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Abstract
We have developedmolecularmodelsfor porousglassesthat reproducethe complex

network structuresof thesematerials. Large-scalesimulationsof xenonadsorptionand
desorptionisothermsareperformedin aseriesof modelswith varyingnetwork connectivity.
The shapeof the adsorption/desorption hysteresisloop doesnot appearto dependon the
connectivity of thematerialmodel,supportingthehypothesisthat in materialsof this type
(e.g.,Vycor glass)the �uid in different poresbehaves quasi-independently, and that no
system-spanningtransitionoccursduringadsorptionor desorption.

1. Intr oduction
ControlledporeglassesandporousVycor glasseshave proven to be convenientandpopular
systemsfor the experimentalstudyof capillary condensation[1–4], andareoneof the best-
characterizedporousmaterialswith a non-trivial network structure. Our object in this study
is to betterunderstandtheeffectsof this network structureon theadsorptive behavior of these
materials,andespeciallyhow theconnectivity of thematerialmediatesthepresenceor absence
of system-spanningphasetransitions.Ourapproachin thiswork is to usemolecularsimulations
on a largescaleto studyadsorptionanddesorptionin qualitatively reasonablemodelsof these
materials. Molecularsimulationaffords a microscopic,pore-by-poreview of adsorptionand
desorptionwhich is dif�cult or impossibleto developby othermeans;furthermore,we exploit
theability to manipulatethemicrostructureof themodelsin orderto determinetheeffectsof
microstructuralchangeson capillaryphenomena.

2. Preparation of GlassModels
Theoriginal preparationsandcharacterizationsof controlledporeglassesweredoneby Haller
[5]. Thestartingmaterialis 50–75%SiO2, 1–10%Na2O, andtheremainderB2O3. Themolten
glassmixture is phase-separatedby cooling to between500 and750 � C; the time taken for
this treatmentdeterminesthe extent of phaseseparationand the resultingaverageporesize.
The boratephaseis leachedout by acid solutionsat high temperatures.The remainingglass
containscolloidal silica particles,which areremovedby a treatmentwith NaOH followedby
washingwith water. The�nal glasshasaporositybetween50%and75%,anaverageporesize
between4.5 nm and400 nm, andsurfaceareabetween10 and350 m2=g [6]. Vycor glasses
arepreparedby a similar procedure[7]. Vycorshaveaporositynear28%,meanporediameter
between4 and6 nanometers,andsurfaceareabetween90and200m2=g [7].
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Figure 1. Procedurefor the generationof modelmaterials. Quenchmoleculardynamicssimulations
of a binaryLennard-Jonesmixtureproducenetworkedstructuresvia spinodaldecomposition,whichare
thenprocessedinto modeladsorbents.Quenchcon�gurationstakenat longertimesyield progressively
larger-porematerials.Simulationtime is givenin Lennard-Jonesreducedunits.

In previouswork [8,9] wehavedevelopedaprocedurefor thepreparationof modelsof these
materialswhichmimicsthepreparationof experimentalglasses.Thesemodelshavereasonable
poresizes,porositiesand surfaceareas,andare similar in appearance.A schematicof this
procedureis shown in Figure1.

For thestudypresentedhere,themodelmaterialwaspreparedusingasimulationcell 27nm
on eachside,initially containing868,000particles.This modelhas30%porosityand5.0 nm
meanpore size, measuredgeometrically[9]. BJH analysisof simulatednitrogenisotherms
givesa value closerto 4.5 nm [9], which is more relevant for comparisonwith adsorption-
characterizedexperimentalmaterials,despitetheknown shortcomingsof themethod[9].

3. GCMC Simulations
GrandCanonicalMonteCarlois astochasticschemewhichsimulatesanopensystemwith �x ed
temperature,chemicalpotential,andvolume.It is theappropriatemethodtousefor determining
adsorptionisothermsby computersimulation. The speci�c detailsand mathematicsof this
schemecanbefoundelsewhere[10].

