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Computersimulationsof coarse-grainedmolecularmodelsfor amphiphilicsystemscanpro-
vide insight into the the structureof amphiphilesat interfaces.They canhelp to identify the
factorsthatdeterminethephasebehavior, andthey canbridgebetweenatomicdescriptionsand
phenomenological�eld theories.

Herewe focuson modelsystemsfor amphiphilicmembranes.After a brief generalintroduc-
tion, we presentselectedsimulationresultson monolayers,bilayers,andbilayerstacks.First,
we discussinternalphasetransitionsin membranesandshow that idealizedmodelsreproduce
thegenericphasebehavior. Thenwe considermembrane�uctuations andmembranedefects.
The simulationdatais comparedwith mesoscopictheories,and effective phenomenological
parameterscanbeextracted.

1 Intr oduction

Amphiphilic moleculesarecharacterizedby the featurethat they containbothwaterlov-
ing (hydrophilic) and water “hating” (hydrophobic)structuralunits. Familiar examples
arealcoholsor lipids (seeFig. 1). Amphiphilesare importantfor many applicationsin
technologyandnature.They arevery effective at helpingto dissolve differentsubstances
in water, which makes themvery useful,e. g., asdetergents,or ascoatingmaterialsto
stabilizecolloidal systems.Furthermore,they form a rich variety of structuresat higher
concentrations.In orderto shieldtheir hydrophobicpartsfrom thewater, theamphiphiles
self-assembleinto sphericalor cylindrical micellesor bilayers1 (Fig. 2). Thesestructures
maythenorderonanevenhigherlevel andform superstructures(Fig. 3)2,3.

Particular interestingfrom an applicationpoint of view are thosephaseswherethe
materialis �lled with bilayers. Suchbilayer interfacescanserve asbarriersagainst the
diffusionof particles,andhelpto dividethespaceintocompartments.Indeed,lipid bilayers
arethestructuralbasisof all biological membranes,which in turn play a centralrole for
thefunctionof all cellsandcell organelles4.

From an experimentalpoint of view, studyingthe propertiesof biomembraneson a
molecularscalein situ is not an easytask. Therefore,several modelmembranesystems
havebeendeveloped:(i) monolayersat theair-waterinterface(Langmuirmonolayers),(ii)
stacksof bilayers,(iii) singleplanarbilayers,and(iii) giant vesicles. The simplestand
oldestapproachis to spreadlipid moleculeson a watersurface5. Due to theamphiphilic
natureof lipids, they form orientedmonolayersat air/water interfaces. Theseare tradi-
tionnallyplacedin aLangmuirtroughwith amovablebarrierononeside,whichallows to
control thesurfacearea(seeFig. 4). Themonolayersarethenstudiedin themicroscope,
with X -ray scatteringunderconditionsof grazingincidence,or simply by measuringthe
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Figure1. Structureof asingleamphiphilicmolecule(DPPC).

pressure-areaisotherms.Sincebilayersconsistof two weaklycoupledmonolayers,many
importantbilayerpropertiescanbestudiedalreadyin monolayersystems.

Anotherexperimentalapproachto studyinglipid bilayermembraneshasbeento exam-
ine lamellarstacksof bilayers,i. e., lamellarphasesof lipids6–8. Highly alignedstacks
have beenpreparedexperimentallyand then examinedby X -ray diffraction7,8. Such
systemshave also beenuseful to study the interactionsof lipid membraneswith other
molecules,e.g., lipid-polymerinteractions9, lipid-proteininteractions10,11, lipid-DNA in-
teractions12,13.

Furthermore,therealsoexist techniquesby whichplanarbilayersor giantbilayervesi-
clescanbe generated.X -ray studiesof suchsystemsaredif�cult, dueto the small size
of the sample. However, they can be studiedby other techniques,suchas phasecon-
trastmicroscopy or electronmicroscopy, light scattering,or transportmeasurements4,14. It
shouldbenotedthatisolatedmembranesarenot stablein a thermodynamicalsense.They
aremetastablestructures,boundto breakeventually. However,his doesnot restrict their
importanceasmodelsystemsfor biologicalmembranes,whicharethemselvesnonequilib-
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Figure2. Self-assembledstructuresof amphiphilesin water.
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Figure3. Selectedstructuredphasesin amphiphilicsystems.Thedashedlinesrepresentbilayers.Thedifferent
shadingsin (d) distinguishbetweentwo differentinterwovennetworksin thegyroidphase.

rium structures.
Whenattemptingto describelipid membranestheoretically, onefacesa problemthat

is commonfor soft materials:Themembranepropertiesresultfrom aninterplaybetween
physicalandchemicalphenomenathat live on a hierarchy of lengthscales,rangingfrom
the atomic to the mesoscopicscale(micrometers),and likewise on a hierarchy of time
scales.On thescaleof atomsandsmallmolecules(water, ions),onehastheforceswhich
keepthemembranetogetherin the �rst place: thehydrophobiceffect andthe interaction
betweenwaterandhydrophilicheadgroups,which is still notyet fully understood.On the
molecularscale,onehastheinterplaybetweenlocalchainconformations,membranestruc-
ture,andmembraneviscosityand�uidity . Wewill comebackto thataspectfurtherbelow.
Onealsohastheelectrostaticinteractionsbetweenlipids. For bilayersunderphysiological
conditions,they areshieldedto someextentby theionsin thesurroundingwater. However,
they still in�uence the effective sizeof the headgroups,thusstabilizingor destabilizing
theplanarlamellarstructure.In monolayers,electrostaticinteractionsarenotshieldedand
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Figure4. Schematicpictureof a langmuirtrough.
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generatemesoscopicpatterns15,16. On a supramolecularlengthscale,onehasthe �uctu-
ationsof membranepositions. Theseareoften describedin termsof phenomenological
parameterssuchasthebendingstiffnessand(if applicable)thesurfacetension2,17. Finally,
on themesoscopiclengthscale,onehasphaseseparationanddomainformation.This be-
comesparticularlyimportantin mixedsystems.For example,phaseseparationof different
lipids within a membranemay trigger buddingprocesses18–20. Certainmembranelipids
and proteinsaggregate into “rafts”, which are believed to serve a biological purpose21.
Polymersmayinducemembranefusion22.

