yevick approximation of the Ornstein-Zernike equation, the structure factor for hard spheres can be calculated using the following set of equations:

HS HS HS qR qR G q S 2 2 24 1 1 I {eq.S8}
with HS R the radius of hard spheres with volume fraction HS I , and G a trigonometric function depending on q , HS R and HS I as follows: 
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The Teubner-Strey model

This model is based on the Landau-Ginzburg theory of phase transition and has been improved for the interpretation of two-phase bicontinuous structure as microemulsion (M.

Teubner and R. Strey, The Journal of Chemical Physics 87, 3195 (1987)). It assumed that the nanostructure is locally lamellar and can be described by two parameters: d, the periodicity ȱΒȱȱȱȱȱȱȱ ȱȱȱȱȱȱǯȱ

The scattering intensity is given by:
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{eq.S11} with a2, c1 and c2 are coefficients based of the Landau-Ginzburg theory. ȱ ȱǰȱȱȱΒǰȱȱȱ¡ȱ¢
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Small Angle Neutron Scattering under deformation

In order to investigate the change of the intensity profiles as the function of the deformation rate, the corresponding intensities I//(q) and I A (q) are radially averaged along a given direction within an rectangular sector (masks) of axis parallel (//) and perpendicular (A) respectively to the deformation axis (Figure 3.25). 

Introductionȱ

Gelsȱ featureȱ aȱ volumeȬphaseȱ transition [1Ȭ3] ȱ thatȱ haveȱ openedȱ aȱ worldȱ ofȱ possibleȱ functionalitiesȱ forȱ theseȱ materials.ȱ StimuliȬresponsiveȱ gels,ȱ especiallyȱ thermoȬresponsiveȱ hydrogels,ȱ haveȱ beenȱ envisagedȱ asȱ softȱ actuators [4] ȱ forȱ fluidics [5] ȱ orȱ optics [6] ȱ butȱ alsoȱ inȱ theȱ fieldȱ ofȱ biomedicalȱ applicationsȱ asȱ vehicleȱ forȱ drugȱ delivery [7] ȱ orȱ scaffoldsȱ forȱ tissueȱ engineering. [8Ȭ9] ȱȱ Inȱ theȱ meanȱ time,ȱ manyȱ effortsȱ haveȱ beenȱ devotedȱ toȱ overcomeȱ gelsȱ intrinsicȱ fragilityȱ byȱ exploringȱ originalȱ macromolecularȱ topologies. [10Ȭ11] ȱ Theȱ reductionȱ ofȱ theȱ crossȬlinkȱ inhomogeneitiesȱ isȱ oneȱ efficientȱ option [12Ȭ13] ȱ thatȱ permitsȱ anȱ optimalȱ networkȱ cooperativityȱ andȱ retardsȱdamageȱ initiation.ȱ However,ȱ afterȱ exhaustionȱ ofȱ theȱ conformationalȱ changesȱ ofȱ theȱ networkȱ chains,ȱ fractureȱ propagatesȱ readilyȱ withoutȱ contributionȱ ofȱ otherȱ dissipativeȱ mechanisms. [14Ȭ15] ȱ Veryȱ efficientȱ crackȱ tougheningȱ canȱ beȱ obtainedȱ byȱ interpenetratingȱ aȱ sacrificialȱ covalentȱ networkȱ andȱ aȱ ductileȱ bearerȱ network [16Ȭ17] ȱ orȱ byȱ promotingȱ dissipativeȱ viscoelasticȱ lossesȱ usingȱ reversibleȱ crossȬlinks. [18Ȭ21] ȱ Althoughȱ theȱ viscoelasticityȱ standsȱ forȱ aȱ powerfulȱtoolȱtoȱenlargeȱfractureȱenergy, [22] ȱitȱinvolvesȱsideȬeffectsȱsuchȱasȱaȱtimeȬdependentȱ behavior,ȱ aȱ delayȱ ofȱ recoveryȱ ofȱ secondsȱ orȱ minutes,ȱ andȱ sometimesȱ undesirableȱ creepȱ 

Gelȱdesignȱandȱsynthesisȱ

Theȱ designȱ isȱ inspiredȱ byȱ theȱ multipleȬphaseȱ gelsȱ developedȱ byȱ Tanakaȱ etȱ al. [23] ȱ thatȱ combinedȱ aȱ covalentȱ networkȱ madeȱ ofȱ swollenȱ andȱ collapsedȱ domains.ȱ Eachȱ domainȱ isȱ depictedȱ byȱ aȱ distinctȱ degreeȱ ofȱ swellingȱ butȱ belongingȱ toȱ theȱ sameȱ percolatingȱ network.ȱ

Here,ȱ theȱ designȱ consistsȱ ofȱ usingȱ theȱ wellȬknownȱ coilȬglobuleȱ transitionȱ ofȱ poly(NȬ isopropylacrylamide)ȱ(PNIPA)ȱasȱtheȱreinforcingȱphaseȱthatȱwillȱbeȱeffectiveȱaboveȱaȱcriticalȱ temperature,ȱ Tcȱ andȱ toȱ connectȱ itȱ toȱ waterȬsolubleȱ segmentsȱ ofȱ poly(N,NȬ dimethylacrylamide)ȱ (PDMA).ȱ CombȬtypeȱ graftedȱ gelsȱ bearingȱ theȱ associativeȱ polymerȱ asȱ lateralȱ chainsȱ haveȱ alreadyȱ beenȱ investigated, [24]ȱ andȱ theȱ lateralȱ chainsȱ areȱ expectedȱ toȱ interconnectȱ byȱ physicalȱ interactions.ȱ Inȱ ourȱ case,ȱ theȱ thermoȬassociationȱ isȱ heldȱ byȱ theȱ 

Structureȱandȱlinearȱrheologyȱ

Largeȱstrainȱbehaviorȱandȱfatigueȱresistanceȱ

Theȱ largeȱ strainȱ behaviorsȱ ofȱ GPNȬDȬlȱ gelsȱ wereȱ investigatedȱ forȱ twoȱ temperatureȱ conditions,ȱatȱ20ȱ°Cȱandȱ60ȱ°C,ȱlargelyȱbelowȱ andȱaboveȱtheȱcriticalȱtransitionȱtemperature,ȱ respectivelyȱ (Figureȱ 4.5).ȱ Belowȱ theȱ criticalȱ temperature,ȱ GPNȬDȬlȱ gelȱ demonstratesȱ theȱ classicalȱ responseȱ ofȱ aȱ polymerȱ networkȱ dominatedȱ byȱ entropicȱ elasticity.ȱ Theȱ initialȱ modulusȱisȱaroundȱ4ȱrȱ1ȱkPaȱandȱgivesȱaȱsimpleȱestimateȱofȱtheȱeffectiveȱmolarȱmassȱbetweenȱ crossȬlinksȱofȱaboutȱ80ȱkgȉmol Ȭ1 .ȱAboveȱTc,ȱbothȱtheȱstiffnessȱandȱtheȱelongationȱatȱbreakȱareȱ simultaneouslyȱ enhanced.ȱ Atȱ 60ȱ °C,ȱ theȱ initialȱ partȱ ofȱ theȱ tensileȱ curve,ȱ upȱ toȱ 75%Ȭ100%ȱ ofȱ strain,ȱ exhibitsȱ aȱ linearȱ stressȬstrainȱ domainȱ thatȱ overestimatesȱ theȱ classicalȱ rubberlikeȱ behaviorȱandȱreflectsȱtheȱpresenceȱofȱtheȱcollapsedȱPNIPAȱdomainsȱthatȱstronglyȱreduceȱtheȱ thermalȱfluctuationȱofȱtheȱnetworkȱ(supplementaryȱFigureȱ4.12).ȱȱ ȱ Fatigue test in tensile mode, 100 cycles were applied to GPN-D-l at 60 °C. Pictures that illustrate the crack propagation process in GPN-D-l gels at 60 °C. Initial notch was made prior test with a razor blade (as denoted with the white arrow). Upon monotonic loading, fracture proceeds in the material with deviations from its original direction (black arrows). Pictures were taken continuously during the crack propagation and corresponded to various strains: c at rest, nominal strain H = 0%; d H = 46%; e H = 150%; f H = 400%; g H = 600%; h at failure H = 731%. Note that plastic deformation is relatively low since gel recovers its initial shape.

Crackȱpropagationȱandȱfractureȱenergyȱ

Suchȱ typeȱ ofȱ crackȱ propagationȱ thatȱ impliesȱ crackȱ bifurcationȱ hasȱ oftenȱ beenȱ observedȱ inȱ naturalȱrubber [28] ȱandȱhighlyȱfilledȱsystems. [29] ȱTheȱabilityȱofȱtheȱpolymerȱtoȱcrystallizeȱunderȱ deformationȱ isȱ classicallyȱ invokedȱ toȱ explainȱ suchȱ knottyȬtearingȱ featureȱ andȱ toȱ beȱ directlyȱ reliedȱ onȱ theȱ resistanceȱ fatigueȱ crackȱ growth. [30] ȱ Indeed,ȱ theȱ deflectionȱ ofȱ theȱ crackȱ propagationȱdirectionȱprovidesȱaȱsourceȱofȱtoughnessȱsinceȱenergyȱexpenditureȱisȱrequiredȱtoȱ produceȱ newȱ crossȱ sectionalȱ surfacesȱ and,ȱ asȱ aȱ result,ȱ catastrophicȱ failureȱ isȱ retarded.ȱ Byȱ analogyȱ withȱ laminatesȱ materials,ȱ GPNȬDȬlȱ gelȱ strengthȱ originatesȱ fromȱ abilityȱ ofȱ PNIPAȱ networkȱchainsȱtoȱformȱfibrillarȱstructureȱinȱparticularȱinȱtheȱvicinityȱofȱtheȱcrackȱtipȱ(whereȱ chainsȱareȱhighlyȱstretched)ȱandȱfromȱtheȱexistenceȱofȱweakȱinterfacesȱlyingȱacrossȱtheȱpathȱ ofȱ frangibleȱ cracks.ȱ Evidently,ȱ theȱ energyȱ inputȱ neededȱ toȱ produceȱ fractureȱ mayȱ beȱ muchȱ magnifiedȱ byȱ providingȱ sufficientlyȱ strongȱ andȱ numerousȱ interfaces.ȱ Conditionsȱ ofȱ crackȱ deflectionȱmainlyȱrelyȱonȱtheȱratioȱofȱadhesiveȱenergyȱofȱtheȱinterfaceȱandȱcohesiveȱfractureȱ energy. [31] ȱ Consideringȱ linearȱ fractureȱ propagation,ȱ inȱ ourȱ gels,ȱ crackȱ shouldȱ progressȱ 

Introductionȱ

Inȱ theȱ previousȱ chapters,ȱ weȱ haveȱ shownȱ thatȱ mechanicalȱ propertiesȱ ofȱ hydrogelsȱ canȱ beȱ greatlyȱreinforcedȱthroughȱaȱtemperatureȱinducedȱphaseȬtransitionȱmechanismȱofȱoneȱofȱtheȱ polymersȱ constitutingȱ theȱ hydrogel.ȱ Thisȱ wasȱ clearlyȱ demonstratedȱ withȱ PNIPA,ȱ aȱ LCSTȬ typeȱpolymer.ȱNow,ȱtheȱobjectiveȱofȱthisȱpresentȱchapterȱisȱtoȱexploreȱtheȱgeneralȱnatureȱofȱ theȱthermallyȬinducedȱreinforcedȱmechanismȱbyȱinvestigatingȱUCSTȬtypeȱpolymers.ȱȱ Asȱ reportedȱ inȱ chapterȱ 1,ȱ severalȱ polymersȱ exhibitȱ UCSTȱ behaviorȱ inȱ water,ȱ andȱ inȱ theȱ frameworkȱ ofȱ aȱ prospectiveȱ workȱ weȱ haveȱ chosenȱ polysulfobetaine [1] ȱ andȱ poly(NȬ acryloylglycinamide). [2Ȭ3] ȱ Asȱ aȱ firstȱ approach,ȱ weȱ haveȱ designedȱ homoȱ andȱ semiȬIPNȱ gelsȱ withȱonlyȱUCSTȱtypeȱpolymer.ȱTheȱlastȱpartȱofȱthisȱchapterȱisȱanȱattemptȱtoȱcoupleȱaȱdoubleȱ triggerȱtemperatureȬcontrolȱbyȱcombiningȱaȱnetworkȱwithȱUCSTȱandȱLCSTȱpolymerȱchains.ȱ Relevantȱmaterialȱandȱcharacterizationȱmethodsȱcanȱbeȱfoundȱinȱchapterȱ3.ȱ Furthermore,ȱ theȱ hydrogelsȱ preparedȱ atȱ differentȱ temperaturesȱ showȱ practicallyȱ noȱ difference.ȱTheseȱobservationsȱareȱinȱgoodȱagreementȱwithȱdataȱreportedȱbyȱNingȱetȱal [4] ȱforȱ similarȱtypesȱofȱgel,ȱdescribingȱtheȱintrinsicȱweaknessȱofȱpureȱpolysulfobetaineȱhydrogels.ȱ Chapterȱ5ȱThermoȬresponsiveȱhydrogels:ȱcouplingȱbetweenȱUCSTȱandȱLCSTȱtransitionsȱȱ 172ȱ ȱ 

Polysulfobetaineȱhydrogelsȱ

Poly(NȬacryloylglycinamide)ȱ(PNAGA)ȱ

AsȱaȱhydrogenȬbondingȱtriggeredȱthermoȬresponsiveȱpolymer,ȱPNAGAȱhasȱdrawnȱintensiveȱ attentionȱduringȱtheȱpastȱfewȱyears. [5Ȭ6] ȱNevertheless,ȱasȱitȱisȱnotȱcommerciallyȱavailable,ȱtheȱ preparationȱofȱtheȱNAGAȱmonomerȱitselfȱremainsȱtheȱmainȱexperimentalȱissueȱandȱaȱspecialȱ attentionȱhasȱbeenȱpaidȱinȱthisȱworkȱtoȱimproveȱtheȱsynthesisȱandȱpurificationȱprocedures.ȱ

SynthesisȱofȱNAGAȱmonomerȱ

Asȱ aȱ monomerȱ withȱ moreȱ thanȱ halfȱ aȱ century'sȱ history,ȱ NAGAȱ wasȱ firstȱ synthesizedȱ andȱ characterizedȱ byȱ Haasȱ etȱ alȱ inȱ 1964. [2] acetoneȱ toȱ favorȱ inorganicȱ precipitation,ȱ orȱ changeȱ ofȱ theȱ coȬsolventȱ forȱ recrystallization.ȱ However,ȱ researchersȱ paidȱ theirȱ attentionȱ onȱ theȱ gelȬsolȱ transitionȱ withoutȱ aȱ preciseȱ determinationȱofȱtheȱUCST.ȱ Later,ȱinȱorderȱtoȱclearlyȱevidenceȱtheȱthermoȬresponsiveȱbehaviorȱofȱPNAGA,ȱtheȱmonomerȱ wasȱ synthesizedȱ byȱ Seuringȱ etȱ al [9] 

