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11NTRODUCTION

WedevelopedanewACcalorimeterforthemeasurementofdynamicspecificheat

capacityinliquids,includingaqueoussuspensionsofbiologicalmaterials.Thismethodhas

severaladvantages.Thefirstisthatahigh-resolutionmeasurementofheatcapacity,inmilli-

degrees,canbeperformedasafunctionoftemperature,evenwithaverysmallsample.

Therefore,ACcalorimeterisapowerfultooltostudycriticalbehavioratphasetransitionin

biologicalmaterials.

Thesecondadvantageisthatthedynamicheatcapacitycanbemeasured.Wehave

interestinthefrequencydependenceoftheheatcapacity.

Thethirdadvantageisthatthesensitivityofdetectingananomalyintheheatcapacity

isquitehigh,anamountofthesamplecanbeverysmall,anditiseasytomeasuretheheat

capacityprecisely.UsingthisACcalorimeterweperformedthemeasurementsofdynamic

specificheatcapacityofalipidssuspendedinwater.

Innextparagraph,anexperimentalmethodinACcalorimeterforbiologicalmaterialsis

discussed.WedescribethetwotypesofACcalorimeter,inwhichthermalenergyissupplied

eitherbytheirradiationofalternately-choppedlightorbyACJoule-heating.Usingthis

directJoule-heatingACcalorimeterwecarriedoutACcalorimetricstudiesataverylow

frequency.

　
2 EXPERIMENTALMETHODFORMEASURINGDYNAMICHEATCAPACITY

ThisparagraghdescribetheACcalorimetrytechniqueusedinmeasuringtheheat

capacityofphospholipids,thesystemusedfordataacquisition,andthesamplecells.The

theoryofACcalorimetryhasbeendiscussedinmanypapers1'"3';hence,onlyabriefreview

willbementionedbelow.
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0ne-dimensionalthermalsysteminanACcalorimetrytechniqueforthecaseofasamplewiththermal

conductivity.q(0,t)istheheatflux.K,candparethethermalconductivityofthesample,itsspecificheat

anditsdensity.kl,clandρ1arethethermalconductivityofthethermalexchangesubstance,itsspecific

heatanditsdensity,respectively.Landdarethicknessofthesampleandthethermalexchange

substance,respectively.

TheschematicdiagramofanACcalorimeterisshowninFig.1.Asample,intheformof

aslabofthickness五andcross-sectionareaa,isheatedunifbrmlyatoneside(xニ0)by

applyingasinusoidalheatflux(1(0,t)ニ(Q/2α)4ω'.Theothersideoftheslab(xニL)is

coupleduniformlytoabathatconstanttemperatureTbthroughthethermalexchange

substance.LetthethermalconductivityofthesamplebeK,itsspecificheatc,andits

densityp.Thenthethermaldiffusivitynisdefinedbytherelationn=K/pc.The

characteristiclengthlo=2n/wanditsreciprocalk=1/loarealsointroduced.Tofindthe

ACtemperatureinthematerialsasafunctionofxandt,theheatconductionequationwas

solvedwithproperboundaryconditions4'.Theheatconductionequationis

∂T/∂t=κ/pc・ ∂ZT/∂ ノ=η ・∂ZT/∂ ノ (1)

TheproperboundaryconditionscomefromtherequirementsthatTex-L+d,=Tbforallt.

Theconditionisasfollows

一xa・ ∂T/∂x/_・=(勾 諺aク6碗

and

xa・ ∂T/∂x/。 詔.=κ}a・ ∂z/∂x/　 か (2)
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Allquantitiesaresupposedtobemultipliedbyatime-factorexp(ゴ ω の,whichisomitted

throughoutandonlyincludedattheendofthecalculationifrealorimaginarypartshaveto

betakenintoaccount.Ateachpointweshallalwaystointerestedintwoquantities;T(x,t),

q(瓦 θ ←g(卸6α つ.Theyarethetemperatureandfluxatpointx,respectively.Then,the

generalsolutioncorrespondingtobethesteadyperiodicconditions,omittingthetime-factor,

isgivenbytheequation

T(x)=1附 ηゐ∠k(を一幻 α ≠カ1≠ ハTcosh[k(X-x、 ブα ≠カゐ (3)

Q<X>=-xk(1≠ 力 妬oo8hμ 【(X-Xs>(1≠ カ1≠Nsinh[k(x-x・>1X<1≠ カ1ノ.

