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CHAPTER 1

Coarse-grainedmodelsof complex uids at equilibrium and unter shear

Friederike Schmid
Fakultat fur Physik,Universitat Bielefeld,
UniversitatsstaRe25, D-33615Bielefeld
E-mail: schmidphysik.uni-bielefeld.de

Comple uids exhibit structureon a wide rangeof length andtime scales,and hierar
chical approachesre necessaryo investigateall facetsof their often unusualproperties.
The study of idealizedcoarse-graineanodelsat differentlevels of coarse-grainingan

provide insightinto genericstructuresand basicdynamicalprocessesit equilibrium and
non-equilibrium.

In the rst part of this lecture,somepopularcoarse-grainednodelsfor membranes
and membranesystemsare reviewed. Specialfocusis givento bead-springnodelswith
different solvent representationsgnd to random-interdice models.Selectedexamplesof
simulationsat the molecularandthe mesoscopidevel are presentedandit is shavn how
simulationsof molecularcoarse-grainethodelscanbridgebetweerdifferentlevels.

Thesecondpartaddressesimulationmethodsfor complex uids undershearAfter a
brief introductioninto the phenomenologyin particularfor liquid crystals) differentnon-
equilibrium moleculardynamics(NEMD) methodsare introducedand comparedo one
anotherApplicationexamplesincludethebehaior of liquid crystalinterfacesandlamellar
surfactaniphasesindershearFinally, mesoscopisimulationapproachefor liquid crystals
undersheararebrie y discussed.

1. Intr oduction

The term “Complex uid” or “soft condensednatter”— thesetwo are often usedinter
changeably- refersto a broadclassof materials,which are usually madeof large or-
ganic moleculesand have a numberof commonfeatures'?: They displaystructureon a
nanoscopi®r mesoscopiccale;characteristienegiesare of the orderof kg T atroom
temperaturehencethe propertiesareto a large extentdominatedby entropiceffects,and
the materialsrespondstronglyto weakexternalforces?; the characteristicespons¢imes
spanone or several ordersof magnitude andthe rheologicalpropertiesof the uids are
typically non-Nevtonian®#. Someexamplesarepolymermeltsandsolutions>87:8 emul-
sions,colloids %1% amphiphilicsystems?12, andliquid crystals415:16,
Computersimulationsof comples uids are particularly challenging,dueto the hier
arcly of lengthandtime scalesthat contritutesto the material properties With current
computerresourcesit is practicallyimpossibleto describeall aspectof sucha material
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within onesingletheoreticalmodel. Therefore,one commonlyusesdifferentmodelsfor

differentlengthandtime scalesThe ideais to eliminatethe small-scaledegreesof free-
domin thelarge-scalanodels,andto incorporatethe detailsof the small-scalgroperties
in the parametersf a new, simpler model.This is calledcoarse-graining.

Therearetwo aspectgo coarse-grainingrirst, systematicoarse-grainingprocedures
mustbe developedandappliedin orderto studymaterialsquantitatvely on severallength
andtime scales.This is the challengeof multiscalemodeling,one major growth areain
materialssciencelt is, however, notthe subjectof thepresentecture.Somerecentreviews
canbefoundin Refs.17,18

Secondgoarse-grainedtlealizedmodelsareusedto studygenericpropertiesof mate-
rialsonagivenscale andphysicalphenomenavhich arecharacteristiéor awhole classof
materialsHere,microscopiadetailsaredisregardedbecausehey aredeemedrrelevantfor
the physical propertiesunderconsiderationThis approactto materialssciencehasalong
tradition,goingbackto Ising's famoudattice modelfor magnetism.

In thepresentecture we shallconcentratencoarse-grainethodelsof thesecondype.
We shalldiscushow suchmodelscanbeconstructedhow they canbestudiedoy computer
simulations,andhow suchstudieshelpto improve our understandingf equilibrium and
nonequilibriumpropertiesof complex materialsWewill notattempto presenainoverviev
— this would requirea separatebook — but ratherfocus on selectedcasestudies.In the

rst part,we will considercoarse-grainedhodelsystemdor amphiphilicmembranesnd

their usefor studiesof equilibriumpropertiesin the secondoart,we will turnto comple
uids undersheayi.e.,nonequilibriumsystemsanddiscusscoarse-grainedpproachetor
membranesystemsandliquid crystals.

2. Coarse-grainedmodelsfor surfactant layers

In this section,we shall discusscoarse-grainedimulationmodelsand methodsfor am-
phiphilic membraneandmembranetacks After abrief introductioninto thephenomenol-
ogy andsomegeneralremarkson coarse-grainingwe will focuson two particulartypes
of coarse-grainednodels:Particle-basedead-springnodelsand mesoscopianembrane
models.We shall presenisometypical examplesandillustratetheir usewith applications
from theliterature.

2.1. Introduction

Amphiphilic membranesre a particularimportantclassof soft material structurespe-
causeof their signi cancefor biology 192021, Biomembraneareomnipresenin all living
beings,they delimit cells and createcompartmentsand participatein almostall biologi-
cal functions.Figure 1 showvs an artist's view on sucha biomembranelt is mainly made
of two coupledlayersof lipids, which sene asa matrix for embeddedroteinsandother
molecules.

This structurerestson a propensityof lipids to self-assemblénto bilayerswhen ex-
posedo water Thecrucialpropertyof lipids whichis responsibldor this behaior is their



August23,2006 17:22 WSPC/Tim Size:9.75inx 6.5infor Review Volume c erice

Coarse-gainedmodelsof comple uids at equilibriumanduntershear 3

Fig.1. Artist'sview of abiomembraneSourceNIST

amphiphiliccharacteri.e., the fact that they containboth hydrophilic (waterloving) and
hydrophobic(waterhating)parts.Most lipid moleculeshave two nonpolar (hydrophobic)
hydrocarbonchain(tails), which areattachedo onepolar (hydrophilic) headgroup.Fig-

ure 2) shawvs sometypical examples.Thetails vary in their length,andin the numberand
positionof doublebondsbetweencarbonatoms.Whereassinglebondsin a hydrocarbon
chainare highly e xible, in the sensethat chainscan rotate easily aroundsucha bond,
doublebondsarestiff andmayenforcekinksin thechain.Chainswith nodoublebondsare
calledsaturatedThe variety of polarheadgroupsis evenlarger. Overviens canbe found

in 19,

By assemblingnto bilayers thelipids canarrangehemselessuchthattheheadgroups
shieldthetails from thewaterenvironment.ThereforeJipids in lipid-watermixturesoften
tendto form lamellar stacksof membraneseparatedby thin waterlayers(Fig. 3). Such
stackscantypically hold up to 20 % water In the more dilute regime, membranesnay
closeup to form vesiclesor othermore disorderedstructuresVesiclesplay animportant
role in biological systemssincethey provide closedcompartmentsvhich canbe usedto
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Fig.2. Examplesof membrandipids. Left: Phosphatidylcholinéunsaturated)Right: Sphingomyelin.
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Fig. 3. Self-assembletilayerstructures.

storeor transportsubstancesSingle, isolatedmembranesre metastablavith respectto
dissociatiorfor entropicreasonsbut they have very long lifetimes.

Dependingontheparticularchoiceof lipids andthepropertieof the surroundingaque-
ous uid (pH, saltcontentetc.),severalotherstructuresanalsobeobsenredin lipid-water
systems- sphericaland cylindrical micelles,orderedstructureswith hexagonalor cubic
symmetryetc.??. In thislecture,we shallonly regardbilayer structures.

MembraneslsoundegointernalphasdransitionsFigure4 shavs schematicallysome
characteristiphase®f one-componenmembranesThe mostprominentphasetransition
is the“main” transition thetransitionfrom theliquid stateinto oneof the gel stateswhere
the layer thicknessthe lipid mobility, andthe conformationalorder of the chains,jump
discontinuouslyas a function of temperatureln living organisms,most membranesre
maintainedn the liquid state.Neverthelessthe main transitionpresumablyhassomebi-
ological relevance,sinceit is very closeto the body temperaturgor someof the most
commonlipids (e.g.,saturategphospholipids)®.

In sum, several aspectsof membranesnust be studiedin orderto understandheir
structureandfunction,in biologicalaswell asin arti cial systems:
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L, (liquid) Lp (untilted gel) Ly (tilted gel)

Fig.4. Someprominentmembranghases.
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Self-assemblingnechanisms

The inner structureand internal phasetransitions,and the resultingmembrane
propertieqpermeability viscosity stiffness)

The organizationof membranesn a mesoscopiscale(vesiclesstacksgetc.)
Theinteractionof membranesvith macromolecules.

Thesetopicsrelateto the physics and chemistryof amphiphileson mary lengthand
time scalesandseveral driving forcescontritute to the uniquepropertiesof membranes:
On the scaleof atomsandsmall moleculespnehasthe forceswhich areresponsibldor
the self-assemblyThe hydrophobiceffect, andtheinteractionsbetweenvaterandthe hy-
drophilic headgroups.On the molecularscale,one hasthe interplay of local chaincon-
formationsandchainpacking,which is responsibldor the maintransitionanddetermines
thelocal structureand uidity of the membraneOn the supramoleculascale,onehasthe
forceswhich govern the mesoscopistructureand dynamicsof membranesystemsThe
membraneelasticity thethermal uctuations, the hydrodynamidnteractionswith the sur
rounding uid, thethermodynamidorcesthatdrive phaseseparatiorin mixedmembranes
etc.

Studyingall theseaspectsvithin onesinglecomputersimulationmodelis clearlyim-
possible,and differentmodelshave beendevisedto study membranest differentlevels
of coarse-grainingAmong the oldestapproachesf this kind arethe Doniach?® andthe
Pink model?42°, generalizedsing models which have beenusedto investicatealmostall
aspect®f membranghysics onthesupramoleculascale?'?8. With increasingcomputer
power, numerousthersimulationmodelshave becomereatabldn thelastdecadesywhich
rangefrom atomisticmodels,molecularcoarse-grainechodels,up to mesoscopienodels
thatarebasedn continuumtheoriesfor membranes.

In thefollowing, we shallfocusontwo importantexamplesCoarse-grainedhainmod-
elsdesignedo describemembranesn the molecularscale,andrandominterfacemodels
thatdescribemembrane®n the mesoscopiscale.We stressthat this our overview is not
complete andthereexist othersuccessfuapproachesyhich arenotincludedin our pre-
sentationA relatively recentreview canbefoundin Ref.27.

