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ABSTRACTO

Liquidstructuredind®lynamicsthredxperimentallyM¥nvestigatedd¥n®olloidal¥uspensionsMvith®hort-rangeMepletionMttraction Rl'heltolloidalX
fluidamplesionsisttbfdhard-sphereltolloidal¥particlesuspendeddlongivith®odlikellepletantsibasedddbniurfactant®nicelles XlhelbpheresX
haveldRangelbfurfacelthemistries,Miameters,MndipackingMractions,FinddhelodlikelnicelleNengthMlependstbnBheMemperature Xhus,Bhel
combinationMfthard-spheresidndiMepletantsieneratesd¥ampleMvhereinihort-rangelnterparticlettractionan®elemperature-tunedn situ.X
VideobbpticalMnicroscopydndbparticleMrackingiechniquesirel@mployedMoMneasurebparticleMrajectoriesfiromMvhichM¥tructuraldndilynamicalX
quantitiesdreMerived BncludingihebparticlebpairdtorrelationMunctionqg(r)] Mnean¥quareMlisplacement,Hong-timeMiffusion®oefficient,hndX
thelsamplelwo-bodylexcessientropyX S ) RThelsamples®vithBstrongerlhort-rangebattractionsiexhibitnorelorder,Faskharacterizedbylg ()X
andXb, Rhelbtrongerlhort-rangebhttractionsiirelalsodbserveddolead®ollowerlong-timeldiffusionfindXnorebheterogeneousklynamicsitX
intermediateMimelcales BFinally,¥helxcessdntropyMcalingflawbprediction,M.e. MhedxponentialfelationshipfetweenMwo-bodylxcessdntropyX
andMong-timeliffusivity,HsbbservedcrossiheMullfangeldfBamples.X

Published under license by AIP Publishing. https://doi.org/10.1063/1.5091564X

LONTRODUCTIONO

Connectingitructurelodynamics¥silpersistenthemeliniinanyX
studieslbfondensed®natterfystems. ' ARentralddealnithiskffortX
iskthatXtheMinteractionsXbetweenXmicroscopicdkconstituent®particlesX
determineMmaterialXstructure,Mwhich,KinKturn,KinfluencesXmaterialX
mechanicallnddlynamicaldesponse. MOnelinteresting®henomeno-
logical®heoryMvhichMeeksHoMfind@uch®onnections¥stbased®nihelX
conceptibffexcess®ntropy.’ “"/]Excess&ntropylﬂSE YR skefinedFsiheX

entropyMcalinglaw R hisMindinglprovidesd¥implelvayMobjuantita-
tively®stimatelong-timeMlynamicallpropertiesdnMiquidsMising®tatick
structuraldnformation.X

FollowingXRosenfeld sKinitialXobservation,XaXphysicalXmecha-
nismMorMheMcalingielation®vastproposedbydzugutov.BDzugutov’sX
ideaMvasihatidiffusivitybMiquidkitomsdhoulddbelproportionalXol
theltatelbfbinaryiollisionskind®olthelhumberfbffhccessiblelocalX

configurations. B heselrgumentsfled®oMBcalingbprediction,lD ~ SR

differencelbetweenXthel true”MsystemXentropyXandiheXentropyXofX
anXequivalentXidealXgasksystem;MitkiskalsinglelhumberithaticankbeX
computelel‘romXparticle&)osition&lata.TE TheXpotentialXalueRofRs®
derivesirom®Rosenfeld skobservation, " initiallyRsupported®byRsim-
ulationXdata,KthatdransportioefficientsXofsimpleMiquidsisuch¥asX
diffusivity@ndBhear®¥iscosityMlepend@xponentially®ni8® R 'husMiq-
uiddlynamicsthrelxplicitly®elateddoNiquiddtructureliakhelexcessX

here RheRiffusivity®D iskhormalized®byRnicroscopickoefficients™"
derived®romRkineticdtheory,Xand®heRexcesskentropy®s® hasKunitsX
oftheMBoltzmann®onstant,Xcz XDzugutov'skscalingMawRvasksubse-

quentlydesteddnMimulationskbfRiquids¥panningiarietylbMnter-

atomichlnteractions,&1ensities,&and&emperatures.S‘SLNotably,&hese&
studiesMised®helwo-bodylxcessEntropy,ib, MskankhpproximationX
of&S” XS miskFoundR oFhccountorXmoreRthan®0%EofXs” inktypicalX
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liquidskhnditankbeltomputedrombimpledntegralinvolvingiheX
sample’sipairkorrelation®unction.”“TheBhpparentByideRpplicabil-
itybbfhelcalingawiesultdentibupportorkhelhotion®hatdiquidX
structureldeterminesMliquid®¥dynamics,Halthough¥a¥moreXrigorousX
microscopiciustificationXsKdesirable indeed,Xmode-coupling®he-
ory¥MCT) RvhichMsKvelldesteddnMiquidsindBhaskproveniisefulforX
expressing®helbelf-intermediateielaxationMunctionfbfonstituentX
particlesKusing®their®staticKstructureRfactors,  haskbeenFappliedXtoX
obtainXexcessKentropyXscalinglawsKforXbothXthelself- andXcross-
diffusivities XSimulationsKofpureXliquidsKandXbinaryMliquidXmix-
turesX¥withXLennard-JonesH(L])Xpotentials¥corroborateXM CTRpre-
dictions'"“andRdentifyRthelempiricaliscalinglawkskRspecialkase.X
Nevertheless XtheMstructurelfactorsineededXforlM CTRcalculationsX
arefoftenXhighlyRnontrivialXandXdifficultXtoXevaluateXinXcomplexX
fluids,”' “especiallyMoromparisonfofxperiment K hus,fhefmpir-
icalxcessintropyBcalinglawbhaslemainedMttractiveMorMtsitaselh X
use.X

Manybuccesseskbfithelexcessientropyicalingfhrelromiom-
putersimulations;¥imulated®ystemsKincludekhard-sphereXiquids,X
liquid¥metals, XY ukawasystems,XL]-likeXliquids,KandXliquidsXwithX
soft-corelnteractions.”' Y Onthelfexperimental&ide Ktkhaskbeenk
testedXin®isordered¥ystemsMwithM repulsivelinteractions, ®specif-
ically®juasi-two-dimensional2D)Xolloidal}luidsKvith®short- andX
long-rangeRepulsion, " asBvellFs®nR DFyranular®luidsBvithFhard-
sphereRrepulsion.' " LessKis®knownKaboutRsystemsKwithX attractiveX
interactions.”KAddingbttractionsdolheNiquidipotentialhffectsdbothX
liquiddtructurefand®ynamics,Mand¥inisomelRtases,XheleffectsKduel
tobhttraction®anibeleproduceddwvithBnkftectivelepulsivekpoten-
tial. " “Long-range RattractionReffectsXinXtheRcontextHofRexcessX
entropyMvereltudieddnMNimulated]BystemXia@omparisonMolliq-
uidRvithBpurelydepulsive,Anversel 2th-powerbpotentials.” ThisKvorkiX
suggestedihatMheldditiondMong-rangeMttractiondinduces®higher”X
excesséntropylndXfaster Miffusion,butfhelcalingormMemainedX
theldame X