(4)

where

k=cu/2n, (5)

MandNareconstants.

LetT(xl)andq(x1)bethetemperatureandflux,respectively,atfacex=xloftheslaband

letT(x2)andq(x2)betheirvaluesatfacex=x2.Ifanytwoofthesefourquantitiesaregiven,

MandNcanbedeterminedfromthem,ThusthesetofT(卸,g(幻orT(xz),g6向 クcanbe

expressedintermsoftheoriginaltwo.

Bytheapplicationofthematrixelement,theoscillatorytemperaturedependenceofthe

sampleattherearsurfaceisfoundtobe

Ta。ω=@。R、 伽 クθ吻 嗣 α≠i)coth[k、d(1≠カ1005hμ 【Lα≠カ1

≠且 雌 α≠∫♪sinh[kL(1≠ 力刀 (6)

wherek=rω/Zn)ヱ/2=ピ ω 〃 σ2κ 岬,k、=ζ ω 〃、C/2κ 岬andR戸d/x、.

Whenc1一ｺ0,namelyk1一ｺ0,

Ta。ω=⑥ 。R、伽2θ 助挽05h匹k五 α ≠ガノ≠R、xk(1≠i)sinh[kL(1≠ ガノ. (7>

Undertheconditionsthatω τ。=2κ1～La∠ 配1>>1andthatthesampledimensionLis

smallerthanthecharacteristicthermallengthto;thatis,

kL≪1,
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thetemperaturevariationcanbeexpressedas

Ta。ω=<Q。E溜a溶 〃宏/1≠[kL(1≠ 班 〃2!≠[kL(1≠i)」4/4ノ ≠ … ノ

≠R、xk(1≠i){[kL(1≠ ∫♪≠[kL(1≠ 力惚!≠[k五(1≠i)J5/5!≠991>

Then,theACtemperatureandthephaseareapproximatelygivenby

Ta。(L)=(匂 認a.)♂ ωか8ラ2κ 左『Lμ ≠1/(2!r左 『L、RI.)2≠2k4L4/45≠2L/3Rlfc/1/2,(9)

a=ar「csin〈 々 ≠1/21～1κ 一、k4L4J/[Z≠1/(2fcILL、 配1.)2≠2k4L4/45≠2L/3Rlfcノ 〉.(10)

Putting

τ。=cpLR、(11)

and

Zint=L『/V「90n.一(12)

Tacbecomes

Ta。伍 ク=〔9溜 ω αx11≠ 乙Zノ'u/2孫2ブ≠u/2τ 加～≠(21ン'3RD/r.♪1'1/2X�i(mta),(13)

a=aresin<[1_(4ω2zT;at.ン3)≠(L/3R、 κ.)J/[1≠ α/u/2τ52ク ≠ω2τf撹2≠(2L/3R、 ノrノ)1>,(14)

whereCS=cPLa.

Intheseexpressions,zsisthesample-to-bathrelaxationtime,z;ntisrelaxationtimefor

thermalequilibriuminthesampleandαistheheatcapacityofthesample.Whenωis

chosensothat1/ZS<<ω<<1/Zint,the血equency-dependentterminEq.(13)isexpressedby

CS=Qo/2cuTai(L)(15)

a=π/2.(16)

where(～oisthevalueoftheACinputpower,ω=2πfandTa、arethefrequencyandthe

ACamplitudeoftheresultingtemperatureoscillations,respectively.Therefore,theheat
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capacityisinverselyproportionaltotheamplitudeoftheACtemperature.

2.2TheDesignofACCalorimeters

Wewilldiscussanapparatusforliquidincludingsuspensionofbiologicalmaterialsin

thetemperaturerangebetween170and400K.5'

TheACcalorimetrymethodsmaybecharacterizedbytheACheatsources:Onemethod

involvestheuseofirradiationbyalternatelychoppedlight,andanothermethodistouse

directJoule-heatingofasubstancewithelectricalresistancethathasbeenattachedtoa

sample.Bothmethodshaveadvantages.Weusedthesecondmethodinourexperiments,and

weperformedthemeasurementofheatcapacityatthemainphasetransitionofalipid

suspendedinwater.

