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Abstract

“Smartmaterials”responsetonotonlythephysicalsignalssuc

hastemperature,light,andmagneticfieldbutalsochemicalsign

alssuchasionicconcentration,glutathioneconcentration,andpH,

etc.Amongthem temperaturehassomeadvantages.Temperature

couldbeeasilyappliedtobiosystem byheatpadornear-infrare

dillumination.Itcanbealsocooledorheatedreversibly.

Thermoresponsivematerialswhichconsistoftwoormorecompo

nentschangephysicalorchemicalpropertiesbymildtemperature

changes.Amongthem Ihavemoreinterestedinwater-solubleth

ermoresponsivematerials.Thewaterisnotonlypresentinalarg

eamountenoughtocoversapproximately71% oftheearthsurfa

cebutalsoformingthebodyfluidsofalllivingorganismsonth

eearth.Therefore,water-solublethermoresponsivematerialscoul

dbeapplicateforbiomedicalapplicationaswellaswaterpurifica

tion.Inpractice,thesematerialshavebeenextensivelyresearched

invariousapplicationssuchascellculturedishes,chromatograph

y,temperature-triggereddrugrelease,ortargeteddrugdelivery.

Thermoresponsivematerialsinaqueoussolutioncouldbeclassif

iedintotwoandthephasetransitionbehaviorinwatercouldbe

explainedbysimplifiedthermodynamicequation.

∆ ∆ ∆

(TheGibbsfreeenergyofmixing:ΔGm,Theenthalpyofmixing:

ΔHm,Theentropyofmixing:ΔSm,Temperature;T)

Materialsthatcanmixinsolventbelow acertaintemperaturean

dabruptlyphaseseparatefrom solutionaboveacertaintemperat

urearereferredasthelowercriticalsolutiontemperature(LCS

T).RepresentativeLCST materialsarepoly(N-isopropylacrylamid



e)ofwhichstructureharmoniouslyconsistofhydrophilicmoiety

andhydrophobicmoiety.Inaqueoussolutionsofthesepolymers,

ΔHm isnegativeduetostronginteractionbetweenwaterandpol

ymermoleculesandΔSm isalsonegativebecausethehydrophobi

cmoieties(isopropyl)ofpoly(N-isopropylacrylamide)arecaptured

inorderedform ofwatermoleculeswhichactuallyexistedindiso

rderedform.Therefore,atagivencompositionandpressure,LCS

TphaseseparationoccurswhenΔGm becomeszeroasthenegati

veTΔSm becomesdominantoverthenegativeΔHm uponreachin

gaspecifictemperature.

OnthecontrarytoLCST pahsetransition,materialswhichare

miscibleinsolventaboveacertaintemperatureandabruptlyphas

eseparatefrom solutionbelow acertaintemperaturearereferred

astheuppercriticalsolutiontemperature(UCST).Representative

UCST materialsarepoly(3-dimethyl(methacryloyloxyethyl)ammo

nium propanesulfonatewhichhasbothpositivelychargedammon

ium moietyandnegativelychargedsulfonateineveryrepeatingu

nit,whichcanstronglyinteractwitheachotherbyelectrostatici

nteractiongeneratingpositivevalueofΔHm .Therefore,UCST p

haseseparationoccurswhentemperaturereachesbelow acertain

temperaturetogiverisetozerovalueofΔGm asthepositiveΔH

m becomesdominantoverthepositiveTΔSm uponreachingaspe

cifictemperature.

Inordertosynthesizethethermoresponsivematerialspreviousl

y,monomershouldbesynthesizedandthenpolymerizedthrough

multiplesteps.Ihavebeenfocusingonresearchesforsynthesizin

gwater-solublethermoresponsivematerialsinasimplewaycom

paringtoconventionalmethodsinthiswork.Inordertoachieve

abovegoalIpurchasedthecommerciallyavailableaminerichpol



ymer,branchedpolyethylenimine(b-PEI)whichcanbeeasilymo

difiedthroughsimplereactionsuchasacylation,ringopeningrea

ction,ormethylationforsynthesizingLCST materialsorUCST

materials.

LCSTpropertieswereintroducedintob-PEIbysimpleacylatio

n.TheresultingN-acylatedb-PEIhavesimilarstructurewithpo

ly(N-isopropylacrylamide).ThephasetransitiontemperatureofN

-acylatedb-PEIinaqueoussolutioncanbecontrolledbythehyd

rophobicityofacylgroup,degreeofacylation,concentration,and

pHintherangeof10-90°C

UCSTpropertieswereintroduceintob-PEIbyring-openingre

actionresultinginN-sulfopropylatedb-PEIwhichhassimilarstr

ucturewithpoly(3-dimethyl(methacryloyloxyethyl)ammonium pro

panesulfonate.ThephasetransitiontemperatureofN-sulfopropyl

atedb-PEIinaqueoussolutioncanbecontrolledbydegreeofac

ylation,molecularweight,concentration,andpHintherangeof1

0-90°C

AnotherwaytointroducetheUCST propertiesintob-PEIist

osimplymixwithhydrogenhalideorbymethylationofb-PEI.

Althoughhalidesaltsofb-PEIexhibitedtheUCST propertiesin

water,thepH ofsolutionistoolow toapplyforpracticalapplica

tion.However,methylatedb-PEI(MPEI)derivativeswhichposse

ss35-38% quaternaryammoniumswithhydrophobiccounteranio

nssuchasiodide(I-)ortetrafluoroborate(BF4
-)exhibitedUCSTin

mildpH rangebecauseofstrongelectrostaticinteractionandhyd

rophobicinteraction.Methylatedb-PEIwithmorehydrophilicanio

nsuchasCl-andBr-didnotshow UCST propertiesbecauseth

ehydrophobicityofanionsisnotenoughtohavestronginteracti

onwithMPEI.Thedependenceofsalteffectandmolecularweig



htonphasetransitiontemperatureisalsoinvestigated.

Thenew applicationsuchasadraw soluteforforwardosmosi

s(FO)ispossiblethankstoeasyintroductionofthermoresponsiv

enessintoamine-richpolymerbyabovemethods.TheFOmetho

distodraw freshwaterfrom feedsolutiontoadraw solution

(Higherconcentrationthanfeedsolution)byspontaneousosmosis

throughasemipermeablemembrane.FollowingtheVan’thoffequ

ation,

    

(π:osmoticpressure,c:molarityofconcentration,R:gasconstan

t,T:temperatrure,V:volume,M,molecularweight,w:solutewe

ight)

thermoresponsivematerialswithlow molecularweightareneeded

forinducinghighosmoticpressure.Therefore,nBu-TAEA withl

ow molecularweight,356g/mol,wassynthesized,whichexhibited

20-30℃ phasetransitiontemperatureat2.2M inwater.Afterp

haseseparationat55℃,theeffectiveosmoticpressureofnBu-T

AEA solutionbecamelowerthan0.15M equivalenttophysiologi

calsaline.Therefore,afterfreshwatercouldbedrawnfrom 0.60

M NaClsolutionequivalenttoseawater,to2.2M ofnBu-TAEA

solutionbelow phasetransitiontemperature,theobtainedfreshw

aterinnBu-TAEA solutionwasreleasedinto0.15M equivalent

tophysiologicalsalineabovephasetransitiontemperature.Theth

ermoresponsivematerialsasadraw soluteforforwardosmosisc

ouldbeenergyefficientmethodforobtainingfreshwaterfrom se

awater.

Keywords

Thermoresponsivematerials,Lowercriticalsolutiontemperature(L

CST),Uppercriticalsolutiontemperature(UCST),Forwardosmo



sis(FO),Branchedpolyethylenimine(b-PEI)
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PartⅠ.Novellower criticalsolution temperature phase

transition materials effectively control osmosis by mild

temperaturechanges

1.Abstract

Osmosiscan becontrolled reversibly and effectively by mild

temperaturechangesbasedonnovelthermosensitivesoluteswith

LCST transition.ThenBu-TAEA thermosensitivesolution can

draw freshwaterfrom seawaterattemperatureslessthanthe

phaseseparationtemperature,andtheosmoticflow wasreversed

athighertemperatures.
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2.Introduction

Osmosis is a promising potential means for the efficient

productionofenergyandresources.So-called‘blueenergy,’which

isgeneratedbythesaltconcentrationgradientbetweenriverand

seawaters,represents several terawatts on a global scale.1

Meanwhile,morethan40,000,000m3ofseawateraredesalinated

againstthesaltgradientworldwideeverydayduetoincreasing

demandsforfreshwater.2 Ifthedirectionoftheconcentration

gradientcouldbecontrolledby mildtemperaturechangesthat

maybeachievedeasilybywasteheatorsunlightirradiation,it

wouldfacilitatetheutilization ofosmoticpowerasan energy

sourceaswellasmoreefficientandpracticaldesalination.HereI

show thetemperature-sensitivecontrolofosmosisusingsolute

materials with reversible lower critical solution temperature

(LCST)transitions.

Some thermosensitive solutes exhibitphase separation from

one-phase solution when heated over a certain temperature,

referred to as thelowercriticalsolution temperature(LCST)

transition.3Sincetheconcentrationofthesolutionisdramatically

decreasedafterphaseseparation,theLCSTtransitioncanalsobe

applied to the temperature-sensitive controlof concentration

gradients.ThereversibilityaswellastherapidityoftheLCST

transitionmaketheutilizationofthethermosensitivesolutesvery

attractive. Moreover, thermosensitive solutes with transition

temperaturesrangingfrom 20℃ to30℃ canbesynthesizedby

a delicate design of the molecular structure.This feasible

temperaturerangecanallow forlessoverallenergyinputinto

the system to induce transition. I have focused on the
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developmentofsolutematerialswithLCSTcharacteristicsforthe

reversible controlof osmosis within a practicaltemperature

range.

Theosmoticpressureofasolutioncanbecalculatedby the

van’tHoffequation:

whereiisthevan’tHofffactor,R isthegasconstant,T isthe

temperature, and c is the molarity of the solution. The

concentrationofseawaterisequivalentto0.60M ofNaClat25

℃.

