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Abstract

We have developedmolecularmodelsfor porousglasseghat reproducethe comple
network structuresof thesematerials. Large-scalesimulationsof xenonadsorptionand
desorptiorisothermsareperformedn aserieof modelswith varyingnetwork connectity.
The shapeof the adsorption/desormih hysteresidoop doesnot appearto dependon the
connectyity of the materialmodel,supportingthe hypothesighatin materialsof this type
(e.g., Vycor glass)the uid in different poresbehaes quasi-independéy, andthat no
system-spanningiansitionoccursduringadsorptioror desorption.

1. Intr oduction

Controlledpore glassesand porousVycor glasseshave provento be corvenientand popular
systemdor the experimentalstudy of capillary condensatiorjl—4], and are one of the best-
characterizeghorousmaterialswith a non-trivial network structure. Our objectin this study
is to betterunderstandhe effectsof this network structureon the adsorptve behaior of these
materialsandespeciallyhow theconnectvity of the materialmediateghe presencer absence
of system-spanninghasedransitions.Ourapproachn thiswork is to usemolecularsimulations
on alarge scaleto studyadsorptioranddesorptionn qualitatvely reasonablenodelsof these
materials. Molecular simulationaffords a microscopic,pore-by-poreview of adsorptionand
desorptionwhich s dif cult or impossibleto develop by othermeansfurthermore we exploit
the ability to manipulatethe microstructureof the modelsin orderto determinethe effects of
microstructurathange®n capillaryphenomena.

2. Preparation of GlassModels

The original preparation@ndcharacterizationsf controlledporeglassesveredoneby Haller
[5]. Thestartingmaterialis 50-75%Si0O,, 1-10%Na,O, andtheremaindeB,03. Themolten
glassmixture is phase-separatday cooling to between500 and 750 C; the time taken for
this treatmentdetermineghe extent of phaseseparatiorandthe resultingaveragepore size.
The boratephaseis leachedout by acid solutionsat high temperaturesThe remainingglass
containscolloidal silica particles,which areremoved by a treatmentwith NaOH followed by
washingwith water The nal glasshasa porositybetweerb0%and75%,anaverageporesize
between4.5 nm and 400 nm, and surfaceareabetweenl0 and 350 m?=g [6]. Vycor glasses
arepreparedy asimilar procedurd?]. Vycorshave aporositynear28%, meanporediameter
betweerd and6 nanometersandsurfaceareabetweerf0 and200m?=g [7].
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Figure 1. Procedurdor the generationof modelmaterials. Quenchmoleculardynamicssimulations
of abinaryLennard-Jonemixture producenetworked structuressia spinodaldecompositionwhich are
thenprocessednto modeladsorbentsQuenchcon gurationstaken at longertimesyield progressiely
largerporematerials.Simulationtime is givenin Lennard-Joneseducedunits.

In previouswork [8,9] we have developedaprocedurdor thepreparatiorof modelsof these
materialsvhich mimicsthe preparatiorof experimentaflassesThesemodelshave reasonable
pore sizes, porositiesand surfaceareas,and are similar in appearance A schematicof this
proceduras shawvn in Figure 1.

For thestudypresentedhere themodelmaterialwaspreparedisinga simulationcell 27 nm
on eachside,initially containing868,000particles. This modelhas30% porosityand5.0 nm
meanpore size, measuredyeometrically[9]. BJH analysisof simulatednitrogenisotherms
givesa value closerto 4.5 nm [9], which is more relevant for comparisonwith adsorption-
characterize@xperimentamaterials despitethe known shortcoming®f the method[9].

3. GCMC Simulations

GrandCanonicaMonte Carlois astochastischemeavhichsimulatesanopensystenwith x ed
temperatureshemicalpotential,andvolume.lt is theappropriatanethodto usefor determining
adsorptionisothermsby computersimulation. The speci ¢ detailsand mathematicof this
schemecanbefoundelsavhere[10].