ȱPNAGAȱhydrogels:ȱpreparationȱandȱswellingȱbehaviorȱ

WhileȱmanyȱworksȱbasedȱonȱPNAGAȱlinearȱpolymersȱhaveȱbeenȱreportedȱinȱtheȱliterature,ȱ theȱpublicationsȱdedicatedȱtoȱNAGAȬbasedȱchemicalȱhydrogelsȱareȱmuchȱscarce. [11] ȱEvenȱinȱ thisȱcase,ȱtheȱpolymerizationȱwasȱgenerallyȱcarriedȱoutȱinȱorganicȱsolventȱlikeȱDMSOȱinsteadȱ ofȱwater,ȱwhichȱgreatlyȱcomplicatesȱtheȱpreparationȱprocessȱinȱtheȱframeworkȱofȱourȱstrategy.ȱ Consequently,ȱ weȱ triedȱ toȱ adaptȱ ourȱ formerȱ proceduresȱ toȱ prepareȱ PNAGAȱ hydrogelsȱ directlyȱ inȱ water.ȱ Asȱ previousȱ reports [12Ȭ13] Onlyȱ macroscopicȱ observationsȱ wereȱ usedȱ toȱ investigateȱ theȱ phaseȱ separationȱ ofȱ NAGAȱ basedȱhydrogelsȱasȱtheȱenthalpicȱsignatureȱthatȱcanȱbeȱprobedȱbyȱDSCȱexperimentsȱisȱveryȱ weak. [9] 

DSCȱanalysisȱȱ

Calorimetricȱ experimentsȱ wereȱ performedȱ toȱ investigateȱ theȱ transitionȱ temperatures.ȱ Asȱ illustratedȱinȱchapterȱ2Ȭ4,ȱtheȱPNIPAȱphaseȱtransitionȱisȱanȱendothermicȱprocessȱthatȱcanȱbeȱ easilyȱ followedȱ byȱ DSC.ȱ Onȱ theȱ otherȱ hand,ȱ theȱ transitionȱ enthalpyȱ ofȱ PNAGAȱ inȱ aqueousȱ solutionȱisȱquiteȱlow, [9] ȱaroundȱ20ȱtimesȱlowerȱcomparedȱtoȱPNIPA.ȱConsequently,ȱtheȱphaseȱ separationȱofȱPNAGAȱisȱnotȱobservedȱinȱFigureȱ 5.13ȱwhereȱonlyȱtheȱendothermicȱsignalȱofȱ

PNIPAȱsideȬchainsȱappearsȱatȱaboutȱ34ȱ°C.ȱ 

Figureȱ 1 . 1 .ȱ

 11 Figureȱ 1.1.ȱ Whenȱ theȱ liquidȱ consideredȱ isȱ water,ȱ theyȱ areȱ calledȱ hydrogels.ȱ Dependingȱ onȱ theirȱchemicalȱcomposition,ȱhydrogelsȱareȱableȱtoȱabsorbȱvariousȱamountsȱofȱwaterȱthatȱcanȱ

Figure 1

 1 Figure 1.1.Scheme presentation of polymer gel (from P.G. De Gennes[12] )

2 ):ȱ 1 )ȱ 2 )Figure 1 . 2 .

 21212 Figure 1.2. Schematic representation of inhomogeneities in gels. Left: spatial inhomogeneities. Middle: topological inhomogeneities. Right: connectivity inhomogeneities.(From Shibayama et al.[14] )

Figure 1 . 3 .

 13 Figure 1.3.Schematic view showing a polymer chain lying across the plane of crack propagation. (from Lake and Thomas[16] )

  Figure 1.4.Schematic drawing of a polyrotaxane with a) a polymer chain of PEG threading the cyclic molecules and end capped with bulky end groups b) after cross-linking of cyclic molecules to form the topological gels c) pulley effect of cyclic molecules and polymer chains under tension. (From Ito et al.[19] )

Figure 1

 1 Figure 1.5.Preparation and structure of tetra-PEG gels. TAPEG and TNPEG are tetraamine terminated PEG and tetra-NHS-glutarate terminated PEG, respectively. (From Chung et al[23][24] )

Figure 1 . 6 .

 16 Figure 1.6. Photographs demonstrating how a DN gel sustains a high compression. a) PAMPS-single network gel, b) PAMPS/PAAm-double network gel. (from Gong et al.[28] )

Figure 1 . 7 .

 17 Figure 1.7. Schematic representation of physically cross-linked hydrogels via. a ionic interactions, b hydrophobic interactions, c self-assembling of stereocomplex formation, d coiled coil interactions, e specific molecular recognition. (From Ebara et al[43] )

Figure 1 . 8 .

 18 Figure 1.8. Schematic representation of three types of hydrogels. a, an alginate gel with only ionic interactions b, a polyacrylamide gel with only covalent cross-links c, an alginatepolyacrylamide hybrid gel: the two types of polymer networks are intertwined, and joined by covalent cross-links (blue triangles) between amine groups on polyacrylamide chains and carboxyl groups on alginate chains. (from Suo et al.[45] )

Figure 1 . 9 .

 19 Figure 1.9. Schematic representation of physical hydrogels composed of polyampholytes. a, an illustration of polyampholyte networks with ionic bonds of different strengths. The strong bonds serve as permanent cross-linking points whereas the weak bonds act as reversible sacrificial bonds that rupture under deformation. b, the chemical structures of monomers used in this work. Cationic monomers: MPTC; anionic monomers: NaSS. (from Gong et al.[39] )

Figure 1 . 11 .

 111 Figure 1.11. Left Schematic representation of hybrid hydrogels combining covalent crosslinks (orange) and physical interactions sketched by polymer chains adsorbed at the surface of silica nanoparticles. Middle, Strain rate effect of hybrid hydrogel: loading-unloading cycles for varied strain rates. Right, Stress-strain curves of PDMA/Silica nanocomposite hydrogels by varying the silica content (from Marcellan et al. [59] )

Figure 1 . 13 .

 113 Figure 1.13.Schematic model of self-healing and stretching of the hydrogel formed by polyurethane with hydrogen bonding interactions. (from Li et al.[77] )

Figure 1 .

 1 Figure 1.14. a, Molecule structure of hydrogel with dual physical interactions; b, schematic description of the destruction and reconstruction of dual physical cross-links in water (from Liu et al. [80] )

Figure 1 . 15 .

 115 Figure 1.15. Stress-strain curves of gels with (red) or without (green) freezing-thawing method (from Wang et al. [90] )

Figure 1 . 18 .Figure 1 .

 1181 Figure 1.18. PNIPA chemical structure

Figure 1 . 20 .

 120 Figure 1.20. Tensile mechanical properties of zwitterionic copolymer NC gels. (a) Elongation of crossed gel samples at two temperatures, namely 25 °C (>UCST) and 4 °C (<UCST). (b, c) Tensile stress-strain curves for by changing the ratio of DMA. (From Haraguchi et al. [157] )

Figure 1 . 22 .

 122 Figure 1.22. Evolution of the storage modulus (G', blue symbols) and loss modulus (G", red symbols) as a function of temperature for a PNAGA homopolymer (DP=550) in phosphate buffered saline solution (concentration=5.5 wt%). (From Lutz et al. [159] )
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  macromolecules were prepared with similar amounts of water-soluble chains (poly(N,Ndimethylacrylamide) = PDMA) and LCST polymer chains (poly(N-isopropylacrylamide) = PNIPA) which exhibit a LCST around 32 °C in water. These two Yin and Yang copolymers (PNIPA-g-PDMA and PDMA-g-PNIPA), sharing identical monomers with opposite topology, are represented in Figure 2.1.

Figure 2 . 1 .

 21 Figure 2.1. Schematic representation of Yin and Yang graft copolymers prepared from PDMA (▬) and PNIPA (▬).

Figure 2

 2 Figure 2.2. Three-step synthesis of graft copolymers exemplified with PDMA-g-PNIPA (PD-N).

Figure 2 . 3 .

 23 Figure 2.3. Temperature dependence of dynamic moduli (SUfor G' and TV for G'') of PD-N (hollow symbols) and PN-D (filled symbols) aqueous solutions (Cp = 3 wt %, f = 1 Hz, heating rate=2 o C.min -1 ).

Figure 2 . 4

 24 Figure 2.4. DSC analysis of PN-D (dash line) and PD-N (solid line) aqueous solution (C=3 wt%, heating rate=2 o C.min -1 ). The thermogram of PN-D (heat flow vs temperature) and its integration (cumulated enthalpy) are shown in inset.

Figure 2 variation of 1 H

 21 Figure 2.5. (a) Temperature variation of 1 H NMR spectrum of PD-N and (b) normalized area of CH 3 signal from DMA (square) and NIPA (circle) of PD-N (hollow symbols) and PN-D (filled symbols) aqueous solutions (C=3 wt%, D 2 O).

Figure 2 .

 2 Figure 2.6a, the thermo-association process of PN-D in aqueous solution takes place abruptly upon heating. As soon as the transition temperature is reached, above 33 °C as measured in the sample holder, the scattering intensity immediately increases on the whole q-range figuring fluctuation concentrations related to the phase separation of PNIPA. With

Figure 2 . 6 . 5 (

 265 Figure 2.6. Double logarithmic plots of the scattering intensity of 3 wt% PN-D (a) and PD-N (b) solutions at different temperatures (T °C): 33.0 (¡ ¡), 35.0 (), 36.0 (T), 37.0 (V), 38.5 (S), 40.0 (U), 43.0 (), 45.5 (), 51.0 (z) and 57.5 ({).

  Figure 2.7. Double logarithmic plots of the scattering intensity of 8 wt% PN-D (a) and PD-N (b) solutions at different temperatures (T °C): 29.0 (¡ ¡), 33.0 (), 35.0 (T), 36.0 (V), 38.5 (), 43.0 (), 51.0 (z) and 57.5 ({).

Figure 2 . 8

 28 with PN-D and PD-N solutions at 3 and 8 wt% in water. As we can see, the self-assembling of PNIPA sequences mainly takes place between 35 and 45 °C where the level of phase separation reaches about 60 to 70 %, with a relative accuracy of about 10 %. Above 45 °C, the extent of the phase segregation increases more gently up to 70-80 % at 60 °C.

Figure 2 . 8 .

 28 Figure 2.8. Temperature dependence of the PNIPA-rich phase with f PNIPA the fraction of PNIPA embedded in the segregated phase and I I PNIPA their volume fraction estimated from the SANS invariant analysis.

Figure 2 . 9 .

 29 Figure 2.9. Temperature dependence of viscoelastic properties of PD-N (a) and PN-D (b) aqueous solutions as a function of polymer concentration (f = 1 Hz, heating rate=2 o C.min -1 ).

Figure 2 . 10 .

 210 Figure 2.10. Influence of added potassium carbonate on the association behavior of 3 wt% aqueous solutions of PD-N ({ { and dash line) and PN-D ( and solid line). (heating rate=2 °C.min -1 )

  pure water. Beyond these conditions, the formation of non percolating clusters in the solution gives rise to an unstable viscous behavior. Similarly, neutron scattering data show a better stability of the micro-phase separated PD-N sample in the presence of salt, compared to PN-D (see Figure2.21 in supporting information). These experiments, probing the structure at a local scale, point out a large increase of the characteristic length of microphase separation (more than 50%) when K2CO3 0.3 M is added into the PN-D solution, while this characteristic size remains almost unchanged with the PD-N sample. In this latter case the main difference arises from the formation of a more concentrated PNIPA phase at high temperature as already underlined by DSC thermograms. Even if there is a lack of information at the mesoscopic scale, that could bridge neutron scattering to rheology, we can assume that the high sensitivity of the PNIPA backbone in the vicinity of the phase transition and its lower stability in the presence of salt are responsible for the weak thermo-thickening performance observed at 3 wt%. This problem can nevertheless be avoided by working at higher polymer concentration where inter-chain association will dominate over the intramolecular collapse occurring during the micro-phase separation (see Figure2.22 in supporting information).

Figure 2 . 11 .

 211 Figure 2.11. Influence of salt on viscoelastic properties of PD-N (a) and PN-D (b) aqueous solutions (Cp=3 wt%, f=1 Hz, heating rate=2 o C/min). K 2 CO 3 concentrations: 0 ( ), 0.1 (U), 0.2 (V) and 0.3 mol/L ().

  Figure 2.12. Influence of added SDS on the association behavior of 3 wt% aqueous solutions of PD-N ({ and dash line) and PN-D ( and solid line). (heating rate =2 °C.min -1 )

Figure 2 . 13 .

 213 Figure 2.13. Influence of SDS on viscoelastic properties of PD-N (a) and PN-D (b) aqueous solutions (Cp=3 wt%, f=1 Hz, heating rate=2 o C.min -1 ). SDS concentrations: 0 ( ), 2 (U), 5 (V) and 10 mM ().

Figure 2 . 14 .

 214 Figure 2.14. Schematic representation of the thermo-association behavior of PD-N (n n) and PN-D (o) copolymers in aqueous media.

  and PN-D, as PDMA sequences stabilize in water the morphologies above the LCST and the macroscopic properties remain totally reversible by cycling the temperature. The fact that we also consider in Figure2.14 the possibility for PD-N chains to form a percolating network of PNIPA aggregates, like PN-D, comes from the strong similarity of their viscoelastic properties in spite of their opposite topologies. On the one hand, this similarity is quite reasonable for the complex viscosity at low temperature as, in the non-associating state, similar solubility and swelling behaviors are expected for the two copolymers having close average molar masses and composition. As shown in Figure 2.15, the viscosities are in agreement with theoretical scaling exponents calculated for unentangled (x=5/4) and entangled (x=15/4

Figure 2 . 15 .

 215 Figure 2.15. Concentration dependence of complex viscosity at 20 °C ({ {z) and elastic modulus at 60 °C () for PD-N (hollow symbols) and PN-D (filled symbols) aqueous solutions. Dotted lines are used as guide lines

  Figure 2.16. Temperature dependence of complex viscosity of PD-N (ST) and PN-D (UV) aqueous solutions under heating (regular triangles) or cooling (inverted triangles) (Cp = 3 wt %, f = 1 Hz, heating or cooling rate=2 o C/min).

- 1 ).

 1 Figure 2.17. Frequency dependence of elastic (z{) and loss () moduli of 3 wt% aqueous solutions of PD-N (full) and PN-D (hollow) at 60 °C.

Figure 2 . 19 . SANS data treatment for a 8 wt%

 2198 Figure 2.19. SANS data treatment for a 8 wt% PD-N solution: a) experimental determination of the invariant Q exp at T=57.5 °C, b) temperature dependence of Q exp above T as , c) variation of the theoretical invariant (Q th ) with the fraction of PNIPA embedded into the segregated phase (f PNIPA ) time its volume fraction (I I PNIPA ) according to the following hypotheses: ({) f PNIPA = 1: all PNIPA segments are embedded into microdomains at a volume fraction I PNIPA <1, (z) I PNIPA = 1: only a fraction of PNIPA chains contribute to the formation of dry aggregates.

Figure 2 . 20 .

 220 Figure 2.20. Concentration dependence of the LCST-type phase transition for the two copolymers PD-N (a) and PN-D (b) in aqueous solution. (C p from 1 to 10 wt%, heating rate=2 o C.min -1 ).

Figure 2 .Figure 2 . 21 .

 2221 Figure 2.21. SANS patterns of PD-N (left) and PN-D (right) copolymers at 3 wt % in water ({ {), K 2 CO 3 0.3 M (z) and SDS 2.5 mM (z). All the experiments have been performed at high temperature: T = 57 °C.

Figure 2 . 22 .Figure 2 . 2 Figure 2 . 23 .