Toltlate Bhelcalingielationthnd®elated¥phenomenologybhavelX
nottheenixplored¥nMiquids¥vith®short-rangeMttractions Metweenk
constituents.Xl'heselbystemsixhibittbehaviors®hatMreMjualitativelyX
differentromfliquids¥vithbpurelydepulsivelbrlong-range-attractiveX
constituent¥nteractions.XlheirnvestigationXskssentialforMinder-
standingheMangeldMpplicabilitydMheléxcessntropyBcalingfaw.X
Briefly,Bhort-rangeMttractions¥tronglyMffecthearest-neighborion-
figurations”“and¥iveRiseMoRnteresting®tructuralfeaturesBnMluidsy
whichRreRprecursorsfbffbolskandels.”' **'Short-rangefattractionsX
alsoMintroducedondingXeffectsiatkhigh®ackingXractionskhatisivel
riseloXfascinating®henomenalbuchXaskthelXre-entrantMiquid-glassX
transition,”” "

InXthisXexperimentalXwork XweKinvestigateXthestructureXandX
dynamicsKink2 DXcolloidalXfluidsXwithXtunable®short-rangeMattrac-
tion,XandXwelcriticallyRexamineltheXexcessXentropyXscalingawkinX
thisktontext. XrromiarticlelrajectoryMlatabbbtainedkbyRrideobbpti-
callnicroscopy,®hebparticlefpairitorrelation®unction¥g(r)] Bnean-
squareXdisplacement¥(MSD),Klong-timeldiffusionXcoefficient¥(D),X
and®helsamplewo-bodykexcesskentropyX S, )Fhrefietermined®hsiiX
functionMofipackingXractionfhndXinterparticlefhttractionfstrength.X
WeblsoalculateflhormalizedXong-timeliffusion®oefficient,XD*
=MD/ Do BvherelDorisBheMsolated®inglebparticleMiffusivity¥neasuredX
atfhelameMemperaturedndinihelamelampleltelllgeometry X
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FIG. 1.0Normalizedidiffusionicoefficients,ID* = D/Dy,laslalfunctioniofiS,;measured]
forltwolitypesloficolloidallparticles:1SiOy (circles)landIpolystyrenel(PS)i(squares).0
Fori eachl particlel type [ colloidall samplesl ofi 4-5l differenti] packingl fractionsl arel
tested;l datal pointslfromithel samel samplel (i.e.,l thel samel packingl fraction)larel
shownibyithelsamelcolor.lAtleachlpacking(fraction,iseveralishort-rangelattractionl
strengthslarelstudied;Idatalpointslassociatediwithistrongerlattractionsl(butlatithel
samelpacking(fraction)igenerallylshowismalleriSyandiD* .1Blackidashedllinelisithel
bestiexponentialffit,iD* = **2*RedisolidlinelindicatesiD* = % (seelSec.il!ID
forldetailedidiscussion).l

OOOO0oooo0o0

Ourlgentral®xperimentalfesultsBhownMinkig X Migurel idis-
playstD”* vsibrfromineldamples Xl heseamplesthreomposedioi
eitherBilical(SiO, )Mor¥bolystyrenel PS)Xparticles XEachKofkthelwol
sample-typesX(SiO,gandXPS)XisKstudied¥h tmanyRdifferentXpackingX
fractions}¢)MndMnanylnterparticleMttraction®trengths XA crossihelX
whole&ample%et,&n%xponential&calingﬁawﬁ)* ~ S MsitevealedX
with® =§0.82K: 0.05.Xnkhddition®oRthiskexcessientropyRresult,Byel
observehatitronger®hort-rangefttractions¥induce¥noreldrderedX
andbheterogeneousBtructuresdvithin®heMluids,MsiharacterizeddbyX
g(nAndd$, BMoreover,BheltrongerMttractionsnduceMnorefhetero-
geneousilynamicsktntermediate®imelbcales,Fs¥neasureddbytheX
MSDBndMhon-GaussianMlisplacement®tatistics.X

Thelemainder®®hisdpaper¥stbrganizedthsdollows: BV efbeginX
with®aMdescriptionKofsampleMpreparation,XsampleXcharacteristics,X
and¥experimentalXmethods.XThen BwecharacterizeXthelcolloidalX
fluid¥structureRusing¥e (r)KandXS, Mand¥weNidentifyXtrendsXassoci-
ated®¥withKincreasing®short-rangeMattraction®strengthMandXpackingX
fraction Xl heliffusionlynamicsibfsolated®particlesFind®particlesX
inoncentrated®uspensionfhrellescribedkhext,MncludingiiffusionX
coefficients®in®hedong-timeNimitdinddheterogeneousiynamicsiatX
intermediate}timeXscales.X¥TheXresultsXprovideXinsightsXaboutXtheX
attractivelfluidsdhndMhreMinallyMutilized®oRdirectlyXest®theMscalingX
lawMunderXaMwideMrangelofXexperimentalXconditionsKwithMvaryingX
excessntropy.MFinally,XveummarizelhelesultslndiliscussfutureX
work X

ILEEXPERIMENTO

Welntroducefind®ontrol®#hel$hort-rangebattractionstbetween
colloidal¥ particlesXutilizing®micelles¥composedXofhexaethyleneX
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TABLE l.IColloidaliparticlesiusediinithelexperiment.l

SampleX  Spacing®{ym)X ParticleX o (um)¥ NaCl{mM)X
SiOgx 150-160X SiOw 2.0K 2.0K
PSK 1.1-1.4K PS-COOHK 1.0X 0.0X

glycol¥monododecylXetherX(C,,Es )Xburfactant&nolecules.}s 7EThelX
concentration®fiXC,, EgzinXthelhqueoussolutionXisk44XimM,EmuchX
larger®hanMheMritical¥nicelleoncentration HCMC)B1.0728n MK
atlk 5K CXAtsuchkhigh®oncentrations,&thelC,; Eqgmoleculeskself-
assemblefintofodlikeMnicelles.”” “TheMepletionforcelnduced®bydheX
micellesHsMemperature-tunablefbecausehebnicellefengthBncreasesX
withKsolutionXtemperature XAKsmall¥amount¥(2XmM )Xo f¥sodiumX
chlorideX(NaCl)Xskhdded® othelsamplelsolutions¥vhichXsiveskiseX
tofhXDebyelscreeninglength K¢~ Koflhm. " ThiskDebyeRscreen-
ingMengthMncreasesiheleffective”Ximensionskbf@heMnicelledodsX
beyondiheirfbareltalues,MvhichMnMurniffectsheltrengthdndiftangeX
ofitheMepletion®orcelnducedibyRhelnicelles. ¥ Thus,Baltitoncen-
trationXeankhlsolbeMutilized®olfine-tuneithelshort-rangefhttractionX
betweenktolloidal¥pheres XExperimentally,BveMind®hatdhigheribaltX
concentrationsigivelisedolbtronger®hort-rangebttractions.XnXhisX
experiment,fhowever FhighBaltioncentrationsdrelvoideddbecauseX
theyXalsoXpromotelparticlesibtickingXoktheXslassKoveriblips MI'wol
typestbfitolloidal¥pheresiplainXilicalindarboxylated¥polystyrene)X
areMiseddnMhelexperiment.Xlheir¥physical¥propertieskreMistedXniX
Tabled.X