2.2.1ACCalorimeterUsingChopped-LightIrradiation

Figure2isadiagramofthemeasuringsystemoftheACcalorimeter.Thethermal

energywasperiodicallysuppliedtothebottomofthesamplecellbychoppedlightfroma

halogenlamp(UshioElectricInc.,TypeJC-12V-50W).TheACtemperature(Tai)wasdetected

bytwopairsofchromel-alumelthermocouplewireswithO.025-mmdiameter(supplied

fromOmegaEngineeringInc.),whichweregluedtoasamplecell.TheACtemperaturewas

detectedbyoneofthethermocouplesandreadbyalock-inamplifier(P血cetonApplied

ResearchInc.,Mode1124A)withthereferencesignalfromthechoppedlight.Another

thermocouplewasusedtomeasuretheincrementsoftheDCtemperature(hereafter

indicatedasTai)beyondthetemperatureofthethermalbath.Thetemperatureofthe

thermalbath(hereafterindicatedasTb)wasmeasuredbyacalibratedplatinum-resistance

thermometer(RosemountEngineeringCo.,Model118MF).Therefore,theactual

temperatureofthesampleisgivenbyTb+Td..Alinearrelationbetween1/鶉 。andthetotal

heatcapacityisrequiredforACheatcapacitymeasurement.Totestthelinearrelation,

therearetwoways,asdiscussedinthefollowing.Boththeamplitudeandthephaseare

expreSSedintermSOftheSimilarfunCtiOnSOfτ,andτi。 、aSgivenineqS.(13)and(14).6)Under

theaboveconditions,theinverseoftheamplitudeisproportionaltothetotalheatcapacity

andatthesametimethephaseisequaltoπ/2.Oneway,then,istheamplitude-

examinationmethod,totestwhethertheamplitudeisinverselyproportionaltothe

frequency.Theotherwayisthephase-examinationmethod,inwhichthephaseiskept

constant,atπ/2,intheactualmeasurement.3)Thelattermethodwasusedinthe

experiment.Itisworthwhilenotingthatthephaseshiftcanbedetectedwithahigh

resolutionbymeansofalock-inamplifier.
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Schematicdiagramofthechopped-lightirradiation-typemeasuringsystem.TheACtemperatureresponse

ofthesample,Z、 、,isinverselyproportionaltotheheatcapacity,Cs,asgivenbyC.S=(20/ZLUTaC,where(20is

theamplitudeoftheinputthermalenergy.ωstandsfor2πf.Inourmeasurementsallofthedata

processingandcontrolwereperformedbymeansofapersonalcomputer.

1:samplecell,2:thermocouple,3:platinumthermometerforthetemperaturemeasurementofa

thermalbath,4:platinumthermometerfortemperaturecontrol,5:thermalbath,6:heater.

Wedevelopedacomputer-controlledACcalorimeter.Allthemeasurementsweretaken

usingapersonalcomputer(Commodore,TypeCBM3032)withanIEEE-bus.Finally,the

datawereautomaticallyprintedoutandtheresultswerealsosimultaneouslyplottedagainst

temperatureonaXYplotter.Thetemperatureofthethermalbathwaschangedstepwise.

Thetemperaturestep4Twassetbyasoftwareprogram.Ateachtemperaturethe

temperatureofthethermalbathwaskeptconstantfbraperiod4ちalsosetbythesoftware

program.Duringtheconstant-temperature,periodonepointofthedatawasobtainedata

temperature.Therefore,theresultsobtainedbyACcalorimetryexhibitsteadyvaluesanddo

notdependon4Tand4t.Whenthetemperatureisheldconstant,thevalueofthe

observedheatcapacitydoesnotchangefortheperiod4t.Ontheotherhand,inthecaseof

differentialsca皿ingcalorimetry(DSC),thetemperatureisscannedcontinuouslyThen,the

lagoftemperaturechangeisintegratedsubsequentlyand,asaresult,thecurveofheat

capacitydependsonthescanningrate.