In order to simulateadsorptionof xenonin thesemodelpores,we representxenonby a
Lennard-Jonesspherewith potentialparameterss Xe = 0:391 nm andeXe=kB = 227 K. The
parametersfor thesubstrateatomsaresetto s = 0:27 nm ande=kB = 230K, which have been
usedto representbridgingoxygensin silica [11]. Reducedquantitiesaregivenin termsof these
units. TheLorenz-Berthelotmixing ruleswereusedfor inter-speciesparameters.Interactions
betweenxenonatomsweretruncatedat 2:5s Xe, while interactionsbetweenxenonatomsand
poreatomswerecut-and-shiftedat thesameradius.No long-rangecorrectionswereused[10].

Theadsorptioncalculationswereperformedusingavariantof theparallelizedGCMCalgo-
rithm suggestedby Heffel�nger andLewitt [12]. In thisapproach,thesimulationcell is divided
into volumesassignedto eachprocessor. Eachof thesevolumesis thensubdivided into eight
rectilinearsub-cells.Theessenceof thealgorithmis that,becauseof theshortrangeof thepo-
tential,MonteCarlomovesmadein non-adjacentsub-cellscanbeevaluatedindependently;no
globalcollectionof thetotal energy or total numberof particlesis necessary. This requiresthat
theacceptancecriteriafor creationanddestructionmovesonly involvethesub-cellvolumeand
sub-celldensity;appropriatecriteriahave appearedin theliterature[13]. In eachcycle,a �x ed
numberof movesaremadein onesub-cellby eachprocessor. A roundof communicationfol-
lows in which eachprocessorupdatesall of its neighborson its currentatomicpositions.Each
processorthenmakesa �x ednumberof movesin thenext sub-cell,andtheprocesscontinues,
with periodicsynchronizationandoutput.

In this study, all isothermdatawereobtainedusinga 3� 3� 3 domaindecomposition(27
processors)on IBM SP and Cray T3E computers. Pointsat low pressureand at pressures
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Figure 2. Xenon adsorptionin model materials. Experimentaldatafor xenonadsorptionon Vycor
glass[14] is shown at left, simulatedisothermsin thecenter, and,for comparison,simulationsin asingle
5 nmcylindrical pore(molecularwall) atright. Theadsorptionaxesall havethesamescale.Theshapeof
theexperimentaladsorptionisotherm(anddesorptionisotherm,at thehighertemperatures)is reasonably
reproducedby thenew models,asubstantialimprovementover thesingle-poreapproach.

wherethe poreswere �lled with liquid were generallyequilibratedfor 200 million moves,
followedby another200million movesfor datacollection;pointson thecapillaryupswingof
the adsorptionbranchandthe shoulderof the desorptionbranchtook asmany as2.4 billion
movesfor equilibrationbeforeastablevalueof thedensitywasreached.

For comparisonwith experimentaldata,a seriesof simulatedisothermsin themodelglass
areshown in Figure 2. While quantitative agreementhasclearlynot beenachieved,no �tting
of eithertheporemodelor the �uid modelhasbeenused,and,basedon previousexperience,
we expect that betteragreementcould be obtainedby tuning the model propertiesand �uid
parameters.Althoughthephaseseparationprocessthatgivesrise to thenetworkedstructures
of thesematerialsis thoughtto be insensitive to theprecisedetailsof the �uids used[15–17],
the simpli�ed �uid mixture usedheredoesnot have enoughchemicaldetail to describewell
theactualsurfacestructureof realglasses.Thesemodelsarethereforemostsuitedfor work at
higherpressuresandfor examiningcapillarycondensationphenomena.

4. PoreConnectivity and PhaseTransitions
One principal focus of recenttheoreticaland experimentalresearchin capillary phenomena
hasbeenthenature of adsorption/desorptionphasetransitionsin porousmaterials.Most early
work supposedthatthis transitionis �rst-order, in analogywith thebulk liquid-vaportransition.
However, with theadventof moderntheoriesof critical phenomenaandphasetransitionsbased
onscalinglawsandtherenormalizationgroupthesituationhasbecomemuchlessclear[4,18].
In thediscussionthatfollows,we use“critical” in this strict sense;useof thephrase“capillary
critical point” to meanthetemperatureat which hysteresisdisappears(or similar meanings)is
avoided,asthenatureof thecapillarytransitionis exactlywhatis beingdiscussed.