TheXplainXsilicaX(SiO, )Kspheres¥haveXalnominalXdiameterXo
=K.08ymK Corpuscular,Xnc.) Brorbamplelpreparation,MvelissolveX
thisXSiOx particleMsolutionXinXdeionizedX(DI)XwaterKandXremoveX
thelresidualmpuritiesdbylrepeatedientrifugationX 10&imes) Xl'heX
cleaned®particledsolutionXisXthenXilledXinkhXl 58mIXcentrifugeXubel
forMreeedimentation,Mvhich®ontinuesdintil¥heMnterfacefbetweeni
thesupernatantXandXparticle-containingKsolutionXfallXtoKaroundX
1/2Mof)itsMoriginalkheight MFinally,X100Mu1XofXtheMsolutionXjustX
belowKtheKinterfaceKisXcollected¥usingXapipette XA sXaMresultMofX
thiskprocedure,Bery¥nonodisperseMistributiontbfiinglebparticlesX
remains.X

Thel$iO,zsampleMolutionBsihendntroduceddntolMhomemadeX
samplelellhownMnk-ig [0 (a) RI'heltellthamberXsdormedibyXhelX

(a) (c)

cs from LED

colloidal particles
CS l CsS

000 00 000
5 S—

(b)

to camera
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parallelurfacesdb@wolslassktoverlblips NoXl.5XhermokFisher)X
thatreleparated®yX 606 m-thick¥pacers K heltell@hamberMsiilledX
withMB¥malldmount®f8iOzsampleBolutionfromMheMronttbpeningX
and®henMealed¥peripherallyMisingRV-curedipticaliglueNorlandX
65) Rl'helgravitationaldength,X, = kpT/(ApV g)KshestimatedolbeX
0.1 mMorkheldiOmparticlesfhere,Mp is#helBoltzmannionstant,XI'
isheMemperature B p isheMifferencebetweenfheMensitiesMilicaX
and®vater,®V isdhebhard-spherelolumebbfhelparticle,ndly isdheX
gravitationallonstant Rl'helmallX, implies®hatihel$iOgparticlesX
willkeadily®edimentfndormiMnonolayerfhearihellassiurfacel
atthelbottombbtheltell X helpackingXraction,Xp,kbfhelkrolloidalX
monolayerfisXcontrolledXbyXusingisamplelsolutionsXwithKdifferentX
particleloncentrations.X

Thelarboxylated¥polystyrened PS)HatexPbeadsthavelFhominalX
diameter,}r =X1.0KymX ThermalScientific) XMProceduresveryibimi-
lartothoseRusedXforXthelBiOsgparticlesk(seeMabove)EarelemployedX
toltleanihelXPSKparticlefsolutionfndilterdbutbbarticlefhggregates.X
SincelL, forXthelPSXparticlesXisXapproximatelyX20X,m,XtheRparti-
cles®willXnotXformMaXmonolayerMdueRtoMgravity®alone XTherefore,X
aldifferent®typeMofsampleXcellXisXneededXforXPSKparticles,BwhichX
issshown¥schematically®inXig )0 (b) XWelsandwich¥aropletX0.5-X
0.7 L)k P Siparticlebbolutiondbetween® woblglassioverbslips XIheX
twolkoverllipstbind®ogetheriiaktapillaryXorces XI'heleellXskhenX
sealeddniMtsiperipheryMisingkbpticaldslue KForkthelletailedXexper-
imentallstudies,KwelbelectdregionsXinkthelellXvhereinXallXparticlesX
areXinXfocusandXwhereinXpositionalfluctuationsialongXthelverti-
callhaxiskarefhotapparent XThelseparationXbetweenXglass¥surfaces,X
within®hisMiel diew Hskestimated®¥nanuallylbyMocusingfbnMlustX
ondbothBurfacesdhnd®canning®rombbnefurfacedodheldther RhisX
methodgiveslMoughlestimateMor®@hamberdhicknessEnMheMangeldfiX
1.1-1.2%mNX

Thelsampleiellskarelheniplaced®nRhelstagelbfhnKinvertedX
microscopel(Zeiss¥AxiovertX135) XBrownianXmotionXisXobservedX
through®X100x oil-immersionXobjectivel NAX=XI.3) KT hefsampleX
temperaturels®naintained®ndfdjustedibetweenk0kindX3 4K CkbyX
anbbbjectivelheaterPeConMGmbH)Rvithi. 1K CResolution BMoviesX
oftparticleMnotionXvithinXheMield¥ X iewdreMecordedMinder®right-
fieldXilluminationXatkh)resolutionXofX2592Kx  1944KpixelsXandXatihlX
ratelb X 08 rames/sMisingdMnonochromeMCMOSEamera{SV5M10,X
SILICONRVIDEO) R helfecording¥imeMorfach®xperiment¥angedX
betweenX10XandX30Xmin,XdependingfonXtheXsampleX2DXpackingX
fraction.X

illumination light

condenser i
FIG. 2.1 Schematicsl ofi thell cells] usedl
glass slide forl(a)1SiOy; particle-containinglsamples?
and! (b)! PSI particle-containingl samplesl
sample cell (CS:iglassicoverislip,10G:lopticaliglue).l
immersion oil (c)oSchematiclofithelsamplelcelllinl thel

microscopelstage.l
objective heater

100x objective
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IH.LIRESULTSIANDIDISCUSSIONO
A.Temperature-dependentlpairlpotentialsl

ThebhewHeatureldMhis¥vorkompareddolbtheri®xcessintropyX
experimentaldtudiess®helhort-rangefttractivelpotentiallbetweenX
particles. MW elliscuss®hiskpotentialinKetaildnMhisBubsection. Kl helX
geometricproperties¥ofXtheMrodlikeXC,, Eqg micellesXareXdescribedX
brieflylbelowlndRreRlescribed@nMetailinbpriordpublications.” AR
temperatures® 208 C Xhelnicelles@volvelrom®pheresfintoRylinders¥
withMemisphericalapsit®wolends.Rl'heltross-sectionalliameterX
oftheltylinderMsil,, =Kt.3mbMhndXsKndependenttbfemperature,X
butithebhverageMength,),MbfheXnicellelods¥rowskvithMincreas-
ingXsolutionXtemperature KForKexample,XatX44Xim MKconcentrationX
ofXC1,E6 XL increasesXromXl 9¥hmFati 2K CRolB 1% mKatke 8K C.*"
Thelthanginglspect®atio,X./d.,MbffheMnicelledodsiprovideskilvayX
tolrarylheiepletion®orcefbetweeniolloidaldparticles XI'wokmod-
elstredisually®mployedoritalculating®helpair-potentiallbetweenX
colloidal®particlesin®heXpresencelbftodlikeiepletants KrorkmallX
aspectiratiosL/d.s ~ 1)@heRdepletantsFhredbestinodeledXskellip-
soids,4()"\“whileﬁoIﬂarger%spect&atios&L/dcs > 1),MMhin-rod¥nodelX
becomes@norefaccurate.’ TtvasBhownBpreviously’“thatitheRllip-
soid¥modeldescribesthemeasured®pair-potentialskbetweenXsilicalX
spheresXsuspendedXinXC, Eex solutionsXforlL/d.; betweenk4.4XandX
7.2 Mnkhisktudy,Bvelemployihis¥vell-understoodttractionieffecty
empirically,Fand®velharacterizeheMpair-potential XU (r) EbyRlirectX
measurements.X