 22222223 Figure 2.22. Influence of salt on viscoelastic properties of PD-N (a) and PN-D (b) aqueous solutions (Cp=10 wt%, f=1 Hz, heating rate=2 o C.min -1 ); [K2CO3] = 0 mol/L ({ {) and 0.3 mol/L (U)

  al., physical interactions are strong enough to avoid the use of covalent cross-linkers. With these examples, it is clearly shown that the mechanical behavior of hydrogels can be dramatically reinforced by introducing secondary interactions in the covalent structure, but in these architectures the transient character of the physical network cannot be simply and finely controlled.

Figure 3

 3 Figure 3.1):

Figure 3 . 1

 31 Figure 3.1 Schematic representation of thermo-responsive hydrogels with different architectures designed in this work.

Figure 3 . 2

 32 Figure 3.2 Picture of the experimental device developed for neutron scattering analysis of hydrogels under uni-axial deformation.

Figure 3

 3 Figure 3.3 Thermograms of GPN-D (black) and GPD-N (grey) hydrogels (heating rate=2 °C/min)

  30 °C for GPN-D; almost 2-3 °C below the transition of GPD-N. Upon heating, PNIPA chains have to balance two opposite and competing effects:the enthalpic contribution, due to intra-molecular hydrogen bonds and hydrophobic interactions that stabilizes the globular conformation, and the entropic elasticity that goes against the coil-globule transition. Above the critical temperature, the polymer-polymer attractions prevail, and the resulting collapse and aggregation of macromolecular chains are generally accompanied by a large volume phase transition of the macroscopic network.Nevertheless, it is well known that the level of deswelling strongly depends on the hydrophobic/hydrophilic balance of the macromolecular structure. As shown in Figure3.4, the introduction of hydrophilic PDMA chains inside the copolymer network improves the macroscopic volume stability of GPD-N and GPN-D, especially at high temperature. In these experiments, the swelling properties were determined well below (20 °C) and far above (60 °C) the transition temperature previously determined by DSC. At low temperature, both hydrogels swell similarly with time and reach their equilibrium after one week at about Qe#53; well above the initial swelling corresponding to the preparation state (Q0=6). No significant difference is observed between the two hydrogels and this is quite reasonable if we take into account that GPN-D and GPD-N have been prepared with the same PNIPA, PDMA, MBA and water concentrations and if we assume that at 20 °C PNIPA and PDMA have similar hydrophilicity.

Figure 3

 3 Figure 3.4 Swelling behaviors of GPN-D and GPD-N hydrogels in pure water at 20 and 60 °C.

Figure 3 . 5

 35 Figure 3.5 Temperature dependence of viscoelastic properties of GPD-N hydrogel at preparation state (f=1 Hz). All the experiments were carried out with the same sample for continuous heating/cooling cycles with different scan rates: 0.5, 1, 2 and 5 o C/min.

thermal equilibrium at 25

 25 and 60 °C in paraffin oil (fully immiscible environment with the gel). The results are reported in Figure 3.6a. At 25 °C, below the phase transition, both topologies demonstrate a relative low initial modulus, around 2-4 kPa in agreement with dynamic experiments. On the other hand, at 60 °C, well above the transition temperature, both stiffness (~30 kPa) and elongation at break (700-900%) are simultaneously enhanced. At this temperature, the initial part of the tensile curve (see Figure 3.6b) exhibits a linear stressstrain domain, which overestimates the classical response of entropic elasticity. The linear stress-strain mechanical response highlights the formation of PNIPA-rich domains that strongly reduce the thermal fluctuations of the network and interestingly, areindependent of the gels topologies.

Figure 3

 3 Figure 3.6 a), Uni-axial tensile stress-strain curves of GPN-D and GPD-N hydrogels at different temperatures; b), The tensile data of figure (a) are plotted as reduced stress as a function of 1/O O, where O is defined as the ratio between the deformed length with the initial length and reduced stress as the nominal stress divided by (O-1/O 2 ). Strain rate=0.06 s -1 .

  Figure 3.7 a), Schematic illustration of strain relaxation experiments. Hydrogels were first stretched to a certain strain (50%, 100%) at 20 o C (i), and then heated at 60 o C (ii) for 5 minutes before unloading (iii). After waiting at 60 o C for another 2 minutes (iv), the hydrogels were cooled at 20 o C (v) and the length was measured with time; b), shape memory effects of GPN-D (full line) and GPD-N (dash line) at initial deformation of 100% (red) and 50% (black).

Figure 3 . 8

 38 Figure 3.8 Scattered intensities of GPD-N (a, c) and GPN-D (b, d) hydrogels prepared in D 2 O as a function of the temperature. In order to better visualize the phase transition and the correlation peak, SANS data are plotted in log-log (a, b) and lin-log (b, d) scales.

and 3 .

 3 8d clearly show that the position of the correlation peak, qpeak, varies differently during the phase transition for both hydrogels and their respective evolutions are highlighted in Figure3.9.

Figure 3

 3 Figure 3.9 Evolution of the correlation peak position for both hydrogels as a function of the temperature.

Figure 3

 3 Figure 3.10 (a) Micellar model for GPD-N with R 2 , the radius of the micellar core, V V the standard deviation of the Gaussian size distribution, R HS the hard sphere radius, I PNIPA , the volume fraction of PNIPA inside the core, and (1-f PNIPA ), the fraction of non aggregated PNIPA chains. (b) Teubner-Strey model (TS) based on a bicontinuous system with average periodicity d.

d

  An example of model fitting is shown in Figure 3.11 in the case of scattering data obtained at high temperature (50 °C) and the fitting parameters determined at all temperatures above the phase transition are reported in Tables 3.3 and 3.4.

Figure 3 . 11

 311 Figure 3.11 Scattering intensity profiles of (a) GPD-N and (b) GPN-D at 50 °C. Solid lines represent fits according to the two models previously presented.

Figureȱ3. 12

 12 Figureȱ3.12 Two-dimensional SANS images of a step-by-step loading of GPD-N and GPN-D at 60 °C. The direction of the uni-axial deformation is along the horizontal axis. The

  these samples (V V versus O O) is also shown with GPD-N (green curve) and GPN-D (blue curve). At intermediate deformation (O=1.75), the pattern of GPD-N changes to a rather uniform elliptically shaped correlation band qualitatively showing that PNIPA microdomains move apart in the stretching direction while they get closer in the perpendicular direction due to the transverse compression. At higher deformation the 2D spectrum turns to a non-uniform azimuthal intensity distribution, effectively showing up diffraction arcs and then spots for O t 2 in the perpendicular direction. At very high deformation (O = 2.5-3), four additional spots are clearly observed for azimuthal angles μ around 60, 120, 240 and 300°; μ being defined as μ=0° in the stretching direction. These four new spots highlight some reorganization within the microstructure which can have different origins. For instance, this has been observed

  Figure 3.13 Comparison between the macroscopic affine deformation of hydrogel samples, along x and y-axis, and the local deformation probed through the scattering peak ratio: R = q peak,O=1 / q peak,O

Figure 3 . 15

 315 Figure 3.15 Two-dimensional SANS images of a step-by-step loading/heating process of GPD-N (left) and GPN-D (right). Experiment 1: a,b) the gels are heated at 60 °C prior to be deformed at O O=2. Experiment 2: c,d) the gels, initially deformed at O=2 at 20 °C, are then heated at 60 °C with the same deformation rate; e,f) the stress is then released at 60 °C: note that in these conditions the gels keep a residual strain. The direction of the uniaxial deformation is along the horizontal axis.

Figure 3 .

 3 Figure 3.16 a) DSC analysis of semi-IPN hydrogels at preparation state (heating rate=2 o C/min); b) Swelling kinetics of the same hydrogels at 60 o C in pure water.

Figure 3 . 17

 317 Figure 3.17 Temperature dependence of dynamic moduli, G' (full) and G'' (empty) of semi-IPN hydrogels GPD/PN (circle) and GPN/PD (square) at preparation state upon heating (f=1 Hz, heating rate=2 o C/min)

Figure 3 . 18

 318 Figure 3.18 Tensile stress-strain force curves of hydrogels at 60 o C (stain rate=0.06 s -1 )

Figure 3 . 19

 319 Figure 3.19 Scattered intensity profiles of (a) GPN/PD and (b) GPD/PN semi-IPN hydrogels as a function of the temperature. The line indicates the Porod limit (Ia aq -4 ).

Figure 3 . 20

 320 Figure 3.20 Scattered intensity profiles at 60 °C of semi IPN hydrogels under uni-axial H[WHQVLRQ D E *313' IURP Ȝ WR Ȝ DQG F G *3'31 IURP Ȝ WR Ȝ The data were obtained from 2D-SANS after sector averaging in the parallel (//) and perpendicular (A A) directions of the deformation axis.

Figure 3 . 21

 321 Figure 3.21 Schematic representation of graft hydrogels below (a) and above the transition temperature (b) GPD-N and (c) GPN-D. The codes are the following: blue for PDMA, red for PNIPA and | | for covalent cross-links.

  physical and covalent cross-links. Semi-IPN architectures based on PNIPA backbone have also highlighted very good mechanical enhancement but the absence of chemical bonds with the hydrophilic polymer is detrimental to counteract the volume phase transition. These considerations pave the way for new ideas concerning the best architecture for the best responsive mechanical properties. If the PNIPA backbone is clearly the key of the success in this story, there are some open questions concerning what is the best PNIPA/PDMA composition to reach this goal or what is the best size of the side chains in the structure/properties relationships. Such works have been undergone and are reported in the next chapter.

Figure 3 .Figure 3 . 22

 3322 Figure 3.22 Shape memory properties of GPD-N. The gel plate is initially deformed at 20 °C (a) prior to be heated above the transition temperature under its spiral shape (b). After release of the external force, the gel was maintained at 60 °C during 3 min (c) and the gel was cooled below transition temperature and let for 1 min (d). The schematic diagram of experimental sequences is represented below with the corresponding labels.

2

 2 Figure 3.23 (a) Micellar model for GPD-N with R 2 WKH UDGLXV RI WKH PLFHOODU FRUH ı WKH standard deviation of the Gaussian size distribution, R HS WKH KDUG VSKHUH UDGLXV ĭ PNIPA , the volume fraction of PNIPA inside the core, and (1-f PNIPA ), the fraction of non aggregated PNIPA chains. (b) Teubner-Strey model (TS) based on a bicontinuous system with average periodicity d.

Τ ) the scattering vector, 2 n 2 R

 22 the , V the total scattering volume,

  Gaussian size distribution function with V the standard deviation.

Figure 3 . 24

 324 Figure 3.24 Double logarithmic plots of the normalized scattered intensity (I(q)/Q exp ) of GPD-N (a) and GPN-D (b) hydrogels as a function of the temperature.

I 2

 2 scattering intensities and known formulation parameters like the initial composition of the gel ( it is possible to fit the experimental data according to equation {eq.S1} by using a simple set of unequivocal variables: f PNIPA , I PNIPA , R 2 , V and R HS ; HS I being given by being calculated from f PNIPA , I PNIPA and taking into account the initial composition (

Figure 3 . 25 (

 325 Figure 3.25 (Left) Scattered intensity profiles at 60 °C of GPN-D hydrogels under uni-axial deIRUPDWLRQ IURP Ȝ WR Ȝ 7KH GDWD FRUUHVSRQG WR WKH DYHUDJLQJ VHFWRU REWDLQHG IURP 2D-SANS in the parallel (//) direction to the deformation axis. The intensities have been shifted for clarity. (Right) Slope values of the intensity profiles at high q values as a function of the deformation. The solid line is for guide eyes.

  phenomena.ȱȱ Whileȱ maintainingȱ constantȱtheȱtotalȱ volumeȱ ofȱ theȱ gelȱ withȱ waterȬsolubleȱ polymerȱ chains,ȱ hereȱ weȱ proposeȱ anotherȱ natureȱ ofȱ mechanismȱ forȱ gelȱ tougheningȱ basedȱ onȱ theȱ phaseȬ transitionȱofȱthermoȬresponsiveȱpolymerȱdomains.ȱAtȱtheȱcriticalȱtemperature,ȱpolymerȱcoilsȱ areȱ expectedȱ toȱ undergoȱ theirȱ phaseȬtransitionȱ andȱ collapsedȱ domainsȱ toȱ playȱ theȱ roleȱ ofȱ aȱ reinforcingȱ phaseȱ asȱ inȱ compositeȱ materials.ȱ Theȱ ideaȱ reliesȱ onȱ theȱ useȱ ofȱ polymerȱ inȱ mechanicalȱ strainȱ energyȱ neededȱ toȱ propagateȱ aȱ crackȱ withinȱ aȱ gel.ȱ Suchȱ dissipativeȱ mechanismȱisȱadvantageouslyȱexpectedȱtoȱbeȱtimeȬindependent.ȱ ȱ

Figure 4 . 1 .

 41 Figure 4.1. Schematic illustration of the gel design. Thermo-associative PNIPA chains are figured as red chains and PDMA non-responsive PDMA chain in blue. GPN-D-l networks are depicted at preparation state, below the critical temperature, for a certain weight fraction of PDMA (as lateral chains) and PNIPA (covalently cross-linked network). PDMA side chains are covalently bonded to the PNIPA chemical network. Cross-linking density was fixed at 0.1 mol% with respect to NIPA monomer.

Figure 4 . 2 .Figure 4 . 3 .

 4243 Figure 4.2. Swelling degree for GPN-D-l gels with various weight fractions of PDMA grafted chains: GPN-D-l (50 wt% of PDMA), GPN-D-l 33 (33 wt% of PDMA) and GPN-D-l 67 (67 wt% of PDMA). Swelling degree is given at preparation state, Q 0 and at equilibrium in water at 20 °C and 60 °C. Gels were optimized to preserve a constant volume at 60 °C, i.e. largely above their critical temperature Tc. ȱ

  Figure 4.4. a), temperature dependence of viscoelastic properties (f=1 Hz, heating/cooling rate=2 °C•min -1 ). Continuous repeated heating/cooling experiments were carried out and nearly no difference was observed in the response, suggesting that gel composition remained stable during experiment. b),ȱStructural investigation by Small Angle Neutron Scattering of GPN-D-l. Scattered intensity at different temperatures shows the growth of a correlation peak starting from Tc # 29°C. Peak position is seen to shift to large distances (small q) gradually by heating. PNIPA concentration in collapsed domains is estimated to be around 0.77.

Figure 4 . 5 .

 45 Figure 4.5. Tensile stress-strain force curves of GPN-D-l at 20 °C and 60 °C.ȱ

Figure 4 Figure 4

 44 Figure 4.6. a, stress-strain cycles up to 100% of strain. The dissipated strain energy can be estimated from the area within the loop. Due to the thermo-sensitive properties of PNIPA, gel exhibited a significant enhancement of dissipation by increasing temperature. b, a series of loading/unloading cycles were performed under a maximal deformation of 50% (blue), 100% (green), and 200% (red), respectively. Dashed lines refer to residual strain.