2.2. Coarse-grainednolecularmodels

In coarse-grainetholecularmodels,moleculesarestill treatedasindividual particles,but
their structureis highly simpli ed. Only the ingredientsdeemedessentiafor the mate-
rial propertiesarekept. For amphiphilesthesearethe amphiphiliccharacte(for the self-
assembly)andthemolecular e xibility (for theinternalphasdransitions).

2.2.1. Spring-beadnodels

The rst coarsegrainedmolecularmodelshave beenformulatedon a lattice, relatively
shortly after the introductionof the above-mentioned?ink model 2425, One particularly
popularmodelis the Larsonmodel?8:2°: Watermoleculegw) occupy singlesitesof a cu-
bic lattice,andamphiphilemoleculesarerepresentetly chainsof “tail” (t) and“head” (h)
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monomersOnly particleson neighborattice sitesinteractwith eachanotherThelatticeis
entirely lled with w, h, ort particles.If onefurthertakesall hydrophilic particles,h and
w, to beidentical,the interactionenepy is determinedoy a singleinteractionparameter
which describegherelative repulsionbetweerhydrophobicandhydrophilic particles. The
modelreproduceself-assemblyand exhibits mary experimentallyobsered phasesi.e.,
thelamellarphasethe hexagonalphasethe cubic micellar phaseandeventhe bicontinu-
ousgyroid phase?®:30.

Lattice modelscan be simulatedef ciently by Monte Carlo methods However, they
have the obvious dravback of imposingan a priori anisotrofy on spacewhich restricts
theirversatility For example,internalmembranghasdransitionsandtilted phasesannot
be studiedeasily In dynamicalstudies,oneis restrictedto usingMonte Carlo dynamics,
whichis unrealistic.Therefore mostmorerecentinvestigationsrely on off-lattice models.

Off-lattice molecularapproacheso study self-assemblingamphiphilic systemshave
beenappliedfor roughly 15 years.Presumablyhe rst modelwasintroducedby B. Smit
etal. 3 in 1990.A schematicsketchis shavn in Fig. 5 a). As in the Larsonmodel,the
amphiphilesarerepresentetly chainsmadeof very simpleh- or t-units,which arein this
casesphericalbeads."Water” moleculesarerepresentedy free beadsBeadsin a chain
are joined togetherby harmonicsprings,wherea cutoff is sometimedmposedin order
to ensurethatthe beadscannotmove arbitrarily far apartfrom oneanother Non-bonded
beadsinteractvia simple short-rangegpairwisepotentialse.g.,a truncatedLennard-Jones
potential. The parameterf the potentialsare chosensuchthat ht pairs and hw pairs
effectively repeleachother The Smit modelreproduceself-assemblymicelle formation
andmembrandormation32:33:34:35:36

Mostmolecularoff-lattice modelsaremodi cations of the Smitmodel?”:37:38:39 They
differ from one anotherin the speci ¢ choiceof the interactionpotentialsbetweennon-
bondedbeads,n the bond potentialsbetweenadjacentbeadson the chain,in the chain
architecturgnumberof headandtail beadsnumberof tails), andsometimesontainad-
ditional potentialssuchas bendingpotentials.Nowadays,Smit modelsare often studied
with dissipatve particle(DPD) dynamicsandtheinteractionpotentialsarethetypical soft
DPD potentials®”:3°. A “waterparticle” is thentaken to represent lump of several wa-
ter molecules An introductioninto the DPD methodis givenin B. Dunweg's lecture(this
book). It works very well for membranesimulationsas long asthe time stepis not too
large°.

This approachs presentedn moredetailin B. Smit's seminar(this book).

2.2.2. Implicit solventand phantomsolvent

The primary requiremenfor alipid membranenodelis to ensurehatthe lipids maintain
a bilayer structure In the modelsdiscussedn the previous section2.2.1,the bilayersare
stabilizedby thesurroundingsolventparticles If theinteractiondbetweenw, h, andt parti-
clesarechosersuitably the solventparticlesandtheamphiphilesarrangeghemselessuch
thatthe hydrophilicandhydrophobicparticlesareseparatedmicrophaseseparation).
This “explicit solvent” approachs in somesenseghe mostnaturaloneandhasseveral
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adwantagesThe bilayersarefully e xible, andthey are surroundedby a uid. The fact
thatthe uid is composedf large beadsasopposedo smallwatermoleculess slightly
problematic,since the solvent structuremay introducecorrelations,e.g., in simulations
with periodicboundaryconditions.However, the correlationsdisappeaif the membranes
or their periodicimagesareseparatedby a largeamountof solvent.

On the otherhand,explicit solvent modelsalso have a disadwantage:The simulation
time dependsinearly on the total numberof beadsA large amountof computingtime is
thereforespenton the uninterestingsolvent particles.Therefore effort hasbeenspenton
designingmembranenodelswithout explicit solventparticles.

One early idea hasbeento force the amphiphilesinto sheetsby tetheringthe head
groupsto two-dimensionabpposingsurfaces,e.g., by a harmonicpotential,or by rigid
constraintgti42:43:4445 (Fig. 5 b)). This model,which we call “sandwichmodel”, is sim-
ple, extremely ef cient, andthe con gurationsare easyto analyze,sincethe bilayer is
alwayswell-de ned. Ontheotherhand,thebilayerhasno e xibility, i.e., undulationsand
protrusions’® aresupressedndimportantphysicsis lost.

A secondapproachis to eliminate the solvent, and represenits effect on the am-
phiphilesby appropriateeffective interactionsbetweenmonomerg(Fig. 5 c)). This way
of modelingsolventis commonin polymer simulations.Neverthelessproducingsome-
thing ascomplex asmembraneself-assemblys a non-trivial task.The rst implicit solvent
modelwasproposednly ratherrecently in 2001,by Noguchiand Takasu*’. They mim-
ick the effect of the solvent by a multibody “hydrophobicpotential”, which dependson
thelocal densityof hydrophobicparticles.Froma physical point of view, theintroduction
of multibody potentialsin animplicit solvent modelis reasonable- multibody potentials
emepgeautomaticallywheneer degreesof freedomareintegratedout systematicallyNev-
erthelesspeopleusuallytendto favor pair potentials Farago*® andCoolke etal. *° have
shawn thatit is possibleto stabilize uid bilayerswith purely pairwiseinteractionsin a
solvent-freemodel. The crucial requiremenseemgo be thatthe interactionsbetweerhy-
drophobicheadshave a smoothattractie partof relatively long range?®.

Theclearbene t of implicit solventmodelsis their high ef ciency. They arevery well
suitedto studylarge scaleproblemdik e vesicleformation*’4%, vesiclefusion®, vesicles
subjectto externalforces®', phaseseparatioron vesicles*® etc. On the otherhand,they

Fig.5. Schematigictureof bead-springnodelsfor self-assemblingnembranega) Explicit solventmodel(b)
Sandwichmodel(c) Solventfree model(d) Phantonsolventmodel.
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alsohave limitations: They requiretricky potentialsthe pressurés essentiallyzero(since
the membranesre surroundedy emptyspace)also,they cannotbe usedfor dynamical
studieswherethe hydrodynamicatouplingwith the solventbecomesmportant.

A third approachwas recently put forward by oursehes: the “phantom solvent”
model*® (Fig. 5d)). We introduceexplicit solventparticles which do notinteractwith one
anotheronly with theamphiphilesTheamphiphileerceve themasrepulsve softbeads.
In thebulk, they simplyform anidealgas.They have thesimplephysicalinterpretatiorthat
they probethefreevolumewhichis still accessibléo the solvent,oncethe membranéias
self-assembledrhusthe self-assemblys to a large extentdrivenentropically

In Monte Carlo simulations this modelis just asef cient assolvent-freemodels,be-
causeMonte Carlo movesof phantombeadsthatarenotin contactwith a membranere
practically free of (computational)chage. It is robust, we do not needto tune the lipid
potentialsin orderto achieve self-assemblyPressureanbe appliedif necessaryandwith
a suitabledynamicalmodel for the solvent (e.g., dissipative particle dynamics),we can
alsostudy (hydro)dynamicabhenomenaComparedvith Smit-typemodels,the phantom
solventmodelhasthe advantagethat the solventis structurelesand cannotinducearti -
cial correlations On the otherhand,the factthatit is compressibldike a gas,may cause
problemsin certaindynamicalstudies.

To summarizewe have presentedeveral possiblewaysto modelthe solventerviron-
mentof a self-assemblethembraneanddiscussedhe advantagesnddisadwantagesThe
differentmodelsaresketchedschematicallyn Fig. 5.

We shallnow illustratethe potentialof molecularcoarse-grainedhodelswith two ex-
amples.

2.2.3. Firstapplicationexample:Theripple phase

Our rst exampleshowvs how coarse-grainedimulationscanhelp to understandhe inner
structureof membranesiNe haveintroduceckarliertheliquid andgel phase$n membranes
(Fig. 4). However, onerathermysteriousphasewasmissingin our list: The ripple phase
(P o). It emegesasanintermediatestatebetweerthetilted gel phasglL o) andtheliquid
phase(L ), andaccordingto freeze-etchmicrographsAFM pictures,and X-ray diffrac-
tion studiesit is characterizedby periodicwavy membranaundulationsMore precisely
one obsenestwo differentrippled structures:Figure 6 shavs electrondensity mapsof
thesetwo statesascalculatedrom X-ray databy Senguptat al 2. The morecommonly
reportedphases the asymmetriaipple phasewhich is characterizedy savtoothpro le
andhasa wavelengthof about150 Angstrom.The symmetricrippled phaseendsto form
uponcoolingfrom theliquid L phaseandhasa periodtwice aslong. It is believedto be
metastableThe molecularstructureof bothrippled stateshasremainedunclearuntil very
recently

Atomistic simulationsof deVriesetal, have nally shedight onthemicroscopicstruc-
ture of the asymmetriaipple phase®®. Theseauthorsobsered anasymmetriaipple in a
Lecithin bilayer, which had a structurethat was very differentfrom the numerousstruc-
turesproposedearlier Most strikingly, the rippled membranas not a continuoushilayer.
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Fig. 6. Electrondensitymapsof (top) an asymmetricrippled state(DMPC at 18.2 degrees)and (bottom) a
symmetriarippledstate(DPPCat39.2°C). Reprintedwith permissiorfrom SenguptaRaghunatharKatsaras?2
(rescaled)Copyright 2003by the AmericanPhysical Society

Theripple is amembranalefectwherea singlelayerspanghe membranegonnectinghe
two opposingsides(Fig. 7).