If I produce a thermosensitive solution with a higher

concentrationthan1.2M,assumingthatiofthethermosensitive

soluteis1,osmoticflow canbeinducedfrom theseawaterto

the thermosensitive solution ata temperature lowerthan its

transition temperature (Fig.1).In contrast,at temperatures

higherthanthetransitiontemperature,theeffectivemolarityof

the solution sharply decreases due to the aggregation of

thermosensitive solutemolecules,and thedirection ofosmotic

flow canbereversed.Therefore,notonlyishighmolarsolubility

of the thermosensitive solute required for effective water

drawing,butlarge△cagainstthetemperaturechangeisalso

requiredfortheeffectivecontrolofosmoticflow bytemperature

changes.

I selected N,N’,N”-triacylated tris(2-aminoethyl)amine

(acyl-TAEA)derivatives as thermosensitive solutes with low

transitiontemperature,highmolarsolubility,andlarge△c.N-

Acylatedpolyethyleniminederivativeshavestructuralsimilarities

towell-knownthermosensitivepolymers,4poly(N-acylacrylamide)
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and poly(N-alkyloxazoline), which exhibit LCST transitions

rangingfrom 10℃ to90℃ dependingonthehydrophobicityof

their acylgroups as given in a previous report.5 However,

thermosensitivenon-polymersoluteswithlow molecularweight

arerequiredtoproducehighmolaritysolutionsbecausemolecular

weight is inversely proportional to molarity. Therefore, I

examinedthethermosensitivityofacyl-TAEA derivativesbecause

theirstructuresaresimilartothecorestructuresofN-acylated

polyethyleniminederivatives.
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3.MaterialsandMethods

3.1.Materials

Tris(2-aminoethyl)amine (TAEA),butyric anhydride,isobutyric

anhydride,and avaleroylchloridewerepurchasedfrom Aldrich

(USA).Sodium hydroxide(NaOH),sodium bicarbonate(NaHCO3),

magnesium sulfate(MgSO4),methanol,methylenechloride,and

pyridine were purchased from Daejung (Korea). Cellulose

trifluoroacetate was purchased from Hydration Technology

Innovation(HTI,USA).Allreagentswereusedwithoutfurther

purification.

3.2.SynthesisofacylatedTAEA derivatives

Thermosensitive solutes were synthesized by a previously

described method with some modifications.8

Tris(2-aminoethyl)amine (TAEA) (10.0 mL;64.0 mmol) was

dissolved in 400 mL of 1M NaHCO3 in methanol.Butyric

anhydrideand isobutyricanhydridewereslowly added to the

solutionat0℃withvigorousstirring.After1hstirringat0℃,

thesolutionwasfurtherstirredfor18hatambienttemperature.

ThepH ofthereactionmixturewasadjustedtoabout11with

1M NaOH,and the mixture was extracted with methylene

chloride(×3).TheorganicextractsweredriedwithMgSO4,and

evaporatedundervacuum toproducethefinalproduct,acylated

TAEA as a white solid.Val-TAEA was synthesized from

valeroylchlorideandTAEA inmethylenechloridesolventwith

pyridinebyasimilarmethodasdescribedabove.The1H-NMR
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spectraofacylatedTAEAderivativesareshowninFigure4.

3.3.Characterizationofthermosensitivesolutes

The LCST phase transitions of solutions containing

thermosensitive solutes were measured by a UV-Vis

spectrophotometer. By increasing the temperature, the

transmittance ata wavelength of600 nm was measured to

determinethephasetransitiontemperature.Thephasetransition

temperaturewasdefinedatwhichthetransmittancewasbelow 5

%.

3.4.Analysisofosmoticflow

Theosmoticflow wasmeasuredusingahandmadeU-shaped

glasstube.A semipermeablemembrane(diameter:3.3cm)made

from cellulosetrifluoroacetatewasplacedinthemiddleofthe

tubeandeachtubewasfilledwithnBu-TAEA solutionsorNaCl

solutions,respectively.Theselectivelayerofthesemipermeable

membrane was faced toward the nBu-TAEA solutions.The

temperaturewascontrolledby thermostatwaterbath.Osmotic

waterflux from NaClsolutions to nBu-TAEA solutions was

calculatedfrom thevolumetricchangeofeachsolutionduring1h

after1h-stabilizationat21(±2)℃.(Inthecaseof1.8M and

2.2M nBu-TAEA,thefluxat18(±2)℃ wasmeasuredinstead.)

Thereversalofosmoticflow wassimilarlycalculatedusingthe

volumetricchangeat55(±2)℃.

The remaining nBu-TAEA concentrations in the H2O-rich

phaseafterphaseseparationweremeasuredusing HPLC.The
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penetration of NaCl and solute molecules through the

semipermeablemembranewasdeterminedbyusinganinductively

coupled plasma emission spectrometerand HPLC,respectively.

ThepermeationpercentageofsoluteA (%PA)wascalculatedby

anequation:

whereCA istheinitialconcentration ofA solution,v isthe

volumeofpermeatedwater,CA’istheconcentrationofA onthe

othersideofthemembraneaftertheosmosis,and V isthe

volumeofthesolutionoftheothersideofthemembrane.The

permeationpercentageisshowninTable2.
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4.ResultsandDiscussion

4.1.Synthesisandsolubilityofacyl-TAEA

Acyl-TAEA derivatives can be synthesized by a reaction

betweenTAEA andacylatingagents.n-Butyryl,isobutyryl,and

valeroylgroupswereintroducedintotheTAEA coretoproduce

nBu-TAEA,iBu-TAEA,andVal-TAEA,respectively.Giventhat

thehydrophobicity ofan acylgroup increases as thecarbon

numberincreases,theaqueoussolubilitygenerallydecreasesas

the carbon number increases (Table 1).The molarities of

solutions were calculated based on the density at25 ℃ for

comparisonsoftheconcentrations.AlthoughVal-TAEA presents

solubilityproblemsinwater,iBu-TAEAcanbedissolveduptoa

concentration of0.28 M and nBu-TAEA was found to be

miscibleovertheconcentrationof2.2M,whichismuchhigher

thantheionicconcentrationofseawater.

4.2.LCST transitionbehaviorofacyl-TAEA inwater

TheLCST transition oftheaqueoussolution ofacyl-TAEA

wasexaminedaccordingtothetransmittancechange(Fig.2).6

Thetransitiontemperatureofacyl-TAEA isinverselyrelatedto

solubility.Asthehydrophobicityoftheacylgroupisincreased,

theentropyofmixing betweenacyl-TAEA andwater(△Smix)

becomesmorenegative,sothatphaseseparation occursata

lowertemperatureatwhich theGibbsfreeenergy ofmixing

(△Gmix = △Hmix - T△Smix)becomes positive.
4 Atthe same

concentration of0.20M,nBu-TAEA andiBu-TAEA exhibited
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phaseseparationat54℃ and39℃,respectively(Fig.2a).The

more hydrophobic Val-TAEA presented the lowesttransition

temperatureof17℃ ataconcentrationof0.074M inawater:

ethanol(10:1)mixture.

Asshowninthephasediagram ofnBu-TAEA (Fig.2b),lower

transition temperatures were generally observed at higher

concentrations.Astheconcentrationincreasedfrom 0.20M to2.1

M,thephasetransitiontemperaturedecreasedfrom 54℃ to20

℃.Acyl-TAEA,however,exhibitedphaseseparationfrom water

athighertemperaturescomparedtoitspolymericcorrespondent,

N-acylated polyethylenimine,mainly dueto theconformational

entropicfactor(△Scon)ofthethermosensitivedissolution (Fig.

5b).△Smix canbeexpressedasthesum oftheconformational

entropy(△Scon),whichreflectspositionalcombinationsofsolvent

andsolutemolecules,andtheinteractionentropy(△Sint),which

originatesfrom thesolvent–soluteinteraction.7 Sincethe△Scon

ofa polymer solute is less positive than the △Scon of a

low-molecular-weightsolute,theresulting△Smix ofN-acylated

polyethylenimineismorenegativethanthe△Smixofacyl-TAEA.

4.3.Temperature-dependentosmoticfluxofnBu-TAEA

On the basis of these results,I chose nBu-TAEA as a

thermosensitivesolutewithbothapracticaltransitiontemperature

andhighaqueoussolubility.Iattemptedtoconfirm temperature

controlled osmosis between NaCl solutions and the

thermosensitivesolutioncontainingnBu-TAEA (Fig.3a).First,I

evaluatedthedrawingactivityofthenBu-TAEA solutionfrom

NaClsolutionsatatemperaturelowerthanthephasetransition
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temperature (Fig.3b and d).The osmotic flux through a

semipermeablecellulosetrifluoroacetatemembranewasexpressed

aslitrespersquaremetreperhour(L m-2 h-1;LMH).Higher

flux was induced as the concentration gradientbetween two

solutionsincreased.Iobservedthat0.50M nBu-TAEA solution

(molefractionofnBu-TAEA (XnBu-TAEA)=0.011)exhibited0.25

LMH againstphysiologicalsaline(0.15M NaCl),butpresenteda

LMH over0.91against0.050M NaClsolution.Although1.0M

(XnBu-TAEA =0.027)and2.0M nBu-TAEA solutions(XnBu-TAEA =

0.096)showedhigherosmoticfluxthan0.50M nBu-TAEA,they

didnotdraw waterfrom 0.60M NaClsolution(equivalentto

seawater).When2.2M nBu-TAEA solution(XnBu-TAEA =0.11)

wasused,theosmoticflow from 0.60 M NaClsolution was

attained.TheeffectivedrawingofnBu-TAEA from theseawater

equivalentisanencouragingresult,becausesolutionscontaining

otherlow-molecular-weightthermosensitive materials such as

triethylamine (TEA) or glycolether cannoteffectively draw

waterfrom seawaterequivalent(datanotshown).8

Osmoticflow wasclearlyreversedatatemperaturehigherthan

thephasetransitiontemperature(Fig.3cande).Theosmotic

flux of0.1–0.8 LMH was induced from the phase-separated

nBu-TAEA suspension to the NaClsolution.The reversed

osmoticflow wasmainlydependentupontheconcentrationofthe

NaClsolution.Atallthreecompositions(XnBu-TAEA =0.022,0.038,

0.066),similarosmoticflux valueswereobserved againstthe

sameNaClsolution.TheremainingnBu-TAEA concentrationsin

theH2O-richphaseafterphaseseparationweremeasuredtobe

about 0.20 M for allthree compositions.Therefore,similar

osmotic flux values were induced by similar concentration
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gradients.Theabruptdecrease in theeffectiveconcentrations

from 1.6M to0.20M duringthephaseseparationcaninduce

osmotic flow from nBu-TAEA solution to even physiological

saline(0.15M NaCl).