Computersimulationswhich cover all theseaspectsarenot possible,andwill not be
possiblefor a long time. Whenstudyingmembranesby computersimulation,the�rst and
main taskis thereforeto choosea problemandthenidentifyan appropriatemodel. Dif-
ferentmodelsoperateon different lengthandtime scales. Ideally, it shouldbe possible
to establishconnectionsbetweenthedifferentmodels(“multiscalemodeling”).Theprob-
lem of bridging betweentime andlengthscalesis oneof the greatchallengesin today's
computationalscience. We arestill far from having reachedthat goal. However, there
exist several modelswhich canbe usedto studymembraneson particularlengthscales,
andcomputersimulationsof thesemodelscancontributeto animprovedunderstandingof
physicalphenomenaon thatscale.

In fact, severalapproachesareintroducedin this school. Ole Mouritsenpresentslat-
tice modelswhichallow to studythemesoscopicorganizationof complex biomembranes.
Alan Mark takesthe oppositeperspective andstudiesmembraneson an atomisticlevel.
Here,we will assumeanintermediatepoint of view anddiscussmolecularcoarsegrained
models.Suchmodelscanbe usedto studythestructureof a systemsystematicallyfor a
rangeof parameters.For example,they reproduceself-assemblyanddifferentlipid-water
phases,aswell asinternalphasetransitionsin lipid membranes.Numericalstudiespro-
vide insightinto mechanismwhich contributeto thephasebehavior. Moreover, molecular
coarsegrainedmodelscanbe usedasstartingpointsfor simulationsthatbridgebetween
themolecularandthemesoscopiclevel. An exampleof sucha studywill bepresentedin
Sec.3.3.

The paperis organizedas follows. We will begin with a brief discussionof typical
modelsthat are usedto study membranes.In Sec.3, we presentsomeapplicationsof
coarsegrainedmolecularmodelsto studymonolayers,bilayers,andbilayer stacks. We
concludein Sec.4.

2 Modelsand Levelsof CoarseGraining

As discussedin theintroduction,it is not possibleto de�ne a singlesimulationmodelthat
is suitedto studyall relevantaspectsaboutamphiphilemembranesin onesinglecomputer
simulation.Therefore,a hierarchy of modelshasbeendevelopedandusedto studymem-
branesfrom differentpointof views.

Themodelsatthelowestlevel of thehierarchy aretheatomisticmodels.Eventheseare
not truly ab-initio in thesensethatthemoleculesarenot treatedin full quantumchemical
detail. Atomistic moleculardynamicssimulationsof amphiphilicsystemsusesemiempir-
ical potentialssuchastheGROMOSforce�eld (seeAlan Mark'scontribution),whichare
constructedby �tting theparametersto quantumchemicalcalculationsandto experimen-
tal data.Thusthey focuson therealisticdescriptionof speci�c substances.Thetime and
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lengthscalesaccessibleto suchasimulationarelimited, but they increaseveryrapidlydue
to theimproving performanceof thecomputerhardware,andto thedevelopmentof good
algorithms.Nowadays,atomisticsimulationscandealwith thousandsof amphiphiles,or
reachtimescalesup to microseconds.

Thenext level of coarsegrainingis thatof idealizedmolecularmodels.Here,different
moleculesarestill treatedasindividualparticles,but theirstructureisverymuchsimpli�ed.
Atomic andmoleculardetailsarelargely disregarded.Only thefeaturesthatareessential
for thebehavior of themoleculesarekept. In thecaseof amphiphiles,onecharacteristic
attributeis clearlythedualcharacterof themolecules,with theirseparatewater-loving and
water-hatingparts. Anotherquantitythat seemsto be importantfor theself-organization
of theamphiphilesis theconformationalentropy of themolecules.Many coarse-grained
amphiphilemodelsconcentratepreciselyon thesetwo aspectsof themolecules,andrep-
resentamphiphilesby chainsof simple“water”-loving or “water”-repellingunits. Coarse
grainedmodelsareparticularlysuitedto studygenericpropertiesof amphiphiles.They can
beregardedassimple,minimal systemsthatprovide generalinsight into themechanisms
thatdrive theself-assemblyandthephasebehavior of amphiphiles.

To optimizecomputationalef�ciency, many coarsegrainedmodelshave beenformu-
latedonalattice.A particularpopularlatticemodelhasbeenintroducedabouttwentyyears
agoby R.G.Larsonetal.23. Watermolecules(w) occupy singlesitesof acubiclattice,and
amphiphilemoleculesaremodeledby chainsof “tail” monomerst and“head” monomers
h, which aretakento be identicalto w-particles.Only particlesthatareneighborson the
lattice interactwith eachother. The lattice is entirely �lled by w, h, or t particles. The
interactionenergy is thusdeterminedby a single interactionparameter, which describes
therelative repulsionbetweent andw or h. Themodelcanbesimulatedvery ef�ciently
by MonteCarlomethods.It exhibits anamazinglyrich phasebehavior24. Evena gyroid
structurecanbeobservedundercertaincircumstances25.