Thesimulationsof de Vries etal seemto clarify the structureof theasymmetriaipple
phaseatleastfor thecaseof Lecithin. Still thequestiorremainswvhethertheirresultcanbe
generalizedo otherlipid layers,or whetheirit is relatedto thespeci ¢ propertieof Lecithin
headgroups.This questioncanbe addressedith idealizedcoarse-grainechodels.

Rippledphasedhadalsobeenobsenedin simulationsof coarse-grainechodels Kra-
nenhurg et al have reportedthe existenceof arippled statein a Smit modelwith soft DPD
interactions%°°, Thestructureof their ripple is differentfrom thatof Fig. 7. Judgingfrom
thisresult,oneis temptedo concludghatthestructureof deVriesetal maynotbegeneric.

However, we recentlyfound rippleswith a structurevery similar to that of Fig. 7 in

Fig.7. Asymmetricripplein aLecithin Bilayer, asobsenedin anatomisticsimulation.Fromde Vries etal 53,
Copyright 2005NationalAcademyof Sciencesl.S.A.
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Fig.8. Ripplesfrom simulationsof a coarse-grainethodel.(a) Asymmetricripple (b) Symmetricripple.

simulationsof a simple bead-springnodel by (Lenz and Schmid °%:57). Our lipids are
representedby linear chainswith six tail beads(size ) andone headbead(size1:1 ),

whichareconnectedy springsof size0:7 . Tail beadsattractoneanothemwith atruncated
andshifted Lennard-Jonepotential. Headbeadsare slightly larger and purely repulsive.
The solventervironmentis modelledby a uid of phantombeadsof size . The system

wasstudiedwith Monte Carlo simulationsat constanfpressureusinga simulationbox of
uctuating sizeandshapen orderto ensurehatthe pressureensoris diagonal.

Membraneswere found to self-assemblespontaneoushat sufciently low tempera-
tures,they exhibit a uid L -phaseaswell asatilted gelL o-phaseThetwo phasesare
separatedby atemperatureegion whereripplesform spontaneouslyn smallsystemsthe
ripplesare alwaysasymmetricln larger systemsasymmetricripplesform uponheating
from theL o-phaseUponcoolingfromthelL -phaseasecondsymmetrictypeof ripple
forms, which hastwice the periodthanthe asymmetricripple and somestructuralsimi-
larity, exceptthatthe bilayerremainscontinuougseeFig. 8). The sideview of this second
ripple hasstriking similarity with the densitymapsof Fig. 6 b).

The coarse-grainedimulationsof Lenz thusnot only demonstrat¢hat the asymmet-
ric ripple structurefound by de Vries is generic,andcanbe obseredin highly idealized
membranemodelsaswell. They also suggesta structuralmodelfor the yet unresolhed
symmetricripple.

2.2.4. Secondpplicationexample:Membanestaks

In our secondexample,we considerthe uctuations anddefectsin stacksof membranes.
We shall shov how simulationsof coarse-grainedthembranemodelscan be usedto test
andverify mesoscopienodels,andhow they canbridgebetweercoarse-graininggvels.

At the mesoscopidevel, membranesre often representedby randominterfaces(see
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alsoSection2.3).Oneof thesimplesttheoriesfor thermal uctuationsin membranestacks
is the “discreteharmonicmodel” %8, It describesnembranesvithout surfacetension,and
assumethatthe uctuationsaregovernedby two factors:ThebendingstiffnessK . of sin-
glemembranesanda penaltyfor compressingr swellingthestack whichis characterized
by acompressibilitynodulusB . Thefreeenegy is givenin harmonicapproximation

£ "Ke @h, , @hy

X
Fou = dx d
DH . A y 2 @2 @2

B (0]
)2"' E(hn hnep + d)2 ; 1)

whered is the averagedistancebetweenlayers. The rst part describeghe elasticity of
singlemembranesandthe secondpartaccountdor theinteractionsdbetweenmembranes.
Being quadratic the free enegy functional (1) is simple enoughthat statisticalaverages
canbe calculated=xactly.

We have testedthis theoryin detailwith coarse-grainetholecularsimulationg(C. Loi-
sonetal %) of abinarymixture of amphiphilesandsolvent,within a Smit-typemodelorig-
inally introducedby Soddemanetal . Theelementarynitsarespheresvith ahardcore
radius , which may have two types:“hydrophilic” or “hydrophobic”.Beadsof the same
type attracteachotherat distancedessthan1:5 . “Amphiphiles” aretetrameramadeof
two hydrophilic andtwo hydrophobicheadsand“solvent” particlesaresinglehydrophilic
beadsWe studiedsystemsof up to 153600beadswith constantpressuranoleculardy-
namics,usinga simulationbox of uctuating sizeandshapeanda Langevin thermostato
maintainconstantemperature.

At suitablepressureandtemperatureshe systemassumes uid lamellarphaseOur
con gurations containedup to 15 stacled bilayers,which contained20 volume percent
solvent. A con guration snapshots showvn in Fig. 9 (left). In orderto testthe theory (1),
onemust rst determinethelocal positionsof the membrane# the stack.Thiswasdone
asfollows:

(1) Thesimulationboxwasdividedinto Ny Ny N, cells.(Ny = Ny = 32). Thesizeof the
cells uctuatesbecause¢hedimension®f thebox uctuate.

(2) In eachcell, the relative densityof tail beads .,(X; y; z) wascalculatedlt is de ned
astheratio of the numberof tail beadsandthetotal numberof beads.

(3) Thehydrophobicspacevasde ned asthespaceavheretherelative densityof tail beads
is higherthana giventhreshold . (The valueof the thresholdwasroughly0.7,i.e.,
80 % of themaximumvalueof ).

(4) Cellsbelongingto the hydrophobicspaceareconnectedo clusters.Two hydrophobic
cellsthatshareatleastonevortex areattributedto thesamecluster Eachclusterde nes
amembrane.

(5) Foreachmembrana andeachposition(x; y), thetwo heightshii"(x; y) andhi®(x; y),
wherethe density ..(X;y;z) passeghroughthe threshold (, are determined.The
meanpositionis de ned astheaverageh, (x; y) = (hp" + hi*)=2:

The algorithmidenti es membranegvenif they have pores.At the presencef otherde-
fects,suchasnecksor passagegconnectiondetweemrmembranes)additionalstepsmust
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Fig.9. Left: Snapshobf abilayerstack(30720amphiphilesand30720solventbeads)The “hydrophobic”tail
beadsaredark,the“hydrophilic” heacdbeadsandthesolventbeadsarelight; Right: Snapshoof asinglemembrane
positionhn (X; y).

be taken, which are not describednere. A typical membraneconformationh, (x;y) is
shavn in Fig. 9 (right).

The statisticaldistribution of h,, (x; y) canbe analyzedandcomparedvith theoretical
predictionsFor example thetransmembranstructurefactor which describegorrelations
betweermembranepositionsin differentmembraness givenby >°

. h x ap___ n
Sn(Q) = him (d) hm+n(Q)i = so(q) 1+ 2 3 X(X+4) ; 2
whereh, (q) is the Fourier transformof h,, (x; y) in the (x; y)-planeandX = ‘K .=B
is a dimensionlesparameterThe functionsy(g) canalsobe calculatedexplicitly 5°. The
prediction(2) canbe testedby simply plotting the ratio s, =5 vs. q for differentn. The
functionalform of the curves shouldbe given by the expressionin the squarebraclets,

Fig.10. Ratiosof transmembranstructurefactorss; =syo ands;=sp vs.in-planewavevectorq in unitsof 1.
Thesolid linescorrespondo atheoreticalt to Eq.(2) with one(common)t parameteK ¢=B. After Ref.59.
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Fig.11. Snapshobf asinglebilayer(top view. Only hydrophobicbeadsareshawvn).

with only one t parameteK .=B. Figure 10 shawvs the simulationdata.The agreement
with thetheoryis very goodoverthewholerangeof wave vectorsqg.

Thus the molecularsimulationscon rm the validity of the mesoscopianodel (1).
Moreover, theanalysisdescribedabove yieldsavaluefor thephenomenologicglarameter
K .=B. By analyzingotherquantities,onecanalsodetermineK ; andB separatelyThis
givesthe elasticparametere®f membranesindtheir effective interactionsandestablishes
alink betweerthe molecularandthe mesoscopidescription.

Many importantcharacteristic®f membranesot only dependon their elasticity but
alsoon their defects For example,the permeabilityis crucially in uenced by the number
andpropertiesof membrangyores.A numberof atomisticand coarsegrainedsimulation
studieshave thereforeaddressegoreformation6:62:63:64:65 'mostlyin membranesinder
tensionIn contrastthemembranef thesimulationsof Loisonetal have almostzerosur
facetension Thisturnsoutto affectthecharacteristicsf the poresquitedramatically®®:6”.

Figure11 shavs a snapshoof a hydrophobiclayerwhich containsa numberof pores.
The poreshave nucleatedspontaneouslylhey “li ve” for awhile, grow andshrinkwithout
diffusing too much, until they nally disappearMost poresclosevery quickly, but a few
large onesstay openfor a long time. A closeranalysisshows that poresare hydrophilic,
i.e., theamphiphilesearrangehemselesat the poreedge,suchthatsolventbeadsn the
porecenteraremainly exposedto headbeadsThetotal numberof poresis ratherhigh in
our systemThisis becausehe amphiphilesareshortandthe membranesarethin.

The analysisalgorithm presentedibore not only localizesmembraneshut alsoiden-
ti es pores,their position and their shape.Thereforeone can again testthe appropriate
mesoscopitheoriesfor poreformation.The simplestAnsatzfor thefree enegy of a pore
with theareaA andthe contourlengthc hastheform 68

E=Eo+ ¢ A; 3)

whereE isacoreenegy, amaterialparametecalledlinetensionand thesurfaceten-
sion. Thesecondermdescribeshe enegy penaltyat the porerim. Thelasttermaccounts
for thereductionof enegy dueto thereleasef surfacetensionin astretchednembraneln
ourcasethesurfacetensionis closeto zero( 0), because¢hesimulationwasconducted
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Fig.12. Distribution of porecontoursin a semi-logrithmicplot. Left: Raw data,Right: Divided by the degen-
erag functiong(c). After Ref. 66.

suchthatthe pressurgensoris isotropic. Thusthelasttermvanishes.