WelmeasureXtheXparticleXpairXcorrelationXfunction,¥g(r),XinX
diluteMsamples.XForXthisdneasurement,XhelpackingXraction,Xp,XbfX
thelolloidaldnonolayerfskkepttbelowd.0 1#oMninimizelffectskueX
tolnany-bodyMnteractions.{Note ®istortions¥n®helneasuredig (r)X
duelobbpticalMhrtifactsdhreltorrecteddollowingRef. M2 )R igurelB(a)X
showsKtheXcorrectedXg (r)XfromXtheXPSKsamplesXatXdifferentdtem-
peraturesKranging®from&2 1X° CXto31X° C.KNotice,KtheMfirstR¥peaks
of¥g(r)MgrowlwithXincreasingltemperature;Xthus,XtheMprobabilityX
offindingarticle®pairsiemporarilyfbonded®ogether®sienhancedX
atkhigherXtemperatures XT'helfirstkpeakocationX(inMunitsKofXnor-
malized®particle-particle¥separation,X/o )®varieskbetweenXl.08ndX
1.1 MItXshiftsXtoXslightlyMshorterseparationswhenXtheXtempera-
turelisKincreased KThisXbehaviorXisKdrivenXbyXaKforceXbalanceXatX
alhort-rangefbetweenkthelrepulsivelscreened¥CoulombiforcelandX
theMattractiveXdepletionXforce XTheXcarboxyl¥groupX(-COOH)XonkX
thelsurfacesXofXPSXparticlesXisdhegatively®chargedXinXourfhqueousX
solutions,MandXthelrangeNofXtheXscreenedXCoulomblrepulsionXisX
approximately®/c =~ 1.1,KorrespondingolthelpositiontbfheMirstX
peakRofNXg (r)Katk2 1K’ C,KwhenXtheRdepletionXattractionXisKnegligi-
ble XWWhenktheMattractionXisKincreaseddatkhigheremperatures,&thel
forcedbalancelhifts¥helequilibrium®particle-particleleparationsiol
shorterMistances XI'hesebbbservationsfarelonsistent®¥vith®previousX
measurements.””

Thelpair-potential XU (r) Hsiomputeddromb (r)¥riakheBoltz-
mannidistribution,Xi.e ,XU(r) =K—-kpT In[g(r)].KTheXresults¥areX
shownMinXig )5 (b) MTheMdepthXofXU (r),X.e., MU min KbecomesXargerX
withMrisingtemperature;Xthus,XtheMattractivelforcelbetweenXcol-
loidalXparticles®becomesXstrongerXatkhigherXtemperatures.XMore-
over,}helvidthdhebpotential¥velllbecomesMviderdatbthigher®em-
peratures,MndicatingithatiheliepletionMnteractionXrangelsKargeriX
withKonger®odlikelnicelles XM hebextracted®U min MromXU (r)Kmea-
sureddatiifferenttemperatures,XsihownXni-ig \3 (c) KWithinkthelX
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FIG. 3.1(a)iMeasuredipairicorrelationifunction,lg(r),latldifferentitemperatures.i(b)l
Interparticlelpotential 1 U(r)/kg T =0—In[g(r)]vslir/o latidifferentitemperatures.i(c)l
Thelattractionistrength,] Unin 1 definediasithel minimumivaluelofl U(r)latl different]
temperatures.iThelsolidilinelisiallinearfit.0

experimental®ange,l inriskNinearunctiontbfemperature,fgrow-
ingfiromi0obd.8% s T. X helinearMelationfetweenMttractiondtrengthX
anddemperatureMnipolystyrenedphereslsBimilarobpreviousiilica-
sphereRexperiments,””” althoughXtheXabsoluteXmagnitudesXareXdif-
ferentduelkoMifferentiolloidalarticlelbizes,Burfacelharges,BndX
screeningfengths.X

Thel{ U (r)RmeasuredXfromXdiluteXsamplesKcharacterizes¥theX
temperature-dependentl depletion-inducedX attraction.X Note,X inX
denselolloidal®uspensions Htlsd¥noreMifficul tobextract (r)MromiX
g(rMbecauselheNatter®sibtronglyXnfluenced®byXmany-bodyXnter-
actions.MNevertheless,MorMburMliscussions,Mvelvillkhssumelhat®heX
temperature-dependentdrendibftheliepletion®orcelhtiilutelon-
centration®emains¥jualitativelylthelsamelatdallpackingiractions.X
Therefore,KinXthefollowing,KweRuseXtemperature,XT,XtoKrepresent
thelrelativelstrengthtbepletionMorcelforlbamplesivithhelsameX
packingMractionfndbparticleMype X

B.[Pairltorrelationfunctionsiandl&xcessléntropyl

AthelpackingMractionsMised¥in¥nostlbRhelexperiments,#helX
structurelin®heltolloidaluspensionsdsiieterminedibylbothKnter-
particleiiepletionbttractionfhndiexcluded-volumebeffects®ypicallyX
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associated¥vithBhard¥pheres MnXhisMection,MveldxaminedheXnflu-
encebbMttractivelorcesielativelolexcluded-volumebeffectsbbniol-
loidalMluidMtructures. BV eftilizefMBubsetbbheMvholeMatasettherel
tofdemonstrateMrendsXvhileXkeeping®he}presentationdimplelandX
clear Bpecifically,MvelbbtainXlatali.e..;¢ (r) |Bvhich®xhibitMystematicX
variationfasMMunctionfbfbamplelemperaturelatthionstant®pack-
ingifraction;XvelhlsoRtompareltheselvariationsiorfampleskhtdwol
different®packingMractions Xl hiskubsetlbflatakexhibitsktheXnajoriX
trendsib o urdullBetddbamples,Mvhich¥pan®heMullangelbem-
peraturesthnd®ackingiractionsKup®oldp ~ 0.65)Korkboth¥particlel
types.X

FigureldbhowsXhelneasured ()b M ubsettd P SHamplesini
the®emperaturelrangeMrom& 2K CRoR8K C.Krorlarity,nlyRourX
temperaturesiarelshown XI'wolpackingMractions,®p ~ 0.24XandXp
~ 0.57 Farelbelected®olompareltheleffectsibffhttractionfbny (r)XnX
semidilutedrsioncentrated®olloidalXluids.XForkach®packingMrac-
tion,KtheMexperimentalXdataXareMcollectedXfromXexactly®theXsamelX
regionXvithinMhelampleX

Figureld (a)ishowsk (r)MorheMowerbpacking,®p ~ 0.24.®8WhenKX
attraction®trengthMsKncreased, X (r)lexhibitskhotableihanges Hl'helX
height®oXthelirstpeaklb My (r)Kincreases®romEMa 22K C to 4KhtK
28K CXrhisKncreaselmplies®hat,Fonkhverage,K¥particleskhavelmorelX
neighbors¥niloselproximityMvithBtrongerbhttraction,Mhs¥sMyualita-
tivelypparentin®helmages®hownXnXhelnsetsdbXig 4 (a) MNote,X
onelhouldMhot®onfuseMhis¥trongerlocaldbrderMvithMNimilarkffectX
inducedbyMncreased¥packingMractions;#heMormerNsitausedibyitheX