Despitethesuccessof latticemodels,they still have theobvious �a w of imposingan
a priori anisotropy on space.Therefore,off-lattice modelsareattractinggrowing interest.
To our bestknowledge,the�rst amphiphilemodelof this kind wasintroducedby B. Smit
et al.26 in 1990. Thegeneralideais similar to thatof R. G. Larson.Theamphiphilesare
representedby chainsmadeof very simpleh- or t-units,which arein this casespherical
beads.The “water” moleculesarerepresentedby free beads.Beadsinteractvia simple
short-rangepairwisepotentials,oftentruncatedLennard-Jonespotentials.Theparameters
of the potentialsarechosensuchthat ht pairsandhw pairseffectively repeleachother.
Suchamodelreproducesself-assembly, micelleandmembraneformation.

Many similaramphiphilemodelshavebeende�ned andappliedto studyvariousprob-
lems.Someexamplesfrom ourown work will bepresentedin thenext section(Sec.3).

The modelsdiscussedso far still treatamphiphilesas�e xible chains. Onemight ar-
guethatthechain�e xibility is not absolutelyessentialfor thecharacterof anamphiphilic
system,andthat a truly “minimal” modelshouldignoreit. Indeed,“molecular” models
thatrestrictthemselvesto thevery basicingredientshavebeenef�cient toolsto studycer-
tain aspectsof amphiphilic self-organization. For example,spin modelswhich include
just theorientationof amphiphilesandtherepulsionbetweenonemoleculeendandwater
have reproducedtopologicalcharacteristicsof amphiphilicphasebehavior2. A particu-
larly successfulclassof latticemodelshasbeendesignedspeci�cally to modellipid mem-
branes27–29, andhasbeenusedto studyvariouscomplex biomembranesatequilibriumand
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evennonequilibrium.Thisapproachwill bepresentedin OleMouritsen's lecture.
Finally, thehighestlevel of coarsegrainingis reachedwith thephenomenologicalmod-

els.Thesedropthenotionof singleparticlesentirelyanddescribeamphiphilicsystemsby
continuous�elds, with a freeenergy functionalthatis governedby a few mesoscopicma-
terial parameters.For example,Ginzburg-Landaumodels2 introducea free energy func-
tional, which dependson local amphiphileandwaterconcentrations.In contrast,random
interfacemodels17,30 concentrateon the amphiphilicsheets,which areparametrizedand
characterizedin termsof mechanicalelasticity parameterssuchas the bendingmoduli.
Mesoscopicmodelsare good startingpoints for analyticalapproaches.Thus computer
simulationsof suchmodelsmayalsoserve to testor to complementananalyticaltheory.

After this brief overview over differenttypesof modelsfor amphiphilicsystems,we
will now focusoncoarsegrainedmolecularmodels.In thenext section,wewill show how
computersimulationsof suchmodelscanhelp to understandthe structureandthe phase
behavior of amphiphilicmonolayersandbilayers.

3 Applications to Amphiphilic Layers

Thischapterwill addresstwo differentaspectsof thestructureof amphiphiliclayers:Inter-
nalphasetransitions,and�uctuationsanddefectsin membranestacks.It is by nomeansa
completeoverview overall simulationstudiesthathavedealtwith theseandrelatedissues.
Instead,it mostlyfocussesonsomeof ourown work, whichis hopefullysuitedto illustrate
thepotentialandthemeritsof molecularcoarse-grainedsimulations.

Lamellarstacksof lipids in waterassumeseveraldifferentstructures.At hightempera-
turesandlow pressures,they areusuallyin the“�uid” L � phase,which is characterizedby
a low degreeof conformationalorderanda high mobility of lipids within themembranes.
Uponloweringthetemperature,oneencountersa �rst ordertransition– the“main transi-
tion” – to a statewith higherconformationalorder, andlower mobility: a “gel” state. In
thegel region, thereexist differentphases.For example,thechainsmaydisplaycollective
tilt with respectto thesurfacenormal,they mayshow localhexaticorder, thelamellaemay
even exhibit asymmetricwavy undulations(ripple phase).Most biomembranesin living
organismsaremaintainedin the�uid state.Nevertheless,themaintransitionhaspresum-
ably somerelevancefor biologicalsystems,asit occursat temperaturescloseto thebody
temperaturefor somecommonbilayerlipids (e. g., 41 0 in DPPC).It will beconsideredin
thesubsections3.1and3.2.

Theinternalorderingof thelipids is oneimportantstructuralpropertyof a membrane.
Anotheris thespectrumof shape�uctuations,andthefrequency andstructureof membrane
defects.Membranedefectsdeterminecritically thepermeabilityof membranes.Moreover,
theformationof pointdefectsis believedto playacrucialroleasa �rst stepin theprocess
of membranefusion31. Membrane�uctuationsandmembranedefectshavebeendescribed
with phenomenologicalapproaches32–35, andthesetheorieswereusedto interpretexper-
imentalresults. In computersimulations,the local structurecanbe investigatedin much
more detail than in experiments. Thereforecomparisonsof phenomenologicaltheories
with molecularsimulationsareclearlyof interest.An exampleof sucha comparisonwill
bepresentedin thesubsection3.3.
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3.1 Monolayers

We begin with discussingthephasebehavior in monolayers.It is closelyrelatedto thatof
bilayers,which is oneof thereasonswhy Langmuirmonolayersareconsideredto beuse-
ful modelmembranesystems.In particular, themaintransitionhasaprominentmonolayer
equivalent– a �rst-order phasetransitionbetweena “liquid expanded”stateanda denser
“liquid condensed”state.As in membranes,thecondensedstateexists in severalmodi�-
cations,whichdiffer, amongother, by tilt orderandpositionalorderof theheadgroups,or
by backboneorderof thechains.

Experimentally, monolayerphasediagramsareoften determinedasa function of the
temperatureand the areaper molecule,or alternatively, the spreadingpressureof the
moleculeson the surface. The phasediagramsfor different amphiphilic moleculesare
very similar. As anexample,Fig. 5 showsa genericphasediagramof fatty acidmonolay-
ers5,36–38.