In this simplefree enegy model,the poreshapeshouldbe distributedaccordingto a
Boltzmanndistribution, P (c) / exp( c¢). Figurel2 (left) shavs a histogramof contour
lengthsP (c). Thebaredatado notre ect the expectedexponentialbehaior. Somethings
missing.Indeed a closerlook revealsthatthe naive exponentialAnsatzdisregardsanim-
portanteffect: The “free enegy” (3) givesonly local free enegy contrikutions,i.e., those
stemmingfrom local interactionsand local amphiphilerearrangementdn addition,one
mustalsoaccountor the global entrofy of possiblecontourlengthconformationsThere-
fore, we have to evaluatethe “degenerag” of contourlengthsg(c), andtesttherelation

P(c)/ g(c)exp( c): (4)

Figure12 (right) demonstratethat this secondAnsatzdescribeghe datavery well. From
thelinear t to thedata,onecanextractavaluefor theline tension .

Themodel(3) makesasecondmportantprediction:Sincethefreeenegy only depends
on the contourlength, poreswith the samecontourlengthare equivalent,andthe shapes
of theseporesshouldbe distributedlik e thoseof two-dimensionatelf-avoiding ring poly-
mers.In otherwords,they arenotround,but have afractalstructure Frompolymertheory
oneknows thatthesizeRy of atwo dimensionabkelf-avoiding polymerscalesoughlylike
Ry/ N 3=4 with the polymerlengthN . In our case the “polymer length” is the contour
lengthc. ThustheareaA of aporeshouldscalelike

Al RjI (C¥hH?=C*% (5)

Figure13 shavsthatthisis indeedthecase.

Otherpropertiesof poreshave beeninvesticated,e.g.,dynamicalpropertiesporelife-
times, pore correlationsetc. ®6. All resultswerein good agreementvith the line tension
model(3). In sum,we nd thatthe uctuationsand(pore)defectsn membranestackscan
be describedsery well by a combinationof two simplemesoscopitheories:An effective
interfacemodelfor membraneindulationgEq. (1)), andaline tensionmodelfor the pores
(Eq.(3)%".

The simulationsof Loison et al thus demonstratenicely that simulationsof coarse-
grainedmolecularmodelscanbe usedto testmesoscopitheoriesandto bridgebetween
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Fig. 13. Poreareavs.contourlength(arbitraryunits). After Ref. 66.

themicroscopicandthe mesoscopidevel.

2.3. Mesoscopianembranemodels

Whenit comesto large scalestructuresandlong time dynamics,simulationsof molecu-
lar modelsbecometoo cumbersomelt then provesusefulto drop the notion of particles
altogetherandwork directly with continuousmesoscopitheories.In general,continuum
theoriesaremostlyformulatedin termsof continuouselds, which standfor local, coarse-
grainedaveragesof someappropriatemicroscopicquantities.In the caseof membranes
systemsit is oftenmoreadequatéo keepthe membraneasseparat®bjects,despitetheir
microscopighicknessandtreatthemasinterfacesn spaceThisleadsto random-interfce
theories.

2.3.1. Randominterfacemodels

In random-interfice models, membranesare representedy two-dimensionalsheetsin
spacewhoseconformationsaredistributedaccordingto an effective interfacefree enegy
functional.An exampleof suchafunctionalhasalreadybeengivenin Eq.(1). However, the
free enegy (1) canonly be usedto describeslightly uctuating planarmembranesn the
(xy)-plane.In orderto treatmembrane®f arbitraryshape(vesiclesetc.),onemustresort
to theformalismof differentialgeometry'2.

Oneof the simplestapproachesf this kind is the spontaneousurvaturemodel. The
elasticfreeenegy of a membragés givenby 7°

F.= dA E(2H Ho)2+ K ): (6)

where RdS integratesover the surface of the membraneandH andK are the mean
and Gaussiancurvature, which are relatedto the local cunvatureradii R; and R, via
H = (1=R; + 1=R»)=2,K = 1=(R;R,) ®°. Theparameters, (thebendingstiffnesses)
andHg (thespontaneousurvature)deptﬁmbnthespeci ¢ materialpropertiesof themem-
brane.ThetotalmembranesurfaceA = dS is takento beconstant.

InthecaseHy, = Oand > 0; > 0, thefreeenegy (6) describesnembraneshat
wantto be at, andimposesabendingpenaltyonall local curvaturesHy 6 0 impliesthat
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Fig. 14. Connectity updatein thedynamictriangulationalgorithm

the membranmasaggvorite meancunature.lt is worth noting that the integral over the
Gaussiarcurvature, K dS, dependssolely on the topology of the interfaces.For mem-

braneswithoutrims, the Gauss-Bonnéheoremstateghat
Z

dSK = 2 g; (7)

wherethe Euler characteristics g = 2(c  g) countsthe numberof closedsurfacesc
(including cavities) minusthe numberof handlesy.

Other free enegy expressionshave beenproposedwhich allow for an asymmetric
distribution of lipids betweerbothsidesof themembraneand/orfor uctuationsof A 7472,
Here,we shallonly discusghe spontaneousurvaturemodel.Our membraneshallbeself-
avoiding, i.e.,they have excludedvolumeinteractionsandcannotcrossoneanother

Our taskis to formulatea simulationmodelthat mimicks the continuousspacetheory
ascloselyaspossible More precisely we rst needa methodthat samplesandomself-
avoiding surfaces,andseconda way to discretizethe free enegy functional (6) on those
surfaces.

A widely usedmethodto generateself-asoiding surfacesis the dynamictriangulation
algorithm73:7475:76:77:78 _gyrfacesaremodeledby triangularmetworksof sphericabeads,
which arelinked by tethersof somegivenmaximumlengthl, (tethered-beachodel).The
tethersde ne the neighborrelationson the surface.In orderto enforceself-asoidance the
beadsare equippedwith harﬁlcores(diameter ), andthe maximumtetherlengthis cho-
senin therange < lg < = 3 . Thesurfacesare sampledwith Monte Carlo, with two
basictypesof moves: Movesthat changethe position of beads,and movesthat change
the connectivityof the network, i.e., redistritute the tethersbetweerthe chains.The lat-
teris doneby randomlycuttingtethersand ipping thembetweenwo possiblediagonals
of neighboringtriangles(Fig. 14). Updatesof beadpositionsaresubjectto the constraint
thatthe maximumtetherlengthmustnot exceedly. In addition,connectity updatedave
to comply with the requirementhat at leastthreetethersare attachedo one bead,and
thattwo beadscannotbe connectedo oneanotherby morethanonetether Otherwise at-
temptedupdatesareacceptear rejectedaccordingo thestandardvietropolisprescription.
Of course additional,moresophisticatedVlonte Carlomovescanbeintroducedaswell.

Next, thefree enegy functional(6) mustbe adaptedor thetriangulatedsurface.If no
rims arepresentwe only needan expressiorfor the rst term. Sincetheintegral over the
GaussiarcurvatureK is thenessentiallygivenby the Eulercharacteristicit is muchmore
convenientand accurateto evaluatethe latter directly (i.e., countclosedsurfacesminus
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handles}hanto attempta discretizatiorof K .

Thequestiorhow to discretizethebendingfreeenegy in anoptimalway is highly non-
trivial, and several approximationhave beenproposedver the years’®. Herewgzgive a
relatively recentexpressiondueto Kumaret al in 2001 7°: The surfaceintegral dS is
replacedby a sumover all trianglest with areaA. For eachtrianglet, oneconsiderghe
threeneighbortrianglest® anddetermineshelengthL o of thecommonsideaswell asthe
angle o betweerthetwo trianglenormalvectors.The free enegy is thenapproximated
by z X P

_ 2 to Lito o 2,
Fo= > dA(H Hy) 3 t Ay oA Ho ~: (8)

This completeghe tethered-beadepresentatioior randominterfaces.We have pre-
sentedoneof the mostsimplevariants.The modelscanbe extendedn variousdirections,
e.g.,to representmixed membrane$®, membraneshat undego liquid/gel transitions?!,
membranesvith uctuating geometry®? or pores® etc. They have even beenusedto
studyvesicledynamicsg.g.,vesiclesin shearo w 84:85, The dynamicscanbe mademore
realistic by using hybrid algorithms,wherethe beadsare moved accordingto molecular
dynamicsor Brownian dynamics,andthe tethersare ipped with Monte Carlo. Unfortu-
nately thetether ips cannoteasilybeintegratedin a puremoleculardynamicssimulation.
Thisis aslightdravbackof thetethered-beadpproach.

An interestingalternatie has recently beenproposedby Noguchiet al 8. He de-
velopeda speci ¢ type of potential,which forces(single) beadsto self-assemblénto a
two-dimensionamembranevithout beingconnectedy tethers The membranes coarse-
grainedasacurvedsurfaceasin tethered-beathodels but tethersareno longernecessary
Thisopenghewayfor afully consistentreatmenbf dynamicdn membraneystemsawith
frequenttopologychanges.

2.3.2. Applicationexample:passae of vesicleghroughpores

As anexamplefor anapplicationof atethered-beanhodel,we shalldiscussaproblemfrom
thephysicsof vesiclesLinke, Lipowsky andGruhnhave recentlyinvestigatedthequestion
whethera vesiclecanbeforcedto crossanarrav poreby osmoticpressuregyradients’”:8,
Vesiclepassagehroughporesplays a key role in mary strategyiesfor drug delivery. On
passinghroughthe pore,the vesicleundegoesa conformationachangewhich is expen-
sive andcreatesa barrier Onthe otherhand,thevesiclecanreduceits enegy, if it crosses
into a region with lower osmoticpressurelLinke et al studiedthe question,whetherthe
barrierheightcanbereducedy a sufcient amountthattheporeis crossedgspontaneously

To this end,they considereda vesicle lled with N osmoticallyactive particles.The
concentratiorof theseparticlesoutsidethe vesicleis givenby c;., onthetwo sidesof the
pore.For a vesiclein the processof crossingthe porefrom side 1 to side 2, the vesicle
areaon both sidesof the membrands denotedA ;.,, andthe volumesareV;.,. Hencethe
osmoticcontrikution to thefreeenepy is

Fosm = ( N |n((Vl + V2):Vo) + cVq + 02V2); (9)
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Fig.15. Osmoticallydrivenvesicletranslocatiorthrougha pore.Con gurationsnapshotssromG. T. Linke 87

whereV; is somereferencevolume.In the Monte Carlo simulations,a seriesof different
crossingstagesvas sampled(seeFig. 15). This was doneby introducingan appropriate
reweightingfactor which keptthe areaA , within a certain,pre-determinedange.Several
simulationswere donewith differentwindows for A,. The procedurehassimilarity with
umbrellasampling gxceptthatthewindows did notoverlap.Neverthelesstheextrapolation
of thehistogramsallowedto evaluatethefreeenegy quiteaccuratelyasafunctionof A .