Thetemperature-sensitivecontrolofosmosisbetween0.50M

NaClsolutionand1.8M nBu-TAEA solutioncanbevisualized

using aU-tube.ThevolumeofthenBu-TAEA solution was

increased, whereas the volume of the NaCl solution was

decreasedat16–20℃.Ontheotherhand,reversedflow was

detectedbyheatingto53–57℃.Thereversaloftheosmotic

flow bytemperaturecontrolisnotaone-offphenomenon.As

expectedfrom thereproducibilityorrepetitivenessofthephase

transitionof1.5M nBu-TAEA solution(Fig.6),theosmoticflux

atboth temperatures was maintained almostconstantly over

threecyclesofheatingandcooling (Fig.3f).Thedirectionof

osmoticflow canbecontrolledeffectivelyandreproduciblybythe

LCST transitionofathermosensitivesoluteaccordingtosimple

andmildchangesintemperature.

4.4.Possibilityasdraw solutesforaforwardosmosis(FO)

A forward osmosis (FO) technique uses the concentration

gradient between seawater and draw solutions with higher

concentrations for desalination.9 The draw solution,with its

higherconcentration,canattractfreshwaterfrom seawaterand

then releasefreshwaterby aseparation process.Theoretically,

netenergyisrequiredonlyintheseparationandrecyclingof

draw solutessothattheenergyefficiencyofFO isfarbetter

thanreverseosmosis(RO).10 A pilotscaleFO plantbasedon
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draw solutesofammonium carbonateisnow inoperation,but

thepotentialdamagetotheFO membraneduetotheveryhigh

pH values ofthe draw solution and the relatively difficult

recyclingprocessareobstaclestoovercome.Severaldraw solutes

havebeentestedtoreplaceammonium carbonatebutmoststill

have difficulty in drawing fresh water from high saltfeed

solutions such as seawater.11 nBu-TAEA, a

low-molecular-weightLCSTmolecule,canbesolubleinwaterup

toahighmolarconcentrationwhichenablesthedrawingoffresh

waterfrom aseawaterequivalentatlow temperatureandrelease

ofthedrawnwaterbymildheating.Moreover,thenBu-TAEA

solutionisonly weaklybasic,withapH valueof8.1atthe

concentrationof1.5M,sothatdamagetomembranewallsmight

bemuch lessseverewhen compared toammonium carbonate

solutions.ThepKavalueofnBu-TAEA wasmeasuredas5.9

(Fig.7),whichissignificantlylowerthanthatofothertertiary

amines such as triethylamine (pKa = 10.7). The

electro-withdrawingeffectofthreeamidemoietiesandthesteric

factorcanlowerthepKavalueofnBu-TAEAeffectively.
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5.Conclusions

Idemonstratedthecontrolofosmoticflow betweentheranges

of18℃ and55℃.Consideringthatphasetransitiontemperature

can be precisely controlled by the structuraldesign of a

thermosensitivesolute,thecontrolofosmosisisalsopossibleat

biologically tolerable temperature ranges. In addition, the

developmentoflower-molecular-weightthermosensitive solutes

withlowerdiffusionconstants(Table1)canhelptheincreaseof

osmoticflux intopracticalrangesbecausetheosmoticflux is

closelyrelatedtointernalconcentrationpolarizationofsolutesin

the membrane layer.12 Along with the developmentofmore

selective and efficient semipermeable membranes than

commerciallyavailablemembranes,13 thisconceptofsimpleand

effective thermosensitive osmotic controlcan be applied to a

variety ofscientificand engineering fieldsusing concentration

gradients.
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Figure 1.Schematic diagram of thermosensitive controlof

osmosis and structures of thermosensitive acyl-TAEA

derivatives.
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Figure2.(a)LCST transitionofacyl-TAEA derivatives.The

phasetransition ofVal-TAEA wasmeasured forthewater:

ethanol(10:1)cosolvent.(b)Phasediagram ofnBu-TAEA–

watermixture.
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Figure 3. (a) Simplified structure of temperature-controlled

osmosissystem.(b)Thecontrolofosmosisat16℃ and(c)at

55 ℃.(d)Osmotic flux from NaClsolution to nBu-TAEA

solutionat211C.(e)Reversedosmoticfluxfrom nBu-TAEA

solution to NaCl solution at 55 ℃.(f) Reproducibility of

temperature-based control of osmotic flow.Numbers (1–3)

representtheheatingandcoolingcycle.F andR representthe

osmoticflowsat21℃ and55℃,respectively.
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Figure4.1H-NMR spectraof(a)nBu-TAEA,(b)iBu-TAEA,

(c)Val-TAEAinD2O.

a)

b)

c)
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Figure 5. (a) Concentration-phase transition temperature

relationshipofnBu-TAEA (Themolaritywascalculatedonthe

basis ofthe density at25 ℃).(b)Molecular weight-phase

transitiontemperaturerelationshipofthermosensitivesolutes.The

phasetransitionwasmeasuredatthesamemassconcentrationof

70g/L.

a)

b)
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Figure6.ReproducibilityofthephasetransitionofnBu-TAEA

attheconcentrationof1.5M.
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Figure7.TitrationprofilenBu-TAEA attheconcentrationof0.1

M.
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Table1.SolubilityandphasetransitiontemperatureofN-acyl

TAEAderivatives.

aThediffusioncoefficientwascalculatedbyusingStokes-Einstein

equationassumingthatN-acylderivativeshavesphericalshape.

bThemolaritywascalculatedonthebasisofthedensityat25℃.

cThe phase transition temperature is corresponding to 1.0 %

decreaseofthetransmittanceat600nm.

dThe solubility ofVal-TAEA was measured in the water:

ethanol(10:1)co-solvent.
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Table 2. Permeation/rejection percentage of NaCl and

nBu-TAEAthroughthesemipermeablemembrane.

aThemolaritywascalculatedonthebasisofthedensityat25

℃.

bTheNaClconcentration wasmeasuredby inductively coupled

plasmaemissionspectrometer.

cTheconcentrationofnBu-TAEAwasmeasuredbyHPLC.
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PartⅡ.IntroductionofpH-sensitiveuppercriticalsolution

temperature (UCST) properties into branched

polyethylenimine

1.Abstract

Iintroduceduppercriticalsolutiontemperature(UCST)properties

intoan amine-rich polymer,branchedpolyethylenimine(b-PEI)

by a simple sulfopropylation reaction.The phase transition

behaviorofthe N-sulfopropylated b-PEI(PS-PEI)derivatives

wasinfluencedbythedegreeofsulfopropylation,concentration,

molecularweight,ionicstrength,andpH.Inparticular,thephase

transitiontemperatureofPS-PEIwasstrongly dependentupon

pH.As the pH decreased,the protonable amine residues of

PS-PEIbecamepositivelychargedandinteractedstronglywith

thenegativelychargedsulfonateresidues,exhibitingtheincrease

oftheUCSTphasetransitiontemperature.
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2.Introduction

Polyethylenimine(PEI)has been widely used as a chelating

agent,detergent,andadhesiveinvariousfields,includingwater

purification1,cosmetic industries2,and paper industries3.The

various applications ofPEIare related to the PEIbackbone,

whichcaneffectivelychelatemetalionsandinteractwithvarious

types of chemicalresidues through electrostatic interactions,

coordinatebonds,orhydrogenbonds.Inparticular,thebiomedical

applicationsofPEIareclosely related with thepH-dependent

protonationoftheamineresidues.TheamineresiduesinthePEI

backbone are partially protonated ata neutralpH,and the

positively charged PEIcan form a complex with negatively

chargedplasmidDNA4,antisenseDNA5,orsmallinterferingRNA

(siRNA)6byelectrostaticinteractions.ThePEI-geneticmaterials

complexcanbeinternalizedbycellsviaendocyticprocesses,and

the delivered genetic materials can exhibit their biomedical

activityinthecytosolornucleus.SincePEIwasfirstusedasa

genedeliverycarrier7,ithasbeenrecognizedasagoldstandard

among nonviralgenedeliverycarriersduetoitshighdelivery

efficiency8.

Assafety and specificity havebecomeimportantconcernsin

biomedicalapplications,various methods for a more precise

controlofthe activity ofbiomaterials have been developed.

So-called ‘smart’ control or ‘signal-responsive’ control of

bioactivityisnow highlightedinthedevelopmentofbiomaterials

[9].Physicalsignalssuchaslight10,ultrasound11,andtemperature

change12orchemicalsignalssuchasionicstrength13,glutathione
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concentration14, pH15, and enzymes16 are considered to be

controlling switches for smart biomaterials. Among these

switches,temperaturechangeisreadilyavailableinthebiosystem

becauseitcanbeinducedinternallybyinflammationorexcessive

metabolism intissues,anditcanalsobegeneratedexternallyby

aheatpad17ornear-infraredillumination18.

ThepotentialofPEIasabiomaterial,aswellastheusefulness

ofthetemperaturesignal,inspired us to introducetemperature

sensitivitytotheamine-richPEIbackbone.Althoughtemperature

sensitivity can be defined using various terms,lowercritical

solutiontemperature(LCST)transition19(phaseseparationabove

a certain temperature)and uppercriticalsolution temperature

(UCST) transition20 (phase separation below a certain

temperature)are often used to describe temperature-sensitive

materials in biomedicalapplications.Previously,Isuccessfully

introducedLCST properties into branched PEI (b-PEI) by a

simpleacylationprocedure21.Theacylatedb-PEIismisciblewith

aqueoussolutionsbelow thephasetransitiontemperature(10-90

℃),anditprecipitatesabovethephasetransitiontemperature,

whichisinfluencedby thedegreeofacylation,ionicstrength,

andpH.