In idealizedmodelporesof two-dimensionalgeometry(“slit” pores)thecapillarytransition
canbetruly �rst-order, andbelongsto the2DIsingmodeluniversalityclass.In one-dimensional
idealizedpores(cylindrical geometry)only a remnantof a true phasetransitionis present,as
it is known thatsystemsin�nite in only onedimensioncannotexhibit �rst-order transitionsor
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Figure3. Illustrative sketchesof different“coupling regimes”discussedbelow.

critical points [19,20]; transitionsin cylindrical poresof �nite diameterhave beendiscussed
elsewhereby ourselves[4,21–23] andothers[24].

Conversely, in extremelyhigh-porositymaterials(aerogels)bothexperimentalevidenceand
theoreticaltreatmentssuggestthat the presenceof the pore materialhastwo major effects;
addedstabilizationof thelow-densityphase,andinterferencewith density�uctuationsat length
scalescomparablewith thematerialstructure[25]. This leadsto a shifting of the liquid-vapor
phasediagramtowardshigherdensities,anda changein the natureof the critical point from
3D Ising to what looks like a Random-FieldIsing Model (RFIM) transition[26,27]. In the
RFIM picture,each“spin” mapsontoa relatively largevolumeof the�uid; sincetheaerogelis
inhomogeneousonlengthscaleslessthanafew hundrednanometers,its in�uenceoneach�uid
volumeis different,andsothespin is consideredto actundera �x edexternal�eld of random
sizeandorientation.RFIMsarenotaswell understoodassimpleIsing models.

For higher-densitymaterialssuchasxerogels,controlledporeglassesandVycor, thepicture
is morecomplicated;ourdiscussionappliesparticularlyto materialswith relatively smallpores,
wherethe effectsof con�nementare large. We considerthe differentpossible“regimes” of
behavior shown in Figure3; theaerogelcasediscussedabove,wheretheporenetwork actsasa
perturbationat long lengthscales,is shown at right. Theotherthreecasesareporenetworksof
varyingconnectivity. In theextreme(andunrealistic)caseof independent,unconnectedpores,
thetotaladsorptionisothermconsistsof asumof theadsorptionisothermsoveradistributionof
microscopicpores.Clearly, nocritical behavior canoccurin suchasystem,sincethecorrelation
lengthcangrow only to the maximumporedimensionandno system-spanningbehavior can
occur; likewise, the thermodynamicsingularitiesof a true �rst-order phasetransitionarenot
possible[28]. Sucha systemmay still exhibit hysteresis,but asa superpositionof hysteresis
curvesfrom all theindividualpores.Thoughit is possiblein asimulationto usethermodynamic
integrationto measurethe free energiesalongtheadsorptionanddesorptionisothermsandto
locatethepressurewherethesecurvescross[29,30], this point shouldnot be interpretedasa
globaltransitionpressure.

In the“weakly connected”case(Figure3b), poresareconnectedby narrowedchannels;this
is reminiscentof thesituationinvoked in pore-blockingexplanationsof desorptionhysteresis.
Thismaybeareasonablepictureof someexperimentalmaterials.In suchasystemoneexpects
thenarrow channelsto be�lled earlyin theadsorptionprocessthroughcapillarycondensation.
If this is thecase,it would effectively isolatethedifferentporesectionsfrom eachother, since
thecorrelationlengthin most�uids at conditionsnot very nearthe(bulk) critical point is only
a few moleculardiameters.This would reducethesystemto effectivelyunconnectedbehavior,
andagainwe would expectthat, thoughhysteresiscould certainlyoccur, thereis no system-
spanningphasetransitionor realcritical behavior.