In orderto describesuchsystemsonacoarse-grainedlevel, wemodeltheamphiphiles
aschainsof N “tail” beadswith diameter� t , attachedto a slightly larger “head” beadof
diameter� h > � t . Thewatersurfaceis representedby a planarsurfaceat z = 0, which
repelsthetail beads,andattractstheheadbead.

More speci�cally, the model is de�ned asfollows: The beadsin the chainsarecon-
nectedby nonlinearspringswith thepotential

VS (d) =

(
� kS

2 d2
S ln

h
1 � (d � d0)2=dS

2
i

for jd � d0j < dS

1 for jd � d0j > dS

; (1)

whered is the length of the spring. This potential is constructedsuchthat it is nearly
harmonicin the center, at d � d0, but divergesat d = dS . Thusthe distancebetween
neighborbeadscannottakearbitrarily largevalues,whichensuresthatchainscannotcross
eachother. A potentialwith a logarithmiccutoff asin (1) is oftencalledFENE-potential
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Figure5. Genericphasediagramfor fatty acidmonolayers.(afterRef. 5). LE is the liquid expandedphase.In
theL2 phaseandtheOv phase,thechainsaretilted towardsnext-nearestandnearestneighbors,respectively. In
theLS phase,they areonaverageuntilted.Furtherphasesarefoundat lower temperatures(notshown).
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(Finite ExtensionNonlinearEnergy). In additionto this springpotential,chainsaregiven
a bendingstiffnessby virtueof astiffnesspotential

VA = kA � (1 � cos� ); (2)

which actson theangle� betweensubsequentspringsandfavors � = 0 (straightchains).
TheparameterkA canthenbe tunedto control theconformationalfreedomof thechains
andstudytheroleof thechainentropy for thephasebehavior.

Two beadsi andj (i; j = h or t) thatarenotdirectneighborsin thesamechaininteract
with a truncatedandshiftedLennard-Jonespotential,

Vij (r ) =

(
�

� �
� ij =r

� 12
� 2

�
� ij =r

� 6
+ vij

i
for r � Rij

0 for r > Rij

; (3)

where� ij = (� i + � j )=2, the cutoff is Rtt = 2� tt for the tail beads,andRht = � ht ,
Rhh = � hh for theotherinteractions,andthe shifting parametervij is chosensuchthat
Vij (r ) is continuousat r = R ij . It is easyto seethat with this choiceof the cutoff
parameters,theinteractionsbetweentail beadsareattractive,andall otherinteractionsare
purelyrepulsive.

Finally, wehaveto specifytheinteractionsof beadswith thesurface.Wehaveexplored
two typesof surfacepotentials:First we useda modelintroducedby Haaset al39, where
thesurfaceimposesrigid constraints:Theheadbeadsarecon�ned to stayin theplaneat
z = 0, andthe tail beadsarenot allowed into thehalf-spacez < 040,41. This modelhas
theadvantageof beingvery simple,however, it is unphysical in thesensethat realwater
surfacesarenot sharpon anatomicscale.Indeed,betteragreementwith theexperimental
phasediagramcanbereachedwith softersurfacepotentials42. Here,headbeadsaresubject
to thepotential

Vh (r ) =

(
0 for z < � 0:5W

� � s=2 ln
h
1 � (z + 0:5W )2=W2

i
for � 0:5W < z < 0:5W

; (4)

andtail beadsto

Vt (r ) =

(
� � s=2 ln

h
1 � (z � 0:5W )2=W2

i
for � 0:5W < z < 0:5W

0 for z > 0:5W
: (5)

with W = 1� t and� s = 10� . It turnsout thattheexactform of thesurfacepotentialis not
important,almostidenticalresultsareobtainedwith W = 2� t .

The othermodelparameterswered0 = 0:7� t , dS = 0:2� t , andkS = 100� . The
stiffnessparameterkA wasvariedbetween4:5� and100� . Theheadsizewaschosen� h =
1:1� t or � h = 1:2� t , andthechainlengthwasN = 7 in mostsimulations.

Thismodelwasstudiedby MonteCarlosimulationsat constantspreadingpressureP:
We consideredn chainswith headsgraftedin a planarparallelogramof variablesizeand
shape,characterizedby two sidelengthsL x andL y andoneangle� . Theboundarycon-
ditionswereperiodicin thexy plane,andfreein thez direction.Thesimulationalgorithm
includedthreeelementaryMonteCarlomoves:

� Singleparticledisplacements
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Figure6. Snapshotsof amonolayerin asystemwith � h = 1:1� t , kA = 10� andrigid constraintsat thesurface.
(T = 4�=k B andP = 50�=� 2

t ) (Courtesyof C. Stadler).

� Variationsof L x or L y , i. e., thewholecon�guration is stretchedor squeezedin one
direction.Caremustbetakenthatthis move satis�esdetailedbalance.For example,
a move of the form L ! L� , where� is uniformly distributed,cannotbe applied
without introducinga correctionterm in the probability for acceptingthe move. In
contrast,the move L ! L exp(� ) canbe appliedwithout correction. In our simu-
lations,we variedL in an additive way, L ! L + � (rejectingmovesthat madeL
negative).

� Shearingthebox, i. e., variationof � while keepingthetotal areaconstant.

Themoveswereacceptedor rejectedaccordingto theMetropolisprescription44,45,47 with
theeffectiveHamiltonian

H = E + PA � nN T logA; (6)

whereE is the (internal)energy, andA is theareaof thesystem.To speedup thesimu-
lations,we usedcell lists andVerlet lists46,47. Fig. 6 shows anexampleof a con�guration
snapshot.

To analyzethepropertiesof themonolayer, oneneedsto de�ne andmonitorappropri-
ateobservables. Onequantityof interestis the areaper molecule. Fig. 7 shows typical
temperature-areaisobars. One clearly discernsa discontinuousjump, which moves to
highertemperatureswith increasingpressure.