Figure 4 . 8 .Figure 4

 484 Figure 4.8. Fracture energy obtained of different topologies by single-edge notch tests for different temperatures.

  alternatelyȱinȱweakȱPDMAȱdomainsȱandȱtoughȱPNIPAȱones.ȱAtȱaȱfirstȱglance,ȱtoughnessȱofȱ theȱcollapsedȱdomainsȱcanȱbeȱassumedȱtoȱbeȱlargelyȱhigherȱthanȱinȱtheȱwaterȬsolubleȱPDMAȱ ones.ȱ Inȱ theȱ caseȱ ofȱ GPNȬDȬlȱ gel,ȱ theȱ continuousȱ phaseȱ isȱ topologicallyȱ definedȱ asȱ theȱ collapsedȱphaseȱandȱinterfacialȱfractureȱenergyȱbetweenȱthoseȱhardȱdomainsȱandȱsoftȱPDMAȱ domainsȱisȱexpectedȱtoȱbeȱveryȱlowȱsinceȱPDMAȱdomainsȱcanȱbeȱreadilyȱdisrupted.ȱThisȱcaseȱ favorsȱ toȱ crackȱ deviation.ȱ Althoughȱ demonstratingȱ crackȱ bifurcationȱ duringȱ propagation,ȱ GPNȬDȱ gelȱ withȱ lowerȱ PDMAȱ chainsȱ exhibitsȱ loweredȱ fractureȱ propertyȱ aroundȱ 300ȱ Jȉm Ȭ2ȱ (Figureȱ4.8ȱandȱsupplementaryȱTableȱ4.2ȱandȱsupplementaryȱFigureȱ4.15).ȱȱ Theȱpresenceȱofȱheterogeneitiesȱinȱtheȱgelȱnotȱsolelyȱenablesȱanȱefficientȱcrackȱtougheningȱbutȱ alsoȱ itȱ appearsȱ thatȱ topologyȱ isȱ crucial.ȱ Thus,ȱ weȱ designedȱ anȱ oppositeȱ gelȱ topologyȱ thatȱ consistedȱ ofȱ aȱ PDMAȱ covalentlyȱ crossȬlinkedȱ networkȱ withȱ thermoȬassociativeȱ PNIPAȱ chains,ȱ denotedȱ asȱ GPDȬNȱ (supplementaryȱ Tableȱ 4.2ȱ andȱ inȱ theȱ previousȱ chapter).ȱ GPDȬNȱ gelȱdemonstratesȱisochoricȱbehaviorȱuponȱtemperatureȱandȱasȱexpectedȱPNIPAȱlateralȱchainsȱ aggregateȱ andȱ collapsedȱ atȱ aȱ criticalȱ temperatureȱ slightlyȱ aboveȱ theȱ GPNȬDȱ one.ȱ Yet,ȱ theȱ estimatedȱ fractureȱ energyȱ isȱ incomparablyȱ lowerȱ (aboutȱ 100ȱ Jȉm Ȭ2 )ȱ withȱ respectȱ toȱ GPNȬDȬlȱ topologiesȱ(Figureȱ4.8ȱandȱsupplementaryȱFigureȱ4.15).ȱ 7. Conclusionȱ ByȱtemperatureȬtriggering,ȱstrongȱenhancementȱofȱtheȱgelȱmechanicalȱresponseȱbothȱinȱtermsȱ ofȱinitialȱstiffnessȱandȱstretchabilityȱwasȱachievedȱbyȱcombiningȱaȱPNIPAȱpolymerȱnetworkȱ Chapter 4 Thermo-responsive tough isochoric hydrogels 155 withȱ waterȬsolubleȱ PDMAȱ sideȬchainsȱ toȱ maintainȱ constantȱ theȱ macroscopicȱ gelȱ volume.ȱ Holdingȱtheȱgelȱintoȱisochoricȱconditionsȱaboveȱtheȱcriticalȱcoil/globuleȱtransitionȱofȱPNIPAȱ allowsȱforȱtheȱdesignȱofȱpurelyȱorganicȱnanocompositeȱgels.ȱInȱcontrastȱtoȱtheȱclassicȱpictureȱ inȱ whichȱ theȱ responsiveȱ polymerȱ chainsȱ areȱ graftedȱ laterallyȱ toȱ selfȬassociate,ȱ hereȱ weȱ demonstratedȱ thatȱ byȱ introducingȱ theȱ responsiveȱ associationȱ throughȱ theȱ covalentlyȱ crossȬ linkedȱ networkȱ resultȱ inȱ aȱ moreȱ efficientȱ strategyȱ inȱ gelȱ reinforcement,ȱ exhibitingȱ excellentȱ fatigueȱ propertiesȱ combinedȱ withȱ remarkableȱ crackȱ propagationȱ resistance.ȱ Gelȱ featuredȱ unusualȱ fractureȱ propagationȱ mode,ȱ demonstratingȱ knottyȬtearingȱ asȱ usuallyȱ observedȱ forȱ strainȬcrystallizingȱ elastomers.ȱ Theseȱ resultsȱ openȱ interestingȱ routesȱ forȱ theȱ designȱ ofȱ responsiveȱ toughȱ covalentȱ gels,ȱ byȱ playingȱ withȱ theȱ solvationȱ stateȱ ofȱ theȱ polymerȱ whileȱ controllingȱtheȱmacroscopicȱvolumeȱofȱtheȱgel,ȱ Aldrich),ȱ N,NȬdimethylȬacrylamideȱ (DMA,ȱ Aldrich),ȱ N,NȇȬ methylenebisacrylamideȱ (MBA,ȱ Aldrich),ȱ potassiumȱ peroxodisulfateȱ (KPS,ȱ Aldrich)ȱ andȱ N,N,Nȇ,NȇȬtetramethylethylenediamineȱ(TEMED,ȱAldrich)ȱwereȱusedȱasȱreceived.ȱWaterȱwasȱ purifiedȱ withȱ aȱ Milliporeȱ systemȱ combiningȱ inverseȱ osmosisȱ membraneȱ (Milliȱ RO)ȱ andȱ ionȱ exchangeȱresinsȱ(MilliȱQ)ȱforȱsynthesisȱandȱpurification.ȱ Preparationȱofȱthermosensitiveȱhydrogelsȱ Theȱ synthesisȱ ofȱ hydrogelsȱ wasȱ carriedȱ outȱ underȱ iceȱ bathȱ underȱ N2ȱ atmosphere.ȱ PDMAȱ macromonomersȱ andȱ PNIPAȱ macromonomersȱ wereȱ preparedȱ usingȱ aȱ previousȱ reportedȱ
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 410411444415 Figure 4.10. Critical Temperature of association of PNIPA domains in GPN-D-l gels. Linear viscoelastic properties were carried out. a, Conservation and loss shear moduli denotes as G' (filled symbols) and G" (opened symbols) at 60 °C over a wide range of frequencies. b, Critical temperature can be lowered down by salt addition. GPN-D-l gel has been immersed in 0.4 M of K 2 CO 3 solution until equilibrium. Under such conditions, equilibrium swelling degree Q is almost equal to the preparation state (Q=0.96 Q 0 ). Linear viscoelastic response is given as the evolution of elastic shear modulus as a function of temperature. As a guideline viscoelastic properties of GPN-D-l gels at their preparation state (swelling degree, Q = Q 0 ) during heating (S) and cooling (T). Experimental conditions were defined as f=1 Hz with a constant heating/cooling rate of 2 °C min -1 ) ȱ

(

  Figureȱ5.3 ȱTemperatureȱdependenceȱbehaviorȱofȱpureȱpolysulfobetaineȱhydrogelsȱ(f=1ȱ Hz,ȱheatingȱrateȱ=ȱ2ȱ°C/min)ȱȱ

  Figureȱ5.9 ȱa)ȱ Dynamicȱ swellingȱ ratioȱ ofȱ PNAGAȱ hydrogelȱ inȱ pureȱ waterȱ (tableȱ 5.2,ȱ entryȱ 2)ȱ atȱ differentȱ temperatures;ȱ b)ȱ swellingȱ ratioȱ ofȱ PNAGAȱ hydrogelȱ (tableȱ 5.2,ȱ entryȱ2)ȱafterȱ6ȱdaysȱatȱdiě erentȱtemperatures.ȱTheȱswellingȱratioȱofȱhydrogelsȱatȱinitialȱ stateȱisȱę xedȱatȱ8ȱ(blueȱfullȱline).ȱInitialȱsizeȱofȱtheȱcylinderȱsampleȱisȱaroundȱ9ȱmmȱinȱ diameterȱandȱ5ȱmmȱinȱheight.ȱ

Macroscopicȱbehaviorȱ

  Asȱ shownȱ inȱ Tableȱ 5.3,ȱ 8ȱ differentȱ waterȬsolubleȱ polymersȱ wereȱ usedȱ toȱ prepareȱ PNAGAȱ semiȬIPNs;ȱ namelyȱ PSPP,ȱ dextran,ȱ PAMPS,ȱ PAAH,ȱ PAANa,ȱ PDMA,ȱ PEOȱ andȱ PNIPA.ȱ Chapterȱ5ȱThermoȬresponsiveȱhydrogels:ȱcouplingȱbetweenȱUCSTȱandȱLCSTȱtransitionsȱȱ 182ȱ ȱ Amongȱthem,ȱonlyȱPSPPȱandȱPNIPAȱshowȱthermoȬresponsiveȱpropertiesȱinȱwater,ȱwhileȱtheȱ othersȱ areȱ fullyȱ solubleȱ betweenȱ 0Ȭ60ȱ °C.ȱ Someȱ interestingȱ conclusionsȱ canȱ beȱ drawnȱ fromȱ sampleȱhandlingȱandȱopticalȱobservations:ȱȱ 1)ȱ ȱ ȱ Mostȱ ofȱ gelsȱ areȱ mechanicallyȱ strong,ȱ exceptȱ thoseȱ withȱ PDMAȱ andȱ PEOȱ (entryȱ 8Ȭ11).ȱ Evenȱ withȱ additionalȱ crossȬlinker,ȱ theseȱ gelsȱ areȱ stillȱ tooȱ weakȱ toȱ beȱ handled.ȱ Inȱ addition,ȱ theyȱ doȱ notȱ showȱ thermoȬresponsiveȱ macroscopicȱ behaviors:ȱ theȱ gelsȱ remainȱ whiteȱandȱweakȱonȱtheȱwholeȱtemperatureȱrange;ȱfromȱ4ȱtoȱ60ȱ°C.ȱThisȱisȱtheȱsignatureȱ thatȱaȱstrongȱ(largeȱscale)ȱphaseȱseparationȱtakesȱplaceȱduringȱpolymerizationȱbetweenȱ theseȱtwoȱcouplesȱofȱnonȱionicȱpolymers:ȱPNAGA/PEOȱandȱPNAGA/PDMA.ȱMoreover,ȱ PEOȱ andȱ PDMAȱ onlyȱ haveȱ hydrogenȬbondingȱ acceptors,ȱ whileȱ allȱ theȱ otherȱ polymersȱ possessȱ bothȱ acceptorsȱ andȱ donors.ȱ Thisȱ differenceȱ mayȱ alsoȱ contributeȱ toȱ theȱ largeȱ incompatibilityȱwithȱPNAGA.ȱ 2)ȱ ȱ ȱ Consideringȱ theȱ otherȱ networks,ȱ mostȱ ofȱ themȱ undergoȱ aȱ macroscopicȱ transitionȱ (fromȱ whiteȱ toȱ translucent)ȱ whenȱ increasingȱ theȱ temperatureȱ fromȱ 4ȱ toȱ 60ȱ °C.ȱ Inȱ theȱ caseȱ ofȱ PNAGA/PNIPAȱ (entryȱ 8),ȱ theȱ gelȱ remainsȱ whiteȱ atȱ lowȱ andȱ highȱ temperaturesȱ butȱ aȱ minimumȱ ofȱ turbidityȱ isȱ clearlyȱ observedȱ atȱ aboutȱ 30ȱ °C,ȱ inȱ agreementȱ withȱ theȱUCSTȱ andȱ LCSTȱ transitionsȱ ofȱ PNAGAȱ andȱ PNIPA,ȱ respectively.ȱ Onlyȱ theȱ PNAGA/PAMPSȱ hydrogelȱ remainsȱ translucentȱ atȱ lowȱ andȱ highȱ temperaturesȱ (entryȱ 3).ȱ Theȱ absenceȱ ofȱ macroscopicȱphaseȱtransition,ȱwhichȱwasȱalsoȱconfirmedȱbyȱsubsequentȱrheologicalȱtest,ȱ canȱbeȱattributedȱtoȱtheȱhighȱhydrophilicȱandȱpolyelectrolyteȱnatureȱofȱPAMPS.ȱȱ 3)ȱ ȱ ȱ Contraryȱ toȱ mostȱ ofȱ PNAGAȱ semiȬIPNs,ȱ whichȱ doȱ notȱ deswellȱ fromȱ theirȱ preparationȱ stateȱ whenȱ cooledȱ atȱ 4ȱ °C,ȱ theȱ couplingȱ betweenȱ twoȱ UCSTȱ polymers,ȱ PNAGAȱ andȱ polysulfobetaineȱ PSPPȱ (entryȱ 1),ȱ isȱ responsibleȱ forȱ aȱ signięcantȱ shrinkageȱ atȱ lowȱ temperature.ȱȱ 4)ȱȱȱTheȱmolecularȱweightȱofȱlinearȱpolymerȱchainsȱdoesȱnotȱshowȱaȱsignificantȱeffectȱonȱtheȱ macroscopicȱbehavior,ȱatȱleastȱonȱtheȱopticalȱpropertiesȱ(entryȱ4Ȭ7).ȱ Fromȱ theȱ discussionȱ above,ȱ PNAGA/Dextranȱ (entryȱ 2),ȱ PNAGA/PAAHȱ (entryȱ 5),ȱ PNAGA/PAANaȱ (entryȱ 7)ȱ andȱ PNAGA/PNIPAȱ (entryȱ 12)ȱ wereȱ chosenȱ forȱ furtherȱ investigations.ȱMoreover,ȱtheȱsimilarȱchainȱlengthȱofȱlinearȱpolymersȱmakesȱtheirȱcomparisonȱ moreȱsuitable.ȱȱ Chapterȱ5ȱThermoȬresponsiveȱhydrogels:ȱcouplingȱbetweenȱUCSTȱandȱLCSTȱtransitionsȱȱ 183ȱ ȱSwellingȱpropertiesȱAsȱ aȱ relevantȱ comparisonȱ ofȱ mechanicalȱ propertiesȱ ofȱ hydrogelsȱ requiresȱ isochoricȱ conditions,ȱ swellingȱ experimentsȱ haveȱ beenȱ performedȱ beforehand.ȱ Kineticsȱ swellingȱ analysesȱ wereȱ carriedȱ outȱ inȱ twoȱ boundaryȱ conditions:ȱ 5ȱ °C,ȱ whichȱ isȱ wellȱ belowȱ theȱ transitionȱ temperatureȱ ofȱ PNAGA,ȱ andȱ 60ȱ °C,ȱ farȱ aboveȱ thisȱ transition.[15Ȭ16] ȱ Theȱ resultsȱ areȱ shownȱinȱFigureȱ5

Figureȱ5. 16

 16 Figureȱ5.13 ȱDSCȱ analysisȱ ofȱ PNAGAȬgȬPNIPAȱ hydrogelȱ atȱ preparationȱ stateȱ (heatingȱ rateȱ=ȱ2ȱ°C/min)ȱ

  

  

  

  

  

.2. ThermoȬresponsiveȱpolymersȱ 3.2.1. CriticalȱSolutionȱTemperatureȱofȱpolymersȱinȱaqueousȱmediaȱ