In Figure3c, thechannelsconnectingthedifferentporesectionshavebeenbroadenedto the
pointwhereit is nolongerpossibleto arguethatporesectionswouldbeeffectively isolatedfrom
eachotherby capillarycondensationin narrow channels.Thiscouldbethecasein mesoporous
materialswith quitenarrow poresizedistributions.If thetopologicalconnectivity of thesystem
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Figure 4. Schematicpreparationof blocked-poremodels.Theoriginal modelis �lled with overlapping
largespheres.Theremainingspaceis then�lled with additionalporematerial(whiteparticles),andupon
removal of thelargespheres,theporesarerecovered,but with fewerconnectionsbetweenthem.

is high, “communication”betweenporesectionscouldoccurevenat relatively high loadings,
and the possibility of a system-spanning(and therefore�rst-order) transitionappears. The
nature(universalityclass)of thecritical point in suchasystemis dif�cult to identify; extensive
experimentson liquid-liquid equilibriain porousglassessuggestanRFIM-typetransition[31–
33], with a lengthscalespanningmany porediameters.

How can molecularsimulation be usedin resolving this situation? RFIM behavior, if
it exists, would occur on a length scaletoo large (hundredsof nanometers)for any sort of
molecular-scalesimulation,andthedevelopmentof coarse-grained,large-length-scalesimula-
tion techniquesfor liquid-vaporequilibriahasbeenslow. ClassicalDensityFunctionalTheories
are,strictly speaking,mean-�eld theories,andthusproneto predictingphasetransitionswhere
therearenone,suchasin theone-dimensionalIsing model[20]. However, molecularsimula-
tions ought to be ableto provide informationthat would classifyparticularsystemsaseither
weakly-connectedor well-connected;microscopicanalysisof simulationdatacanidentify the
degreeof correlationthat exists betweendifferentporesections,andthenthe argumentsjust
givencanbebroughtto bear.

5. “Block ed-Pore” Models
Our approachto identifying inter-porecorrelationsin thesesystemsis straightforward. If it is
possibleto isolate(e.g.,blockoff) differentporesfrom eachotherwithoutchangingtheadsorp-
tion/desorptionbehavior of the system,thenthe poresarenot “in communication”with each
otherin the “unblocked” system. If, however, isolationof poresleadsto substantialchanges
in adsorptionor desorption,thentheconnectionsbetweenporesectionshave someactive role
to play andthis canbefurther investigated.Thefollowing procedure,shown schematicallyin
Figure4, is usedto prepare“blocked-pore”models,in which inter-porecommunicationis pre-
ventedby additionalporematerial�lling thenarrow channels.First, largeoverlappingspheres
areusedto “cover” asmuchof the void spaceaspossible;by choosingthe spherediameter
nearto themeanporesize,thelargestpartsof theporenetwork arecovered,andtheconstric-
tions remainopen. Clearly, the sizeof the sphereusedwill in�uence thedegreeof coverage.
Secondly, the remainingspaceis �lled with additionalporematerial,effectively blocking off



(a) 4.32 nm blocked (b) 4.59 nm blocked (c) 4.86 nm blocked
Figure 5. Blocked-poremodelspreparedwith differentsizetemplatespheres.Theunblocked modelis
shown in Figure 1. As theblockingspheresizeincreases,moreof theporenetwork is �lled, andmore
of theconnectionsbetweendifferentpartsof theporenetwork areblocked.

thenarrow channelsandporeconstrictions.Thirdly, the largespheresareremoved. The �nal
“blocked-pore”materialhasa poresizedistribution very similar to the original, a somewhat
lowerporosity, andamuchlowerporeconnectivity.

We have usedthis procedureto preparethe threeblocked-poremodelsshown in Figure 5.
Adsorptionanddesorptionisothermshavebeensimulatedin theblockedandunblockedmodels
at kBT = 0:915e, correspondingto 210K, approximately10%below thetemperatureat which
hysteresisdisappearsin this system,which is approximatelykBT = 1:02e. The bulk critical
pointof themodel�uid occursatkBT = 1:17e [34]. Theseisothermsareshown in Figure6.
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Figure 6. Adsorptionanddesorptionisothermsin thecapillarycondensationregion, for theunblocked
modelandthethreeblockedmodelsof Figure5. Theisothermsareshown unmodi�ed(a) andnormalized
by porosity(b), for closecomparison.