Theresultingfreeenegy landscapés shavn in Fig. 16, for differentosmolaritiesc; at
the sidewherethe vesiclestarts.As expected,one nds a free enegy barrierfor low c;.
Onincreasingcs, the heightof the barrierdecreasegyntil it nally disappearsHencethe
vesiclecanbeforcedto crossthe pore spontaneous)yf c¢; is chosensufciently high.In
contrastchangingthe bendingrigidity hashardlyary effect on the heightof the potential
barriet

This applicationshavs how mesoscopienodelsof membranesystemscanbe usedto
study the physical basisof a potentially technologicallyrelevant processA comparable

Ay

Fig.16. Freeenepgy landscapencrossingheporefor differentosmolaritiesc; startingfromc; = 2700 (open
circles)to c; = 3100 (plus)in stepsof 100.All unitsarearbitrary The osmolarityc; is kept x ed. Seetext for
moreexplanationFromG. Linke etal87:88
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studywith a particle-basednodelwould have beenmuch more expensve, and both the
setupandthe analysiswould have beenmoredif cult: Onehasno well-de ned interface,
one hasonly indirectinformationon the bendingstiffnessetc. The simpli cations in the
modelclearly help not only to getresultsmorequickly, but alsoto understandhemmore
systematically

2.4. Summary

In this section,we have introducedanddiscussedwo importantclasse®f coarse-grained
modelsfor membranesystemsBead-springnodelsfor simulationson the coarse-grained
molecularevel, andrandominterfacemodelsfor the coarse-grainethesoscopitevel. We
have shavn that suchstudiescangive insightinto genericpropertiesof membranesand
into basicphysicalmechanismen differentscalesWe have alsoshaowvn thatit is possible
to bridge betweendifferentlevels, and that simulationsof particle-basednodelscanbe
usedto testmesoscopitheories.

3. Liquid crystalsand surfactant layers under shear

Sofar, we have talked aboutequilibrium simulations.The specialpropertiesof complex
uids leadto particularlypeculiarbehaior at nonequilibrium.In this sectionwe will dis-
cusscoarse-grainedimulationsof complex uids undershearAs in the previous section,
we will move from the coarse-grainedholecularlevel to the mesoscopidevel. However,
we will now focusonthe simulationmethodgatherthanon the constructiorof simulation
models.As examplesystemsye will considersurfactantiayersandliquid crystals.

3.1. Introduction
3.1.1. Strain rateand shearstress

We begin with recallingsomebasic uid mechanic$?. In the continuumdescription the
uid is thoughtto be dividedinto uid elementswhich arebig enoughthat microscopic
detailsare washedout, but small enoughthat eachelementcanstill be consideredo be
homogoneousOn a macroscopiccale,the uid is describedoy spatiallyvarying elds,
e.g.,thevelocityor ow eld t(+;t). Thevelocity gradientin the directionperpendicular
to the o w is calledthelocal strainrate.

Oneof the centralquantitiesin uid mechanicss the stresstensor . It describeghe
forcesthat the surrounding uid exertson the surfacesof a ui<11_, element:For a surface
with orientationN (jNj = 1), the force per areais Fi=A = AR The diagonal
componentof  give the longitudinal stressand correspondo normalforces. The off-
diagonalcomponentgjive the shearstressandcorrespondo tangentiaforces.

A uid elementwith thevelocity ¢ is thusaccelerate@ccordingo

d X

i @ j; (10)
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where is thelocalmassdensity Thestresgensor j; is oftendividedin threeparts.

i - p i + i?Iastic_’_ I(J) (11)

The rst term describeghe effect of the local pressurelt is always presentgvenin an
equilibrium uid at rest. The secondterm, =, accountsfor elasticrestoringforces, if
applicable.The lastterm, i? , givesthe contritution of viscousforcesandis commonly
called the viscousstresstensor It vanishesin the absenceof velocity gradients,i.e., if
Qv 0. The concreterelation betweenthe stresstensorand the local elds is called
constitutve equationandcharacterizethespeci ¢ uid material.

In standarchydrodynamicspne considersso-calledNewtonian uids, which have no
elasticity( j** 0) andalinear, instantaneouselationbetweerthe viscousstresstensor

andthevelocity gradient,
X
P = Ljw@u: (12)
Kkl
In the caseof anincompressibleisotropic,Newtonian uid, onehasonly oneindependent
materialparameterthekinematicviscosity , andthe constitutve equatiorreads

i = P+ (@Qu + Qu),; (13)

wherethevalueof thelocal pressure(+) is determinedy therequirementhattheincom-
pressibilitycondition

re O (14)

is alwaysful lled. Equationg10) in combinationwith (13) arethe famousNavier-stokes
equationgwithout externalforces).

Complec uids have internaldegreesof freedom,and large characteristidengthand
time scalesTherefore they becomenon-Nevtonianalreadyat low shearstressandstan-
dardhydrodynamicsloesnotapply Therelationbetweerthe stresgensorandthevelocity
gradientis commonlynot linear, sometimesonehasno uniquerelationat all. If the char
acteristictime scalesare large, one encounteramemory effects, e.g., the viscosity may
decreasevith time undershearstress’4:89,

Thesephenomenareoftenconsideredn planarCouettegeometry:The o w t points
in the x-direction, a velocity gradientin the y-directionis imposed,andthe relation be-
tweenthestrainrate _= @ix=@ andtheshearstress , is investigated.For Newtonian

uids, thetwo areproportional.In complex uids, thedifferentialviscosity@ x, =@ may
decreas#vith increasingstrainrate(shearhinning),or increasésheathickening).In some
materials the stress-straino w curve may evenbe nonmonotonicSincesuch o w curves
aremechanicallyunstablein macroscopisystemsthis leadsto phaseseparationandthe

systembecomesinhomogeneousFig. 17) 90;91;92;93;94,95;96;97;98;99;103;104 The separa-
tion of a uid into two stateswith distinctly differentstrainratesis calledshearbanding.
As in equilibrium phasetransitions,the signatureof the coexistenceregion is a plateau
region in the resultingstress-straino w curve of the inhomogeneousystemsHowever,

onehastwo importantdifferencego the equilibriumcaseFirst, thelocationof the plateau
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Shear thickehing ‘ Shear
stress e stress
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Strain rate | St#ain rate

Fig. 17. Sketchesof nonlinearstress-straino w curvesLeft: Shearthickeningandshearthinning; Right: Non-
monotonicstress-strairelationleadingto phaseseparationT hehorizontaldottedlinesconnecthetwo coexisting
phasedor threeselectedjlobalstrainrates.

cannotbe determinedoy a Maxwell constructionput hasto be calculatedby solving the
full dynamicalequationsSecondthe plateauis not necessarilyhorizontal.Even though
mechanicaktability requiresthat two coexisting phasesnusthave the sameshearstress,
the“plateau”may have a slopeor evenbe curvedbecauselifferentcoexisting phasesnay
beselectedor differentshearrates!?%1% (seeFig. 17).

3.1.2. Nematidiquid crystals

Next we recapitulatessomebasicfactson liquid crystals.The building blocksof thesema-
terials are anisotropicparticles,e.g., elongated molecules,associatedtructuressuch as
wormlike micelles,or evenrodlike virussesA liquid crystalphaseds anintermediatestate
betweenisotropicliquid andcrystallinesolid, which is anisotropic(particlesare orienta-
tionally ordered) but in somesensestill uid (particlesarespatiallydisorderedn at least
onedirection). Somesuchstructuresare sketchedin Fig. 18. The phasetransitionsarein
somecasedriggeredby the temperaturgthermotropidiquid crystals),andin othercases
by the concentratiorof the anisotropigparticles(lyotropic liquid crystals).Lamellarmem-
branestackg(seeprevioussection)areexamplesof smecticliquid crystallinestructuresin
this section,we shall mainly be concernedvith nematicswherethe particlesarealigned
alongonecommondirection,but otherwise uid.

For symmetryreasonsthe transitionbetweenthe isotropic uid andthe nematic uid
mustbe rst order The nematicorderis commonlycharacterizedby the symmetrictrace-
lessordertensor

Qj = h:—2L(3did,- 1)i; (15)

whered is a unit vector characterizinghe orientationof a particle.In anisotropic uid,
Q is zero.Otherwise the largesteigervaluegivesthe nematicorderparametefS, andthe
correspondingeigervectoris the direction of preferredalignment,the “director” . Note
that only the direction of A matters,not the orientation,i.e., the vectorsn and n are
equialent.

Sincethe orderednematicstateis degeneratewith respectto a continuoussymmetry
(the directionof the director),it exhibits elasticity: The free enegy costsof spatialdirec-
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tor variationsmustvanishif the wavelengthof the modulationgendsto in nity . At nite
wavelength the systemresponddo suchdistortionswith elasticrestoringforces.Symme-
try argumentsshaw thatthesedependdnly on threeindependeninaterialconstants®, the
Frankconstants 11 ; K 25, andK 33. Theelasticfreeenegy is givenby 14

Z

Felasuc: dr Kll(r H)z + KZZ(H (r H))Z + K33(ﬁ (r ﬁ))2 : (16)

Figure 19 illustratesthe correspondingundamentaldistortions,the splay (K 11), twist
(K 22), andbendmode(K 33).