— 22°C
24°C
4 — 26°C
— 28°C
=
© 2
¢ =024
. (a)
1 2
Mo
(b)
4
- - -
‘5 22°C 28°C
2 ¢ = 0.57
01 P 3
rlo

FIG. 4.0(a)IMeasuredipairicorrelationifunction,lg(r),IfromIPSisamplesiatipackingl
fractionl¢h ~ 0.24iforldifferentitemperatures.iInsetsishowimicroscopiclimageslofi
thelsamplelat221° Clandi281° C,Irespectively.i(b)IMeasuredig(r)ifromIPSisamples]
atlpackinglfractionlgp ~ 0.570forldifferentitemperatures.linsetsishowimicroscopic?
imageslofithelsamplelati22landi281° C,lrespectively.l
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extendedNifetimefbfheRransientX‘bonds”Muelolthelshort-rangeX
attractions,XwhileltheMatterKisXraused¥bykanXincreaseXinXheXover-
alllparticledlensity KBesidesheMirstipeak BrehlsodbbservelaiblightX
decreasedn§ (r)MorkparticledeparationsfusttbeyonddhedmmediateX
neighborhood{between® =XI.20 andX =Kl.70,Keelig. [ (a)] KT hisX
phenomenonXcankbeMrationalizedXfromMparticleXdensityXconserva-
tion Kl'heMfixed®ackingMraction®equireshatfinnhanced¥particleX
densitykhtitheMhearest-neighbor®istanceli.e.,XeflectedXinXheXfirstX
peakbbfXy(r) |KshouldXberompensatedkbyXiecreasedensitiesXelse-
where B$trongerfttractionstpreventMhearest-neighborbparticlesdromi
diffusingXawayKandXeaveXthelspacebeyondXtheMnearest-neighborX
distanceXmoreempty. KXW ekdokhotXbbservelhnyXneasurablehangeX
inXg(r)XbeyondXthesecondXpeak, KeonsistentXwithXthelshort-rangeX
naturefbfithelinterparticlefttraction XA tnuchbhigheremperaturesX
(e.g.B>32K° C) KweKobserveRparticlelhggregateskthat¥persistdlongerX
thanXtheMexperiment®urationX(10Xmnin).KThely (r)XmeasuredXromX
theselsuspensionsiwithbhggregatedXparticlesXpreferentiallydamplesi
densefhonequilibriumMocal®nvironments Xl hus,lxperimental@us-
pensionsontainingfheseMjuasi-permanentthggregatesiatihebhigh-
estltemperatures)krelexcludedromMburbhnalysiskbftructurelindX
dynamics.X

Figurel(b)showsMasimilariy(r)Kdataset,KhisKimeXmeasuredX
atlp ~ 0.57FromXPSKsamples.MTheltemperaturesKareithefsameXasX
in®Fig M (a) MandXheltemperature-dependentfhttraction®strengthXsX
assumedXtokbeXthelsamefaskinXFig. 144 (a) KSinceXtheXcolloidalksam-
plesirelnoreltoncentrated Hong-rangefbrder®mergesiin®helnea-
surediy ()X Fig. M4 (b)] XAsKnX-ig. Mt (a) Rhelfirstipeakkb iy (r)Brows,X
fromi3.5Kati22K° CRtoX6KatX28K C.HTheXwidthXofMtheXfirst¥g (r)X
peakiXalsoXbecomesKnarrowerlwithRincreasing¥temperature,Kindi-
catingftrongerMocalkordering Kinkhddition Xthelsecondkhnd®thirdX
peakskarelbbserved®olyrowvithXncreasingtemperaturelind®hiftX
toXshorterseparations;XthisKeffect¥diminishesKatXlongerXdistances.X
TheselthangesXniy(r)EareMndicativelbfthelormationfbXransientX
particlelustersdtitrongerfattraction XhisdhggregationstpparentX
inkthelimageskbftheXnsetsdb X ig 14 (b),MrhichihowkparticleRon-
figurationskhtfboth¥ 2K CEandX2 8K C KSpecifically,Rhey®showkthatX
particlesiformMnorelbrderedXlustersdwvithXthree-foldymmetryXatX
alhigherMtemperature XandXforXthelsameXtemperature XtheXclusterX
sizesdareMargerhan®hoselormedkhtMowerkpackingiractions¥ see
insetsKinXFig [44(a)] MForKmoreXconcentratedXpackingXfractions¥(¢
> 0.65)rdnuchbhigheemperatures{ T > 32X C) BvebbbservedargeX
domainstbfitolloidalirystals¥vithMifetimesHonger®hanMhelexperi-
mentMlurationfupMold0nin). K\ gain Mata¥romBamplesontainingX
theselquasi-permanent®omainskrelexcluded®rom®heXremainingX
analyses.X

ThelpaircorrelationXfunctions¥suggestithatitheMstructureXofX
theXcolloidalXfluidXisMargelyXdetermined®byXsampleXpackingMfrac-
tions.XT'helshort-rangeiattractionsXmodifyXg(r)KtoXaXesserMdegreeX
andlnMifferent®vays.Bpecifically,MheMlepletant-inducedMttractionsX
enhancelhllleaksdiniy (r)EandishiftipeakMbositionskolshorter®is-
tances.Xl'heserendsihredpresentlnibamplesivithMifferentdpackingX
fractionsMifferentbparticleMypesdSiOmand®PS),BndMifferentampleX
celllgeometries.X

Theldwo-bodykxcessintropydper-particle) B, MsHeadilyom-
putedfromBhefneasured (r)Misinghefntegral

Su= 7N [ " {g()Inlg(n)] - [g(r) - 1)}rdrB (1)
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Here XN iskthefhumberXdensityXofiparticlesXinktheXcolloidalXluid.X
ThisMelationshipharacterizesdndipermitsfomparisonlbfimvalues
amongiolloidalMluids¥vithMifferentlpackingiractionsdhnd¥attrac-

tionMbtrengths M igurels (a)ishowshelomputediSminkhekfluidXb X
PSKspheresKwith®packingifraction®p ~ 0.24Kforkthelbamelemper-

atureskhsKniig [4) K piskhegativelbecauselthelreferenceldealXzasX
entropybhas®helnaximal®alue KABmaller{morebhegative)¥ralueldbfX
S, Mskhus,MndicativefbfMnoredbrdered¥ample X-igureld (a)lshowsX
thatiSg decreases®withXincreasing®temperature XreflectingtheXfactX
thatdcolloidalMluidsXwithXhelsameXparticleXdensitykbecomeXmoreX
ordered®vithMncreasedXnterparticlebttraction XNotably,Rhiskind-

ingKisKinXstarkKcontrastXtoXtheXeffectMofaddedXong-rangeMattrac-

tions XAddedMong-rangeMattractionsX ‘increase”XS,;Mypically,XheseX
long-rangeFhttractionskreRvel[escribed®byRmeaniield®theory' '™
andReffectivelyRreduceRtheXinfluencefoffshort-rangelrepulsion. ' ByX
contrast,Mshort-rangekattractionsXarefhlwaysMocalizedXandkareXnotX
welldescribed®bylnMhpproximateXadjusted)¥nean-fielddepulsion.X
Figurels (b)showsksmcomputedorflPSamplebhtthigher®packing®
fraction®p ~ 0.57.KBimilart®rendskbetweenXS,mand®emperaturelreX
observed BNote,thowever,MtFbhigherfpackingMraction,BhelbsoluteX
valuebb X zisHarger®handhelorrespondingatadniio /6 (a )batiachX
temperature Xl hisbbbservationuggestsihatihelpacking¥ractionXsX
theRprimaryXfactorihatihffects®entropyXinktheXeolloidalXfluidskndX
isktonsistent®¥vith®heltonjecturefhat;y(r)¥sknostlydleterminedibyiX
samplebpackingMractionMseeM'ig.i3).K

