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ABSTRACT

A variety of newmolecular modeling toolsare nowavailable for studying
molecularstructuresand molecularinteractions,for buildingmolecularstructures
from simplecomponentsusinganalyticaldata, and for studyingthe relationshipof
molecularstructureto the energyof bondingand non-bondinginteractions.
These are provingquitevaluable incharacterizingmolecularstructuresand
intermolecularinteractionsand in designingnewmolecules. In thispaper,w,_will
describethe _tpplicationof molecularmodelingtechniquesto a varietyof
materialsproblems,includingthe probablemolecularstructuresof coals, lignins,
and hybridinorganic-organicsystems(silsesquioxanes),the intercalationof small
gas moleculesin fullerene crystals,the diffusionof gas moleculesthrough
membranes,and the design,structureand functionof biomimeticand nanocluster
catalysts.

INTRODUCTION

A newtechnique,computer-aidedmoleculardesign(CAMD), or computer-
aided molecularmodeling(hereafter called simplymolecularmodeling),has
recentlybeen developedfor studyingthe structuralcharacteristicsof complex
molecularsystems(Bajorathet al., 1991). Initiallyused in the designof
pharmaceuticalmolecules,the technique is now beingapplied in manyfieldssuch
as biochemistry,materialsscience,polymerscience, and fuel science. This paper
reviewsthe use of the molecularmodelingtechnique for a numberof diverse
applications.

The methodsusedfor mostof these studiesare molecularmechanics and
moleculardynamicscalculations. These use a classicalforce field approximation
to simulatethe interactionsof atomswithinand betweenmolecules(Fruhbeis,
Kleinand Wallmeir, 1987). With these techniques, the minimum-energythree-
dimensionalstructuresof moleculescan be determined,as well as a numberof
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otherphysicalproperties. There are a numberof commercialsoftwarepackages
that includeenergy-minimizationcapabilitiesbasedon force field calculations,
coupledwithgraphicalinterfacesfor visualizationof moleculesinthree
dimensions.These packagesare describedin the variouspapers referenced
herein, andwill notbe discussedin moredetailhere.

Ourearliest use of molecularmodelingwas for the designof biomimetic
(biologicalmimic)catalysts(Shelnutt,1989). Someenzymes,whichare naturally-
occurringcatalysts,containmetalloporphyrinsas the specificcatalyticsiteswithin
a complex,rigidmacromolecularstructure.We haveused molecularmodelingto
designmetalloporphyrin-basedcatalyststhat are muchsimplerthan enzymes,but
that maintainthe desirablefeaturesof the enzymes. Figure 1 showsa
metalloporphyrinthat has been designedto have catalyticactivityfor CO=
reduction. The porphyrinis stericallycrowded,forminga bindingpocketto holr_
the CO=in place near the catalyticmetalcenter. Additionally,the peripheral
substituentshave been designedto haveappropriatesurface properties(partial
charge, etc.) to enhancecatalyticactivity.

Figure1. Solid-filledrepresentationofanickeloctaethyltetraphenylporphyrin.Themolecule
containsabindingpocket(groove)createdbystericcrowdingof theperipheralgroups.ACO2
moleculeisshowninthebindingpocket,wherethecatalyticreactionwilltakeplace.



Tests have shown that the synthesized catalysts in fact do have the geometry
indicatedby the computermodels,and thatthey showcatalyticactivity
enhancementsas predicted.

We have used molecularmodelingextensivelyto studycoal and related
macromolecules.Initially,we studieda series of previously-postulatedbitur0inous
coal structures(Given, Wiser, Solomonand Shinnmodels)and compared their
minimumenergy structures,physicaldensitiesand hydrogenbond interactions
(Carlsonand Granoff, 1989, 1991). Goodagreementwith experimentaldata was
obtainedfor densityand hydrogenbonding. We also exploredthe specific
interactionsthat define the tertiary structureof coal (hydrogen bonding _nd van
der Waals interactions), finding that the much weaker (but ubiquitous) van der
Waals interactions actually dominated the energy-minimization driving force for
coals of bitumk',ousrank (Carlson, 1991, 1992). Figure 2 shows the Shinn
macromolecular structure as it was input to the computer, and then after treatment
by molecular dynamics and energy minimization. The folding of the structure into
a quasi-three-dimensional solid is apparent after minimization.

Figure 2. Computermodel of bituminouscoal structureafter Shinn. On the left, the structureas
inputto the computer is roughlyplanar. On the right,after 40 psof moleculardynamicsand
energyminimization,the structurehasfolded into a three-dimensionalform.