How doesshearaffectaliquid crystalline uid? In theisotropicphaseandatlow strain
rate, the situationis still comparablysimple. The velocity gradienimposesa background
angularvelocity

-1
=50 o) 17)

onthe uid, whichtheparticlespick up 1°¢. Sincethey rotatefasterwhile perpendiculato
the o w, they alsoacquireavery slight effective orientationattheangle =4 relative to the
o w direction.At higherstrainrate theorderparameteimcreasesandthealignmentangle

decreases®. This sometimesaven leadsto a sheasinducedtransitioninto the nematic
phase108;109;110;111;112;113;114

- - a e Py X 4
' - - & & &
.\ - T - s Y
: - Smectic ASm , Smectic CSm
Isotropic | Nematic N (Smectic Bsm ) (Smectic FSm . )

Fig. 18. Examplesof liquid crystallinephasesln the nematicphase(N), the particlesareoriented but transla-
tionally disorderedIn the smecticphasesthey form layersin onedirection,but remain uid within the layers.
In the smecticBne andsmecticF phasethe structurewithin thelayersis not entirely disorderedput hasatype
of ordercalledhexatic. SeeRefs. 14, 15 for explanation.The isotropicphase(l) is entirely disorderedregular
isotropicliquid).
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Fig. 19. Elasticmodesin nematicliquid crystals.
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Deepin the nematicphasethe nematic uid canbedescribedby the ow eld t(r;t)
andthedirector eld n(#;t) (jrj  1). We shallnow assuméncompressibility(r ¢ = 0)
andalinear, instantaneourelationstress-strainelationasin Eq.(12). Comparedo simple
uids, thereareseveralcomplications.

First,nematic uids areelastic,hencethestresgensor j (11)hasanelasticcontritu-
tion

. F etasti
elastic — elastic .
W= Ng:
N T
Thefreeenepgy F ..« IS givenby Eq. (16).
Secondthe uid is locally anisotropicthereforethe constitutve equationfor the vis-
cousstresgensorcontainsmoreindependentermsthanin simple uids. The structureof
¥ whichis compatiblewith all symmetryrequirementseads"®
X
i? = 1 ninjngniAg + 2niNj + 3 Nin; (19)
kl X X
+ 4Aj+ 5 NingAjk+ s NiNKAK;
k k

(18)

whereA is thesymmetric o w deformationtensorA;; = %(@uj + @u;), andthevector
N givesthe rate of changeof the director relative to the angularvelocity of the uid,
= ‘é—'t" ~ n.Theparameters; aretheso-called_eslie coefcients. They arelinked

by onerelation®®,
2t 3= 6 5 (20)

henceonehas veindependeninaterialconstants.
Third, the ow eld andthedirector eld arecoupled.Thusonemusttake into account
thedynamicalevolution of the director eld,

M =g+ @ j; (21)

whichis drivenby theintrinsic bodyforceg, andthe directorstressensor j . Here 1 is
the momentof inertiaperunit volume.As for the stressensor onecanderive the general
form of the constitutve equationdor g and with symmetryarguments.The individual
expressionganbe foundin theliterature'®. Here,we only give the nal total dynamical
equationfor R,

X Fo @. X
1Fj j . @ (@nj) @j 1INj 2 i (R} ( )
where | = 3 2, 2= 6 5, and is a Lagrangeparametemwhich keepsjnj

constant.

To summarizethe dynamicalequationsof nematolydrodynamicgor incompressible
nematic uids are given by Egs. (10) and (22) togetherwith (11), (16), (18), and (19).
Thesearethe Leslie-Erickserequationsf nemato-lgdrodynamics®. Thetheorydepends
on ve independentiscosity coefcients ; andon threeindependentlasticconstants
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Kii . Not surprisingly it predictsa rich spectrumof phenomenakor example,in the ab-
senceof directorgradientssteadyshearo w is foundto have two opposingeffectson the
director:It rotateghemoleculesandit alignsthem.Therelative strengthof thesetwo ten-
denciesdependson the materialparametersAs a result,one may eitherencounteistable
o w alignmentor arotating“tumbling” state!15:116:117:118

The Ericksen-Lesligheorydescribesncompressiblendfully orderednematic uids.
The basicversionpresentederedoesnot accountfor the possibility of disclinationlines
andothertopologicaldefects,andit doesnotincludethe couplingwith a variabledensity
and/ororderparametereld. Thesituationis evenmorecomplicatedn thevicinity of stable
or metastabléhidden)thermodynamighasdransitions Thermodynamidorcesmay con-
tribute to a nonmonotonicstress-straimelationship which eventuallyleadto mechanical
phaseseparatior®.

Figure 20 shawvs an experimentalexample of a nonequilibriumphasediagramfor a
systemof rodlike virusses'%?.

3.2. Simulating shearon the particle level: NEMD

In the linear responseaegime, i.e., in the low-shearimit, mary rheologicalpropertiesof
materialscanbe determinedrom equilibrium simulations For example,the viscosity co-
ef cients introducedn the previous sectioncanberelatedto equilibrium uctuationswith
Green-Kuborelations!9:120,

However, the non-Nevtonian characterof most comple« uids and their result-
ing unique propertiesmanifestthemseles only beyond the linear responseegime. To
studythese non-equilibriumsimulationsare necessaryWe will now brie y review non-
equilibriummoleculardynamics(NEMD) methoddgor the simulationof molecularmodel

Fig.20. Nonequilibriumphasediagramof alyotropicliquid crystalundersheamasafunctionof strainrate _and
particledensityC. (Cnem is the densityof the equilibriumisotropic/nematidransition). The systemis a mixture
of rodlike virusseqfd virus) andpolymers(dextran). FromRef. 102
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systemaundershear Someof the methodsare coveredin muchmoredetailin Refs.121,
122,123.

In NEMD simulations onefacestwo challengesFirst, onemustmechanicalljimpose
shear Secondmostmethodsthat enforceshearconstantlypumpenegy into the system.
Henceonemustgetrid of thatheat,i.e., apply anappropriatehermostatWe will address
thesetwo issuesseparately

The mostdirect way of imposingshearis to con ne the systembetweentwo rough
walls, and either move one of them (for Couette o w), or apply a pressuregradient(for
Poiseuille o w). Varnik and Binder have shavn that this approachcan be usedto mea-
surethe shearviscosityin polymermelts?4. It hasthe merit of beingphysical: Strainis
enforcedphysically, andthe heatcanberemovedin a physicalway by couplingathermo-
statto the walls. On the otherhand,the systemcontainstwo surfaces,anddependingon
thematerialunderconsiderationpnemay encountestrongsuriaceeffects. This cancause
problems.

An alternatve straightforvard way to generateplanarCouette o w is to usemoving
periodic boundaryconditionsas illustratedin Fig. 21 (Lees-Edvards boundarycondi-
tions 121:125): |In orderto enforceshearow ¢ = (uy;0;0) with an averagestrain rate
_ = @ =@, oneproceedsasfollows: Onereplicategheparticlesin thex andz direction
likein regularperiodicboundaryconditions,

rey ! ry Ly Fey U Fxy
ryz ! Ty, r,! r, Lj: (23)
vl ¥ vl ¥

In they-direction,the replicatedparticlesacquireanadditionalvelocity U = _L, andan
offsetUt in thex-direction,

r« ! ry (Utmod.y)

ry! ry Ly

24
r,! r, (24)
v! v Use

Here Ly, . arethe dimensionsof the simulationbox, and e, the unit vectorin the x-
direction.

N ! ~ ) e ! ~ Il
TRt ,ll PN "y
| ST ""\k e T~e T Tt~

Fig.21. Lees-Edvardsboundaryconditions.
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Lees-Edvardsboundaryconditionsare perfectly sufcient to enforceplanarCouette
o w. In someapplicationsjt hasneverthelesprovenusefulto supplementhemwith c-
titious bulk forcesthatfavor a linear ow pro le. One particularly popularalgorithm of
thiskind is the SLLOD algorithm'22:126  For theimposedo w t(x) = _yey, the SLLOD
equationof motionfor particlesi read

dr _ pP ,

dt - mi + _erX (25)
de?

d%' =F e (26)

wherep’ = mi(w  t(r)) is the momentumof particlei in a referenceframe mov-
ing with the local o w velocity t(r5), and F; is the regular force actingon the particle
i. The equationsof motion canbe integratedwith standardechniquespr with specially
devisedoperatorsplit algorithms??8:129 |t is alsopossibleto formulateSLLOD variants
for arbitrarysteady o w 127. The SLLOD algorithmis very usefulfor the determination
of viscositiesin complex uids 130:119:131:1321133,134 |t hasthe advantagethatthe system
relavesfastertowardsa steadystate andthatthe analysisof the datais simpli ed 122,

A fourthmethodto enforcesheahasrecentlybeenproposedy Milller-Plathe'*®. One
usesregularperiodicboundaryconditions,anddividesthe systeminto slabsin the desired
directionof ow gradient.In periodicintervals, the particlein the centralslab(y = 0)
with thelargestvelocity componentn the x direction,andthe particlein thetopmostslab
(y = Ly=2) with thelargestvelocity componentn the ( x)-directionis determinedand
the momentumcomponentg, of the two particlesare swapped.This leadsto a zigzag-
shapedshearpro le (Fig. **).

The Miller-Plathealgorithm can be implementedvery easily Justone small change
turnsa moleculardynamicsprogramfor thermalequilibriuminto a NEMD programthat

’ —~ " . \ N
[

y 10 @ @TgSe

— ‘
i IS = R
D TR I
777777 ol T

i
= i,

Fig. 22. Schematicsketchof the Muller-Plathemethodfor imposingshearIn periodicalintervals, the particle
in the middle slabthat movesfastestin the x-directionandthe particlein the top slabthat movesfastesin the
( x)-directionexchangetheirmomentunrcomponentgy . After Ref. 135
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producesshear o w. Furthermorethe algorithm conseres momentumandenegy: Con-
trary to thealgorithmsdiscussedbefore it doesnot pumpheatinto the systemlInsteadthe
heatis constantlyredistrituted.lt is drainedout of the systematy = 0 andy = L,=2 by
the momentumswaps,but it is alsoproducedin the bulk throughthe enepgy dissipation
associateavith the shearo w. As aresult,the zigzagshearmro le is accompaniedvith a
W-shapedemperaturgro le. Sincethisis notalwayswanted the algorithmis sometimes
usedin combinationwith athermostatA slightdravbackof thealgorithmis thefactthatit
producesntrinsicallyinhomogeneoupro les, dueto the presencef thetwo specialslabs
aty = Oandy = Ly=2. Thismay causeproblemsin smallsystems.