~ 0.24
+ ()

(a) '

22 24

-14

-1.6 +

Sz (kp)

(b) '

22 24

-2.0

28

T (°C)26

FIG. 5.](a)iTheltwo-bodylexcesslentropy,1S,,ImeasurediforiPSisamplesiatilower
packinglfractionl¢h ~ 0.241andlatidifferentitemperatures.i(b)iS,; measurediforiPSI
sampleslatihigherlpacking(fractionl¢h ~ 0.57landatidifferentitemperatures.l
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C.Diffusionltlynamics

TolompareMransportioefficientshmong®ariousBystems,Mlif-
ferentXnormalizationXfactorsX(Dy)KhaveXbeenXproposedXtoXcorrect¥
theBabsoluteiffusionXoefficientskandBhearRiscosities. " “Interest-
ingly,®heMliscussion¥niRef MibsuggestsithatihelhoicelbMogdeter-
minesXtheRprefactor® inKtheRscaling®form:XD/Dog ~ e KInKourX
experiment,MvelthooseMDoztobbelhelbingle-particlediffusionioet-
ficientXimeasuredXatidiluteiparticleRconcentration.XDogiskassociated®
with®hebhaturalimefscaledlue®olBrowniannotiondndkhaskbeen
widelyXised¥hskakhormalizationXfactororiiffusivitiesKinXolloidalX
suspensions.'***"" Another®benefitfbfRising®DoxisRhatheRcalingX
lawRisKhutomaticallyRsatisfied@nRtheXdilutelzaskstateRivhereXs” ~ 0N
[i.e.BD(¢p = 0)/Doge ¢°] B

Therefore,KthelfirstistepKinXourKanalysisofsampledynamicsX
requiresneasurementtfDozatMliluteioncentrationdsdMunctionibhX
temperature Xl'heseMDogvaluesthccountorkpotentialthydrodynamicd
draghffectsiindachXell X'heMong-timeMiffusion®oefficients,D,Mnea-
suredFhtFhigherconcentrationskareXnormalizedXbyXDoz tokgiveRD ™
=KD/Dy BD” iskhenKutilizeddnRhelxcessintropy®caling®elation-
ship.forolloidallparticlesBvithoutbhttractivedorces,®his¥neasure-
mentbBDoxiskasilyMloneMisingreryMiluteBuspensions¥{¢ < 0.005).X
Whenkttractionskrelpresent,BparticlestanormRransientilusters®
(seelFigs.MBlMandXt) KandRhelparticlesXwvithinktheselclustersidiffuseX
slowerKthanXsingleX(free)Xparticles XTherefore,KtoXmostMaccuratelyX
measurelDy,Mvelfirstddentifykhll}pairsdbfparticlesthatthaveldepara-
tionsmaller®hani .50 MandBveldemoveRheselparticlesqinklusters)X
frombburirajectory®ata Kl'hiskprocedurelensuresfhat®helemain-
ing¥particle®rajectoriesiontainfbnlylhellynamicskbfingleX free)X
particles.X

Tolillustrate}theXsmall}clustereffect XwecompareXtheXMSDKX
dynamics®vithndXvithoutilusterontributions.X'heBMSDsMordwol
groupsireBhownlnig b6 (a)for®PSH¥amplesKvithip ~ 0.003, KMtk 2K8 CK
and®¥0oX C.XA R 28 C XhefMSDsMerived¥romMata¥vithfndXvithoutX
clusterBubtractionMreleryMimilarfbecauseMheMttractionsMrelveak
and¥hefhumberbbflustersirelery®mall KA RBOR CH{stronghttrac-
tion),thowever,#heBM SDiturvesthrellearlyMlifferent¥vithndNvith-
outilusterBsubtraction KDiffusionXcoefficientskhreXalculatedXromi
theRMSDsKising®heRrelation®D =& Ar*(t))/(4t) RTheRresulting®if-
fusion®oefficients,XvithBndX¥vithout®lusters,lrel8hownMni ig b6 (b)X
fordll®emperatures otice,Bhelliffusivity¥neasuredd¥romMBamplesX
ofi$inglel{free)lparticlesMsthlwaysHarger®hantbriequal{withinfrrorX
bars)MoltheMliffusivitydlerived¥rom®helamelamplesMvithilustersk
included XThesedifferencesdecomelargerdatkhigheremperaturesX
wherein®heMttractiondtrengthMstronger Xlhelbinglel free)¥parti-
cleiffusion®oefficientXexhibitskirerylveaklependenceloniem-
peraturelrediirclesdnXig /% (b)] Rlhisklightibbservediecreasedni
diffusivitylathhigherMemperaturesinightfeliuedohelhorteriepa-
rationsbbetweenMhelparticlesindihelglassBubstratedhatiriseXvhenk
attractions®becomeBtronger. " OtherfactorshlsobffectBingleBparti-
cleMdiffusion ordexample Mvater®riscositydlecreaseskbyd 5%McrossX
thisdemperaturefangeffrom®2X CHoB 0¥ C),lMphenomenon®vhichiX
wouldXpartiallyicompensateXtheXeffectsXofparticle-wallkseparationX
variation. MRegardless,Bincedong-timeMliffusionoefficientsdrebhor-
malizedbyMheRingleMfree)bparticleMiffusionMoefficientdtithelamel
temperaturelindMvithin®helamelbampleltell RhebleffectsbbfbolventX
viscositydndiparticle-substratefydrodynamicsMreléxpecteddolcaleX
out.X
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FIG. 6.0(a)lMeasurediMSDsifromiPSisamplesiwithipackingifraction,i¢h ~ 0.003,1
atll twol temperatures.l Thel MSDI arell inl units] normalizedl byt thell particlel diame-
terisquared,] o2 Filled] symbolsl denotell datall obtainedi withl onlyi singlel particles!
includedninithelanalysis,landlopenisymbolsidenoteldatal obtainediwithialll parti-
clesi(singlelandiclustered)lincludedlinithelanalysis.iThelblackisolidlinelhasiunityl
slopelonithellog-logiscale.l (b)i Diffusionl coefficientsl derivedi fromi thel MSDsll ofl
eachlsamplelasialfunctionlofitemperature.i Theldifferencelinidiffusionicoefficientsl
foridatalbasediontalliparticlesi(blackisquares)iandisinglelparticlesionlyi(redicircles)
isishown.l