In the unscaleddata(left graph)the effect of decreasingporosity in blocked systemsis
clearly visible, asthe maximumadsorptionat pore�lling is reducedsubstantially. However,
onecancorrectfor this reductionby rescalingthe isothermsin the blocked materialsto the
sametotal porevolume; this amountsto normalizingthe adsorptionisothermby the porosity
of the material. Undertheseconditionsit is evident that in the capillary condensationregion
thesematerialsshow essentiallyidenticalbehavior, sinceall of thesecurvessuperimpose.At



low pressurethereis somedeviation, which resultsfrom changesin the surfaceareaof the
blocked-poremodels.

Completionof thefour adsorption-desorptionisothermpairsshown in this �gure consumed
approximately30,000hoursof CPUtimeonthemassivelyparallelIBM SPcomputerattheFSU
Schoolof ComputationalScienceandInformationTechnology. Onasingle-processormachine,
thiscalculationwouldhaverunfor almostfour years;calculationsatothertemperaturesandfor
othermaterialmodelsareunderwayat this time.

6. Discussion
The excellent superpositionof isothermdata(especiallythe adsorptionbranch)in Figure 6
strongly suggeststhat in thesemodelsthe connectivity of the pore network haslittle or no
in�uence on the shapeof the adsorptionbranchof the isotherm,and little in�uence on the
shapeof thedesorptionbranch.This suggeststhatmaterialsof this type,which includeVycor
glass,fall into the“weakly connected”category discussedabove. If this is thecase,thenit is
expectedthattheappropriatethermodynamicsfor thesesystemsis oneof acollectionof quasi-
independentmicroscopicsystems. In sucha paradigmthereis no system-widecapillary �lling
or emptying,andtheconstructionof acapillaryphasediagramandits comparisonwith thebulk
liquid-vaporphaseenvelopeis misguided.

Onemotivationfor studyingcapillarycritical pointsis thehopethatsomeof theusefulprop-
ertiesof bulk supercritical�uids (which areoutstandingsolvents)canbe accessedin porous
systemsat near-ambientconditions. In addition to the datashown above, we have obtained
isothermsfor the unblocked systemat both higherand lower temperatures,andmicroscopi-
cally analyzedrepresentative con�gurationsover the entirepressurerange. Even at tempera-
turessubstantiallyhigherthanthatat which hysteresisdisappearsthesimulationsstill exhibit
well-de�ned liquid-vaporinterfaces,indicatingthat thepropertiesof the �uid in theporesare
governedby its positionon the bulk phasediagram. Nothing reminiscentof a “critical �uid”
(low density, long-wavelength�uctuations,slow equilibration,etc.)hasbeenobservedto date.

Theseresultsare consistentwith the recentexperimentalwork by Machin [2] who con-
cluded,basedon extensive studiesof hysteresisloops, that the capillary critical point is not
analogousto a bulk critical point. Instead,it is thepoint wherehomogeneousnucleationof the
vaporphasereplacesKelvin-type“f ailure” of theliquid-vapormeniscus,ratherthanany sortof
phasetransition. Our conclusionsarealsoconsistentwith recentsimulationwork on realistic
Vycor modelswith smallerpores[35] andin modelsof othertopology[36,37].

As mentionedbrie�y above,boththeporosityandtheporesizedistributionareimportantin
determiningthecharacterof theporenetwork. For wide poresizedistributions,theprobability
thatcondensationin constrictionswill leadto isolated-porebehavior is muchgreater. At �x ed
poresize,increasingtheporosityof a materialmustresultin greatertopologicalconnectivity,
andthusgreaterprobabilityof system-spanningbehavior. Thematerialsthatwe have consid-
eredto datehaveonly 30%porosity;moreporousmaterialssuchasxerogelsandhigh-porosity
CPGmayshow truephasetransitions.
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