Having introducedthesefour methodso imposesheaywe now turn to the problemof
thermostattingAll shearingmethodsexceptfor the Miller-Plathemethodproduceheat,
thereforethethermostats anessentiapartof the simulationalgorithm.

A thermostats apieceof algorithmthatmanipulateshe particlevelocitiessuchthatthe
temperaturés adjustedo its desiredvalue.Thisis commonlydoneby adjustingthekinetic
enegy. Ina owing uid with o w velocity t(f), thekineticenegy hasa o w contritution
anda thermalcontribution. Therefore,it is importantto de ne the thermostain a frame
that moveswith the uid, i.e., to coupleit to the “peculiar” velocities¥® = v t(r),
ratherthanto the absolutevelocitiesy; . Unfortunately mostthermostatslon't accountfor
thisautomaticallyandonehasto putin the o w pro le by hand.Theonly exceptionis the
dissipatve particledynamicgDPD) thermosta{seebelow).

This raisesthe questionhow to determinethe o w t(f). In ahomogeneousystem at
low strainrates,it canbe acceptabldo usethe pre-imposedro le (t#(t) = _yex in our
earlier examples).Thermostatghat usethe pre-imposedo w pro le arecalled“pro le-
biasedhermostats"At highstrainrates,andin inhomogeneousystemstheuseof pro le-
biasedthermostatss dangerousndmay twist the results'?%133 . In thatcasethe pro les
tt(r) mustbe calculateddirectly from the simulations,‘on the y”. Suchthermostatsre
called“pro le-unbiasedthermostats”.

OnecandistinguishbetweerdeterministicandstochastichermostattingnethodsThe
simplestdeterministicthermostatsimply rescaleshe peculiarvelocities of all particles
after every time stepsuchthat the total thermalkinetic enegy remainsconstantAmong
themoresophisticatedieterministidhermostatshe onesthathave beenusedmostwidely
in NEMD simulationsare the so-calledGaussiarthermostats??, andthe Nost Hoover
thermostatd?:13¢,

Theideaof Gaussiarthermostatss ver}ssimple: For a systemof particlesj subjectto
forcesfj, oneminimizesthequantityC = =, (p? f7)2=(2m;) with respecto j;, with
the constraintthat eitherthe time derivative of the total enegy, or the time derivative of
thetotalkineticenegy bezero(GaussiansoenegeticandGaussiansothermathermostat,
respectiely). In theabsencef constraintsthe minimizationprocedurenould yield New-
ton's law. The constraintanodify the equationf motionin away thatcanbe considered
in somesensaninimal. Oneobtains

F=1 B 27)
where is aLagrangemultiplier, which hasto be chosersuchthatthedesiredconstraint-
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constanenepy or constankineticenegy —is ful lled.

The Nost Hoover thermostatsare well-known from equilibrium moleculardynamics
andshallnotbediscussedh detailhere.We only notethatin NEMD simulationspneuses
notonly the standardsothermaNose-Hoover thermostatshut alsoisoenegetic variants.

Deterministicthermostathiave the slightly disturbingfeaturethatthey changethe dy-
namicalequationsn aratherunphysicalway. It is sometimesardto sayhow that might
affectthe system At equilibrium,Nose-Hoover thermostatseston a well-establishedhe-
oreticalbasis:They canbe derived from extendedHamiltonians they producethe correct
thermalaveragesfor static quantitiesetc. Outsideof equilibrium, the situationis much
morevague.For the caseof steadystatessomeresultson the equivalenceof thermostats
arefortunatelyavailable.EvansandSarmarhave shovn thatsteadystateaveragesandtime
correlationfunctionsareidenticalfor Gaussiatsothermahndisoenegeticthermostatsnd
for Nose-Hoover thermostat$?3137, Ruellehasrecentlyprovedthatthe Gaussiansother
mal andthe Gaussiarnisoenegeticthermostatreequialentin anin nite systemwhichis
emgodicunderspaceranslations8.

An alternatve approachto thermostattingare the stochasticmethods,such as the
Langevin thermostat3® andthe DPD thermostat*®. They maintainthe desiredtemper
atureby introducingfriction andstochastidorces.This approachthasthe virtue of being
physically motivated.The dissipatve and stochastidermsstandfor microscopicdegrees
of freedom,which have beenintegratedout in the coarse-grainedhodel,but canstill ab-
sorbandcarry heat.Fromthe theoryof coarse-grainingit is well-known thatintegrating
out degreesof freedomeffectively turnsdeterministicequationsof motioninto stochastic
equationsof motion 141:142:143

The Langevin thermostats the simpleststochastidynamicalmodel.Onemodi es the
equationof motion for the peculiarmomentaby introducinga dissipatve friction anda

randomforce—;,
=1 ¥+, (28)
where~; ful lls
h+«i =0 (29)
hi (t); (19 =2ksT j (t t9; (30)

i.e., the noiseis delta-correlatedand Gaussiandistributed with meanzero and variance
2 kg T (uctuation-dissipatiortheorem)In practice this canbe doneby adding( vJ-O )
and a randomnumberto eachforce componentf; in egchtime step t. The random
numbermustbe distributed with meanzeroandvariance 2kg T = t. Becauseof the
centrallimit theoremthedistribution doesnot necessariljhave to be Gaussianif thetime
stepis sufciently small44.

TheDPDthermostais anapplicatiorof thedissipatve particledynamicsalgorithm4°.
Theideais similar to that of the Langevin algorithm,but insteadof couplingto absolute
velocities thethermostatoupledo velocity differencedpetweemeighbomarticles There-
fore, the algorithmis Galileaninvariant,andaccountsautomaticallyfor the differencebe-
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tween o w velocity andthermalvelocity. We referto B. Dunwey's lecture(this book) for
anintroductioninto the DPD method(seeals0136).

Thiscompleteur brief introductioninto NEMD methoddor systemaindershearWe
closewith ageneracommentThestrainrate _hasthedimensionof inversetime. It intro-
ducesatimescalel=_in thesystemwhichdivergesin thelimit _! 0. Thereforesystems
at low strainratescorverge very slowly towardstheir nal steadystate,andthe study of
systemsat low strainratesis very time-consumingln fact,evenin coarse-grainecholec-
ular models simulatedstrainratesareusuallymuchhigherthanexperimentallyaccessible
strainrates.

We now give two examplesof recentlarge-scaleNEMD studiesof inhomogeneous
comple systemaundershear

3.2.1. Firstapplicationexample:Nematic-Isotopic Interfacesundershear

Our rst exampleis a study of the behaior of a Nematic-Isotropidnterfaceundershear
(Germanoand Schmid4%:146)  Interfacesplay a centralrole for shearbanding,and un-
derstandingheir structureshouldprovide a key to the understandin@f phaseseparation
undershearOurstudyis a rst stepin thisdirection.We will discusghequestionsvhether
the structureof an equilibriuminterfaceis affectedby sheaywhetherthe phasetransition
is shifted,andwhethersheatandingcanbeobsened.

The modelsystemwasa uid of softrepulsve ellipsoidswith theaspectatio 15:1,in
a simulationbox of size (150:300:150)in units of the ellipsoid diameter ). The density
waschoserin thecoexistenceregion betweerthenematicandisotropicphasesuchthatthe
systemphaseseparateat equilibrium. Theinitial con gurationwasa relaxed equilibrium
con gurationwith anematicslabandanisotropicslab,separatety two interfacesThelat-
teralignthedirectorof the nematicphasesuchthatit is parallelto theinterfacel#7:148:149

Shearwas imposedwith Lees-Edvardsboundaryconditionsin combinationwith a
pro le unbiasedNost Hoaver thermostatin the directionnormalto theinterface. Thetwo
coeisting phaseghus sharethe sameshearstress.Two setupsare possiblewithin this
“commonstress”’geometryIn the o w-alignedsetup,the director pointsin the direction
of ow ¢ (thex direction);in thelog-rolling setup,it pointsin thedirectionof “vorticity”
r o (thez direction).Only the o w-alignedsetupturnedout to be stablein our system.
V\ﬁa considerednainly the strainrate _ = 0:001 !. Here isthenaturaltime unit, =

m=kg T, with the particle massm, the particle diameter , andthe temperaturer .
This strainrateis smallenoughthattheinterfaceis still stable A con gurationsnapshots
shavn in Fig. 23.

To analyzethe systemit wassplit into columnsof sizeB L, B. Thecolumns
werefurther split into bins, which containedenoughparticlesthata local orderparameter
could be determinedIn this manney one obtainslocal order parametepro les for each
columnin eachcon guration. Fromthepro le S(y), we determinedhelocal positionsof
thetwo interfacesasfollows: We computedat leasttwo coarse-grainegdro les S(y; i) by
convolutingthepro le S(y) with asymmetricabox-like coarse-grainingunctionof width

i. The coarse-grainingvidth mustbe chosensuchthat the coarse-grainegro les still
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Fig.23. Snapshobf ashearechematic-isotropiinterface(115200particles)atstrainrate_= 0:001 1. Also
shawn is the coordinatesystemusedthroughouthis section.From Ref. 145

re ect theinterfacesput shortrangeductuationsareaveragedut. Theintersectiorof two
averagedpro les locatesa “dividing surface”, wherethe negative orderparameteexcess
on the nematicside balanceghe positive orderparameteexcesson the paranematiside.
We de ne this to be the “local position” of the interface.Dueto uctuations, it depends
slightly on the particularchoiceof the ;. Neverthelessthe proceduregivesremarkably
unambiguousaluesevenfor strongly uctuating pro les #°. The procedurss illustrated
in Fig. 24.

Oncethepositionshy | ; h;n of thetwo interfaceshave beendeterminedwe calculate

Fig.24. lllustrationof block analysisto obtainlocal pro les.
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Fig. 25. Interfacial orderparametepro le atstrainrate _ = 0:001 ! (.o w alignedsetup).Insetshowvs the
differencebetweerpro les with andwithout shearFromRef. 146

pro les for all quantitiesof interestandshift themby theamounthy; orh; y , respectiely.
This allows to perform averagesover local pro les. Furthermorethe interfacepositions
h;n andhy, themselescanbe usedto analyzethe uctuation spectrumof theinterface
positions.