Thenatureof thisphasetransitioncanbestudiedin moredetailby inspectingtheradial
pair correlationfunctionsandthehexagonalorderparameterof two-dimensionalmelting,

	 6 =
� �

�
�
�

1
6n

nX

j =1

6X

k=1

exp(i6� j k )

�
�
�
�

2E
: (7)

Herethesumj runsoverall headsof thesystem,thesumk over thesix nearestneighbors
of j , and� j k is the anglebetweenthe vectorconnectingthe two headsandan arbitrary
referenceaxis. The datafor  6 which correspondto Fig. 7 are shown in Fig. 8. The
hexagonalorderparameteris nonzeroin thelow temperaturephase,andjumpsto a value
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Figure7. Areapermolecule(in units � 2
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Figure8. Orderparameter 6 vs. temperature(units�=k B ) for thesamesystemasFig. 7. FromRef.43.

closeto zeroat thetransition.This indicatesthat thehigh temperaturephaseis liquid and
thelow temperaturephaseis hexaticor (quasi)crystalline.

A closerinspectionof the orderedlow-temperatureregion revealsthat it canbe sub-
divided in at leasttwo regimes:At low pressures,thechainsarecollectively tilted in one
direction, and at high pressure,they are on averageuntilted. The azimuthalsymmetry
breakingdueto collective tilt ordercanbecharacterizedby theorderparameter

Rxy =
p

h[x]2 + [y]2i ; (8)

where[x] and[y] denotethex andy components,respectively, of thehead-to-endvector
of a chain,averagedover all chainsin onecon�guration, andh�i, the statisticalaverage
over all con�gurations. Thevaluesof Rxy asa functionof thepressureon two different
isothermsareshown in Fig. 9.

The datafor different temperaturesandspreadingpressurescanbe summarizedin a
phasediagram.An examplefor thesystemwith soft potentialsis shown in Fig. 10. This
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phasediagramhasgreatsimilarity with thehightemperaturepartof theexperimentalphase
diagramin Fig. 5. At high temperature,we observe a disorderedliquid expandedphase
(LE). At low temperaturetwo typesof condensedphasesarepresent– an untilted high-
pressurephase(LS) andatilted low-pressurephase(L2/Ov). Thetemperatureof theorder-
disordertransitionincreaseswith pressure,asin the experiment,andthe pressureof the
tilting transitionbetweenLS andL2/Ov is almostindependentof thetemperature,againas
in theexperiment.

Thus we have establisheda minimal model which reproducesthe main featuresof
Langmuirmonolayersin the vicinity of the main transition. At lower temperatures,the
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Figure 10. Phasediagramfrom Monte Carlo simulationsof the monolayermodel with kA = 4:7� , � h =
1:1� t and soft surfacepotentials. soft surfacepotentialsin the planeof spreadingpressure(units �=k B � 2

t )
vs. temperature(units �=k B ). The chainstiffnessis kA = 4:7� . LE denotesdisorderedphase,LS untilted
orderedphase,and L2 /Ov orderedphasewith tilt towardsnearestor next-nearestneighbors(undetermined).
FromRefs.42,43
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experimentalphasediagramof fatty acidsis muchmorecomplex thanthatof our model.
This is not surprising.To reproducephenomenalike backboneordering,thechainshave
to bemodeledin muchmoredetailthanhasbeendonehere.On theotherhand,thedetails
of thelow temperatureportionof theexperimentalphasediagramdependstronglyon the
particularchoiceof the amphiphile. Our modelwasnever designedto describespeci�c
propertiesof fatty acids. It wasdesignedto reproducethe main transitionin amphiphile
monolayers.This is achievedin asatisfactoryway.

We can learnmoreaboutthe main transitionby playing with the modelparameters
andstudyinghow this in�uences the phasebehavior. For example,increasingthe chain
stiffnessshiftstheorder/disordertransitionto highertemperaturesandthetilting transition
to higherpressures40. Theform of thesurfacepotential(rigid or soft) is not importantfor
theorder/disordertransition,but it doesin�uence theslopeof theline of tilting transitions
in pressure-areaspace42. Likewise,increasingtheheadgroupsizeby 10% doesnot in�u-
encetheorder/disordertransitionverymuch,but mayaffect thetilted phasesquitedramat-
ically41. All theseobservationscanbesummarizedby thestatementthattheorder/disorder
transitionis basicallydriven by the chains,whereasthe tilting transitionsresult from an
interplaybetweenchainsandheadgroups.

3.2 Bilayers

As mentionedearlier, lipid bilayersexhibit internalphasetransitionswhich arevery sim-
ilar to thoseobserved in monolayers.In otherrespect,however, they arefundamentally
different. They do not form by adsorptionon a pre-de�nedsurface,instead,the lipids
self-assemblespontaneouslyto a structurewith planargeometry. As a result,bilayersare
not strictly planar, but maycurve aroundandundulate.In orderto studymembranes,one
needsto de�ne amodelwhich reproducesself-assembly.

How canbilayer self-assemblybe modeled?The simplestapproachis to force am-
phiphilesinto sheetsby tetheringtheheadgroupsto two dimensionalsurfaces48–51. “Self-
assembly”is then enforcedby external constraints,with the obvious consequencethat
the headgroupslose much of their translationaldegreesof freedom. In contrast,real
self-assembledstructuresareheld togetherby an interplayof amphiphile-amphiphileand
amphiphile-solvent interactions.Coarse-grainedmodelsthat reproducespontaneousself-
assemblymust accountfor the presenceof solvent one way or another. However, the
solvent shouldbe modeledwith aslittle detail aspossible,sincethe focusis still on the
bilayers,

One possibility is to usethe Smit model26 mentionedin the introduction. The am-
phiphilesaremodeledby chainsof beads,andthesolventby beadsof thesamesize.This
model indeedreproducesbilayer self-assembly52 and hasbeenappliedsuccessfullyby
Goetzet al. to studyshape�uctuationsof modelbilayers53.