In orderto simulateadsorptionof xenonin thesemodel pores,we represenikenonby a
Lennard-Jonespherewith potentialparameters xe = 0:391 nm andexe=kg = 227 K. The
parameter$or the substrateatomsaresetto s = 0:27 nmande=kg = 230K, which have been
usedto represenbridgingoxygensn silica[11]. Reducedjuantitiesaregivenin termsof these
units. The Lorenz-Berthelomixing ruleswereusedfor inter-speciegparametersinteractions
betweernxenonatomsweretruncatedat 2:5s xe, While interactionsbetweenxenonatomsand
poreatomswerecut-and-shiftecgtthe sameradius.No long-rangecorrectionsvereused[10].

Theadsorptiorcalculationsvereperformedusingavariantof the parallelizedGCMC algo-
rithm suggestethy Heffel nger andLewitt [12]. In thisapproachthesimulationcell is divided
into volumesassignedo eachprocessar Eachof thesevolumesis thensubdvidedinto eight
rectilinearsub-cells.The essencef the algorithmis that, becaus®f the shortrangeof the po-
tential, Monte Carlomovesmadein non-adjacensub-cellscanbe evaluatedndependentlyno
globalcollectionof thetotal enegy or total numberof particlesis necessaryT his requiresthat
theacceptanceriteriafor creationanddestructiormovesonly involve the sub-cellvolumeand
sub-celldensity;appropriatecriteriahave appearedn theliterature[13]. In eachcycle,a x ed
numberof movesaremadein onesub-cellby eachprocessarA roundof communicatiorfol-
lows in which eachprocessoupdatesall of its neighborsonits currentatomicpositions.Each
processothenmakesa x ed numberof movesin the next sub-cell,andthe processcontinues,
with periodicsynchronizatiorandoutput.

In this study all isothermdatawereobtainedusinga3 3 3 domaindecompositior(27
processorspn IBM SP and Cray T3E computers. Pointsat low pressureand at pressures
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Figure 2. Xenonadsorptionin model materials. Experimentaldatafor xenonadsorptionon Vycor
glasg14] is shavn atleft, simulatedsothermsn thecenterand,for comparisonsimulationsn asingle
5 nmcylindrical pore(moleculamwvall) atright. Theadsorptioraxesall have thesamescale. Theshapeof
theexperimentabdsorptiorisotherm(anddesorptionisotherm atthehighertemperaturesy reasonably
reproducedy the nav models,a substantiaimprovementover the single-poreapproach.

wherethe poreswere lled with liquid were generallyequilibratedfor 200 million moves,
followed by another200 million movesfor datacollection; pointson the capillary upswingof
the adsorptionbranchandthe shoulderof the desorptionbranchtook asmary as 2.4 billion

movesfor equilibrationbeforea stablevalueof the densitywasreached.

For comparisorwith experimentaldata,a seriesof simulatedisotherman the modelglass
areshown in Figure 2. While quantitatve agreemenhasclearly not beenachieved, no tting
of eitherthe poremodelor the uid modelhasbeenused,and,basedon previous experience,
we expectthat betteragreementould be obtainedby tuning the model propertiesand uid
parametersAlthoughthe phaseseparatiorprocesghat givesrise to the networked structures
of thesematerialsis thoughtto be insensitve to the precisedetailsof the uids used[15-17],
the simplied uid mixture usedheredoesnot have enoughchemicaldetail to describewell
the actualsurfacestructureof realglassesThesemodelsarethereforemostsuitedfor work at
higherpressureandfor examiningcapillarycondensatiophenomena.