Inthecurrentstudy,ouraim wastointroduceUCST properties

intob-PEIbyasimplesulfopropylationreaction(Fig.1).Itwas

reported thatlinearPEI(l-PEI)showed a UCST-type phase

transition22,butthephasetransitiontemperatureistoohigh(64

℃)tobeappliedintobiosystem.Andtherehasbeennoreport

aboutthecontrolofUCST phasetransitiontemperatureofb-PEI

orl-PEI.Although reportsaboutUCST polymersin aqueous
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solutionsareratherlimitedcomparedtoLCST polymers23,some

polymerswithquaternaryammonium-sulfonatezwitterionicpairs,

such as poly-3-dimethyl(methacryloyloxyethyl) ammonium

propane sulfonate24 and poly(3-[N-(3-methacrylamidopropyl)-N,

N-dimethyl])ammoniopropanesulfonate25,exhibitedaUCST-type

phasetransition in aqueoussolutions.Thestrong electrostatic

interaction between thepositivequaternary ammonium residue

and the negative sulfonate residue significantly enhances the

enthalpy ofmixing (△Hm),and the UCST phase transition

occursatthetemperature(T)wheretheGibbsfreeenergyof

mixing (△Gm = △Hm - T△Sm) changes from positive to

negative values26. Because primary, secondary, and tertiary

aminesintheb-PEIbackbonecanreactwith1,3-propanesultone

(PS) via nucleophilic ring opening, I could obtain

N-sulfopropylated bPEI polymers with several

amine/ammonium-sulfonate pairs without the preparation of

zwitterionicmonomers.

Althoughtertiaryaminesproducequaternaryammoniumsbya

reaction with PS, primary and secondary amines produce

secondaryandtertiaryamines,respectively.ThepH-sensitivity,

whichisanimportantcharacteristicofb-PEIforbiomaterials,

canbemaintainedbytheremainingprotonableamineresidues.In

addition,because the remaining amines can be protonated into

ammoniumsunderacidicconditions,whichcanalsointeractwith

sulfonate residues via electrostatic interaction, it was

hypothesizedthattheUCST behaviorofN-sulfopropylatedb-PEI

wouldbestronglydependentuponthedegreeofprotonation.In

this paper,the UCST properties of the newly synthesized

N-sulfopropylatedb-PEIpolymerswerecarefullyexaminedwith
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varying degreesofN-sulfopropylation,molecularweights,ionic

strength,and pH forfuture applications ofN-sulfopropylated

b-PEIpolymers,as wellas the developmentofotherUCST

polymers from pre-existing polymers based on this simple

sulfopropylationmethod.
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3.MaterialsandMethods

3.1.Materials

Twobranchedpolyethylenimine(b-PEI)polymers(Mn=600,PD

(Mw/Mn) = 1.3,and Mn = 1800,PD (Mw/Mn) = 1.1),

1,3-propanesultone,and3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-

2H-tetrazolium bromide (MTT)were purchased from Aldrich

(USA).Methanolandsodium hydroxide(NaOH)werepurchased

from Daejung (Korea). Dulbecco’s modified Eagle’s medium

(DMEM),Dulbecco’sphosphatebufferedsaline(DPBS)andfetal

bovineserum (FBS)werepurchasedfrom WelGENE(USA).All

reagentswereusedwithoutfurtherpurification.

3.2.SynthesisofN-sulfopropylatedpolyethylenimine

A solutionofb-PEIinmethanol(10.0% w/v)wasslowlyadded

to an energetically stirred solution of 1,3-propanesultone in

methanol (30 mL) at 45 ℃. The feed ratios between

1,3-propanesultoneandreactiveaminesinb-PEIaresummarized

inTable1.After24hstirring,apaleyellow precipitatewas

collected from the mixture by filtration.The precipitate was

re-dissolved in 2 M NaOH aqueous solution (10 mL).The

solutionwasdialyzedagainstdeionizedwaterfourtimesusinga

dialysismembrane(Spectrum Laboratories,Inc.(USA);MWCO=

1000)toremoveNaOH andlow-molecularweightimpurities.The
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dialyzedsolutionwaslyophilizedtopreparetheproductasapale

yellow powder.1H NMR (Agilient400-MR DD2 (400 MHz))

spectraofN-sulfopropylatedpolyethylenimineareshowninFig.

2andFig.9.ThedegreeofN-sulfopropylationandtherelative

compositionsofprotonableaminesandunprotonablequaternary

ammoniums,whichwerecalculatedfrom the1H NMR and 13C

NMRspectra,aresummarizedinTable1.

3.3.MeasurementofUCST phasetransition

The UCST phase transition of aqueous N-sulfopropylated

polyethylenimine solutions was estimated by measuring the

temperature-dependentchangeoftransmittanceatawavelength

of600nm.ThetransmittancewasmeasuredbyaV-650UV-Vis

spectrophotometer furnished with an STR-707 water

thermostatted cell holder. Each sample was placed in the

temperaturecontrolled holderto be completely dissolved ata

highertemperaturethanthephasetransitiontemperature.Then,

thetemperaturewasloweredatarateof1℃/mintoobserve

thechangeofthetransmittance.Thephasetransitiontemperature

wasdefinedasthetemperatureatwhichthetransmittancewas

below 95%.

3.4.TitrationofN-sulfopropylatedpolyethylenimine

Anacid-basetitrationwasperformedtomeasuretheprotonable
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amine residues (primary,secondary,and tertiary amines)and

nonprotonable quaternary ammonium residues in

N-sulfopropylated polyethyleniminederivatives.In thistitration,

eachsamplewaspreparedataconcentrationof0.10M (30mL)

indeionizedwater.A solutionof2N NaOH wasaddedtothe

sampleto adjusttheinitialpH tothealkalinerange.In the

titration,anHClstandardsolution(0.100N)wasusedasthe

titranttolowerthepHtoacidicconditions.

3.5.Cytotoxicityassay

MTT assay was conducted to measure the cytotoxicity of

PS-PEIderivatives.HeLa (human cervicalcancer)cells were

seededat5.0×103cells/wellina96-wellplatein90mLDMEM

containing10% FBS,andfurtherincubatedat37℃ for24h.

Thesolution(10mL)ofeachsamplewithvariousconcentrations

wasaddedintothemedia.Afterincubationat37℃ for24h,

cells were washed with DPBS,and 20 mL filtered MTT

solutions(2mg/mLinDPBS)wereadded.Afterincubationat37

℃ for2h,themedium wasremovedand150mLDMSO was

added to dissolve the insoluble formazan particles. The

absorbanceat570nm wasmeasuredusingamicroplatereader

(Molecular Devices Co.,Menlo Park,CA).The relative cell

viabilitywasdeterminedasapercentagecomparedtothecells

thatweretreatedwithbuffer,whichwasusedasthecontrol.
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4.ResultsandDiscussion

4.1.SynthesisofN-sulfopropylatedpolyethylenimine

A variety of N-sulfopropylated polyethylenimine (PS-PEI)

derivativesweresynthesized by sulfopropylation ofPEIswith

differentmolecular weights (Mn = 600 and 1800) (Fig.1).

Nucleophilicprimary,secondary,andtertiaryaminesofthePEI

backbonecanattackthefive-memberedringofPS toproduce

N-sulfopropylatedaminesorammoniums27.PS-PEIwaspurified

by removalofsmallreactants through dialysis.The 1H NMR

spectraofPS-PEIareshowninFig.2andFig.9.

Thepeaksofprotons(d+e)inthemiddlemethylenegroupsof

newlyintroducedsulfopropylgroupsareshownat1.8-2.0ppm.

Thepeaksofprotons(a+b)intheb-PEIbackboneareshown

at2.4ppm.Inaddition,theprotonpeak(f)nearthequaternary

ammonium residues is shown at 3.3 ppm.The degree of

sulfopropylation was calculated by comparing the relative

integration.Therelativecompositionsofprotonableaminesand

quaternaryammoniumswerealsocalculatedfrom the1H NMR

and 13C NMR (INVGATE) spectra (Fig.10).The analyzed

chemicalpropertiesofvariousPS-PEIderivativesaresummarized

inTable1.Inthisstudy,Iexpressthedegreeofsulfopropylation

asasubscriptand theinitialMn ofb-PEIasanumberin

parentheses.Forexample,PS0.59-PEI(1800)representsaderivative

withasulfonatetoamine/ammonium (S/N)ratioof0.59,which

wassynthesizedfrom theb-PEIwithaninitialMnof1800.
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Thecomparisonbetweenthedegreeofsulfopropylationandthe

amine/ammonium composition shows the difference in the

reactivity ofprimary,secondary,andtertiary aminesin b-PEI

reactants.Themajority ofsulfopropylation(>97%)occurredat

primaryandsecondaryamineresiduestoproducesecondaryand

tertiaryamines,respectively,butthesulfopropylationattertiary

amine was rather limited,which was likely due to steric

hindrance.Thesmallproportionsofquaternary ammoniumsin

the PS-PEI derivatives were also confirmed by 13C NMR

INVGATEspectra(Fig.10).

4.2. Phase transition behavior of N-sulfopropylated

polyethylenimineinwater

TheGibbsfreeenergyofmixing(△Gm =△Hm -T△Sm)should

be negative forthe miscibility ofPS-PEIin water.As the

temperature(T)increases,thenegativeentropyfactor(-T△Sm)

becomesdominantcomparedtothepositiveenthalpyfactor(△

Hm)inUCST mixtures,andthephasetransitionoccursatthe

temperature where △Gm becomes zero.The phase transition

temperature,orthecloudpoint(Tcp),canbeexpressedasTcp=

△Hm/△Sm.