Unfortunately, even the simpleSmit model still hasthe drawback that a substantial
amountof computertime in simulationsis spenton theuninterestingsolvent. It is there-
fore desirableto have a modelwhich doesnot includethesolventexplicitly. This ideais
not particularlyeccentric,suchmodelsarecommonlyusedin simulationsof polymersin
solvent.Theeffectof thesolventis thenincorporatedin theeffective interactionsbetween
monomers.However, it is nota priori clearthateffective (pair) interactionswill beableto
bringaboutsomethingascomplex asmembraneself-assembly.
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Indeed,it wasonly very recentlythat O. Farago54 establisheda solvent-freemolecu-
lar model for membranes.Amphiphilesarerepresentedby rigid linear trimers,madeof
beadswhich interactthroughtruncatedLennard-Jonesinteractionswith carefully chosen
interactionparameters.O. Faragoshowed that singlebilayersremain(meta)stablein his
model, that they exhibit an order-disorderphasetransitionasa function of the molecu-
lar areadensity, and that they even sustainpore formation. However, he alsomentions
that a lengthy “trial anderror” processof �ne tuning the Lennard-Jonesparameterswas
necessaryto achieve this impressive result.

In our own work55, we proposea different,morerobust approach,the “phantomsol-
vent” model. Solvent particlesaretreatedexplicitly, but they interactonly with the am-
phiphiles,not with oneanother. The amphiphilesperceive the solvent particlesaresoft
beadsof radius� s = � h . Thebulk of thesolvent region is simply an idealgas. Theam-
phiphilesaremodeledexactly in thesamewayasin ourpreviousmonolayermodel,except
that the surfacepotentials(4) and(5) areof courseeliminatedandreplacedby periodic
boundaryconditions.Themodelcanbe implementedin a straightforwardway andstud-
ied by MonteCarlosimulations.We foundthat it producedstablebilayersat the �rst go,
withoutany parametertuning.Two examplesof snapshotsareshown in Fig. 11.

Thephantomsolventmodelhasseveraladvantages:

� It is computationallyvery ef�cient. The computationaltime spenton the phantom
solvent is only a few percentof that spenton the amphiphiles,for any reasonable
numberof solventbeads.This is becauseonly few pair interactionpotentialshave to
beevaluatedpersolventbead.

� Thesolventhasno local liquid structure.This is good,becausewe arenot interested
in the interplaybetweensolvent andbilayer structure. If we intendedto studythis
aspect,we would have to model the solvent (water!) in muchmoredetail. More-

Figure11. Snapshotsof bilayersembeddedin phantomsolvent at pressureP = 1�=� 3
t in the orderedstate

(left, temperatureT = 0:9�=k B ) andin the �uid state(right, T = 1:0�=k B ). Solventparticlesarenot shown.
(� h = 1:1� t , kA = 4:7� )
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Figure 12. Preliminaryphasediagramof bilayersin the phantomsolvent model in the planepressure(units
�=� 3

t ) vs. temperature(units�=k B ). Themodelparametersarethesameasin Fig.10. Redpointsdenoteordered
membrane,andgreenpoints�uid membrane.At high temperatures(bluepoints),themembranedisintegrates.

over, a structuredsolvent would introduceunwantedeffective interactionsbetween
thebilayerandit' speriodicimagesin thenormaldirection.

� The phantomsolvent hasa simple physical interpretation. It probesthe total free
volumethat is availableto the solventon the lengthscale� s. The self-assemblyin
ourmodelis drivenby theattractiveinteractionsbetweenthetails,andby theentropic
effect thatthesolventshavemorespacewhentheamphiphilesareclusteredtogether.

At themoment,themodelstill sharesthehandicapof all solvent-freemodels(andlattice
models),thathydrodynamicalinteractionsbetweenthemembranesandthesolventcannot
betreatedveryeasily. It mightbepossibleto formulatedynamicalequationsfor thephan-
tom solventwhich ensurethat it behaveslike a liquid andnot like a gas.Otherwise,those
who intendto studyhydrodynamiceffectsmight have to equipthesolventparticleswith
a weak integrablepotential,as is donein dissipative particledynamicssimulations. As
long aswe calculatestaticpropertieswith MonteCarlosimulations,this is however not a
problem.

After thesegeneralremarks,weturnbackto thediscussionof ourparticularamphiphile
model.As mentionedbefore,it producedstablebilayersoverawideparameterrange.The
con�gurationsnapshotsof Fig. 11demonstratethatthebilayersexhibit a low-temperature
orderedphaseandahigh-temperaturedisorderedphase.At evenhighertemperatures,they
disintegrate.Thephasetransitionscanbemonitored,e. g., by inspectingthetotal nematic
order parameterof amphiphilesor the areaper lipid as a function of the pressureand
temperature.A preliminaryphasediagramis shown in Fig. 12. We notethesimilarity to
themonolayerphasediagramof Fig. 10. This corroboratestheassertionthatmonolayers
aregoodmodelsystemsfor membranes.

3.3 Bilayer Stacks

Having discussedinternalphasetransitionsin monolayersandbilayers,the logical next
stepwould be to considerinternal phasetransitionsin lamellar stacks. They exist, of
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Figure13. Snapshotof abilayerstackwith 30720amphiphilesand30720solventbeads.The“hydrophobic”tail
beadsareblue,the“hydrophilic” headbeadsarewhite,andthesolventbeadsareyellow.

course,but they are presumablynot very different from thosein single bilayers. Thus
we will shift focusandconcentrateon otheraspectsof membranesin this section:shape
�uctuationsanddefects56–58.