InthepresentexperimentthescatteringofthedatawassmallerthanO.2%oftheheat

capacity.
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2.2.2 ACCalorimeterUsingJoule-Heating

Theheatcapacityiswelldescribedbythesampleexpression

Cp=Q・/WQTac, (17)

WhereQoistheamplitudeoftheACpowerinputfromthemicrofilmheater,cv=2TCfand4Tai

arethefrequencyandthezero-to-peakamplitudeoftheresultingtemperatureoscillations,

respectively6・7,8)

TheelectronicsystemusedforthisexperimentisshownschematicallyinFig.3.The

calorimetrywasoperatedataconstantfrequencycu=0.196sec1,whichcorrespondstoa32

secperiodforthetemperatureoscillations.Amultiplexerwasusedtomeasuresuccessively

theheaterpower,theresistanceofaplatinumthermometer,andthethermistorresistanceat

everyO.5secduringeightperiodofoscillation.AtypicalOTaitemperatureamplitudeof±5

mKcorrespondstoaresistancevariation

ofOR=60S2forathermistorwithR=70k

Res..a

AcVolt

Tecma

Board

NorthSpar

Computer

Thermistor

Decade

Resistor

Fig.3

BlockdiagramoftheelectronicsfortheJoule-heating

typeACcalorimetricexperiment.Theresistanceofa

platinumresistancethermometer(PRT)anda
thermistorarereadwithafourterminalwires

measurement.Thevoltageisreadwithatwoterminal

wiresmeasurement.

S2.TheKeithley192digitalvoltmeter

usedforthismeasurementiscapableof

6.5decadesofresolution,andthescatter

oftheCpvaluesissmallerthanO.2%.

Theoutputoftheoscillatorandthe

resistanceofthethermistorareread

simultaneouslybythemicrocomputer,

whichallowsustogettheamplitudeOTai

andthephaseφ ニ6aη%ωx(泌0,where

Kisthethermalconductancebetween

thesampleandthethermalbath.The

dataarecorrectedfordriftbyaveraging

thetemperatureofthesampleoverthe

durationofthemeasurement,asfollows

Theoutputofthethermistorreading

thatcorrespondstothezerocrossingof

theheaterinputistaken,andthusobtaineddriftpartissubtractedfromthedatasetofthe

outputofthethermistorreading.
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2.2.3 TheDesignofaSampleCell

ThesamplecellforJoule-heating

typemeasuringsystemisshownin

Fig.4.Thebodyofthecellisacup,10

mmindiameterand1.2mmindepth,

pressedfromaO.25mmsilversheet.

AlidofO.075mmsilverfoilisattached

tothesamplecell,usingacold-welded

indiumseal.Alongcoilofafinegold

wirewasinsertedintothecellto

increasetheeffectiveinternalthermal

conductivity.TheACheatinputis

5 8

孟
胃

へ∠ i

7

6

3

Fig.4

Asamplecellforsampleofliquidsuspension.

1.Microfilmheater.2.Varnishlayer.

3.Silvercup.4.Sample

5.Alongcoiloffinegoldwire.

6.Indiumseal.7.Silverlid.8.Beadthermister.

suppliedbyathinfilmresistanceheater,andtheresultingtemperatureoscillations(Tai)are

measuredwithamicrobeadthermistor.

Onewasabletoassesstheweightofallthematerialsinvolvedintheconstructionofthe

samplecell.Tablelpresentsalistofthesematerialswiththeirrespectiveweightsina

typicalcellwithafinalweightofabout600mg.Theheatcapacityoftheemptycellwas

determinedasfollows:Afterfinishingallthemeasurementsonthefilledcell,asmallhole

wasmadeinthelidofthecellandmostofthesuspensionwaswithdrawnwithasyringe.

Tablel

Wightandheatcapacityofthematerialsusedinconstructingasamplecell.

Material Weight(g) Heatcapacity(J/K)

SilverO.3848

1ndiumO.0503

GoldwireO.0335

HeaterO.0015

CopperO.0126

(1/30fthelengthisestimatedtobeapartofthecell)
EpoxyO.0387

SampleO.0958

Totalfor

filledcellO.6229

Contribution

fromemptycellO.5214

0.0913

0.0119

0.0043

0.0019

0.0048

0.0404

0.155
*Valuesgivenat300K

.
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Thecellwasthenrinsedwithwaterandplacedinadryingovenatabout340Kforthree

hourstocompletelyevaporateanyresidualsuspension.Theemptycellwasweighedandits

heatcapacitywasmeasuredoverthesametemperaturerangeasthatforstudyingthefilled

cell.