4. Pore Connectvity and PhaseTransitions

One principal focus of recenttheoreticaland experimentalresearchin capillary phenomena
hasbeenthe nature of adsorption/desorptiophaseransitionsin porousmaterials.Most early
work supposedhatthistransitionis rst-order, in analogywith the bulk liquid-vaportransition.
However, with theadventof moderntheoriesof critical phenomenandphaseransitionsbased
on scalinglaws andtherenormalizatiorgroupthe situationhasbecomemuchlessclear[4, 18].
In the discussiorthatfollows, we use“critical” in this strict sensepseof the phrasée‘capillary
critical point” to meanthetemperaturet which hysteresiglisappeargor similar meanings)s
avoided,asthe natureof the capillarytransitionis exactly whatis beingdiscussed.

In idealizedmodelporesof two-dimensionageometry(“slit” pores)thecapillarytransition
canbetruly rst-order, andbelonggothe2D Isingmodeluniversalityclass.In one-dimensional
idealizedpores(cylindrical geometry)only a remnantof a true phasetransitionis presentas
it is known thatsystemsn nite in only onedimensioncannotexhibit rst-order transitionsor



(a) Unconnected poreqb) Weakly connected (c) Well connected  (d) Perturbation

Figure 3. lllustrative sketchesof different“coupling regimes” discussedbelow.

critical points[19, 20]; transitionsin cylindrical poresof nite diameterhave beendiscussed
elsavhereby oursehes[4,21-23] andothers[24].

Corverselyin extremelyhigh-porositymaterialgaerogelspothexperimentakvidenceand
theoreticaltreatmentssuggestthat the presenceof the pore materialhastwo major effects;
addedstabilizationof thelow-densityphaseandinterferencevith density uctuationsatlength
scalescomparablavith the materialstructure[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-Fieldsing Model (RFIM) transition[26,27]. In the
RFIM picture,each*spin” mapsontoarelatively large volumeof the uid; sincetheaerogels
inhomogeneousn lengthscaledessthanafew hundrechanometersis in uence oneach uid
volumeis different,andsothe spinis consideredo actundera x edexternal eld of random
sizeandorientation.RFIMs arenotaswell understooagssimplelsing models.

For higherdensitymaterialssuchasxerogelscontrolledporeglassesndVycor, thepicture
is morecomplicatedpur discussiorappliesparticularlyto materialswith relatively smallpores,
wherethe effects of con nementare large. We considerthe different possible“regimes” of
behaior shovn in Figure 3; theaerogekasediscusse@dbove, wherethe porenetwork actsasa
perturbatioratlong lengthscalesjs shavn atright. The otherthreecasesareporenetworks of
varyingconnectvity. In the extreme(andunrealistic)caseof independentinconnectegbores,
thetotal adsorptiorisothermconsistf a sumof theadsorptiorisothermsover adistribution of
microscopigores.Clearly, nocritical behaior canoccurin suchasystemsincethecorrelation
lengthcangrow only to the maximumpore dimensionandno system-spanningehaior can
occur; likewise, the thermodynamicsingularitiesof a true rst-order phasetransitionare not
possible[28]. Sucha systemmay still exhibit hysteresisbut asa superpositiorof hysteresis
curvesfrom all theindividualpores.Thoughit is possiblen a simulationto usethermodynamic
integrationto measurehe free enegiesalongthe adsorptionand desorptionsothermsandto
locatethe pressuravherethesecurvescross[29, 30], this point shouldnot be interpretedasa
globaltransitionpressure.

In the“weakly connected’tasg(Figure 3b), poresareconnectedby narravedchannelsthis
is reminiscentof the situationinvokedin pore-blockingexplanationsof desorptiorhysteresis.
Thismaybeareasonabl@ictureof someexperimentaimaterials.In sucha systenoneexpects
thenarrav channeldo be lled earlyin theadsorptiorprocesghroughcapillary condensation.
If thisis the case it would effectively isolatethe differentporesectiondrom eachothet since
the correlationlengthin most uids at conditionsnot very nearthe (bulk) critical pointis only
a few moleculardiameters.This would reducethe systemto effectivelyunconnectedehaior,
andagainwe would expectthat, thoughhysteresisould certainly occut thereis no system-
spanningohaseransitionor real critical behaior.