We considera binarymixtureof amphiphilesandsolventbeads.Themodelshallnot
bedescribedin full detailhere. It wasoriginally introducedby Soddemannet al59,60 and
hassomesimilarity with theSmitmodel.Theelementaryunitsaresphereswith ahardcore
radius� , which mayhave two types:“hydrophilic” or “hydrophobic”.Beadsof thesame
type attracteachotherat distanceslessthan1:5� . “Amphiphiles”aretetramersmadeof
two hydrophilicandtwo hydrophobicbeads,and“solvent” particlesaresinglehydrophilic
beads.

Thepressureandthetemperaturearechosensuchthatthesystemis in a �uid lamellar
phase.Morespeci�cally, we studycon�gurationswith 5 or 15stackedbilayers,whichare
swollen with 20 volumepercentsolvent. The simulationsweredonewith constantpres-
suremoleculardynamics,usinga Langevin thermostatto maintainconstanttemperature.
The constantpressurealgorithmwasdesignedsuchthat thebox dimensionsparalleland
perpendicularto thelamellae�uctuate independently, in orderto ensurethatthepressureis
isotropicandthemembraneshave no surfacetension.A con�gurationsnapshotis shown
in Fig. 13. It wasproducedby equilibrationof an initial con�guration with lamellaror-
der, setup suchthatthelamellaewereorientedperpendicularto thelong axis(thez-axis)
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Figure14. Typical conformationof amembranepositionhn (x; y).

of thesimulationbox. However, we have checkedwith smallersystemsthat the lamellae
self-assemblespontaneouslyif theinitial con�gurationis disordered.

Our studyaimedat analyzingshape�uctuations of themembranesanddefectsin the
membranes.Therefore,the�rst nontrivial taskwasto determinethelocal positionsof the
membranesin thelamellarstack.Thiswasdoneasfollows:

� Thesimulationboxwasdividedinto Nx Ny Nz cells. (Nx = Ny = 32). Notethatthe
sizeof thecellsmayvary betweencon�gurationsbecausethedimensionsof thebox
�uctuate in a constantpressuresimulation.

� In eachcell, therelative densityof tail beads� tail(x; y; z) wascalculated.It is de�ned
astheratioof thenumberof tail beadsandthetotal numberof beads.

� Thehydrophobicspaceis de�ned asthespacewheretherelativedensityof tail beads
is higherthana given threshold� 0. Thevalueof the thresholdis roughly0.7 (80 %
of themaximumvalueof � tail anddependson themeshsize.

� The cells that belongto the hydrophobicspaceareconnectedto clusters. Two hy-
drophobiccells thatshareat leastonevortex areattributedto thesamecluster. Each
clusterde�nes a membrane.This algorithmidenti�es membraneseven if they have
pores.At thepresenceof othermembranedefects,additionalstepshave to betaken.
(Thishappenedvery rarelyin oursystem).

� For each membranen and each position (x; y), the two heights hmin
n (x; y) and

hmax
n (x; y), wherethe density� tail(x; y; z) passesthroughthe threshold� 0, aredeter-

mined.Themeanpositionis de�ned astheaveragehn (x; y) = (hmin
n + hmax

n )=2:

The algorithmidenti�es membraneseven if they have pores. A typical membranecon-
formation hn (x; y) is shown in Fig. 14. The statisticaldistribution of hn (x; y) can be
analyzedandcomparedwith theoreticalpredictions.

One of the simplestmesoscopictheoriesfor �uctuations in membranestacksis the
“discreteharmonicmodel”33. It describesstacksof membraneswithout surfacetension
andassumesthat the �uctuations aregovernedby two factors:ThebendingstiffnessK c
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Figure15. Ratiosof transmembranestructurefactorss1=s0 ands2=s0 vs. in-planewavevectorq in units of
� � 1 . Thesolid linescorrespondto a theoretical�t to Eq.(10) with one(common)�t parameterK c=B.

of singlemembranes,andthepenaltyfor compressingthemembranes,characterizedby a
compressibilitymodulusB . Thefreeenergy is givenin harmonicapproximation

F DH =
X

n

Z

A
dx dy

n K c

2
(
@2hn

@x2 +
@2hn

@y2 )2 +
B
2

(hn � hn +1 + �d)2
o

; (9)

where �d is the averagedistancebetweenlayers. This free energy functional is simple
enoughthat statisticalaveragescan be calculatedexactly. For example,the transmem-
branestructurefactorwhich describescorrelationsbetweenmembranepositionsin differ-
entmembranesis givenby57

sn (q) = hhm (q) � hm + n (q)i = s0(q)
h
1 +

X
2

�
1
2

p
X (X + 4)

i n
; (10)

wherehn (q) is theFouriertransformof hn (x; y) in the(x; y)-planeandX = q4K c=B is
a dimensionlessparameter. Thefunctions0(q) canalsobegivenexplicitly 57. We cantest
theprediction(10) by simply plotting theratio sn =s0 vs. q for differentn. Thefunctional
form of thecurvesshouldbegivenby theexpressionin thesquarebrackets,with only one
�t parameterK c=B. Fig. 15 shows our simulationdata.Theagreementwith thetheoryis
very goodover thewhole rangeof q. Hencethediscreteharmonicmodel,a mesoscopic
theory, describesthemembrane�uctuationsin ourmolecularway in asatisfactoryway.

Moreover, our analysisprovidesa valuefor the phenomenologicalparameterK c=B.
By combiningit with theanalysesof otherquantities,it is possibleto determineK c andB
separately. This establishesa bridgebetweenthemolecularandthemesoscopicdescrip-
tion.

Next we turn to discussthe membranedefectsin the lamellar stack. On principle,
onecanhave threetypesof topologicalpoint defectsin membranes:necks,pores,and
passages.In our system,necksandpassageswereextremelyrare,andwe did not collect
enoughdatato beableto analyzethemstatistically. Thuswewill focuson theporeshere.