Unexpectedlythe shearturnedout to have almostno in uence at all on the interfacial
structure.Undersheaythe interfacesareslightly broadenedindicatingthatthe interfacial
tensionmight be slightly reduced(Fig. 25). But the effect is barelynoticeableLik ewise,
thedensitypro le andthe capillarywave spectrumarealmostundistinguishablé&omthose
of theequilibriuminterface within theerror Thevelocity pro les, however, aremuchmore
interestingThe o w pro le exhibitsadistinctkink attheinterfaceposition(Fig. 26).Hence
we clearlyobsene sheatbanding-thetotal strainis distributednonuniformlybetweerthe
two phasesAt thesameshearstressthenematicphasesupportsahigherstrainratethanthe
isotropicphase Secondandsurprisingly theinterfaceapparentlyalsoinducesa streaming
velocity gradientin the vorticity direction (the z-direction). As a consequencejorticity

ow is generatedn oppositedirectionsin the isotropic andin the nematicphase.This
o w is symmetrybreaking,andasyet, we have no explanationfor it. We hopethatfuture
theoreticabndsimulationstudieswill clarify this phenomenon.

At high strainrates,the interface getsdestryed. Figure 27 shavs a nonequilibrium
phasediagram which hasbeenobtainedfrom interfacesimulationsof smallsystemsThe
local strainrate is always higherin the nematicphasethanin the isotropic phase.lt is
remarkablehatthe coeistenceregion doesnot closeup. Instead the interfacedisappears
abruptlyat averagestrainratesabore _  0:006= .

3.2.2. Secondhpplicationexample:Shearinducedphenomenin surfactantayers

As asecondexample,we discusghe effect of shearon lamellarstacksof surfactantsThis
hasbeenstudiedin coarse-grainedolecularsimulationsby SoddemannGuo, Kremeret
al 199151 The model systemwas very similar to that usedin Section2.2.4, exceptthat
it doesnot containsolvent particles®®. Shearwasinducedwith the Milller-Plathealgo-
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rithm 3% in combinatiorwith a DPD thermostaf®.

The rst seriesof simulationsby Guo et al **° addressedhe question,whetherthe
surfactantlayerscanbe forcedto reorientundershear Threedifferentorientationsof the
layerswith respectto the sheargeometrywere consideredin the trans\erseorientation,
the layersarenormalto the o w direction,in the parallelorientation,they arenormalto
the directionof the velocity gradient,andin the perpendiculaorientation,they lie in the
planeof the o w andthe velocity gradient.The trans\erseorientationis unstableunder
shear o w. Experimentallybotha transitionfrom thetrans\erseto the parallelorientation
andfrom thetrans\erseto the perpendiculaorientationhave beenobsened 152153,

Guoetal have studiedthis by simulationsof asystemof dimeramphiphilesFigures28
and 29 showv a seriesof snapshotgor differenttimes at two different strain rates.Both
systemswveresetup in the trans\ersestate At low strainrate,the sheargenerateslefects
in thetrans\erselamellae.Mediatedby thesedefects the lamellaegraduallyreorientinto
the parallelstate.At high strainrate,the lamellaeare rst completelydestrgyed andthen
reoiganizein the perpendiculastate.

The nal stateis not necessariljthe most favorable steadystate.In fact, Guo et al
found that the strain enegy dissipationwas always smallestin the perpendicularstate,
regardlesof the strainrate.Whenstartingfrom thetrans\ersestateat low strainrates the
parallel stateformed neverthelesdor kinetic reasonsAt intermediatestrainrates,shear
may induceundulationsin the parallelstate.This hasbeenpredictedby Auernhammeet
al 154155 andstudiedby Soddemantet al by computersimulationof a systemof layered
tetramers'®!. The phenomenomesultsfrom the coupling betweerthe layer normal, the
tilt of the moleculesandthe shearo w. It is triggeredby the factthatshear o w induces
tilt. The tilted surfactantlayer dilatesand usesmore area,which eventually leadsto an
undulationinstability. This couldindeedbe obseredin thesimulationsFigure30 shavsa
snapshobf anundulatedccon guration,andaplot of theundulationamplitudeasafunction
of strainrate. Theundulationssetin atawell-de ned strain-rate.

Our two examplesshav that coarse-grainedolecularsimulationsof comple, inho-
mogeneousuids undershearare now becomingpossible.A wealth of new, intriguing
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Fig. 26. Velocity pro le in the ow direction (left), andin the vorticity direction (right), at strainrate _ =
0:001 .FromRef.146.
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Fig.27. Phasaliagramof the o w-alignedsystem.The dashedie linesconnectcoexisting states! denoteshe
isotropicregion,andN the nematicregion. FromRef. 146
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Fig. 28. Reorientatiorof surfactantlayersundershearfrom aninitial trans\ersestateat low strainrate, _ =
0:001= . Reprintedwith permissiorfrom Ref. 150 Copyright 2002by the AmericanPhysical Society

gradient gradient

flow 100 ¢ flow 430t 800 t 4800 t

Fig. 29. Reorientatiorof surfactantlayersundershearfrom aninitial trans\ersestateat high strainrate, _ =
0:03= . Reprintedwith permissiorfrom Ref. 150 Copyright 2002by the AmericanPhysical Society

physicscanbeexpectedrom this eld in thefuture.

3.3. Simulationsat the Mesoscopid_evel

We will only touchvery briey onthewide eld of mesoscopisimulationsfor comple
uids undershear

The challengeof mesoscopisimulationsis to nd and/orformulatethe appropriate
mesoscopienodel,andthenput it on the computer For liquid crystals,we have already
discussedne candidatethe Leslie-Ericksertheory However, this is by far not the only
availablemesoscopitheoryfor liquid crystals A popularalternatve for the descriptionof
lyotropic liquid crystalsis the Doi theory whichis basedon a Smoluchavski equationfor
thedistribution functionfor rods.Numerousvariantsandextensionf the Doi modelhave
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beenproposedA relatively recentreview on boththe Leslie-Erickserandthe Doi theory
canbefoundin Ref. 156.

The phenomenologicaéquationsanbe solved with traditionalmethodsof computa-
tional uid dynamicsAn alternatve approactwhichis particularlywell suitedto simulate
owsin comple and uctuating geometriess the Lattice Boltzmannmethod,which has
beendiscussedy B. Dinweg in his lecture.Yeomansand coworkers have recentlypro-
poseda Lattice Boltzmannalgorithmfor liquid-crystal hydrodynamicswhich allows to
simulateliquid crystal o w 157158 The startingpoint is the Beris-Edvardstheory*°, a
dynamicalmodelfor liquid crystalsthat consistsof coupleddynamicalequationgor the
velocity pro les andthe ordertensorQ (Eq. (15). The Lattice-Boltzmanrschemeworks
with the usualdiscretevelocitiesi anddistributionsf; () for the uid ow eld onthe
lattice siter, . In addition,a seconddistribution G; (r,) is introducedwhich describeghe
ow of the ordertensor eld. The time evolution includesfree streamingand collision
steps.The exact equationsare quite complicatedand shall not be given here,they canbe
foundin Refs.158.

As an applicationexampleof this method,we discussa recentsimulationby Maren-
duzzoetal of ashearedybrid alignednematic(HAN) cell 160:161 Thesurfacesn aHAN
cell imposecon icting orientationson the director of an adjacentnematic uid, i.e.,one
surfaceorients(“anchors”)the uid in a parallelway (“planar”), andthe otherin a per

gradient

flow

Fig.30. SheainducedundulationsLeft: con gurationsnapshoatstrainrate _= 0:015= . Right: Undulation
amplitudeasa functionof strainrate.Undulationssetin atastrainrateof _  0:01. FromRef. 151

Fig.31. Snapshotfrom aLattice-Boltzmanrsimulationof ashearedhybrid alignednematiccell. White regions
areorderedandblackregionsaredisorderedThe numberggive time in milliseconds FromRef. 160.
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pendicularway (“homeotropic”).In the systemunderconsiderationthe parametersvere
chosersuchthatthe uid isin theisotropicphaseput very closeto thenematicphaseThe
uid is atrestattimet > 0. At timest > 0, the surfacesaremovedrelative to eachother
anddragthe uid with them (no-slip boundaryconditions).Figure 31 shows snapshots
of the cell for differenttimes. The evolution of the structureinsidethe cell is quite com-
plex. First, two orderedbandsform closeto the surface,dueto thefactthatthe ow eld
still builds up and strain ratesare quite high in the vicinity of the surfaces.The director
in thesebandsis o w-aligned,andin the lower band,its directioncompeteswvith the an-
choringenegy of thehomeotropicurface.As aresult,thelower bandunbindsandcrosses
the systemto join the otherband.Finally, the top bandalsounbindsand movestowards
the centerof the cell. This simulationshawvs nicely how a comple< dynamicalprocess,
whichresultsfrom aninterplayof shearo w andelasticdeformationscanbe studiedwith
amesoscopisimulationmethod We notethatthetime scaleof this simulationis seconds,
i.e.,inaccessibléor molecularsimulations.

3.4. Summary

Undersheay comple uids exhibit a wealthof new, interesting,and practicallyrelevant
phenomenaTlo studythese varioussimulationapproachesor differentlevels of coarse-
graining have beendeveloped.In this section,we have presentedand discussedseveral
variantsof non-equilibriummoleculardynamics(NEMD), and illustratedtheir usewith

examplesof large scaleNEMD simulationsof inhomogeneoubquid crystalsandsurfac-

tantlayers.Furthermorewe have brie y touchedon mesoscopisimulationmethodsfor

liquid crystalsundershear

4. Conclusions

Due to the rapidly improving performanceof moderncomputerscomples uids canbe
studiedon a muchhigherlevel todaythanjust ten yearsago.A large numberof coarse-
grainedmodelsand methodshave beendesignedwhich allow to investicate differentas-
pectsof thesematerialsat equilibriumaswell asfar from equilibrium. The new computa-
tional possibilitieshave vitally contritutedto the currentboostof soft matterscience.

In thetwo centralsectionf thislecture we have givenanintroductioninto two impor-
tant chaptersof computationakoft matter:In Section2, we have given a roughovervien
over idealizedcoarse-grainedimulationmodelsfor membranesandhopefully corveyed
anideaof the potentialof suchmodels.In Section3, we have discussedgimulationmeth-
odsfor complex uids undershearGenerallynonequilibriumstudiesof complec uids are
still muchmore scarcethanequilibrium studies.Much remainsto be done,both from the
point of view of methoddevelopmentandapplicationsandmary exciting developments
canbeexpectedor the nearfuture.
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