In Figure 3¢, thechannelsonnectinghedifferentporesectionhave beenbroadenedo the
pointwhereit is nolongerpossibleo arguethatporesectionsvould beeffectively isolatedfrom
eachotherby capillarycondensatioim narrov channelsThis couldbethecasein mesoporous
materialswith quitenarrav poresizedistributions.If thetopologicalconnectvity of thesystem
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Figure 4. Schematigreparatiorof blocked-poremodels.The original modelis lled with overlapping
largespheresTheremainingspacds then lled with additionalporematerial(white particles) andupon
removal of thelarge spheresthe poresarerecovered,but with fewer connectionbetweerthem.

is high, “communication’betweenpore sectionscould occureven at relatively high loadings,
and the possibility of a system-spanningand therefore rst-order) transitionappears. The
nature(universalityclass)of thecritical pointin sucha systemis dif cult to identify; extensve
experimenton liquid-liquid equilibriain porousglassesuggesan RFIM-typetransition[31—
33], with alengthscalespanningnary porediameters.

How can molecularsimulation be usedin resolvingthis situation? RFIM behaior, if
it exists, would occur on a length scaletoo large (hundredsof nhanometersjor ary sort of
molecularscalesimulation,andthe developmentof coarse-grainedarge-length-scalsimula-
tiontechniquegor liquid-vaporequilibriahasbeenslow. ClassicaDensityFunctionalTheories
are,strictly speakingmean- eldtheoriesandthusproneto predictingphaseransitionswhere
therearenone,suchasin the one-dimensionalsing model[20]. However, molecularsimula-
tions oughtto be ableto provide informationthat would classify particularsystemsas either
weakly-connectedr well-connectedmicroscopicanalysisof simulationdatacanidentify the
degreeof correlationthat exists betweendifferent pore sections,and thenthe algumentsjust
givencanbebroughtto bear

5. “Block ed-Pore” Models

Our approachto identifying inter-porecorrelationsn thesesystemgs straightforvard. If it is
possibleo isolate(e.g.,block off) differentporesfrom eachotherwithoutchangingheadsorp-
tion/desorptiorbehaior of the system thenthe poresarenot “in communication’with each
otherin the “unblocked” system. If, however, isolationof poresleadsto substantiathanges
in adsorptionor desorptionthenthe connectiondbetweernporesectionshave someactve role
to play andthis canbe further investigated.The following procedureshavn schematicallyin
Figure 4, is usedto preparée'blocked-pore’models,in which inter-porecommunicatioris pre-
ventedby additionalporematerial lling thenarrov channelsFirst, large overlappingspheres
are usedto “cover” asmuch of the void spaceas possible;by choosingthe spherediameter
nearto the meanporesize,the largestpartsof the porenetwork arecovered,andthe constric-
tionsremainopen. Clearly, the size of the sphereusedwill in uence the degreeof coverage.
Secondlythe remainingspaceis lled with additionalpore material,effectively blocking off



(a) 4.32 nm blocked (b) 4.59 nm blocked (c) 4.86 nm blocked
Figure 5. Blocked-poremodelspreparedvith differentsizetemplatespheresThe unblocled modelis
shawvn in Figure 1. As the blocking spheresizeincreasesmoreof the porenetwork is lled, andmore
of theconnectionbetweerdifferentpartsof the porenetwork areblocked.

the narrav channelsandporeconstrictions.Thirdly, the large spheresareremoved. The nal
“blocked-pore”’materialhasa pore size distribution very similar to the original, a someavhat
lower porosity anda muchlower pore connectivity

We have usedthis procedureo preparethe threeblocked-poremodelsshovn in Figure 5.
Adsorptionanddesorptiorisothermshave beensimulatedn theblockedandunblockedmodels
atksT = 0:915¢, correspondingo 210K, approximatelyl0% belown the temperaturet which
hysteresiglisappearsn this system,which is approximatelykgT = 1:02e. The bulk critical
pointof themodel uid occursatkgT = 1:17e[34]. Thesesothermsareshown in Figure 6.
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Figure 6. Adsorptionanddesorptiorisothermsn the capillary condensatiomegion, for theunblocled
modelandthethreeblockedmodelsof Figure 5. Theisothermsareshavn unmodi ed (a) andnormalized
by porosity(b), for closecomparison.