ThephasetransitiontemperatureofPS-PEIwasmeasuredusing

aUV-Visspectrophotometer.Thephase-separatedorinsoluble

particlesofPS-PEIinaqueoussolutionsscattertheincidentlight

to show low transmittance so that the abruptdecrease of

transmittance during the cooling processes is a reasonable



35

estimateforthemeasurementoftheUCSTtransition28.

ThephasetransitionbehaviorofPS-PEIinwaterisshownin

Fig.3.Because the maximum aqueous solubility ofPS-PEI

derivatives is highly variable according to temperature,

sulfopropylationdegree,andmolecularweight,differentrangesof

concentrationsandtemperatureswereselectedintheaxesofFig.

3. PS0.59-PEI(1800) is readily soluble in water at high

temperatures, and the solutions have phase transition

temperaturesthatrangefrom 10℃ to40℃,accordingtotheir

concentration(Fig.3A).Anotherderivativewithahigherdegree

of sulfopropylation, PS0.80-PEI(1800), showed very limited

solubilityinwater,andthesolutionshavemuchhigherphase

transitiontemperaturesthatrangefrom 65℃ to90℃ (Fig.3B).

Conversely,thelesssulfopropylatedPS0.46-PEI(1800)wasmiscible

withwateratallthetemperaturesbetween0℃ and100℃.

Although PS-PEImolecules contain very limited numbers of

quaternary ammonium residues,which were produced by the

reaction between tertiary amines and PS,they have several

secondaryandtertiaryamineresiduesintheirbackbone(Table

1).TheaminesarepartiallyprotonatedatneutralpH,andthe

degree of protonation increases as the pH decreases.The

protonated amine groups can function as anchors for the

interactionwithnegativelychargedsulfonategroups,whichisan

importantfactorforthepositive△Hm.

As the sulfopropylation of b-PEI proceeded,more sulfonate

residuesthatcouldinteractwiththeprotonatedamineresidues

wereintroduced,andthenumbersofsulfonate-protonatedamine

interactionwereincreasedtoresultinmorepositive△Hm values.
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Consequently,PS0.80-PEI(1800)showedahigherphasetransition

temperature than PS0.59-PEI(1800). The △Hm of the less

sulfopropylatedPS0.46-PEI(1800)inwaterwasanticipatedtobe

toosmalltoelicitthephasetransitionabove0℃.

Anotherimportantfactorforthevariationofthephasetransition

temperatureisthepH valueofeach solution.Becauseofthe

strongacidityofsulfonicacid,thepH ofthePS-PEIsolution

decreasedwiththeincreaseddegreeofsulfopropylation.ThepH

valuesofPS0.46-PEI(1800),PS0.59-PEI(1800),andPS0.80-PEI(1800)

were8.5,7.0,and2.8,respectively.Thedegreeofprotonationof

theamineresiduesincreasesasthepH decreases,whichresults

in more positive △Hm values and a higherphase transition

temperatureinPS-PEIwithahigherdegreeofsulfopropylation.

Foramoreaccuratecomparison,IwilldiscussthepH-UCST

relationshipindetaillater.

Fig.3C shows the effectofmolecularweighton the phase

transitiontemperature.Thecombinatorialfactorforthe△Sm ofa

polymericsolution decreases as the molecularweightincreases

becausetheentropythatisgainedduringthedissolutionofhigh

molecularweightmoleculesislowerduetothelimiteddegreeof

freedom. Therefore, a lower molecular weight derivative

(PS0.82-PEI(600))had a higher△Sm than a highermolecular

weightderivative(PS0.80-PEI(1800)),anditshowedalowerphase

transition temperature (△Hm/△Sm), assuming that both

derivatives have similar △Hm at similar degrees of

sulfopropylation. The dependence of the phase transition

temperatureon themolecularweightwasmoreapparentata

similarconcentration of0.39 %wt,where PS0.82-PEI(600)and
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PS0.80-PEI(1800)showedphasetransitiontemperaturesof32℃

and85℃,respectively.

4.3.Ionicstrength-UCST relationshipofN-sulfopropylated

polyethylenimine

The phase transition temperature of PS0.59-PEI(1800) at a

concentrationof7.0%wtis27℃ indistilledwater.Astheionic

strength of the solution increased, the phase transition

temperature gradually decreased (Fig.4A).The UCST phase

transitionoccurredat1.5℃ whentheNaClconcentrationwas20

mM.AtNaClconcentrationsabove25mM,thePS0.59-PEI(1800)

wasmisciblewithwateratallthetemperaturesbetween0℃

and100℃.

The enhanced miscibility was also detected in salt-added

PS0.80-PEI(1800)solutions,whichweredifficulttobedissolvedin

distilledwateratconcentrationsabove0.39%wt.However,a75

mM NaCl solution could dissolve concentrations of

PS0.80-PEI(1800)above10%wtattemperaturesbelow thephase

transitiontemperature(85℃).Thephasetransitiontemperature

gradually decreased to 62 ℃ as the NaCl concentrations

increasedto300mM (Fig.4B).

The decrease of the phase transition temperature and the

increaseofmiscibilityweremainlyduetothedecreaseof△Hm

bythe addition ofsalts.Intra- and inter-molecular attraction

betweenzwitterionicmoieties,whichisanimportantfactorfor
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thepositivevalueof△Hm,isgenerallydisturbedbytheaddition

ofsaltsbecausetheDebyelength,thedistanceatwhichopposite

chargessenseeachotherinsolutions,decreasesaccordingtothe

equation lD = (4π·lB·cs)
-0.5,where lB and cs are the Bjerrum

length in purewaterandthesaltconcentration,respectively25.

Thedecreaseofelectrostaticattractionbytheadditionofsalts

caused△Hm tobelesspositive,resultinginthedecreaseofthe

UCST phase transition temperature and the increase of

miscibility.

4.4. pH-UCST relationship of N-sulfopropylated

polyethylenimine

UCST transitionisdependentuponconcentration,pH,andionic

strength.ToexaminetheeffectofpHonUCSTmoreaccurately,

IcheckedthephasetransitionofPS-PEI(1800)insolutionswith

differentpH valuesatfixedconcentrationsandionicstrengths

(Fig.5).

AsshowninFig.4,PS0.59-PEI(1800)solutionswithmorethan25

mM NaCldidnotexhibitaUCST phasetransitionatpH 7.0.

However,as the pH of the solution decreased,the UCST

transitionappearedandthephasetransitiontemperaturegradually

increased.Eveninthepresenceof90mM NaCl,phasetransition

temperaturesof49℃ and88℃ wereobservedatpH 6.0and

5.0,respectively(Fig.5A).

PS0.46-PEI(1800)wasmisciblewithwaterwithoutanyadditional
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saltsatpH 8.5between0℃ and100℃ (Table1).AsthepH

decreased,the miscibility was markedly decreased to show

theUCSTphasetransition.AtpH6.3andaNaClconcentrationof

122mM,PS0.46-PEI(1800)showedanabruptchangeofmiscibility

at19℃.Phasetransitiontemperaturesof55℃ and68℃ were

observedatpH4.9and3.0,respectively(Fig.5B).

The strong pH dependenceofthe UCST phase transition of

PS-PEIoriginatedfrom thepH-dependentprotonationofprimary,

secondary,andtertiaryaminesinthePEIbackbone.Becauseonly

alimitedamountofquaternary ammoniumswereproducedby

the sulfopropylation of b-PEI (Table 1), the numbers of

protonable amines were almost unchanged.The protonation

behaviorofPS-PEIderivativesaccordingtopH isshowninFig.

6.PS-PEIderivativesshowedsimilarprotonationbehaviorswith

b-PEI,whichhasawidebufferingrangefrom pH 11topH 3.

Consideringthestrongacidityofthesulfonateresiduesthatwere

generated(pKa∼ 2),thebufferingthatisshowninFig.6was

mostly caused by the protonation ofprimary,secondary,and

tertiary amines ofthe PS-PEIderivatives.Consequently,the

sulfonateresiduesremainedalmostnegativelychargedwithinthe

pH range thatis shown in Fig.5,butthe amine residues

graduallybecamepositivelychargedduringtheacidification.

AthighpH values,theratioofpositivelychargedammoniums,

whichcaninteractwithnegativelychargedsulfonates,wasquite

limited. The limited interaction could not provide adequate

positive△Hm fortheUCST phasetransition,andthePS-PEI

derivatives were miscible with water regardless of the

temperature.As the protonation ofamine residues increased
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during acidification,the intra- or inter-molecular interaction

betweenammonium andsulfonateresiduesincreasedtoshow the

phase separation of PS-PEI from water below a certain

temperature.Thephasetransitiontemperatureincreasedasthe△

Hm increasedduringtheacidification.Atverylow pH,the△Hm

from the electrostatic interactions was too positive,and the

mixingbetweenthetwophases(negative△Gm)couldonlybe

observedataveryhightemperature;itwasnotobservedbelow

theboilingpointofwater.Theproposedmechanism ofthephase

separationisillustratedasasimplifiedschematicdiagram inFig.

7.

4.5.Cytotoxicityassay

Forfutureapplicationsinthebiomedicalfield,thecytotoxicityof

PS-PEIwasexaminedbyMTT assay.Fig.8showstherelative

viabilityofHeLacellsthatweretreatedwithPS-PEIderivatives.

Althoughhigh-molecularweightPEI(>25kDa)isnotoriousfor

its high cytotoxicity29, low-molecular-weight PEI (<2 kDa)

showedrelativelymarginaltoxicitywithapproximately80% cell

viabilityatconcentrationsbetween20mg/mL and100mg/mL.