  Zhengȱ etȱ al.[35] ȱ Similarȱ toȱ theȱ conventionalȱ doubleȱ networkȱ gels,ȱ thisȱ gelȱ exhibitsȱ excellentȱ mechanicalȱ strengthȱ andȱ highȱ toughness.ȱ Moreȱ importantly,ȱ asȱ theȱ physicallyȱ crossȬlinkedȱ secondȱ networkȱ canȱ bearȱ stressȱ andȱ reconstructȱ networkȱ structure,ȱ thisȱ gelȱ demonstratesȱ

	rapidȱselfȬrecovery,ȱremarkableȱfatigueȱresistance,ȱandȱnotableȱselfȬhealingȱpropertyȱwithoutȱ 3Generally,ȱthermoȬresponsiveȱpolymersȱareȱmaterialsȱthatȱshowȱaȱvolumeȱchangeȱatȱaȱcertainȱ
	anyȱ externalȱ stimuliȱ atȱ roomȱ temperature.ȱ Allȱ ofȱ theseȱ improvementsȱ greatlyȱ broadenȱ theȱ temperatureȱwhereȱaȱsharpȱmodificationȱofȱtheȱsolvationȱstateȱoccurs.ȱAsȱaȱslightȱchangeȱinȱ
	avenueȱofȱtheirȱpotentialȱapplications.ȱ temperatureȱ canȱ causeȱ significantȱ changeȱ ofȱ macroscopicȱ properties,ȱ theseȱ polymersȱ haveȱ
	ȱ potentialȱapplicationsȱinȱaȱveryȱwideȱrangeȱofȱindustriesȱasȱwellȱasȱinȱbiomedicine.ȱ
	3. ThermoȬresponsiveȱpolymersȱandȱhydrogelsȱ Basedȱonȱtheirȱresponsiveȱbehaviors,ȱthermoȬresponsiveȱpolymersȱcanȱbeȱclassifiedȱintoȱtwoȱ
	mainȱ categoriesȱ (Figureȱ 1.17):ȱ Upperȱ Criticalȱ Temperatureȱ Solutionȱ (UCST,ȱ positiveȱ
	3.1. temperatureȱ responsive)ȱ typeȱ andȱ Lowerȱ Criticalȱ Temperatureȱ Solutionȱ (LCST,ȱ negativeȱ Introductionȱ
	temperatureȱresponsive)ȱtype.ȱȱ
	Besidesȱgoodȱtoughness,ȱtheȱresultingȱgelsȱareȱmultipleȱstimuliȱresponsive:ȱtemperature,ȱpH,ȱ
	andȱstress/strain.ȱFurthermore,ȱtheȱgelȱexhibitsȱpositiveȱthermochromaticȱbehavior,ȱwhichȱisȱ
	attributedȱtoȱtheȱreversibleȱassociationȱandȱdissociationȱofȱhydrogenȱbondsȱbetweenȱPAAmȱ stress,ȱlight,ȱetc. [99Ȭ104] ȱ
	andȱPAAȱinȱtheȱsoftȱlayer.ȱȱ Fromȱ aȱ practicalȱ pointȱ ofȱ view,ȱ temperatureȱ andȱ lightȱ areȱ twoȱ stimuliȱ thatȱ areȱ readilyȱ
	Recently,ȱitȱwasȱfoundȱthatȱhydrophobicȱinteractionsȱcouldȱalsoȱserveȱasȱtheȱsecondȱnetworkȱ applicableȱtoȱbulkȱhydrogels,ȱandȱtheyȱhaveȱdrawnȱconsiderableȱattentionȱinȱacademicȱandȱ
	industryȱ duringȱ theȱ lastȱ fewȱ years,ȱ especiallyȱ inȱ drugȱ deliveryȱ systems. [105Ȭ107] ȱ Moreȱ
	specifically,ȱ ourȱ attentionȱ willȱ focusȱ onȱ thermoȬresponsiveȱ interactions,ȱ asȱ itȱ isȱ aȱ commonȱ
	triggerȱthatȱnaturallyȱoccursȱinȱmanyȱapplications.ȱ

[97Ȭ98] 

ȱ Inspiredȱ byȱ cellȱ membraneȱ structure,ȱhydrophobicȱsurfactantȱdodecylȱglycerylȱitaconateȱwasȱsynthesizedȱinsideȱaȱPAAmȱ matrix,ȱ whichȱ resultsȱ inȱ thousandsȱ ofȱ nanoscaleȱ lipidȬlikeȱ domains.ȱ Veryȱ interestingly,ȱ theȱ unidirectionalȱ orientationȱ ofȱ lamellarȱ bilayersȱ ledȱ toȱ theȱ oneȬdimensionalȱ swellingȱ ofȱ theȱ network,ȱ andȱ elasticȱ modulusȱ anisotropyȱ withȱ aȱ 10Ȭfoldȱ difference.ȱ Later,ȱ byȱ introducingȱ aȱ secondȱ networkȱ ofȱ poly(acrylicȱ acid)ȱ (PAA),ȱ aȱ photonicȱ hydrogelȱ isȱ obtainedȱ (Figureȱ 1.16).ȱ ofȱ doubleȱ networkȱ hydrogels.ȱ Simplyȱ usingȱ aȱ oneȬpotȱ method,ȱ physicallyȱ crossȬlinkedȱ Agar/hydrophobicallyȱ associatedȱ polyacrylamideȱ doubleȱ networkȱ gelȱ wasȱ synthesizedȱ byȱ Withȱ theȱ aforementionedȱ examples,ȱ itȱ isȱ clearlyȱ shownȱ thatȱ theȱ mechanicalȱ behaviorȱ ofȱ hydrogelsȱ canȱ dramaticallyȱ riseȱ byȱ introducingȱ secondaryȱ interactionsȱ inȱ theȱ covalentȱ structure,ȱ butȱ theȱ reversibilityȱ ofȱ theseȱ interactionsȱ cannotȱ beȱ simplyȱ andȱ finelyȱ controlled.ȱ Now,ȱ fromȱ aȱ fundamentalȱ pointȱ ofȱ viewȱ asȱ wellȱ asȱ forȱ specificȱ applications,ȱ itȱ couldȱ beȱ desirableȱ toȱ switchȱ on/offȱ theȱ associationȱ processȱ throughȱ aȱ simpleȱ environmentalȱ trigger.ȱ Thisȱ alsoȱ offersȱ theȱ possibilityȱ toȱ prepareȱ hydrogelsȱ inȱ waterȱ andȱ toȱ tuneȱ theȱ hydrophobicȱ associationsȱ byȱ aȱ simpleȱ environmentalȱ switchȱ contraryȱ toȱ hydrophobicallyȱ modifiedȱ hydrogelsȱ thatȱ generallyȱ requireȱ aȱ solventȱ exchangeȱ procedureȱ afterȱ beingȱ preparedȱ inȱ organicȱ media.ȱ Moreover,ȱ suchȱ systemsȱ wouldȱ offerȱ theȱ possibilityȱ toȱ investigateȱ theȱ exactȱ contributionȱ ofȱ physicalȱ interactionsȱ onȱ theȱ mechanicalȱ propertiesȱ ofȱ theȱ swollenȱ networkȱ and/orȱtoȱdevelopȱhydrogelsȱwithȱresponsiveȱtoughness.ȱ Inȱ theȱ pastȱ fewȱ years,ȱ theȱ introductionȱ ofȱ responsiveȱ stickersȱ intoȱ macromolecularȱ architecturesȱhasȱopenedȱupȱtheȱwayȱofȱreversibleȱassociationsȱandȱpromotedȱtheȱformationȱ ofȱ physicalȱ networksȱ usingȱ physicalȱ stimuliȱ suchȱ asȱ temperature,ȱ pH,ȱ ionicȱ strength,ȱ shearȱ

ȱ Figureȱ1.17. A schematic plot of polymer/solvent binary mixture showing different phase transitions UCST or LCST.ȱ

  

	2) Polymers/solventȱ binaryȱ systemsȱ whereȱ theȱ transitionȱ temperatureȱ isȱ hardlyȱ
	influencedȱbyȱmolarȱmassȱorȱconcentrationȱ(e.g.:ȱPNIPA); [109] ȱ
	3) Polymersȱ thatȱ exhibitȱ aȱ bimodalȱ phaseȱ diagram,ȱ presentingȱ twoȱ criticalȱ pointsȱ forȱ
	lowȱ andȱ highȱ polymerȱ concentrationsȱ correspondingȱ toȱ theȱ Typeȱ 1ȱ andȱ Typeȱ 2ȱ
	behaviors,ȱrespectivelyȱ(e.g.:ȱPMVE). [110] ȱ
	Whileȱ theȱ typeȱ 1ȱ andȱ 3ȱ giveȱ aȱ possibilityȱ forȱ aȱ largeȱ temperatureȱ range,ȱ typeȱ 2ȱ isȱ easierȱ toȱ
	handleȱforȱpracticalȱapplications.ȱ
	EvenȱifȱUCSTȱisȱtheȱregularȱbehaviorȱforȱbinaryȱsystemsȱaccordingȱtoȱFloryȬHugginsȱtheory,ȱ
	waterȱ isȱ farȱ fromȱ beingȱ aȱ simpleȱ solventȱ andȱ oneȱ canȱ findȱ muchȱ moreȱ LCSTȱ polymersȱ inȱ
	waterȱ thanȱ UCSTȱ polymers.ȱ Asȱ phaseȱ transitionȱ inȱ aqueousȱ mediaȱ drivesȱ veryȱ importantȱ
	applications,ȱ LCSTȱ typeȱ polymersȱ haveȱ generatedȱ muchȱ moreȱ interestȱ thanȱ theȱ UCSTȱ
	types. [111] ȱ Forȱ example,ȱ sinceȱ 2010,ȱ onlyȱ 253ȱ papersȱ onȱ UCSTȱ typeȱ polymer/waterȱ mixturesȱ
	haveȱcomeȱoutȱ(WebȱofȱScience),ȱcomparedȱwithȱ1607ȱequivalentȱLCSTȱmixtures.ȱWhileȱaȱlotȱ
	ofȱ polymersȱ showȱ aȱ thermoȬresponsiveȱ behaviorȱ inȱ givenȱ conditionsȱ (temperature,ȱ
	solvent…),ȱweȱareȱmoreȱinterestedȱhereȱinȱpolymersȱhavingȱaȱtransitionȱtemperatureȱinȱwaterȱ
	closeȱ toȱ roomȱ orȱ bodyȱ temperatures.ȱ Focusingȱ onȱ theirȱ chemicalȱ structures,ȱ theȱ UCSTȱ andȱ
	LCSTȱtypeȱsyntheticȱpolymersȱcanȱbeȱclassifiedȱintoȱdifferentȱfamiliesȱ(Tableȱ1.1Ȭ2).ȱȱ
	ȱ
	UCSTȱisȱtheȱcriticalȱtemperatureȱaboveȱwhichȱtheȱcomponentsȱofȱaȱmixtureȱareȱmiscibleȱforȱ
	allȱ compositions,ȱ whileȱ LCSTȱ isȱ theȱ oppositeȱ case.ȱ Whenȱ theȱ temperatureȱ ofȱ aȱ solutionȱ isȱ
	beyondȱtheȱphaseȱseparationȱtemperature,ȱinterȱorȱintraȱaggregationsȱleadȱfromȱaȱnanoȱtoȱaȱ
	macroȱ phaseȱ separation.ȱ Followingȱ theȱ responsiveȱ behavior,ȱ thermoȬresponsiveȱ polymersȱ
	canȱbeȱdividedȱintoȱ3ȱtypes:ȱ
	1) PolymersȱthatȱfollowȱtheȱclassicȱFloryȬHugginsȱbehavior:ȱtheirȱtransitionȱpointȱshiftsȱ
	uponȱchangingȱtheȱpolymerȱmolarȱmassȱorȱconcentrationȱ(e.g.:ȱPNAGA,ȱPEO); [108] ȱȱ

Table 1 .1 Classification of UCST-type polymers in aqueous solution

 1 

	Entry	Categoryȱ	Exampleȱ	Transitionȱtemperatureȱ
	1ȱ	Zwitterionicȱpolymersȱ	PDMAPSȱ	15Ȭ32ȱ o Cȱ
	2ȱ	Poly(uracilacrylate)ȱ	PAUȱ	60ȱ o Cȱ
	3ȱ	Poly(NȬacryloylglycinamide)ȱ andȱderivativesȱ	PNAGAȱ	15Ȭ30ȱ o Cȱ
	4ȱ	UreidoȬbasedȱpolymersȱ	poly(allylamineȬcoȬ allylurea)ȱ	16Ȭ50ȱ o Cȱ
	5ȱ	Polyelectrolytesȱ	PEOȬbȬP2VPH + ȬS2O8 2ƺ ȱ	4 0 Ȭ 7 0 ȱ o Cȱ
	6ȱ	Copolymersȱbasedȱonȱ acrylamideȱ	poly(AAmȬcoȬAA)ȱ	25ȱ o Cȱ
	7ȱ	Polymethacrylamideȱ	PMAAmȱ	55ȱ o Cȱ

Table 1 .2 Classification of LCST-type polymers in aqueous solution

 1 

	Entryȱ	Categoryȱ	Exampleȱ	Transitionȱtemperatureȱ
	1ȱ	Poly(alkyleneȱoxide)ȱ	PEOȬbȬPPOȱ	20Ȭ85ȱ o Cȱ
	2ȱ	Oligo(ethyleneȱglycol)ȱbased	Poly(MEO2MAȬcoȬ	26Ȭ28ȱ o Cȱ
		graftȱcopolymersȱ	OEGMA)ȱ	
	3ȱ	Poly(alkylȱvinylȱether)ȱ	PVMEȱ	28ȱ o C;ȱ32-33ȤCȱ
	4ȱ	Poly(NȬalkylacrylamide)sȱ	PNIPAȱ	32ȱ o Cȱ
	5ȱ	Poly(oxazoline)sȱ	PEOzȱ	62ȱ o Cȱ
	6ȱ	Othersȱ	PVCLȱ	30Ȭ34ȱ o Cȱ
	ȱ			
	Inȱtheȱfollowing,ȱweȱwillȱfocusȱonȱthreeȱthermoȬresponsiveȱpolymersȱ(LCSTȱandȱUCST)ȱthatȱ
	willȱ beȱusedȱafterwardsȱtoȱdesignȱhybridȱhydrogelsȱwithȱthermoȬresponsiveȱreinforcement:ȱ
	Poly(NȬisopropylacrylamide),ȱZwitterionicȱpolymerȱandȱPoly(NȬacryloylȱglycinamide).ȱ