Besidesweconsideredwhethertheconditions
3.O

ofACheatcapacitymeasurementweresatisfied.

Inourcomputersimulationsweworkedwitha

watersample,usingequation(6).Thesimulation
2,0

wasrunwithwaterofK=5.82×10.3J・cm1・s-1C
v

roK'1,ρ=0.9982g・cm-3,cニ4.1816J・g1・KIandair
a
a
ro
U・fκ ・ニ2.50・10.4J・ ・m-1・ ・'1・K1,ρ ・ニ1.205×1039・ ㎝3,

≧1・oc、 ニ1.006J・g'1・K'1,respectivelyInFigure5weヨ

6showthespecificheatasafUnctionoffrequency.

AtafrequencyofO.03Hz,theconditionforthe

O

O.。。1。.。1。.1h・at・ap・ ・itym・a・urem・ntissati・fi・d・th・ti・ ・

theratiOCt、,ノC。pp、,,、tiSunityWeSeethatthe
f/Hz

datatakenintheconditionarequiterational.

Fig.5

TheACheatcapacityofawatersampleas

afunctionoffrequency.

3 HEATCAPACITYOFPHOSPHLIPIDBILAYERS

Aqueoussuspensionsofdipalmitoylphosphatidylcholine(DPPC)undergosuccessive

phasetransitionsinvolvingthestructuralchangeofthelipidbilayers.ACcalorimetry

experimentshavebeencarriedoutinstudyingofphasetransitionofalipidsuspension.In

thestudy,theanomalyofheatcapacityhasbeenobservedatthemaintransition.Onthe

basisoftheresults,weshowthatthereexistsafrequencydispersionoftheheatcapacity.

3.1 ExperimentalResultsbyACCalorimetricMeasurement

L-DPPCusedintheJoule-heatingtypeACcalorimeterwithaverylowfrequencyofO.03

Hzl°'wereobtainedfromCalbiochem-BehringandSigmaChemicalCo.Allmaterialswere

foundtobesufficientlypurebythin-layerchromatographyandwereusedwithoutfurther

purification.

Forthepreparationofmultibilayersamples,lipidswereweightedoutanddissolvedin

spectroscopic-gradechlorofbrm.Thesamplesweredriedunderpurifiednitrogengasand
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thenkeptundervacuumforat

leastonehourtoachievecomplete

dryness.Then,distilledwater

wasaddedtothedriedsamples

andthemixturewasshakento

dispersethelipid-watermixtures.

Thesuspensionsweredegassed

andheateduptothetransition

temperatureforaboutonedayto

obtainuniformsuspension.

SamplesoftheDPPC(Calbiochem.)

/waterandDPPC(Sigma)/water

systemswerepreparedwith

lipidcontentsof6.25wt%and

15.Owt%,respectively.

TheuppercurveinFig.6

showsthetotalheatcapacityof

theDPPCsuspensions,includin

1.0

o,a

r
x
一
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0

a
U

0.4

0.2
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ン
1軽
ii
昌
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一
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!
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K

330

gthatofthesilvercell.

capacityfortheemptycell.ThemeasuredCpvalues,CP(obs.),correspondtothetotalheat

capacityofasealedcellweighingabout620mg,ofwhich90-100mgistheweightofthe

DPPCsuspensions.g'ThevaluesoftheheatcapacitypergramofDPPCaredeterminedfrom

Fig.6

TheheatcapacityofafilledcellcontainingO.0958gofDPPC

suspension(uppercurve)andtheemptycell(lowercurve).

DPPC(Calbiochem.)at6.25wt%wasscannedatO12K/hon

heating.