TheN-sulfopropylatedPEIshowedevenlowercytotoxicitythan

b-PEI(1800),and PS0.80-PEI(1800)showed almost100% cell

viability.ItwashypothesizedthatthecytotoxicityofPEIwas

duetothestronginteractionofrichamineresiduesinthePEI

backbonewithcellmembranesorchromosomes30.Therefore,the

reductionofcytotoxicityofPS-PEIwasreasonablebecausethe
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harmfulinteractioncouldbepartiallyimpairedbytheelectrostatic

interactionwiththeneighboringsulfonateresidues.
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5.Conclusions

Insummary,IintroducedUCST propertiesintoapre-existing

biopolymer,b-PEI,by a simple sulfopropylation reaction.The

presence of large amounts of protonable amine residues in

PS-PEI backbones can increase the enthalpy of mixing,

demonstrating thestrong pH dependenceoftheUCST phase

transition.Giventhevariousapplicationsofb-PEIandthelow

cytotoxicity ofPS-PEI,the precise controlofUCST phase

transitionbypHandthedegreesofsulfopropylationcouldhavea

significantimpactonthedrugdeliveryofbiomaterialsthatare

sensitivetotemperatureandpH.
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Figure1.SyntheticschemeofN-sulfopropylatedb-PEI.
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Figure2.1H NMRspectrum ofPS0.59-PEI(1800)inD2O (0.97%

NaOD).
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Figure 3. Phase diagram of (A) PS0.59-PEI(1800), (B)

PS0.80-PEI(1800),and (C)PS0.82-PEI(600)in water.(D)UCST

transitionof5.0%wtPS0.59-PEI(1800).
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Figure 4.Effectofionic strength on the phase transition

temperatureof(A)PS0.59-PEI(1800)(7.0%wt;pH 7.0)and(B)

PS0.80-PEI(1800)(10%wt;pH2.8).
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Figure5.EffectofpH onthephasetransitiontemperatureof

(A)PS0.59-PEI(1800)(7.0%wt;90mM NaCl)and(B)PS0.46-PEI

(1800)(5.0%wt;122mM NaCl).
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Figure 6.Comparison of buffering capacity ofb-PEI(1800),

PS0.46-PEI(1800),PS0.59-PEI(1800),andPS0.80-PEI(1800)atvarying

pHvalues.
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Figure7.Theproposedmechanism ofthepH-dependentUCST

phaseseparationofPS-PEIderivatives.
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Figure8.RelativeviabilityofHeLacellstreatedwithPS-PEI

derivatives.Eachdatapointrepresentstheaveragevalueoffour

experiments(±S.D.).
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Figure 9. 1H NMR spectra of PS0.46-PEI(1800) (A),

PS0.80-PEI(1800)(B),PS0.60-PEI(600)(C),andPS0.82-PEI(600)(D)

inD2O(0.97wt% NaOD).
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Figure10.13C NMR INVGATE spectraofPS0.46-PEI(1800)(A),

PS0.59-PEI(1800)(B),PS0.80-PEI(1800)(C),PS0.60-PEI(600)(D),and

PS0.82-PEI(600)(F)inD2O(0.97wt% NaOD).
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Table1.SynthesizedPS-PEIderivatives.

a Sulfonate(S)toamine/ammonium (N)ratiosinPS-PEIwere
determinedby1HNMR.
b Relativecompositionofprotonableamineswasdeterminedby
1HNMRand13CNMR.
c The phase transition temperature was measured at the
concentrationof0.39%wtindistilledwater.
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PartⅢ.Uppercriticalsolution temperature(UCST)phase

transitionofhalidesaltsofbranchedpolyethylenimineand

methylatedbranchedpolyethylenimineinaqueoussolutions

1.Abstract

Theuppercriticalsolutiontemperature(UCST)phasetransition

ofhalidesaltsofbranchedpolyethylenimine(PEI)andmethylated

branched polyethylenimine(MPEI)isfirstreported in aqueous

solutions.Inparticular,iodidecounter-ionscanintroduceUCST

properties in MPEI. The importance of the counter-ion

compositionofMPEIforUCSTtransitionisdiscussedindetail.
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2.Introduction

Polymerswithtemperatureresponsivenesshavebeenextensively

researchedinthepastdecades.Thetemperature-responsivephase

transitionarisesfrom differentinteractionsbetweenpolymerand

solventmoleculesaccordingtotemperaturevariation.Inalower

criticalsolution temperature (LCST) mixture,a polymer is

misciblewithasolventbelow acertaintemperature,butitis

abruptly phase-separatedabovethattemperature.Ontheother

hand,anuppercriticalsolutiontemperature(UCST)polymer–

solvent mixture exhibits phase separation below the phase

transitiontemperature.Inparticular,suchphenomenainaqueous

mixtureshavebeenusedin variousfields,including hydrogels,1

drug delivery,2 chromatography,3 waterpurification,4 andoptical

devices.5

In many cases,UCST phasetransition occurswhen solute–

solute or solvent–solvent interactions dominate the solute–

solventinteractiontogeneratethepositiveenthalpyofmixing(△

Hm < 0),unlike LCST phase transitions,which are more

dependentuponthenegativeentropyofmixing(△Sm < 0)due

to thestrong solute–solventinteraction.6 In aqueoussolution,

examplesofUCST polymershavebeenreportedlessfrequently

thanthoseofLCST polymers,partiallyduetothecharacteristic

strong interaction between polymersandwatermoleculeswith

strongpolarityandhydroge-bonding capability.7 Someselective

polymerswith hydrogen-bond-forming residues,such as urea8

and amide,9 or zwitterion residues, such as sulfopropyl

ammonium10 and sulfopropyl imidazolium,11 exhibit UCST

properties in water because the strong polymer–polymer
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interaction can overcome the polymer–water interaction to

generate positive △Hm.It was also reported that complex

coacervate micelles composed ofoppositely charged polymeric

ionsshowedUCST-likebehaviourinaqueoussolutions.12

Because the strong electrostatic interaction between polymer

residuescaninduceUCST phasetransition,Ihypothesizedthat

simplepolymer–monomericionsalts,notzwitterionicpolymers

oroppositelychargedpolymericion-basedcoacervates,couldalso

exhibita similartransition in aqueous solution.Ofcourse,a

separatemonomericionsalthasalargerpositivestatistical△Sm

duetoalargerincreaseofthedegreeoffreedom during the

solvation processcompared to thecorresponding zwitterion or

polymer–polymerionsalt.Becausethephasetransitionoccurs

whentheGibbsfreeenergyofmixing(△Gm =△Hm -T△Sm)

becomeszeroatacertainpolymer–ionsalt/watercomposition,13

thephasetransitiontemperature(T=△Hm/△Sm)oftheseparate

polymer–monomericion saltmightbelowerthan thatofthe

zwitterionicorpolymer–polymerionsaltifIassumethatother

conditionsarethesameinbothpolymers.Therefore,ifIwantto

anrange,△Hm should be increased to compensate for the

increaseof△Sm.
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3.MaterialsandMethods

3.1.Materials

Twobranchedpolyethylenimine(b-PEI)polymers(Mw =25,000

(PD(Mw/Mn) = 2.5) or Mw = 800 (PD(Mw/Mn) = 1.3)),

iodomethane (CH3I) and N,N-diisopropylethylamine, sodium

bromide (NaBr), sodium thiocyanate (NaSCN) and sodium

tetrafluoroborate(NaBF4)werepurchased from Aldrich (USA).

Eethanol,N,N-dimethylformamide(DMF),ammonium hydroxide

(NH4OH),sodium hydroxide(NaOH)andsodium chloride(NaCl)

werepurchasedfrom Daejung(Korea).Allreagentswereused

withoutfurtherpurification.

3.2.Synthesisofmethylatedpolyethyleniminehalide

A solutionofb-PEI(Mw =25,000(PD(Mw/Mn)=2.5)orMw

= 800(PD(Mw/Mn)= 1.3))in DMF wasadded toastirred

solution ofN,N-diisopropylethylaminein DMF at30℃.CH3I

(5.0 eq.oftotalaminesin b-PEI)wasslowly added to the

solution.After48h ofstirring,ammonium hydroxidesolution

wasaddedtothesolutionforquenching.Forthepurificationof

MPEII(25 kDa),the reaction mixture was dialyzed against

ethanol(×3)anddeionizedwater(×5)usingamembrane(MWCO

= 6–8 kDa). MPEII (0.80 kDa) was purified by ethanol

precipitation.ThepurifiedMPEIIwaslyophilizedtoobtainthe
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productasapaleyellow powder.Thestructurewascharacterized

usingtheinvertedgate(INVGATE)13CNMRtechnique(Agilent

400-MR DD2(400MHz)).OtherMPEIsaltswereobtainedby

excessivedialysisofMPEIIagainstcorresponding sodium salt

solutions(NaCl,NaBr,NaSCN,orNaBF4).

3.3.MeasurementoftheUCST phasetransition

The phase transition was monitored by a V-650 UV-Vis

spectrophotometer (Jasco,Japan) equipped with an STR-707

waterthermostatted cellholder.Each sample was completely

dissolved in aqueous solution above the phase transition

temperature and then positioned in the temperature-controlled

holder.Thephasetransitiontemperaturewasdeterminedasthe

temperatureshowing50% ofthetransmittancewhenthecooling

ratewassetat1℃/min.Fortheadjustmentoftotalanionic

concentration in Fig.3A,NaCland NaIwere added to the

mixtureofMPEIIandMPEICataspecific[I-]/[A-]ratio.
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4.ResultsandDiscussion