3.2.3. Poly(NȬacryloylȱglycinamide)ȱ

  

	itsȱ thermoȱ sensitiveȱ behaviorȱ canȱ beȱ significantlyȱ influencedȱ byȱ variousȱ hydrogenȱ bondȱ
	acceptorsȱorȱdonors,ȱsuchȱasȱpotassiumȱthiocyanateȱorȱureaȱ(Figureȱ1.21,ȱright). [160] ȱ
	Poly(NȬacryloylȱ glycinamide)ȱ (PNAGA)ȱ isȱ aȱ polymerȱ ofȱ moreȱ thanȱ halfȱ aȱ centuryȱ history,ȱ
	whichȱ wasȱ ęrstȱ reportedȱ byȱ Haasȱ andȱ Schulerȱ inȱ 1964. [158] ȱ Atȱ thatȱ time,ȱ itȱ wasȱ foundȱ thatȱ
	PNAGAȱ exhibitedȱ aȱ UCSTȱ typeȱ behavior,ȱ somehowȱ similarȱ toȱ gelatin.ȱ Likeȱ manyȱ otherȱ
	UCSTȱ typeȱ polymers,ȱ theȱ transitionȱ temperatureȱ dependsȱ greatlyȱ onȱ molarȱ massȱ andȱ
	concentration.ȱAtȱtheȱsameȱtime,ȱunlikeȱzwitterionicȱpolymersȱorȱpolyelectrolytes,ȱPNAGAȱisȱ
	aȱneutralȱpolymerȱthatȱshouldȱhaveȱaȱdifferentȱtemperatureȱresponsiveȱmechanism.ȱLater,ȱitȱ
	wasȱprovenȱthatȱtheȱtwoȱcarbonylȱgroupsȱinȱtheȱrepeatȱunitȱcouldȱserveȱasȱhydrogenȱbondingȱ
	acceptors,ȱ whileȱ theȱ twoȱ amideȱ groupsȱ behaveȱ asȱ hydrogenȱ bondingȱ donorsȱ (Figureȱ 1.21,ȱ
	left).ȱ Exceptionally,ȱ unlikeȱ mostȱ ofȱ theȱ otherȱ polymersȱ withȱ similarȱ hydrogenȱ bondingȱ
	interactions,ȱPNAGAȱhasȱaȱhigherȱtendencyȱtoȱformȱinteractionsȱwithȱitselfȱratherȱthanȱwithȱ
	water. [159] ȱ Hence,ȱ aboveȱ aȱ certainȱ concentration,ȱ PNAGAȱ chainsȱ canȱ selfȬaggregateȱ byȱ
	formingȱ interȬchainsȱ hydrogenȱ bonds.ȱ Withȱ increasingȱ theȱ temperature,ȱ polymer/polymerȱ
	hydrogenȱbondsȱareȱbrokenȱandȱPNAGAȱdisplaysȱaȱUCSTȱbehavior.ȱBasedȱonȱthisȱprinciple,ȱ

ȱ Figure 1.21. PNAGA with H-donor and H-acceptor sites (left) which can be blocked by thiocyanate salts (right) (from reference Agarwal et al. [160] )
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	inȱorderȱtoȱdevelopȱsmartȱsystemsȱableȱtoȱrespondȱreversiblyȱ(swelling/collapse)ȱunderȱgivenȱ Theȱexperimentalȱpartȱofȱthisȱthesisȱisȱorganizedȱaccordingȱtoȱtheȱfollowingȱplan:ȱ 172.ȱ Boustta,ȱ M.;ȱ Colombo,ȱ P.ȱ E.;ȱ Lenglet,ȱ S.;ȱ Poujol,ȱ S.;ȱ Vert,ȱ M.,ȱ Journalȱ Ofȱ Controlledȱ ABSTRACT
	environmentalȱ temperature.ȱ Evenȱ forȱ hybridȱ systemsȱ whichȱ demonstrateȱ excellentȱ 1. Chapterȱ 2ȱ focusesȱ onȱ theȱ graftȱ linearȱ copolymersȱ withȱ LCSTȱ behavior.ȱ Specifically,ȱ Releaseȱ2014,ȱ174,ȱ1.ȱ This work, based on structure/properties relationships of associating polymers, aims to
	mechanicalȱ properties,ȱ likeȱ NCȱ gelsȱ basedȱ onȱPNIPAM,ȱ almostȱ allȱ theȱ studiesȱ wereȱ carriedȱ basedȱonȱstructure/propertiesȱrelationshipsȱofȱassociatingȱpolymers,ȱthisȱchapterȱaimsȱ 173.ȱ Seuring,ȱJ.;ȱAgarwal,ȱS.,ȱACSȱMacroȱLettersȱ2013,ȱ2,ȱ597.ȱ investigate the role of topology in the self-assembling behavior of responsive graft
	outȱinȱtheȱswollenȱstate.ȱTheȱmainȱissueȱwhenȱcrossingȱtheȱtransitionȱthresholdȱisȱthatȱinȱmostȱ toȱinvestigateȱtheȱroleȱofȱtopologyȱinȱtheȱselfȬassemblingȱbehaviorȱofȱresponsiveȱgraftȱ 174.ȱ Sasase,ȱH.;ȱAoki,ȱT.;ȱKatono,ȱH.;ȱSanui,ȱK.;ȱOgata,ȱN.;ȱOhta,ȱR.;ȱKondo,ȱT.;ȱOkano,ȱT.;ȱ copolymers. For that purpose, two graft copolymers with opposite topologies were prepared
	casesȱtheȱpolymerȱnetworkȱconcurrentlyȱundergoesȱaȱlargeȱvolumeȱtransitionȱthatȱdominatesȱ copolymersȱinȱaqueousȱsolution.ȱȱ Sakurai,ȱY.,ȱDieȱMakromolekulareȱChemie,ȱRapidȱCommunicationsȱ1992,ȱ13,ȱ577.ȱ with similar amounts of water-soluble chains (poly(N,N-dimethylacrylamide) = PDMA) and 2.1. Materials ...................................................................................................................
	allȱ macroscopicȱ properties.ȱ Itȱ isȱ thenȱ impossibleȱ toȱ establishȱ aȱ directȱ comparisonȱ ofȱ theȱ 175.ȱ Liu,ȱF.;ȱSeuring,ȱJ.;ȱAgarwal,ȱS.,ȱMacromolecularȱChemistryȱandȱPhysicsȱ2014,ȱ215,ȱ1466.ȱ LCST polymer chains (poly(N-isopropylacrylamide) = PNIPA). In pure water, and above 3 2.2. Synthesis of thermosensitive linear copolymers ................................................ 2. Chapterȱ 3ȱ extendsȱ thisȱ preliminaryȱ studyȱ toȱ LCSTȱ typeȱ chemicalȱ crossȬlinkedȱ mechanicalȱ behaviorȱ before,ȱ duringȱ andȱ afterȱ theȱ transitionȱ inȱ orderȱ toȱ achieveȱ aȱ goodȱ understandingȱ ofȱ theȱ structure/propertiesȱ relationships.ȱ Thereȱ isȱ atȱ leastȱ aȱ coupleȱ ofȱ papers [177Ȭ178] ȱwhereȱtheȱauthorsȱtriedȱtoȱreduceȱtheȱvolumeȱphaseȱtransitionȱbyȱadjustingȱtheȱ hydrophilic/hydrophobicȱbalanceȱofȱtheȱnetwork.ȱNevertheless,ȱwhileȱtheyȱsucceededȱonȱthisȱ point,ȱ theȱ mechanicalȱ propertiesȱ wereȱ hardlyȱ improvedȱ aboveȱ theȱ phaseȱ transition;ȱ theȱ maximumȱvariationȱofȱelasticȱmodulusȱwasȱaboutȱ20ȱ%ȱforȱsemiȬinterpenetratedȱhydrogels.ȱ TakingȱintoȱaccountȱtheȱliteratureȱdataȱandȱtheȱexpertiseȱofȱtheȱSoftȱPolymerȱNetworkȱgroupȱ ofȱlaboratoryȱSIMMȱonȱhybridȱhydrogelsȱandȱresponsiveȱpolymers,ȱoneȱofȱtheȱkeyȱideasȱwasȱ toȱ cancelȱ theȱ volumeȱ phaseȱ transitionȱ ofȱ responsiveȱ hydrogelsȱ byȱ combiningȱ aȱ thermoȬ responsiveȱ polymerȱ withȱ aȱ waterȬsolubleȱ polymer.ȱ Whileȱ theȱ thermoȬresponsiveȱ polymersȱ undergoȱdeswellingȱinȱtheȱglobularȱstate,ȱtheȱmoreȱhydrophilicȱonesȱstillȱtendȱtoȱmaintainȱtheȱ hydrogels.ȱ Theȱ thermoȬresponsiveȱ behaviorȱ ofȱ twoȱ graftȱ thermoȬresponsiveȱ hydrogelsȱ withȱ similarȱ compositionȱ butȱ oppositeȱ topologyȱ willȱ beȱ presentedȱ inȱ details.ȱ SemiȬinterpenetratedȱ topologiesȱ willȱ beȱ reportedȱ asȱ wellȱ withȱ theȱ aimȱ ofȱ investigatingȱtopologyȱeffect.ȱ 3. Chapterȱ4ȱmainlyȱpaysȱattentionȱonȱtheȱmechanicalȱpropertiesȱofȱchemicalȱhydrogelsȱ designedȱ withȱ aȱ LCSTȱ crossȬlinkedȱ backbone.ȱ Theȱ strongȱ thermoȬreinforcementȱ ofȱ theseȱseriesȱwillȱbeȱdiscussedȱasȱaȱfunctionȱofȱitsȱcompositionȱandȱarchitecture.ȱ 4. Chapterȱ 5ȱ mainlyȱ focusesȱ onȱ UCSTȱ typeȱ hydrogels.ȱ Bothȱ theȱ synthesisȱ methodȱ ofȱ monomersȱandȱtheȱcharacterizationȱofȱUCSTȱtypeȱhydrogelsȱwillȱbeȱreportedȱbeforeȱ finalizingȱthisȱstudyȱwithȱaȱdualȱresponsiveȱgraftȱhydrogelȱdesignedȱwithȱbothȱUCSTȱ 176.ȱ Tanaka,ȱT.,ȱPolymerȱ1979,ȱ20,ȱ1404.ȱ 177.ȱ Kamata,ȱH.;ȱAkagi,ȱY.;ȱKayasugaȬKariya,ȱY.;ȱChung,ȱU.Ȭi.;ȱSakai,ȱT.,ȱScienceȱ2014,ȱ343,ȱ 873.ȱ 178.ȱ Muniz,ȱE.ȱC.;ȱGeuskens,ȱG.,ȱMacromoleculesȱ2001,ȱ34,ȱ4480.ȱ wt%, PNIPA-g-PDMA and PDMA-g-PNIPA exhibit very similar macroscopic properties with a sol/gel transition above 35 °C related to the microphase separation of PNIPA sequences. From complementary experiments, performed by DSC, 1 H NMR and small angle neutron scattering, we show that the phase transition of PNIPA is more abrupt when NIPA units are located within the backbone, compared to side-chains. Nevertheless, well above their transition temperature, the two copolymers display very similar bicontinuous structures where PNIPA sequences self aggregate into concentrated percolating domains (about 70 wt% at 60 °C) characterized by a frozen dynamics. On the other hand, when salt or surfactant molecules are added into unentangled semi-dilute aqueous solution, the PNIPA-g-PDMA sample does not percolate anymore above the transition temperature while PDMA-g-PNIPA still demonstrate thermo-thickening properties that are correlated to the ability of 2.3. 3.3. Phase transition .......................................................................................................
	swellingȱpropertiesȱofȱtheȱwholeȱnetwork.ȱConsequently,ȱweȱsuggestȱthatȱthermoȬresponsiveȱ andȱLCSTȱpolymers.ȱ water-soluble PDMA chains to bridge PNIPA aggregates. 3.4. Structure from small angle neutron scattering ...................................................
	reinforcementȱcanȱbeȱobtainedȱinȱisochoricȱconditionsȱbyȱtailoringȱtheȱpolymerȱnetworkȱinȱaȱ Theȱmainȱcontributionsȱofȱthisȱworkȱwillȱbeȱsummarizedȱinȱaȱconcludingȱpart,ȱalongȱwithȱ 3.5. Concentration dependence ....................................................................................
	properȱway.ȱ theȱperspectives.ȱȱ 3.6.
	Unlikeȱ doubleȱ networksȱ orȱ otherȱ physicalȱ byȱ reinforcedȱ hydrogelsȱ whereȱ theȱ preparationȱ ȱ ȱ
	couldȱbeȱtimeȬconsuming,ȱinvolvingȱseveralȱstepsȱorȱsolventȱexchangeȱprocedures,ȱweȱtriedȱ
	toȱ developȱ anȱ efficientȱ synthesisȱ andȱ analyticalȱ platformȱ withȱ theȱ gelȱ polymerizationȱ inȱ aȱ
	singleȱstepȱpriorȱtoȱitsȱmechanicalȱanalysisȱinȱtheȱsameȱconditions.ȱMoreover,ȱwithȱtheȱaimȱofȱ
	investigatingȱ theȱ impactȱ ofȱ topologyȱ andȱ theȱ roleȱ ofȱ compositionȱ onȱ theȱ mechanicalȱ
	properties,ȱ differentȱ hydrogelsȱ withȱ thermoȬresponsiveȱ toughnessȱ haveȱ beenȱ designed.ȱ Inȱ
	orderȱ toȱ addressȱ theȱ topologicalȱ effect,ȱ graftedȱ linearȱ copolymersȱ wereȱ firstȱ preparedȱ andȱ
	ȱ describingȱ theȱ theirȱselfȬassociationȱbehaviorȱwasȱinvestigatedȱinȱdetail.ȱThisȱstudyȱdoesȱnotȱonlyȱprovideȱaȱ
	volumeȱ phaseȱ transitionȱ ofȱ responsiveȱ hydrogels,ȱ mostȱ ofȱ academicȱ studiesȱ onȱ responsiveȱ goodȱmodelȱtoȱinvestigateȱtheȱstructure/propertiesȱrelationshipsȱofȱreinforcedȱhydrogelsȱbutȱ
	polymerȱnetworksȱwereȱmainlyȱdedicatedȱtoȱtheȱswelling/deswellingȱbehaviorȱofȱhydrogelsȱ alsoȱbridgeȱtheȱgapȱbetweenȱassociatingȱpolymerȱsolutionsȱandȱviscoelasticȱhydrogels.ȱ

Table 2 .1 Structural characterization of linear copolymers

 2 

	Molar mass and dispersity index	molar (weight)	molar (weight)
			monomer ratio in	monomer ratio in
			backbone / grafts	backbone / grafts
	copolymers	Graft	
	Graft		from	from
		copolymer	
			feed monomer	copolymer
			composition	composition
	Mn=23.0 kg/mol	Mn=370 kg/mol	
	PD-N		1.14/1 (50/50)	1.44/1 (56/44)
	Ð 1.4	Ð 2.6	
	Mn=14.5 kg/mol	Mn=460 kg/mol	
	PN-D		
	Ð 1.5	Ð 2.7	

1/1.14 (50/50) 1.12/1 (56/44)

  The neutron scattering data plotted in supporting information (see Figure2.21) also indicate a higher sensitivity of the PN-D sample with added SDS as the characteristic length is reduced from about 15%, qmax being shifted towards higher q values. For the two samples, the relative concentration fPNIPA*IPNIPA that can be calculated from the invariant highlights a decrease of 10 to 20 % when 2.5 mM SDS is added, in very good agreement with DSC and NMR

experiments (see Figure

2

.23 in supporting information). As directly shown by NMR, this result can be attributed to the decrease of the number of PNIPA sequences that participate to the association process (fPNIPA<1).

Table 2 .

 2 2 show that the PN-D chain with the PNIPA backbone has a high tendency to collapse upon heating. Its pervaded volume decreases 20 times between 25 and 55 °C but the globules remain stable with a steric corona formed by PDMA side-chains. If the phase transition is activated in the semi-dilute regime (3 wt%) prior to dilution, aggregates of higher polydispersity are obtained, showing their propensity to form inter-molecular aggregates at higher concentration. By comparison, PD-N chains studied in dilute conditions show larger dimensions above the transition temperature with the formation of both intraand inter-molecular associations. Although addition of salt favors the formation of larger inter-chain aggregates, the opposite tendency is observed in the presence of SDS at high temperature.