9'Thelowercurveshowstheheat

CP=[Cp(obs.)‐Cp(empty)1/W, (is>

whereWistheweightofDPPCinthesuspension.11

astraightline

Theemptycelldataiswelldescribedby

Cp(e皿p切=1。295x10'3・T-0.231(JIK)ク (19)

whichwasobtainedbyaleast-squaresfitto276pointsoverthetemperaturerangeof300‐

325K.Thusthemeasuredheatcapacityoftheemptycell,Cp(empty),varieslinearlyfrom

O.158J/Kat300KtoO.190JIKat325K.Usingeqs.(18)and(19),onecanconvertthe

datapointsshowninFig.7intotheheatcapacitypergramofDPPC.Notethatthesmall

thermalanomalyobservedbyDSCatthepretransitiontemperatureof306Kiscompletely

absentfromtheseACmeasurementatO.6Hz.S°1°

Figure8displaythetemperaturedependenceoftheexcessheatcapacitypergramof

DPPCmeasuredinmultilamellaraqueoussuspensions,whoseconcentrationwas6.25wt%of
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DPPC.Thisexcessheatcapacitycorresponds

Y50tothequantity(ip-Cp(わackgrou加 り,where(,pも
一40(backgro

und)representsthenormalheat、
30capacityobtained・

}
F-

rOncooling,theexcessheatcapacities
a20
U

Qassociatedwiththetransitionaresubstantially
W
210

鴇smallerthanthoseobtainedheating.Thus
LLI
U
xwOL
312.5313.5314.5theseACcalorimetryresultswithafrequency

丁/K

ofO.03Hzindicateirreversibilityatthemain

Fig.7transition.Recently,thereversibilitiesinthe

CalorimetricphasetransitioncurveforDPPCphasetransitionwerestudiedbyYaoetal
.11'in

(Calbiochem.)DPPCatcontentof6.25wt%DPPCbil

ayers,usingsmallangleX-ray
wasscannedatO.12K/h.Theexcess

apParentspecificheatisplottedagainstthescatteringandfreeze-fractureelectronmicroscopy.

temperature,withthemaximumoccurringatTheyhavereportedthatthemaintransition

313.36Konheating.TheACheatenergywas

ofDPPCisnotreversibleinthesensethatthe
suppliedatafrequencyofO.03Hz.

initialPa'phase,appearingonheatingfrom

coolingfromtheLa'phase,butisreplacedbyatheLa'phase,doesnotreappearon

metastablephasePa'(mst).TheexcessCppeaksO.6Hzonheatingweresmallerthanthose

obtainedhereonheating.

TheareasundertheexcessCPcurvesshowninFig.8forheatingrunsare5.674

kJ/mol.Thecorrespondingareasforcoolingrunsare1.293kJ/mol.Thesevaluesareall

muchsmallerthanthelatentheat4H=35.6kJ/molobtainedwithaDCmethodandhigh-

sensitivityDSCor4H=38.8kJ/molobtainedwithanadiabaticcalorimeter.

TheareaoftheexcessheatcapacitypeakobtainedfromACheatingmeasurementsat

O.03Hzisonlyaboutone-sixthof4H;and,furthermore,thepeakissmallerforAC

measurementsatO.6Hz,wherethearea

undertheexcessCPcurveis3.19kJ/mol
3

fc)rheatingrun.5)Intheabove15・4

・xper'm・nt,th・"n・arscan・at・'・0・12竜 ・ 離

K/hニ0.033mK/sec.SincetheAC石15・2、

t・mperature・scill・ti・naret)Φi・ally10■,ム リ
mKpeak-to-peakoverahalfperiodof1615・o

sec,theaveragerateofvariationinACo

310312314316318

heatingis～0.63mK/sec(orroughly20TlK

timesgreaterthanthescanrate).lntheFig
.8

caseofACmeasurementsatO.6Hz,theTemperaturedependenceoftheexcessheatcapacity.

correspondingvariationinACheatingis
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12.5mK/secoverahalfperiodofO.8sec.relativelyfasttimescaleoftsO.8sec,thephase

shiftisalmostconstant.Thereisamarkeddifferenceinthebehaviorobservedonheating

andcooling.Itwouldbeinterestingtostudythefrequencydependenceoftheexcessheat

capacity.