4.1.Phasetransition behaviorofvariouspolyethylenimine

halidesalts

AsamodelpolymerbackboneforUCST transition,Ichose

branchedpolyethylenimine(b-PEI)withahighaminedensity(1

amine residue per 43 Da).Primary,secondary,and tertiary

aminesofb-PEIweregraduallyprotonatedwiththeadditionof

hydrogen halide,and the resulting ammonium residues could

interactwithhalidecounter-ions(Fig.1A).Iftheinteractionwas

strongenoughtoovercomethewater–ioninteraction,apositive

△Hm couldbegeneratedtoshow UCST phasetransition.As

showninFig.1andFig.4,variouspolyethylenimine(PEI)halide

saltsexhibitedUCST phasetransitioninthetemperaturerange

between0℃ and50℃.UCSTphasetransitionofthePEIhalide

isquitesensitivetotheamountofhydrogenhalide.Thephase

transitiontemperatureofPEIbromide(PEIB)increasedasthe

HBr/amine(N)ratioincreased(Fig.1B).ExcessiveHBrmight

haveinducedthefurtherprotonationofinternaltertiaryaminesin

PEI,14 and theelectrostaticinteraction between ammonium and

halideionsincreasedtoelevateDHm andthephasetransition

temperature. Excessive HBr might also elevate the phase

transitiontemperaturebythesalting-outtypeeffect.Thephase

transition temperature of PEIB was also dependent on the

composition(Fig.1C).BothPEIchloride(PEIC)andPEIiodide

(PEII)exhibited the UCST phase transition,although itwas
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observedinaverynarrow rangeofthecompositionandhalide/N

ratio (Fig. 4). The UCST phase transition of simple

polymer-halidesaltsinaqueoussolutionsisreportedhereforthe

first time, although the UCST phase transition of

polymer-complexionswasreportedinafew previouspapers.15

4.2.Preparationofmethylatedpolyethyleniminehalide

However,theUCST phasetransitionofthePEIhalidecanbe

observedonlyunderextremepH conditions(Table1),probably

becauseaconsiderablenumberofcationicammonium residues,

whichinteractwithhalideanions,canbegeneratedonlyunder

thoseconditions.Toobtainpolymericsalts,whichcanshow the

UCST phase transition under more tolerable conditions, I

prepared a methylated PEI possessing permanent cationic

ammonium residuesirrespectiveofpH conditions(Fig.2A).The

methylatedpolyethylenimineiodide(MPEII)waspreparedbythe

nucleophilicsubstitutionbetweenprimary,secondary,andtertiary

amine residues of b-PEI and methyl iodide (CH3I).
16 The

quaternary ammonium degree of each polymer salt was

determined using the inverted gate (INVGATE) 13C NMR

technique.17IcouldobtainanMPEIIofwhich35–38% ofthe

totalamine residues were quaternized (MPEII0.35 orMPEII0.38)

using the 5.0 equivalents of CH3I (Fig.5).Most of the

quaternary ammoniums originated from more-exposed primary

amines on the externalpart of b-PEI through methylation

reactions.Excessiodidesaltswereremovedorexchangedwith
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chloride or bromide to produce methylated polyethylenimine

chloride(MPEIC)orbromide(MPEIB)bydialysis(Fig.2A).

4.3. Phase transition behavior of methylated

polyethylenimine halide

Interestingly, unlike the unmethylated correspondents, only

MPEIIexhibitedUCST phasetransitioninthetemperaturerange

of0–20℃ (Fig.2B).Marginalhysteresis(△T ≈ 1–2℃)was

observedinthephasetransitionofMPEII(Fig.6),whichisa

typicalcharacteristicoftemperature-sensitivephasetransitionof

polymers.18BothMPEIC andMPEIB aremisciblewithwaterin

thetemperaturerangeof0–100℃.InthecaseofMPEI,the

hydrophobic interaction between the methylated ammonium

residues(NR4
+)andthehalideionsmighthavebeenanimportant

factorasalsotheelectrostaticinteraction.ThemolarGibbsfree

energiesofthehydrationofCl-,Br- andI- are-340,-315,and

-275 kJ/mol, respectively.19 Due to the more hydrophobic

characterofIcomparedwithotherhalideions,theinteractionof

I- withNR4
+ isfairlyhigherthanCl- andBr-.20 Thestronger

interaction between NR4
+ and I- can dominate the interaction

betweenwatermoleculesandionstogeneratepositive△Hm and

givetheUCST propertiestoMPEII.However,thewater–ion

interaction might be stronger than the weaker interaction

betweenNR4
+ andotherhalideionstogeneratenegative△Hm

andnegative△Gm (=△Hm -T△Sm)inthetemperaturerange.

The composition–temperature phase diagram ofMPEII/water
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mixturesshowedatypicalconvexshapethathasbeenobserved

inmanyotherUCST mixtures(Fig.2C).21 Fig.2C alsoshows

the effect of molecular weight on the phase transition

temperature.High-molecular-weightMPEII0.35 (25 kDa)has a

higherphasetransition temperaturethan low-molecular-weight

MPEII0.38 (0.80 kDa). High-molecular-weight MPEII has a

less-positive△Sm than low-molecular-weightMPEIIduetoa

smaller combinatorial entropy gain duringmixing. Therefore,

MPEII0.35(25kDa)showedahigherphasetransitiontemperature

(T =△Hm/△Sm)thanMPEII0.38(0.80kDa),assumingthatboth

derivatives have a similar △Hm at similar degrees of

quaternization(35% vs.38%).

4.4. Effect of counteric anions in methylated

polyethylenimine backbone

Toinvestigatetheeffectofcounter-ions,thephasetransitionof

MPEIhalidewasobservedbyvaryingthecounter-ioncomposition

andtotalanion concentrations([A-]= [I-]+ [Cl-])(Fig.3A).

WhenonlyI- existedasthecounterion([I-]/[A-]=100%),the

phase transition temperature increased untilthe totalanion

concentration ([A-]) was 2.00 M and decreased above that

concentration.Theelevation ofphasetransition temperatureat

loweranionconcentrations(<2.00M)indicatedtheincreaseof

thepolymer–ioninteraction.Similartothesalting-outeffect,the

increased ionic strength might strengthen the hydrophobic

interaction between ammonium and I- in this range of
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concentrations.However,athigheranion concentrations(>2.00

M),thereduction ofelectrostaticinteraction by thedecreased

Debyelength mighthavedominatedtheincreasedhydrophobic

interaction to exhibitthesalting-in typephenomenaofMPEI

halide.The formersalting-outeffectseemed to be dominant

when Cl- co-existed with I-.Generally,smaller and more

hydrophilicions,suchasCl-,exhibitastrongersalting-outeffect

thanlargerandmorehydrophobicions,suchasI-.22 Therefore,

the phase transition temperature increased as the totalanion

concentrationincreasedwhentheI-content([I-]/[A-])waslower

than90%,althoughnosalting-outwasobservedwithan[A-]

greaterthan2.25M.Meanwhile,thephasetransitiontemperature

decreasedastheI-contentdecreasedbelow 90%,andthephase

separationcouldnotbeobservedattheI- contentbelow 70%.

Thisresultclearly supportstheimportanceoftheinteraction

between NR4
+ and hydrophobic I- in MPEIforobtaining the

UCST properties.WithanI- contentofbetween100% and90

%,thestrongersalting-outeffectofCl-andthestrongerNR4
+–

I-interactioncompetedwitheachothertoshow arathercomplex

intersectionofgraphs.

Toinvestigatetheeffectofthehydrophobicityofcounterionsin

MPEIonUCST phasetransitionbehaviour,theI-ofMPEIIwas

replaced with other hydrophobic anions,such as thiocyanate

(SCN-)ortetrafluoroborate(BF4
-),ofwhichthemolarGibbsfree

energiesofhydrationare-280and-190kJ/mol,respectively.19

As shown in Fig.3B,the tetrafluoroborate salt of MPEI

(MPEI(BF4)0.35)exhibitedaUCST phasetransition with higher

phase transition temperatures than MPEII0.35. The stronger

hydrophobicityofBF4
- overI- wouldcontributetotheelevation
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of the phase transition temperature in aqueous solutions.

Interestingly,even though the molar Gibbs free energies of

hydrationofSCN-issimilartothatofI-,thethiocyanatesaltof

MPEI(MPEI(SCN)0.35)didnotexhibittheUCST phasetransition

andwasmisciblewithwaterinthetemperaturerangeof0–100

℃.Itisprobablethatothercharacteristicsofanionswouldaffect

theinteractionwithMPEIpolymers.However,thehydrophobicity

ofcounter-anions seemed to be an importantfactorforthe

introduction ofthe UCST properties into alkylated quaternary

ammonium polymers.
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5.Conclusions

In conclusion,Idemonstrated thatsimple polymer–ion salts

suchasthehalidesaltsofPEIandMPEIcouldshow theUCST

phase transition in aqueous solutions if the polymer–ion

interaction is strong enough to overcome the solute–water

interaction.Withoutthecomplexsynthesisofpolymerscontaining

zwitterionicorhydrogenbondingmoieties,thesimpleexchange

of counter-ions or methylation could introduce the UCST

properties into pre-existing polymers.Afterconducting future

research studies involving the variation ofthe cationic and

anionic parts of polymers and ions,the characteristics of

temperature-responsive polymeric salts willbe understood in

moredetail,andtheywillbemorehelpfulinthedevelopmentof

practical temperature-responsive smart materials for various

applications.
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Figure1.(A)Interactionbetweenammonium residuesandhalide

counterionsinPEIhalidesalts.(B)PhasetransitionofPEIB at

30% (w/w)polymercomposition atvariousratiosofHBr/N

ratio (C)Phase transition ofPEIB at various compositions,

HBr/Nratioof1.5.
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Figure 2.(A)Preparation ofvariousmethylated PEI(MPEI)

saltsbymethylationandanionexchange.(B)Phasetransitionof

MPEII0.35 (25kDa)(C)Composition–temperaturephasediagram

ofMPEII0.38(0.80kDa).
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Figure3.(A)ChangeofphasetransitiontemperatureofMPEI0.35

(25kDa)atvariouscounter-ioncompositionandthetotalanion

concentration.(B)Composition–temperature phase diagram of

MPEI(BF4)0.35(25kDa).
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Figure4.(A)PhasetransitionbehaviorofPEIBatHBr/N ratio

or2.(B)PhasetransitionbehaviorofPEIBatHBr/Nratioor2.5

.(C)PhasetransitionbehaviorofPEIIatapolymercomposition

of35 % (w/w)and HI/N ratio of1.5.(D)Phase transition

behaviorofPEIC atapolymercompositionof20% (w/w)and

HCl/Nratioof4.0.
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Figure5.Theinvertedgate(INVGATE)13C NMR spectraof

MPEII0.35(25kDa)(A)andMPEII0.38(0.80kDa)(B).
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Figure 6.Hysteresis ofMPEII0.35 (25 kDa)at20 % (w/w)

polymercomposition.
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Table1.pH valuesof(A)thePEIhalidesolutionsand (B)

MPEIIsolutions.

aThepH valueofthesolutionwasmeasuredbythepH meter

(SevenEasyTM,Mettler-Toledo,Switzerland)withtheappropriate

pH range of 2-11.Extreme pH values were automatically

calculatedbytheinstrumentthroughextrapolation.

bCompositionofpolymerhalidesaltsinwater.

cEquivalentofHXtototalamines(N)inb-PEI.
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AbstractinKorean(국문 록)

“스마트재료”(Smartmaterials)란 물리 인 신호인 온도,빛,자기장 뿐만

아니라 화학 신호인 이온 농도, 루타티온 농도,pH 등의 외부 신호에

반응하여 격한 물리화학 변화를 보이는 물질을 말한다.특히 이 에서

도 온도는 외부에서 쉽게 가해 수 있으며 가역 인 변화를 일으킬 수

있다는 장 이 있다.