In the unscaleddata (left graph)the effect of decreasingporosityin blocked systemsis
clearly visible, asthe maximumadsorptionat pore lling is reducedsubstantially However,
one can correctfor this reductionby rescalingthe isothermsin the blocked materialsto the
sametotal porevolume; this amountsto normalizingthe adsorptionisothermby the porosity
of the material. Undertheseconditionsit is evidentthatin the capillary condensatiomegion
thesematerialsshov essentiallyidenticalbehaior, sinceall of thesecurvessuperimpose At



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

Completionof thefour adsorption-desorptioisothermpairsshavn in this gure consumed
approximatelyd30,000hoursof CPUtime onthemassvely parallelBM SPcomputeiatthe FSU
Schoolof ComputationaScienceandinformationTechnology Onasingle-processanachine,
this calculationwould have run for almostfour years;calculationsat othertemperatureandfor
othermaterialmodelsareunderway at thistime.

6. Discussion

The excellent superpositiorof isothermdata (especiallythe adsorptionbranch)in Figure 6
strongly suggestdhat in thesemodelsthe connectity of the pore network haslittle or no
in uence on the shapeof the adsorptionbranchof the isotherm,and little in uence on the
shapeof the desorptiorbranch.This suggestshat materialsof this type, which includeVycor
glass,fall into the “weakly connected’cateyory discussedibove. If thisis the casethenit is
expectedthattheappropriatehermodynamic$or thesesystemss oneof a collectionof quasi-
independenmicroscopicsystemsin sucha paradigmthereis no system-widecapillary lling
or emptying,andthe constructiorof a capillary phasediagramandits comparisorwith the bulk
liquid-vaporphasesnvelopeis misguided.

Onemotivationfor studyingcapillarycritical pointsis thehopethatsomeof theusefulprop-
ertiesof bulk supercritical uids (which are outstandingsolvents)canbe accessedh porous
systemsat nearambientconditions. In additionto the datashavn above, we have obtained
isothermsfor the unbloclked systemat both higher and lower temperaturesand microscopi-
cally analyzedrepresentatie con gurationsover the entire pressurgange. Even at tempera-
turessubstantiallyhigherthanthat at which hysteresislisappearshe simulationsstill exhibit
well-de ned liquid-vaporinterfaces,indicatingthatthe propertiesof the uid in the poresare
governedby its positionon the bulk phasediagram. Nothing reminiscentof a “critical uid”
(low density long-wavelength uctuations, slow equilibration,etc.) hasbeenobseredto date.

Theseresultsare consistentwith the recentexperimentalwork by Machin [2] who con-
cluded,basedon extensve studiesof hysteresidoops, that the capillary critical point is not
analogoudo a bulk critical point. Instead|t is the pointwherehomogeneousucleationof the
vaporphaseeplaceKelvin-type“failure” of theliquid-vapormeniscusratherthanary sortof
phasetransition. Our conclusionsare also consistentvith recentsimulationwork on realistic
Vycor modelswith smallerpores[35] andin modelsof othertopology[36,37].

As mentionedorie y above,boththe porosityandthe poresizedistributionareimportantin
determiningthe characteof the porenetwork. For wide poresizedistributions,the probability
thatcondensatioin constrictionswill leadto isolated-poréehaior is muchgreater At x ed
poresize,increasingthe porosity of a materialmustresultin greatertopologicalconnectvity,
andthusgreaterprobability of system-spanningehaior. The materialsthatwe have consid-
eredto datehave only 30% porosity;moreporousmaterialssuchasxerogelsandhigh-porosity
CPGmayshow truephasdransitions.
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