Table 2 .2 Dynamic light scattering of copolymers in dilute solutions.

 2 

			Radius (nm)	PDI	
	Solvent	T ( o C)				
		PN-D	PD-N	PN-D	PD-N
	H2O a	25	37	33	0.25	0.25
	H2O a	35	29	25	0.29	0.26
	H2O a	45	17	47	0.06	0.24
	H2O a	55	14	36	0.04	0.25
	H2O b	55	34	-	0.27	-
	[K2CO3] 0.1 M a	55	76	60	0.39	0.43
	[SDS] 2.5 mM a	55	24	18	0.32	0.37
	a/ Samples were prepared at concentration 0.1 g/L at room temperature and used for
	test at designate temperature directly.				
	b/ Samples were initially prepared at 30 g/L at room temperature and left at 55 °C

for 1 h. Then the sample was diluted by water (55 °C) and used for test at 55 °C.

Table 3 .1 Formulation of thermo-responsive hydrogels

 3 

		Monomer	MBA	Macro-	Linear	Mn	KPS	TEMED	Water
							Ð		
		g	mg	monomer g	polymer g	kg/mol	mg	mg	g
	GPN-D	1	1.36	1	---	39	1.3 23.9	10.3	10
	GPD-N	1	1.56	1	---	36	1.4 27.3	11.7	10
	GPN/PD	1	1.36	---	1	161	1.4 23.9	10.3	10
	GPD/PN	1	1.56	---	1	290	1.5 27.3	11.7	10

Table 3 .2 Fracture energy of graft hydrogels

 3 

	Samples	GPN-D	GPD-N	GPD-N
	Temp. (°C)	60	60	20
	GIC (J/m 2 )	320±34	107±11	24±3

.4: Fitting parameters obtained for GPN-D at different temperatures using the Teubner- Strey model.

  

	Temperature (°C) d (Å) ΒȱǻÅ)
	31.3	440	248
	32.7	446	278
	34.2	452	279
	38.7	490	277
	42.5	521	264
	50.1	565	261

Table 4 .2. Preparation of the gels

 4 SANSȱ experimentsȱ wereȱ performedȱ atȱ Laboratoireȱ Léonȱ Brillouinȱ (CEAȬSaclay,ȱ France)ȱ onȱ theȱ PAXYȱ spectrometer.ȱ Theȱ wavelengthȱ ofȱ theȱ incidentȱ neutronȱ beamȱ wasȱ setȱ atȱ O =ȱ 12ȱ Åȱ

	method,[1]ȱwithȱmolarȱmassȱcontrolledȱbyȱslightlyȱvaryingȱinitiatorȱconcentration.ȱTypicallyȱ
	forȱ GPNȬDȱ hydrogel:ȱ 1ȱ gȱ ofȱ PDMAȱ macromonomerȱ (0.01ȱ mmol),ȱ 1ȱ gȱ ofȱ NIPAȱ (8.8ȱ mmol)ȱ
	monomerȱandȱ1.36ȱmgȱofȱMBAȱ(8.8ȱμmol,ȱ0.1%ȱmolarȱratioȱwithȱrespectȱtoȱtheȱtotalȱamountȱ
	ofȱmonomers)ȱwereȱdissolvedȱinȱaȱcertainȱamountȱofȱwaterȱunderȱiceȱbath.ȱAfterȱ30ȱminȱofȱ
	deoxygenationȱ withȱ nitrogenȱ bubbling,ȱ potassiumȱ peroxodisulfateȱ (23.8ȱ mg,ȱ 88ȱ μmol,ȱ 1%ȱ
	molarȱratioȱwithȱrespectȱtoȱtheȱtotalȱamountȱofȱmonomers)ȱandȱTEMEDȱ(10.2ȱmg,ȱ88ȱμmol,ȱ1%ȱ
	molarȱ ratioȱ withȱ respectȱ toȱ theȱ totalȱ amountȱ ofȱ monomers)ȱ wereȱ dissolvedȱ separatelyȱ andȱ
	deoxygenatedȱinȱwater,ȱandȱtransferredȱsubsequentlyȱintoȱtheȱaforementionedȱmedium.ȱTheȱ
	ęnalȱ solutionȱ wasȱ transferredȱ betweenȱ syringesȱ orȱ platesȱ ofȱ 2ȱ mmȱ underȱ nitrogenȱ
	atmosphereȱasȱsoonȱasȱpossible.ȱTheȱreactionȱwasȱleftȱtoȱproceedȱovernightȱinȱfridgeȱ(4ȱ°C)ȱtoȱ
	fulfillȱ theȱ polymerization.ȱ Atȱ theȱ endȱ ofȱ theȱ reaction,ȱ theȱ gelsȱ wereȱ cutȱ withȱ aȱ dieȬcutterȱ ofȱ
	rectangularȱ orȱ roundȱ shapeȱ andȱ theȱ samplesȱ wereȱ storedȱ intoȱ paraffinȱ oilȱ untilȱ mechanicalȱ
	testingȱinȱorderȱtoȱavoidȱanyȱchangeȱinȱhydrogelȱcompositionȱinducedȱbyȱswellingȱorȱdrying.ȱ
	DifferentialȱScanningȱCalorimetryȱ(DSC)ȱ
	Theȱ phaseȱ transitionȱ wasȱ investigatedȱ byȱ Differentialȱ Scanningȱ Calorimetryȱ usingȱ aȱ DSCȱ
	Q200ȱ fromȱ TAȱ instrument.ȱ Hydrogelsȱ atȱ preparationȱ stateȱ (ca.ȱ 80ȱ mg),ȱ equilibratedȱ withȱ aȱ
	referenceȱfilledȱwithȱtheȱsameȱquantityȱofȱpureȱwater,ȱwereȱsubmittedȱtoȱtemperatureȱcyclesȱ
	betweenȱ 10ȱ °Cȱ andȱ 70ȱ °Cȱ underȱ nitrogenȱ atmosphere.ȱ Theȱ heatingȱ andȱ coolingȱ ratesȱ wereȱ
	ęxedȱatȱ2ȱ°C.min Ȭ1 .ȱ
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Table 5 .1 Preparation of zwitterionic hydrogels

 5 

	Entryȱ	NomenȬ clatureȱ	Monomersȱ (g)ȱ	M(monomer)ȱ (g)ȱ	KPSȱ mol%ȱ	MBAȱ mol%ȱ	m(water)ȱ (mL)ȱ	Massȱ (%)ȱ fractionȱ	Q0ȱ
	1ȱ	GPPȱ	SPP a ȱ	1ȱ	1ȱ	1.0ȱ	5ȱ	16.7ȱ	6ȱ
	2ȱ	GPEȱ	SPE a ȱ	1ȱ	1ȱ	1.0ȱ	5ȱ	16.7ȱ	6ȱ
	3ȱ	GPPȬDȱ	SPP+PDMAȱ macromonomerȱ	0.5+0.5ȱ	1ȱ	1.0ȱ	5ȱ	16.7ȱ	6ȱ
	a ȱpreparedȱwithȱandȱwithoutȱTEMEDȱatȱ30ȱ°Cȱorȱ60ȱ°C,ȱrespectively.ȱȱ			
	AllȱtheȱpureȱpolysulfobetaineȱgelsȱareȱturbidȱwhileȱGPPȬDȱisȱtransparentȱatȱpreparationȱstateȱ
	(30ȱorȱ60ȱ°C),ȱandȱallȱofȱthemȱbecomeȱmuchȱwhiterȱwhenȱcooledȱinȱtheȱfridge.ȱ		
	ȱ								
	1.2.	Mechanicalȱpropertiesȱofȱzwitterionicȱhydrogelsȱ		
	Theȱrheologicalȱpropertiesȱofȱpureȱpolysulfobetaineȱhydrogelsȱwereȱcarriedȱoutȱinitiallyȱwithȱ
	theȱ aimȱ ofȱ investigatingȱ theirȱ transitionȱ temperature.ȱ Comparedȱ withȱ previousȱ LCSTȱ
	hydrogels,ȱwhichȱdisplayȱtypicalȱshearȱmodulusȱaroundȱ10ȱkPaȱunderȱcoilȱstate,ȱbothȱtypesȱ
	ofȱ polysulfobetaineȱ hydrogelsȱ areȱ relativelyȱ weaker,ȱ especiallyȱ GPPȱ (~0.2ȱ kPa).ȱ Takingȱ intoȱ
	accountȱ thatȱ theȱ theoreticalȱ crossȬlinkȱ densityȱ ofȱ polysulfobetaineȱ hydrogelsȱ isȱ tenȱ timesȱ
	higherȱthanȱLCSTȱhydrogelsȱ(1ȱmol%ȱinsteadȱofȱ0.1ȱmol%),ȱweȱcanȱconcludeȱthatȱtheȱcrossȬ
	linkingȱ efficiencyȱ and/orȱ theȱ polymerizationȱ yieldȱ isȱ muchȱ lowerȱ thanȱ expected.ȱ

  ȱ byȱ changingȱ theȱ stoichiometricȱ ratioȱ usingȱ anȱ excessȱ ofȱ glycinamideȱ hydrochloride.ȱ Itȱ seemsȱ toȱ beȱ theȱ firstȱ timeȱ thatȱ acrylateȱ impurityȱ wasȱ totallyȱ suppressedȱ andȱ aȱ polymerȱ ofȱ PNAGAȱ withȱ markedȱ UCSTȱ transitionȱ wasȱ reported.ȱ Inȱ theȱ meantime,ȱ itȱ isȱ worthwhileȱ mentioningȱ thatȱ duringȱ theȱ purificationȱ procedure,ȱ aȱ supplementaryȱ columnȱ chromatographyȱ purificationȱ stepȱ wasȱ applied.ȱ Similarȱ toȱ theȱ conventionalȱ method,ȱ aȱ veryȱ troublesomeȱ NAGAȱ recoveryȱ stepȱ wasȱ appliedȱ andȱ aȱ modestȱ

	Chapterȱ5ȱThermoȬresponsiveȱhydrogels:ȱcouplingȱbetweenȱUCSTȱandȱLCSTȱtransitionsȱȱ Chapterȱ5ȱThermoȬresponsiveȱhydrogels:ȱcouplingȱbetweenȱUCSTȱandȱLCSTȱtransitionsȱȱ
	solutionȱwithȱonlyȱaȱveryȱsmallȱamountȱofȱsalt.ȱInȱthisȱcase,ȱtheȱpurificationȱprocessȱcanȱbeȱ hydrogelsȱandȱsemiȬinterpenetratedȱcopolymerȱnetworks.ȱWithȱtheȱaimȱofȱcomparison,ȱpureȱ
	dramaticallyȱsimplified.ȱ polyNAGAȱgelsȱ(PNAGA)ȱwereȱalsoȱpreparedȱandȱstudiedȱasȱreferenceȱsystem.ȱ
		Cl	O	+	H 2 N	O	NH 2	.HCl	KOH/K 2 CO 3 /MgSO 4 MeOH/Et 2 O	O NH
									O	NH 2
		Acryloyl chloride	Glycinamide		NAGA	ȱ
	Figureȱ5.7	ȱModifiedȱsynthesisȱprocedureȱofȱNAGAȱmonomerȱȱ
	ȱ								
	Inȱ aȱ 1ȱ Lȱ threeȬneckedȱ roundȬbottomȱ flask,ȱ glycinamideȱ hydrochlorideȱ (5.53ȱ g,ȱ 50ȱ mmol),ȱ
	yieldȱwasȱobtained.ȱȱ potassiumȱ hydroxideȱ (5.61ȱ g,ȱ 100ȱ mmol),ȱ potassiumȱ carbonateȱ (2.07ȱ g,ȱ 15ȱ mmol)ȱ andȱ
	Fromȱ allȱ theȱ aforementionedȱ strategies,ȱ thereȱ areȱ atȱ leastȱ twoȱ mainȱ drawbacksȱ inȱ theȱ magnesiumȱ sulfateȱ (12.60ȱ g,ȱ 105ȱ mmol)ȱ wereȱ wellȱ dispersedȱ inȱ 50ȱ mLȱ ofȱ methanol.ȱ Theȱ
	synthesisȱofȱNAGAȱmonomer:ȱtimeȬconsumingȱandȱmoderateȱyield.ȱTheseȱproblemsȱinvolveȱ solutionȱwasȱcooledȱinȱanȱiceȱbathȱandȱacryloylȱchlorideȱ(5.43ȱg,ȱ60ȱmmol)ȱdissolvedȱinȱ60ȱmLȱ
	theȱ difficultiesȱ toȱ removeȱ acrylateȱ impurityȱ andȱ toȱ separateȱ theȱ monomerȱ NAGAȱ fromȱ ofȱ diethyletherȱ wasȱ addedȱ dropwiseȱ overȱ 2ȱ hȱ underȱ vigorousȱ stirring.ȱ Theȱ suspensionȱ wasȱ
	inorganicȱsalt.ȱIfȱweȱchangeȱtheȱacrylateȱsaltȱimpurityȱintoȱaȱmoreȱhydrophobicȱone,ȱtheȱfirstȱ warmedȱtoȱroomȱtemperatureȱandȱfurtherȱstirredȱforȱ3ȱhȱtoȱfulfillȱtheȱreaction.ȱThen,ȱdiethylȱ
	problemȱcouldȱbeȱsolvedȱandȱifȱweȱareȱableȱtoȱseparateȱNAGAȱmonomerȱfromȱmostȱofȱsaltsȱ etherȱwasȱremovedȱbyȱrotaryȱevaporationȱandȱtheȱremainingȱsuspensionȱwasȱgentlyȱwarmedȱ
	atȱtheȱearlyȱstageȱofȱpurification,ȱtheȱsecondȱdisadvantageȱcouldȱbeȱovercome.ȱ toȱ 50ȱ °C.ȱ Afterȱ removalȱ ofȱ allȱ theȱ precipitateȱ byȱ fastȱ filtration,ȱ theȱ remainingȱ solutionȱ wasȱ
	Followingȱthisȱobjective,ȱweȱproposeȱtoȱimproveȱtheȱsynthesisȱofȱNAGA,ȱmainlyȱbyȱreplacingȱ passedȱthroughȱaȱflashȱcolumnȱ(eluentȱvol/volȱmethanol/dichloromethaneȱ=ȱ1/2)ȱtoȱgiveȱriseȱ
	waterȱ withȱ methanolȱ (Figureȱ 5.7).ȱ Indeed,ȱ inȱ thisȱ case,ȱ evenȱ thoughȱ acryloylȱ chlorideȱ canȱ toȱtheȱcrudeȱproduct.ȱNAGAȱmonomerȱwasȱfinallyȱrecrystallizedȱfromȱisopropanolȱtoȱyieldȱ
	reactȱwithȱmethanol,ȱtheȱcorrespondingȱproduct,ȱmethylȱacrylate,ȱcouldȱbeȱsimplyȱremovedȱ pureȱproductȱofȱ4.89ȱg,ȱyieldȱ=ȱ76.4%.ȱ 1 HȱNMRȱ(400ȱMHz,ȱD2O):ȱΈȱ=ȱ3.89ȱ(s,ȱ2H),ȱ5.75ȱ(m,ȱ1H,),ȱ
	byȱ rotaryȱ evaporationȱ orȱ extraction.ȱ Therefore,ȱ weȱ canȱ workȱ withȱ anȱ excessȱ ofȱ acryloylȱ 6.21Ȭ6.30ȱ(m,ȱ2H).ȱ
	chlorideȱ toȱ ensureȱ thatȱ theȱ moreȱ valuableȱ glycinamideȱ hydrochlorideȱ couldȱ beȱ totallyȱ TheȱmeltingȱpointȱofȱourȱNAGAȱmonomer,ȱdeterminedȱbyȱdifferentialȱscanningȱcalorimetryȱ
	convertedȱintoȱNAGAȱmonomer.ȱMoreover,ȱmethanolȱisȱtotallyȱmiscibleȱwithȱdiethylȱether,ȱ (heatingȱrateȱofȱ10ȱ°C/min),ȱisȱ129ȱ°C,ȱwhichȱisȱinȱgoodȱagreementȱwithȱliterature. [10] ȱ
	whichȱmakesȱtheȱreactionȱeasierȱtoȱperform.ȱAtȱtheȱsameȱtime,ȱwithȱtheȱchangeȱofȱsolvent,ȱaȱ ȱ
	mixedȱbaseȱofȱKOH/K2CO3ȱwasȱused;ȱtheȱstrongȱbaseȱKOHȱbeingȱusedȱforȱitsȱgoodȱsolubilityȱ
	inȱ methanol,ȱ whileȱ K2CO3ȱ wasȱ appliedȱ forȱ itsȱ mildȱ basicȱ property.ȱ Moreover,ȱ inȱ orderȱ toȱ 2.2. InvestigationȱofȱPNAGAȱtypeȱhydrogelsȱ
	absorbȱwaterȱfromȱtheȱreactionȱprocess,ȱdryingȱagentȱMgSO4ȱwasȱadded.ȱInȱtheseȱconditions,ȱ Followingȱ theȱ principleȱ highlightedȱ withȱ LCSTȱ typeȱ hydrogel,ȱ theȱ combinationȱ ofȱ thermoȬ
	NAGAȱmonomerȱhasȱaȱmuchȱhigherȱsolubilityȱ(e.g.ȱ>180ȱg/Lȱatȱ50ȱ°C)ȱthanȱtheȱinorganicȱsaltȱ responsiveȱsequenceȱandȱhydrophilicȱoneȱisȱnecessaryȱtoȱavoidȱanyȱcollapseȱofȱtheȱgelȱfromȱ
	inȱ methanol.ȱ Consequently,ȱ atȱ theȱ endȱ ofȱ theȱ reaction,ȱ NAGAȱ productȱ remainsȱ inȱ theȱ itsȱpreparationȱstateȱwithinȱtheȱwholeȱtemperatureȱrangeȱinvestigated.ȱForȱthatȱpurpose,ȱtwoȱ
	differentȱ architecturesȱ basedȱ onȱ NAGAȱ haveȱ beenȱ designedȱ andȱ studied:ȱ graftȱ copolymerȱ
								176ȱ 177ȱ	
	ȱ ȱ								