As we have alreadymentioned,thepropertiesof poresdeterminethepermeabilityof
a membrane.A numberof atomisticandcoarsegrainedsimulationstudieshave therefore

17



Figure16. Snapshotof thehydrophobicbeadsin asinglebilayer(top view).

addressedpore formation31,61–63, mostly in membranesundertension. In contrast,the
membranesin our lamellarstackhave no surfacetension.As we shallsee,this affectsthe
characteristicsof theporesquitedramatically.

Fig. 16 shows a snapshotof a hydrophobiclayer which containsa numberof pores.
Theseporeshavenucleatedspontaneously. They “li ve” for awhile, grow andshrinkwith-
out diffusing too much,until they �nally disappear. Most poresclosevery quickly, but
somelargeonesstayopenfor a long time.

We will �rst analyzethe local membranestructurein the vicinity of a pore. Fig. 17
shows averagecompositionpro�les of tail beads,headbeadsandsolventbeadsasa func-
tion of the in-planedistancefrom the centerof the pore,r , andthe normalout-of-plane
coordinate,z. Theseaverageswereperformedwith datafrom poreswith surfaceareas
between4 and16 � 2. Thepicturesdemonstratethattheamphiphilesrearrangethemselves
at theporeedge,sothatsolventbeadsin theporecenterareexposedmainly to headbeads.
Suchaporeis calledhydrophilic. In previoussimulations,bothhydrophilicandhydropho-
bic poreshavebeenreported,dependingon thesystemunderconsideration.

Whereasthe local compositionpro�les at the poreedgedependon the model,other
structuralpropertiesof poreson larger scalesare presumablygenericandcan again be
describedby simplemesoscopictheories.For example,the simplestAnsatzfor the free
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Figure17. Densitypro�les of tail beads,headbeads,andsolvent beadsasa function of the distancefrom the
centerof theporein radialin-planedirectionr andnormaldirectionz.
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Figure18. Distribution of porecontoursin asemi-logarithmicplot.

energy of a porewith theareaA andthecontourlengthc hastheform34

E = E0 + � c � 
 A; (11)

whereE0 is a coreenergy, � a materialparametercalledline tension,and
 the surface
tension. The last term accountsfor the reductionof energy dueto the releaseof surface
tensionin a stretchedmembrane.In our case,thesurfacetensionis zero(
 = 0), andthe
last termvanishes.Thesecondtermdescribestheenergy penaltyat theporerim. If this
simplefreeenergy modelis correct,theporeshapesshouldbedistributedaccordingto a
Boltzmanndistribution

P(c) / exp(� �c ): (12)

This canbetestedin thesimulation.Fig. 18 shows a histogramof contourlengthsP(c).
Thebaredatado not re�ect theexpectedexponentialbehavior. Either theAnsatz(11) is
wrong,or wehavenotusedit correctly.

Indeed,a closerlook revealsthat Eq. (12) disregardsan importanteffect: The “free
energy” (11) givesonly local freeenergy contributions,stemmingfrom local interactions
andlocal amphiphilerearrangements.In addition,onemustalsoaccountfor the global
entropy of possiblecontour length conformations. Therefore,we have to evaluatethe
“degeneracy” of contourlengthsg(c), andtesttherelation

P(c) / g(c) exp(� �c ): (13)

Fig. 19 demonstratesthat this secondAnsatzdescribesthe datavery well. From the
linear �t to the data,onecanextract a valuefor the line tension� . Thuswe have again
establishedabridgebetweenthemolecularsimulationmodelandamesoscopictheory.

If themodel(11) is correct,it makesa secondimportantprediction:Sincethefreeen-
ergy only dependsonthecontourlength,poreswith thesamecontourlengthareequivalent
andtheshapesof theseporesshouldbedistributedlikethoseof two dimensionalring poly-
mers.In particular, they arenot round,but have a fractalstructure.Frompolymertheory,
oneknowsthatthesizeRg of a two dimensionalself-avoidingpolymerscalesroughlylike
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Figure19. Distribution of porecontours,dividedby thedegeneracy functiong(c).

Rg / N 3=4 with thepolymerlengthN . In our case,the“polymer length” is thecontour
lengthc. ThustheareaA of aporeshouldscalelike

A / R2
g / (C3=4)2 = C3=2: (14)

Fig. 20shows thatthis is indeedthecase.
Many otherpropertiesof the porescanbe investigated,e. g., poredistributions, the

dynamicalevolution of pores,porelife times56,58. Nevertheless,we shall stophere. We
hopethatour brief discussionhasconveyedanideahow a coarse-grainedmolecularsim-
ulationhelpto testandjustify mesoscopictheories,andto establisha connectionbetween
molecularandmesoscopicdescriptionsof amphiphilicsystems.

Figure20. Poreareavs. contourlength(arbitraryunits).
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4 Outlook

Simulationslike thosepresentedhereareonly a very �rst steptowardsunderstandingthe
propertiesof membranes.First, real biomembranesarenot puresystems,but containa
mixtureof many differentlipids,with saturatedor unsaturatedchains,with chargedor neu-
tral headsetc. Second,biomembranesare�lled with proteins.Typical biomembranesare
not homogeneous,but compartmentedinto severalregionswith differentlipid andprotein
composition.Furthermore,biomembraneshave a complex environment,which in�uences
the membraneproperties. Finally, biomembranesare not equilibrium structures. They
containactiveproteins,andthey aresurroundedby aneverchangingenvironment.

Thesemany complicationsseemdiscouraging.However, we hopeto have shown that
a systematicapproach,wherethedifferentaspectsof membranesarestudiedoneby one
with appropriatedidealizedmodels,canbe rewarding. Still, muchremainsto be done.
Computersimulationsof membranesandbiomembraneswill certainlybe an active and
lively researchareafor a long time.
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