InM®heloncentrated®olloidalMluids,@helparticlesMiffusenuchX
slowerbfbecauseld X crowding B ffects Nnbhddition,Mransient®lustersX
formKduelolbhort-rangefhttractionskandXprovideXaisecond,Kquali-
tativelydifferent,Bmechanism&olslowkparticledynamics.XHere,MvelX
evaluatelhelinfluencelffhttractionitrength®nkparticledlynamicsX
inhelemi-dilutelind®lenseiolloidaldluids KigurelishowsRVISDsX
measureddromXPS¥amples¥vith®ackingMractionip ~ 0.246tlem-
peraturesXranging®romX2 2K CRtolkB3 0K’ C.XThelslopesXoXtheXMSDX
curvesilecreaseMvith¥trongerMttraction.Rhus,MparticledlynamicsireX
morefhinderedibylthelbtrongerdttractivelorces XMheXMSDXcurvesX
arelwellXfitbyXstraightXlines,XsuggestingitheirkdynamicsXareXdif-
fusive HThellong-timeXdiffusionXcoefficient XD KisKcalculatedXfromiX
dataRwith®t > 100RsRusingXtheRrelation®D =R(Ar?(£))/(4t) HTheseX
long-timeMiffusion®oefficientsdlecayXnonotonically¥vithXncreas-
ingltemperature,MasKisXshownXinXtheXinsetMofXl'ig {7 KA gain,XweX
notelthatihelffecttbfhdding®hort-rangelttractions¥si‘opposite™™
tothatXofhddingMong-rangefttractions¥whichXincreaselddiffusionX
coefficients.

Figurel8ishowsMSDsKneasureddromXPSbamplesBvith¥pack-
ingfraction¥¢p ~ 0.57.XTheseXMSDNcurvesXexhibitMsubdiffusiveX
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FIG. 7.0MeasurediMSDsIfromiPSisampleslatipackinglfractionigh ~ 0.24iforidif-
ferentitemperatures.|ThelMSDslarelexpressedlinlunitsinormalizedibyithelparticlel

diameterisquared,io 1 Thelblacksolidilinelhasiunitylslopelonithellog-logiscale.l
Insetishows(thelmeasurediD aslialfunctionlofitemperaturel(T).l

behaviorfti¥hortlaghimes¥s < 1508) A tlongeragMimest > 2008),X
thelslopesXoftheXM SDReurveskbecomeMunityXonktheMog-logkscale.X
Thus,Kparticlednotionskhreiiffusivelin®heMong-timeMimit.XWeXitX
theMong-timeX(t > 200&)XMSDXdataoMbbtain®theMong-timeXdif-
fusionKeoefficientslshownKinXheMinset®o g /8 M heXimeasuredXD
decreasesXasKtheXtemperatureiisXincreased,MagainXconfirmingXthatX
particleMong-timeMliffusionMlynamicsthecomellower®vithMtrongerX
short-rangebttractions. XA tKeorresponding®emperatures,@hefparti-
cleiffusionXoefficientskhtip ~ 0.57XarelsmallerhanXthosefatip
~ 0.24XduelktoM crowdingReffects Kaskexpected XW ekexcludeMmorel
concentrated®amplesd(¢ > 0.65)X¥romPburbhnalysis.XnkheseMlenseX
samples,XwelareXnotdableXtolmeasureMong-timeXdiffusionXcoeffi-
cientsBbecauselparticleslinihelcrystalklomainskofhotiiffuselbig-
nificantly¥wvithinktheRexperiment®ime MNoteXalso,KatnuchkhigherX
packing¥ractionsd¢ > 0.75),Fanomalousie-entrantlynamicsihaveX
beenbbbserved@n®DMnonodisperseRllipsoidaldluids.”“Ourléxperi-
mentshrefarried®utdniheMowkpackingegimed ¢ < 0.65),Bvherel
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FIG. 8.MeasuredMSDslfromIPSisampleslatipackinglfractionl¢ ~ 0.57laslalfunc-
tionlofitemperature,IT.(ThelMSDslarelexpressediiniunitsihormalizedbyithelparticlel
diameterisquared,o? 1 Thelblackisolidilinelhaslunitylslopelonithellog-logiscale.l
Insetishowsithelmeasuredilong-timelD (t > 2000s)laslalfunctionlofiT.0
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anomalousKdynamics¥arelnotlfound MFuturelstudiesktoXcomparel
dynamicstbf DiphericaldparticleMluidskvith®@DRllipsoidalndi DX
sphericalfparticlefluidsiniheMenselnomalousiegime ™" “shouldX
beMnteresting.X
TheMlusters®hatMormNvith®trongerbattractivedorcesqsee,.g.,X
Figs Mbandi)MreNndicativefbffheterogeneousltructuresivithin®heX
colloidalMluids.Xndeed,Rhesellusters¥naytlbelndicativefbfhetero-
geneouslynamics®oo RI'oijuantifyhebheterogeneitydnilynamics,X
welcomputelthelhon-Gaussian®parameter® »(t) = 2 ((AASEY:))))ZE - 4X
whichMskeadily®leriveddromPparticledrajectories.X rrquantifies®hel
deviationfbfRhebprobabilityMlensitydunction{ PDF)bparticleMis-
placementsMrombGaussian®tatistics. AnMupercooled®olloidalMluids,X
allargel ygvaluelvasound®obbelhssociatedMvithihebheterogeneousX
particle®ynamics.””"" Figureld (a)lshowstheXmeasured® ,(¢)XromiX
PSMsamplesBwith®p ~ 0.24XThel ,garefbignificant,Xindicatingkhet-
erogeneousXdynamics;XtheyXfirstXincreaseXandXthenXdecreaseMoveriX
thelfull¥experimentalXtimeMscaleXfor¥samples¥atkallXtemperatures.X
ThelpeakMinkthelmeasuredX smindicatesXtheXagitimeMatiwhichXthelX
dynamicskbecomeXmostkheterogeneous.XT'heseXtimeXscales,XwhichX
correspondXolthel ;gpeaks,Khppearktolshiftilightly®romXl.5KskatX
22K° CRtol0. 7Rs®atk28X° C.XMoreover,Xthel ,gareXlargerBat®higher¥
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FIG. 9.)(a)Measuredinon-Gaussianlparameter,] ,(t),lvsllagitimefromiPSisamples!

atlpackinglfractionl¢h ~ 0.24.0(b)IMeasuredl (f)ivsllagitimelfromIPSisamplesiat]
packinglfractionligh ~ 0.57.0
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temperatures,XsuggestingXthatXmoreXheterogeneousXdynamicsXareX
alsobbssociated®vithitrongerfattractionskhnd®norefheterogeneousX
structures.X

Figurel®(b)lshowsdhelneasuredX , (#)Mrom&PSBamplesdvithp
=~ 0.57 Anbthiskase,X szexhibitsbpeaksiroundBME,MvhichHsMlongerfhanX
thebpeakMimeslni'ig. 9 (a) Brurthermore,@hel smrelgreater®vheniheld
sampleemperaturedskhigher,@onfirming®hatMtrongerbttractionsX
induceXmoreiheterogeneousXdynamicsXatkbothXcolloid®concentra-
tions. M\ tnuchBongerMimest > 2008),8hel ;zcurvesdecayMoMbelow
0.1,¥ndicatinghat¥particledlynamicsirelbecomingdomogeneousX
again MNoticellso,BheMSDsMtartdobexhibitMinityMlopelseeXig \8)X
onlyMfter¥heMlynamicstbecomesthomogeneousie.g.,X » ()X 0.1).K