Table 5 .2 Preparation of PNAGA hydrogels

 5 ȱ indicateȱ thatȱ theȱ transitionȱ temperatureȱ ofȱ pureȱ PNAGAȱ isȱ aroundȱ ȱ 22Ȭ30ȱ °C,ȱ ourȱ synthesisȱ wasȱ carriedȱ outȱ atȱ 60ȱ °Cȱ toȱ avoidȱ theȱ phaseȱ separation.ȱ Theȱ synthesisȱ turnedȱ outȱ toȱ beȱ easierȱ thanȱ expected.ȱ Givenȱ amountsȱ ofȱ NAGAȱ stronglyȱ dependsȱ onȱ theȱ levelȱ ofȱ substitutionȱ ofȱ nitrogen.[14Ȭ16] ȱ Forȱ example,ȱ inȱ theȱ caseȱ ofȱ acetamideȱ derivatives,ȱ theȱ reactionȱ ofȱ KPSȱ carriedȱ outȱ atȱ 85ȱ °Cȱ inȱ oxygenȬfreeȱ conditionsȱ leadsȱtoȱaȱ fullȱ transformationȱ ofȱ N,NȬdimethylacetamide,ȱwhereasȱonlyȱ 56%ȱofȱ

	monomer,ȱinitiatorȱ(KPS)ȱandȱcrossȬlinkerȱ(MBA)ȱwereȱdissolvedȱinȱwaterȱandȱdeoxygenatedȱ
	withȱN2ȱduringȱ30ȱminȱatȱroomȱtemperature.ȱThen,ȱtheȱsolutionȱwasȱtransferredȱintoȱsyringesȱ
	orȱbetweenȱglassȱplatesȱ(2ȱmm)ȱpriorȱtoȱbeȱheatedȱatȱ60ȱ°CȱunderȱN2ȱatmosphereȱforȱ2ȱhȱtoȱ
	fulęllȱ theȱ polymerization.ȱ Allȱ theȱ proceduresȱ takeȱ lessȱ thanȱ 3ȱ hours.ȱ Theȱ detailsȱ ofȱ theȱ
	synthesisȱareȱgivenȱinȱTableȱ5.2.ȱȱ				
	ȱ							
	Entryȱ	m(NAGA)ȱ (g)ȱ	KPSȱ mol%ȱ	MBAȱ mol%ȱ	m(water)ȱ (g)ȱ	Massȱ fractionȱ (%)ȱȱ	Macroscopicȱ aspectȱ atȱ60ȱ°Cȱ	Macroscopicȱ aspectȱ atȱ5ȱ°Cȱ
	1ȱ	1ȱ	1ȱ	1.0ȱ	7ȱȱ	12.5ȱ	transparentȱ	whiteȱ
	2ȱ	1ȱ	1ȱ	0.1ȱ	7ȱȱ	12.5ȱ	transparentȱ	whiteȱ
	3ȱ	1ȱ	1ȱ	Ȭȱ	7ȱȱ	12.5ȱ	transparentȱ	whiteȱ
	ȱ							
	Curiously,ȱ evenȱ withoutȱ additionalȱ chemicalȱ crossȬlinkerȱ (tableȱ 5.2,ȱ entryȱ 3),ȱ covalentȱ
	PNAGAȱ hydrogelsȱ areȱ obtainedȱ evenȱ aboveȱ theȱ transitionȱ temperatureȱ ofȱ PNAGA.ȱ Thisȱ
	phenomenon,ȱ whichȱ wasȱ initiallyȱ reportedȱ byȱ Haasȱ etȱ al [3] ȱ forȱ NAGAȱ polymer,ȱ hasȱ beenȱ
	assignedȱ toȱ transferȱ reactions.ȱ Indeed,ȱ radicalsȱ canȱ reactȱ withȱ substitutedȱ aminesȱ duringȱ
	polymerizationȱandȱleadȱtoȱnonlinearȱpolymerȱstructures.ȱItȱhasȱbeenȱreportedȱthatȱtheȱextentȱ
	ofȱ thisȱ sideȬreaction,ȱ typicallyȱ observedȱ withȱ polymerizationȱ initiatedȱ withȱ KPSȱ atȱ highȱ

10 Freeȱ polymersȱ chainsȱ involvedȱ inȱ theȱ preparationȱ ofȱ semiȬIPNȱ PNAGAȱ hydrogels.ȱ SemiȬIPNȱ consistsȱ ofȱ aȱ chemicallyȱ crossȬlinkedȱ PNAGAȱ networkȱ interpenetratedȱbyȱpolymerȱfreeȱchains,ȱweightȱratioȱwasȱkeptȱ50/50.ȱȱ

  

	Chapterȱ5ȱThermoȬresponsiveȱhydrogels:ȱcouplingȱbetweenȱUCSTȱandȱLCSTȱtransitionsȱȱ Chapterȱ5ȱThermoȬresponsiveȱhydrogels:ȱcouplingȱbetweenȱUCSTȱandȱLCSTȱtransitionsȱȱ
	Asȱ isochoricȱ conditionsȱ cannotȱ beȱ maintainedȱ forȱ homoȬPNAGAȱ hydrogelsȱ onȱ theȱ wholeȱ SemiȬIPNȱpreparationȱ
	temperatureȱ range,ȱ derivativeȱ structuresȱ haveȱ beenȱ designedȱ byȱ introducingȱ hydrophilicȱ Mostȱofȱtheȱsynthesesȱwereȱperformedȱfollowingȱtheȱsameȱprocedure.ȱAfterȱdissolvingȱequalȱ
	compoundsȱinȱsemiȬIPNȱorȱgraftedȱarchitectures.ȱ amountsȱ ofȱ NAGAȱ monomerȱ andȱ freeȱ polymerȱ inȱ water,ȱ KPSȱ wasȱ addedȱ andȱ theȱ solutionȱ
	2.2.2. SemiȬIPNȱbasedȱonȱPNAGAȱhydrogelsȱ wasȱdeoxygenatedȱwithȱN2ȱduringȱ30ȱminȱatȱroomȱtemperature.ȱTheȱcorrespondingȱsolutionȱ
	wasȱthenȱtransferredȱintoȱsyringesȱorȱbetweenȱglassȱplatesȱ(2ȱmmȱwidth)ȱandȱheatedȱatȱ60ȱ°Cȱ
	InȱorderȱtoȱmaintainȱtheȱswellingȱabilityȱofȱPNAGAȱnetworksȱatȱlowȱtemperature,ȱaȱsecondȱ
	underȱN2ȱatmosphereȱforȱ2ȱhȱ(exceptȱforȱPNAGA/PNIPAȱwhichȱwasȱcarriedȱoutȱatȱ30ȱ°Cȱwithȱ
	seriesȱofȱhydrogelsȱwasȱpreparedȱonȱtheȱbasisȱofȱsemiȬIPNȱarchitecture.ȱTheȱstrategyȱrestsȱonȱ
	1ȱmol%ȱTEMEDȱasȱaccelerator).ȱInȱorderȱtoȱfacilitateȱfurtherȱcomparisonȱbetweenȱhydrogels,ȱ
	theȱ formationȱ ofȱ aȱ PNAGAȱ crossȬlinkedȱ networkȱ inȱ theȱ presenceȱ ofȱ hydrophilicȱ linearȱ
	theȱweightȱratioȱofȱNAGA/linearȱpolymer/H2Oȱwasȱkeptȱconstantȱandȱequalȱtoȱ1/1/14,ȱwhileȱ
	polymers.ȱ Theȱ objectiveȱ isȱ toȱ getȱ hydrogelsȱ thatȱ displayȱ thermalȱ phaseȱ separationȱ withoutȱ
	theȱmolarȱratioȱKPS/NAGAȱwasȱfixedȱtoȱ1ȱmol%.ȱTakingȱintoȱaccountȱtheȱpreviousȱresults,ȱnoȱ
	volumeȱtransitionȱinȱtheȱpreparationȱstate.ȱForȱthatȱpurpose,ȱ8ȱdifferentȱlinearȱpolymersȱwereȱ
	additionalȱcrossȬlinkerȱwasȱaddedȱexceptȱinȱspecificȱcasesȱ(entryȱ10Ȭ11).ȱTheȱmolarȱmassesȱofȱ
	linearȱpolymersȱandȱtheȱopticalȱpropertiesȱofȱhydrogelsȱareȱgivenȱinȱTableȱ5.3.ȱ
	ȱ
	ȱȱȱ
	180ȱ 181ȱ
	ȱ ȱ

usedȱ (Figureȱ 5.10).ȱ Allȱ theseȱ polymersȱ areȱ commerciallyȱ available,ȱ exceptȱ theȱ zwitterionicȱ PSPPȱwhichȱwasȱsynthesizedȱwithȱtheȱsameȱmethodȱusedȱforȱlinearȱPDMA.ȱTheȱsemiȬIPNsȱ areȱnamedȱ"PNAGA/freeȱpolymer"ȱ(e.g.ȱPNAGA/PSPP).ȱ ȱ Figureȱ5.

Table 5 .3 Polymer characteristics and optical properties of semi-IPN PNAGA

 5 

	Batchȱ	Freeȱpolymerȱchainsȱ	Mwȱ(kg/mol)ȱ	Appearanceȱ atȱ0ȱ°Cȱ	Appearanceȱ atȱ60ȱ°Cȱ
	1ȱ	PSPPȱȱ	30ȱ	whiteȱ	translucentȱ
	2ȱ	Dextranȱȱ	100ȱ	whiteȱ	translucentȱ
	3ȱ	PAMPSȱȱ	200ȱ	translucentȱ	translucentȱ
	4ȱ	PAAHȱ	90ȱ	whiteȱ	translucentȱ
	5ȱ	PAAHȱ	5ȱ	whiteȱ	translucentȱ
	6ȱ	PAANaȱ	140ȱ	whiteȱ	translucentȱ
	7ȱ	PAANaȱ	5ȱ	whiteȱ	translucentȱ
	8ȱ	PDMAȱ	30ȱ	whiteȱ	whiteȱ
	9 1 ȱ	PDMAȱ	30ȱ	whiteȱ	whiteȱ
	10ȱ	PEOȱ	300ȱ	whiteȱ	whiteȱ
	11 1 ȱ	PEOȱ	300ȱ	whiteȱ	whiteȱ
	12 2 ȱ	PNIPAȱ	130ȱ	whiteȱ	whiteȱ
	1 ȱ0.1ȱmol%ȱMBAȱwasȱaddedȱduringȱtheȱpreparationȱ		

Table 5 .4 Mechanical behavior of PNAGA semi-IPN hydrogels
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	X
	PNAGA/PAANa
	PNAGA/PAAH
	PNAGA/dextran
	PNAGA/PNIPA
	X=break
	time (h)
	ȱ
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Chapter 2 LCST-based graft copolymers: influence of topology on responsive assembling in aqueous media
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ABSTRACT

The challenge of this work was to decouple volume transition and phase transition in LCST polymers in order to develop original hydrogels able to strongly and reversibly reinforce their mechanical strength while working in isochoric conditions. For that purpose four different hydrogels were designed on the basis of grafted or semi-interpenetrated architectures using equal amounts of water-soluble chains (poly(N,N-dimethylacrylamide) = PDMA) and LCST polymer chains (poly(N-isopropylacrylamide) = PNIPA). Working in the preparation state with a swelling ratio of 6 (~ 85 wt% of water), we demonstrate that most of the gels are able to keep their macroscopic original dimensions above the phase separation of PNIPA. The graft hydrogels, designed with PNIPA in the backbone (GPN-D) or as pendant chains (GPD-N), have been studied more specifically by DSC, swelling experiments, tensile tests and 2D neutron scattering at rest and under deformation. From this wide set of techniques we show that PNIPA side-chains in GPD-N self assemble above their transition temperature into a micellar network that greatly interfere with the covalent PDMA frame.

While the elastic modulus increases reversibly more than ten times during the transition, other properties like elongation at break and fracture energy are greatly enhanced with temperature. At high temperature and under extension, SANS data highlight the affine deformation of PNIPA domains. By comparison, the opposite topology with PNIPA forming the cross-linked backbone undergoes a similar phase separation with temperature and gives rise to a bicontinuous structure that is no longer affine under deformation. Due to the intrinsic coupling between physical and covalent cross-links which belong to the same rich-PNIPA phase, GPN-D displays better mechanical properties at high temperature than GPD-N. In the case of semi-IPN designed with PNIPA in the cross-linked network, we show that the higher level of phase separation strongly enhances the mechanical properties but is detrimental to the volume transition as isochoric conditions cannot be maintained at high temperature.