온도응답성 물질이라는 것은 2가지 이상의 물질을 섞을 때,미세한 온도변

화에 의하여 격한 물리학 는 화학 변화를 일으키는 것들을 말한

다.그 에서도 나는 수용성 온도응답성물질에 주목을 하 다.물은 지표

면의 약 70%를 덮을 만큼 우리 주 에서 흔하게 볼 수 있을 뿐만 아니라

지구상 모든 생물체의 체액을 이루는 주 물질이기 때문에 수용성 온도응답

성은 생체의학/생화학 분야 뿐만 아니라 수처리 분야에도 범 하게 응용

될 수 있다.실제로 이러한 수용성 온도응답성 물질의 특성을 이용하여 세

포배양 시,크로마토그래피,온도 진약물 달,표 약물 달 등의 다양한

분야에 응용하고 있다.

수용성 온도응답성 물질은 흔히 2가지로 분류 할 수 있으며 수용액 내에서

온도응답성 물질의 상 이는 다음의 간단한 열역학식에 의하여 설명을 할

수 있다.

∆ ∆ ∆

(혼합의 깁스자유에 지:ΔGm,혼합의 엔탈피:ΔHm,혼합의 엔트로

피:ΔSm,온도;T)

어떤 온도 이하에서는 물에 한 좋은 용해도를 보이다가 그 온도 이상에

서는 물에 한 용해도가 격히 떨어져 석출되는 물질을 임계용해온도

물질(Lowercriticalsolutiontemperature;LCST)이라고 한다.LCST의

표 인 물질은 폴리아이소 로필아크릴아마이드이며 이 물질은 친수성 부

분과 소수성 부분이 히 균형을 이루고 있다.수용액 내에서 이러한 고

분자는 물에 한 용해도가 좋아 혼합의 엔탈피(ΔHm)가 음수 값을 갖게

되며,물 분자들이 무질서한 형태로 존재하다가 고분자의 소수성 부분을

정돈 된 형태의 격자모양으로 수화시켜야 하기 때문에 혼합의 엔트로피(Δ

Sm)가 큰 음의 값을 갖게 된다.따라서 의 식에 따르면 온도가 높아지게
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되면 온도와 혼합의 엔트로피의 곱이 음수 값의 혼합의 엔탈피 (ΔHm)보

다 같거나 커져 혼합의 깁스자유에 지(ΔGm)가 0이상이 되어 상 이가 일

어나게 된다.

어떤 온도 이상에서는 물에 한 좋은 용해도를 보이다가 그 온도 이하에

서는 물에 한 용해도가 격히 떨어져 석출되는 물질을 고임계용해온도

물질(Uppercriticalsolutiontemperature)이라고 한다.이러한 UCST특성

을 보이는 물질은 분자 내 는 분자간의 결합을 강하게 할 수 있는 작용

기를 많이 가지고 있다는 것이 특징이다. 를 들어,폴리-3-다이메틸(메타

아크릴로일옥시에틸)암모늄 로페인 술포네이트는 양 하와 음 하를 동

시에 갖고 있어 분자 내 는 분자 간의 강한 결합을 하기 때문에 혼합의

엔탈피가(ΔHm)양의 값을 갖게 된다.따라서 이 분자는 온도가 높았을 때

는 양의 값을 갖고 있는 혼합의 엔트로피(ΔSm)와 온도의 곱이 혼합의 엔

탈피(ΔHm)보다 작아서 물에 잘 녹아 있다가 온도가 낮을 때는 혼합의 깁

스자유에 지(ΔGm)가 양의 값을 갖게 되어 상 이가 일어나게 된다.

나는 에서 언 한 수용액 내에서 온도응답성을 갖는 물질을 기존의 방

법보다 간편하게 만드는 방법을 이 학 논문에서 제안을 하고자 한다.기

존의 방법들은 단량체를 합성하고 이 단량체를 합하여 고분자를 만들어

야 한다는 어려움이 있었다.그래서 나는 기존의 방법과는 다르게 상업

으로 구입 가능한 가지형 폴리에틸 이민을 구입하여 아실 이션,고리 열

림반응,메틸화 반응 등 간단한 반응을 통하여 LCST물질 뿐만 아니라

UCST물질을 합성하 다. 한 바이오메디컬분야에 집 되어 있는 응용

분야에서 벗어나 온도응답성 물질을 정삼투유도용질로 이용한 새로운 응용

분야를 제안하 다.

폴리에틸 이민은 반응성이 좋은 다량의 아민기를 가지고 있기 때문에 간

단한 아실 이션을 통하여 폴리아이소 로필아크릴아마이드와 유사한

LCST물질을 합성할 수 있었고 이 게 합성된 아실화 폴리에틸 이민은

치환체의 소수성기,아실 이션 정도,pH등의 변화를 통해 10-90°C의 원

하는 상 이 온도를 조 할 수 있었다.

이에 더하여 가지형 폴리에틸 이민을 사용하여 1,3- 로페인 술톤과의 고

리열림 반응을 통하여 폴리-3-다이메틸(메타아크릴로일옥시에틸)암모늄

로페인 술포네이트과 유사한 구조를 갖는 UCST물질을 합성하 다.술
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포 로필화 폴리에틸 이민 유도체들은 수용액 내에서 분자 내에 양 하와

음 하를 모두 가질 수 있기 때문에 강한 분자간 결합(>0)을 통하여

UCST 상을 갖으며 고분자의 분자량,술포 로필화의 치환 정도,pH,이

온 농도 등의 변화를 통하여 10-90°C범 내에서 상 이 온도를 조 할

수 있었다.

수용액 내에서 양이온과 음이온이 떨어져 있다고 하더라도 강한 상호작

용을 할 수 있는 시스템을 만든다면 이온성 염의 형태로도 고임계용해온도

상 물질을 만들 수 있을 것이라고 생각을 하 다.가지형 폴리에틸 이

민과 할로겐화수소를 섞어 폴리에틸 이미늄할로겐염을 만들거나 아이오도

메테인을 섞어 메틸화된 폴리에틸 이민을 합성하 다.폴리에틸 이미늄

할로겐염은 UCST상 이 상을 보이지만 산성도가 무 낮아 실용 인 응

용에는 제한이 있었다.그러나 메틸화된 폴리에틸 이민은 35-38% 정도의

구 인 양 하를 갖는 4차 암모늄을 갖고 있고 이에 상응하는 양의 I-

(짝이온)을 갖게 되면 양 하와 음 하의 정 기 인력 뿐만 아니라 소수

성 상호작용으로 인하여 당한 산성도에서 고임계용해온도 상을 보

다.같은 이유로 요오드 이온을 보다 더 소수성을 갖는 이온 테트라 루오

르보 이트로 치환을 했을 경우에는 더 높은 온도에서 상 이 온도를 보

다.하지만 상 으로 친수성 이온인 염소이온, 롬이온으로 치환했을 때

는 상 이 온도를 보이질 않았다. 한 다양한 염의 비율 뿐만 아니라 이

온 세기의 변화,분자량 등의 변화가 메틸화된 폴리에틸 이민의 상 이

온도에 미치는 향을 연구하 다.

온도응답성을 아민을 다량 포함하고 있는 고분자에 쉽게 도입할 수 있는

기술을 개발하 기 때문에 기존의 바이오메디컬응용 분야에 국한되어 있던

응용분야에서 벗어나 정삼투공정의 유도용질로의 새로운 응용이 가능할 것

이라고 생각한다.정삼투법은 반투막을 사이에 두고 한쪽에는 거르고자 하

는 입자를 포함하고 있는 피드용액을 넣고 다른 한쪽은 피드용액보다 높은

농도의 유도용질을 녹여 삼투압차이를 이용하여 자연 인 삼투 상으로 청

수를 얻는 방법이다.반트-호 방정식에 의하면 삼투압은 분자량에 반비

례하기 때문에 단분자이면서 높은 수용해도를 갖는 물질이 필요하 다.

    

(c:몰농도,R:기체상수,T:온도,V:용액의 부피,M:용질의 분자량,w:

용질의 무게)
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따라서 나는 LCST물질인 nBu-PEI의 구조로부터 감을 받아 단분자인

nBu-TAEA(356g/mol)을 합성하 고 이의 LCST 상을 확인하 다.

nBu-TAEA는 2.2M이라는 높은 수용해도를 보이면서도 20-30℃라는 상

온 수 의 상 이 온도를 보 기 때문에 은 에 지의 사용으로 용질의

제거가 가능하 다.상 이 온도보다 낮은 온도에서는 반투막을 사이에 두

고 해수 (0.60M)로부터 청수를 얻을 수 있었고 상 이 온도 이상의 온도에

서는 물에 한 용해도가 격히 떨어져 0.15M보다 작은 농도가 되어 생

리식염수 수 (0.15M)의 염수로 청수를 내 보낼 수 있었다.이러한 온도응

답성 물질을 유도용질로 사용한 정삼투 공정은 미래의 에 지효율 인 수

자원 확보를 한 좋은 가 될 수 있을 것 이라고 기 한다.

Keywords

온도응답성물질, 임계용해온도(LCST),고임계용해온도(UCST),정삼투

(FO),가지형폴리에틸 이민
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