D.[Bcalingbfidiffusionf@ndl&xcesslentropyll

Finally BveliseMhelMletailedMataibout®inglebparticledlynamics¥
andMluid¥tructureMoMestithelexcessntropyMcalingielation,BvhichX
weoreshadowedX¥n®helntroduction X['oRhisdnd,BhelhormalizedX
long—timeﬁliffusionﬁoefﬁcients,IED* = D/Dy MreMletermineddor’$iO,x
andXPSKsamples,BvithBpackinglractionsiranging®rom®p ~ 0.24X0k
¢ ~ 0.65MndRvithRemperaturesdattractionftrength)¥angingifromi
225 CR o326 C XThelomputediD is¥plottedF sk unctionXXszinX
Fig M1 XMNoteMiveldifferent®packingMractionskwereistudiedXforktheX
SiOxmsamplesXcirclesdnXig X )¥ind¥ourMlifferentdpackingMractionsX
werelbtudiedXforXtheMPSMsamplesd(squareskinXig X1 ) KDataXpointsX
fromRhelamelampleli.e. Bamelparticlelypeblhndibamelp)kbuthht
different®emperatureskhredabeled®vith®helsameiolor;XhesellataX
pointsipreadXutlin®thelplotbecauselheXemperature-dependentX
short-rangeMttractionsiffectboth®* andi, K

ThelatakollapsefbntolMnaster®urvelvhoselbestxponential
fitHD* = % (c =MD.82Kk 0.05),XshownkhskhelblackiashedXineX
inX-ig X MFortomparison,MDzugutov’sicalingMawic =K1.0)HsEalsoX
plotted®niig X {red®oliddine) Rrheomputed®hi-squarelfoodness

* 2%
offfit,¥ L P w Barel0. o%ndXB.4Xorhelwolécaling
€S2

formsHvith® =00.82MndM =M .0,Mespectively Klearly,MheMlataMleviateX
fromMDzugutov’skbriginalcalinglawc =X.0).KAsBhownNnX-igs X
andX Rlatalirom®helbamelamplelexhibitbmallel®D* and®mallerX
SxzwhenfttractionMsBtrongerifhigheremperature) MhelflatabpointsX
fromMrariousdemperaturesdollowihelbcalinglawbhccurately,espe-
ciallydorbbz> — 3. Note,MatalhtlinuchBmallerdb marelleriveddromi
samples®vithBerythigh®ackinglractions¢ > 0.6);¥nkheseitases,X
theMneasured¥tandardirrorordhelong-timeMiffusion®oefficientsX
becomesiignificantlyMargerfecausedheliffusionMnM®hisk-egimeXsk
verylow.X
Ouri%esultsBupport#heFhotion” " 'that,venBnMluidsByvithBub-
stantialXshort-rangelinterparticleBattraction,Xthefparticle¥diffusionX
coefficientsMincreaselnonotonically®vith®helhumberfbfHocalfcces-

sibleitonfigurationsX) X.e. K = esb.IZWeIZ:loﬁqothuIIyIZhnderstandIZ
thebbrigintbffhelexponentialdprefactor®® XA s¥nentioned®arlier,#hel
choicelbf@hefhormalization®actor Do )#anbkffectlheRraluelb . “InK
addition,Mnany-bodybhydrodynamiclnteractions¥nionfined®pacesX
alsobhffectdiffusion,MbutlbionsensusFhboutiheleffectbfhydrody-

namicMnteractionsfbn®heMong-timeMiffusionemainsdolbelstab-

lished."! ““’“EWhenogis&h0sen@O%eﬁheﬁingle@)articleﬁiiffusivity,&
previouskexperimentskhavelemonstrated®thati® isdsensitivelokthelX
hydrodynamicdboundary®onditionskhssociated®vith®rariousdnter-

faces. “Thel valuefbbtainedthereRslnRthelameRrangeFasieportedX
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previouslydindXimilar¥amplelelligeometry®utMvithoutdinterparticleX
attraction.®BWhenl =X MheMcalingMactorfsihebhumberlfccessibleX
local®onfigurationsBE (A7) = e% (V)R andB,mrefbothBunctionsk
offpacking¥raction,Xp,fnd¥helinterparticledpotentialXy = U(r,XI").K
TheMindinglt < 1MuggestsihatB(¢p,M)/2(0,0)¥etsHnbMpperflimitlorX
theMong-timeMiffusion®oefficients®D* inXlensefttractive®olloidalX
fluids Mnkotal BourlworkibuggestsihatithelexcesskentropykscalingX
lawRsXraliddorionfinedi@ DR olloidal¥luidsMvithBhort-rangelttrac-
tiontrengthsd{— Unin ) MnMheMtangelb S04 TR hisMindinginablesX
quantitativel®stimationdbflong-timeMiffusionMlynamicsHisingitaticX
structuralinformation.X

IV.IBUMMARYO

WelreportexperimentsXthatXelucidateMtheNeffectsKofshort-
rangeMattractivelforcesonMiquid¥structuredandXdiffusionXdynam-
icsin®DXcolloidal}luids. XA tixed¥packingractions,MvelindXthatiX
strongerfhttraction®ivesdrisetoXenhanceddhort-rangelorrelationX
betweenkhearestkheighborskind®educeddonger-rangeitorrelations.X
Thelneasurementsialsoilearlylshowkthatiparticledlensitydluctua-
tionstbecomeMnorelpatiallytheterogeneous¥n®¥pacednd¥niimelatX
intermediateMimeMcales)MnBamples¥vithBtrongerfttraction.RheseX
effectsihreXultimatelyXconsequencesofXtheXformationXofitransientX
colloidalXlusterskwhoselbizesdandXifetimesXincreaseMwithMpackingX
fractionthndBnterparticlefttraction®trength RV eltalculateftheMwo-
bodykxcessintropyrfromi (r)Mnddind®hat¥b,xdecreasesEnono-
tonicallyXwithXincreasingXattractionXstrength XI'hus,KalthoughXtheX
structurefbfhelolloidaldluidstbecomesnorebheterogeneous®vithX
stronger®8hort-rangefttraction,nMhverage BhesedystemskrelnoreX
ordered®hanXrepulsivelsystemsXofithelsameXconcentration. XI'heselX
effectsdontrast®ubstantiallyXvith¥hoseloundforystemsXvithMong-
rangeBattractivelforces. " Finally,XweRcorroboratedXtheRconnectionX
between®wo-bodykexcessientropyXandXong-timediffusion,BwhichX
exhibited¥heMcalingMorm®/ Doz~ &S Rhelvorkbprovidestructure-
dynamicsiatalhboutiolloidalMluids¥nfanXmportantiegime,andX
thelresultsbibfferfinsightsiorXinderstandingiheologicaldpropertiesX
offuspensionsfromMtructuralfperspective.”” *“Looking®orward,X
thelflemonstratedMitilitybdffheMxcessintropy®onceptinMluidiciys-
temsKvith®hort-rangebhttractionsflsobbfferskMimplifieddpproach,X
baseddniheltructure,doMinderstanddheMe-entrantiglassMransitionX

29,32,34K

induced®y®hort-rangeMttractions.”
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