Theconceptofdynamicheatcapacityhasalreadybeenused.Kummereta1.12'havefirst

pointedoutthattime-dependentspecificheattakesplaceinamorphousSiO2,whichis

interpretedintermsofthetunnelingmodel.Instudiesofelasticdispersion,therelaxation

strengthisexpressedbydynamicheatcapacity,andalso,itsrelaxationtimeisrelatedtothe

dynamicheatcapacity.Especiallyinthestudyofultrasonicattenuationatthetransition

temperature,theconceptofdynamicheatcapacityhasbeenusedinordertoanalyzethe

result.Toestablishthisconceptfurther,

dispersionofheatcapacitybyAC

calorimetry.Thetransitionenthalpieswere

obtainedbymeasureingtheareasofthe

excessheatcapacitypeakwithadigital

planimeter(Planix7).Thesevaluesare

shownasafunctionofthefrequenciesinFig.

9.Forexample,theenthalpyobtainedbyan

adiabaticcalorimeteris38.8kJ/mol,while

theintegratedareaoftheexcessheat

capacitypeakobtainedbyanACmethodat

O.03Hzisatmost6.4kJ/moll°'Thesefacts

indicatethatthereexistsaquiteslow

Ie舳tbnp㎜duIing仕 鴎ma血transitionand,

therefore,itmeansthatthereexistsalarge

weexpecttoobservedirectlythefrequency

る

E

..
⊇

「

/mHz

Fig.9

Frequenciesdependenceofthedynamic

enthalpiesinDPPC

frequencydispersionoftheheatcapacityinthisfrequencyregion.

■4 DISCUSSIONANDCONCLUSIONS

TheresultobtainedbyACcalorimetryprovidesclearevidencethattheheatcapacity

anomalyduetothefluctuationoforderparametertakesplaceatthephasetransition.The

sharppeakstronglysuggeststhatthefluctuationoforderparametertakesplaceatthemain

transition(T,,,).Thepseudo-criticalheatcapacitywilltentativelybeanalyzedintermsof

critical-exponentexpressions.

AsshowninFig.8,theheatcapacityofDPPCclearlyindicatesadivergence.Thisresult

wastentativelyanalyzedintermsofausualcritical-exponentexpressionforheatcapacityas
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Cp=A/t/_Q≠B≠Et, t=(T-Tm、 ブ/Tm、, (20)

forT>T,,,,aisso-calledcriticalexponent,whichshouldbecalledpseudo-criticalexponent.

Aispseudo-criticalamplitude,BisconstantbackgroundandEistheslopeofthe

background.ForTくTm,weusedprimedparameters,a;A;B;E'andt=(Tmz-T)/Tmz.Inthe

followinganalysis,weassumedthatE=E'=34.2J・g1・EIandTm=Tm1=T,,,2.

Aleast-squaresfittinganalysiswasperformedwiththeuseoftheSALSprogramat

NagoyaUniversityComputationCenter,treatinga,a;A,A;B,B'andT,,,asadjustable

parameters.ThebestfittedvaluesarelistedinTable2.Itwasfoundthatbothofaanda'

Table2

Parametersforeq.(20)above臨andthesimilarequationbelowT'm.TheconstraintsTm=T'm

andE=E'=34.2J・g-1・K-1wereimposed.

a' A/Jg-IK-1

0.40±0.05 0.4±0.1 0.63±0.25

A'/Jg-IK_1 (B,-B)/Jg-IK'1 Tm/K

0.23±0.20 3.8±0.4 314.35±0.02

arenearlyequaltoO.4andAandA'arealmostidenticalwithinuncertainty.Thisresult

providesinsightintopseudo-behavior.Thevalueofaanda'isO.5,ratherclosetothatin

thethreedimensionalGaussianmodel.However,thepseudo-criticalbehaviorinthiscase

shouldbeconsideredintermsofthedisorderofhydrocarbonchains.Ithasbeencalculated

onthebasisofthetheorybyIzuyamaandAkutsu13)thattheexponentassociatedwith

spinodalpointis1/2andontheotherhand,atthecriticalpointthecriticalexponent

becomes2/3.Thesystemdealtwithinthestudyseemstolieverynearthecriticalpoint,

becauseTm～Tm,.However,bothofthetheoreticalexponentsarelargerthanthatobtained

experimentally.

WedescribeahighsensitiveACcalorimeterbasedontheirradiationofalternately-

choppedlightoracJoule-heating.Itispossibletomeasureheatcapacityanomalyduetothe

pseudo-criticalphenomenon.Recently,ACcalorimetryisknowasaverypowerfultoolforthe

characterizationofawidevarietyofbiologicalmaterialsandtheirtransitions.14
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