We have also developed a unique macromolecularbuilderroutine,the
SIGNATURE program,that createsmoleculesbasedon quantitativeand
qualitativeexperimentaldata (atomiccomposition,NMR analysis,gc/mspyrolysis
fragments,etc.) and specificrulesof bondformation. This programhas been
used in the studyof statisticalsamplesof coal structure(Faulon, Carlsonand
Hatcher, 1993). Other studiesrelatedto coal structureincludestudiesof the



structureof lignin,one of the mainconstituentsof vascular plants, and also the
precursorto coal (Faulon,Carlsonand Hatcher,1994). Inthese studies,a model
of ligninwas constructedbasedonthe knownconcentrationsof the ligninbuilding
I:>locksthat are present inwood. When the modelwas subjectedto molecular
dynan_icscalculations,an alpha-helical structureresulted. Figure 3 showsan
initiallylinear ligninmolecularfragmentas it folds in responseto the
intramolecularforces, and finallyformsa tightly-coiledalpha-helicalstructure.
This orderedstructurehadnot been postulatedpreviously;in fact, itwas always
assumedthat ligninin woodhada randomstructure.Experimentalstudiesare
now underwayto comparewith the calculatedmolecularmodelof lignin.

Figure 3. Ligninstructure.As originallyinput(left), the moleculeis relativelylinear. As molecular
dynamicscalculationsare performed,the molecule beginsto fold (centertwo figures),finally
reachinga fully-collapsed,alpha-helicalstructureas the minimumenergyconformation.

We have also used molecularmodelingto studythe coalificationprocess
(Hatcher,Wenzel and Faulon, 1993). Bystartingwitha lignocellulose(wood)
modeland applyingappropriatedegradationchemistrysupplementedby NMR
data on coalsof variousmaturities,we have been able to determinethe effectof
maturationon the tertiary structureof the coal macromolecules.Interestingly,as
shownin Figure4, the originalstructureof the ligninis preservedduringinitial
stages of coalification(centerimage, lignitecoal), and is onlysubstantiallylostin
moremature (bituminous)coal structures.This is in agreementwith experimental
observationsof microscopiccoal particles,whichoften showresidualplant
structures.
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Figure 4. Molecular modelingof the coalificationprocess.At the left is a Iigninstructure,similar
to that whichmightresultfrom plantdecomposition.The centerimage is a structureof lignite,a
low-rankcoal, reached bymodifyingthe ligninstructureusingappropriatedecomposition
chemistry. The imageon the rightrepresentsbituminouscoal, the structure obtainedonce again
by applyingappropriatecoalificationchemistryto the previousstructure.

In other applications of molecularmodeling,we are studyingthe structure
and propertiesof porousmaterials. Figure5 showsthe structureof imogolite,an
inorganiccrystallinematerialwhosestructureis relatedto zeolites. The image is
of a periodicsystem,basedon crystalstructure,witha full cylindricalstructure
shownin vectorform in the centralpart of thefigure,and partial repeat unitsof the
cylindricalstructureat the fourcomers. We are usingthe computermodelsto
studydiffusionof smallmoleculeswithinthe cylindricalpores. We have also
developeda methodto image the porosityinthe structure,as shownby the
cylindricalarraysof spheresinsidethe imogolitepore structure. This methodalso
enablesthe determinationof surfacearea and fractaldimensionof molecular
models,a techniquethathas also been appliedto coal structures(Faulonet a/.,
1994).

Figure6 showsanotherapplication,the determinationof structureof an
engineered porousmaterial,triphenylene-bridgedpolysilsesquioxane(Faulonet
al., unpublisheddata). This hybridinorganic-organicmaterialis observed
experimentallyto consistof aggregatedparticlesthat exhibithighsurface area
(-250-1000 m=lg)and microporosity.Our molecularmodels,constructedto match
the knowncompositionof the materials,providedmicrostructurewithsurface area
and porositythat agree withthe experimentalfindings. Extrapolationsof these
modelsto differentorganicbridginggroupswill allowus to designnovelmaterials.



Figure5. Imogolite,a crystallineinorganicmaterial,displayedas a periodicsystem. A full
crystallinerepresentationcan be constructedbycombiningseveral unitsof the periodicstructure.
Alsoshownis a representationof cylindricalporosityinthe imogolite,shownas solidbails filling
the pore volumes.

Figure 6. Molecularmodelingof an engineeredporousmaterial,tdphenylene-bridged
polysilsesquioxane.The modelsshoweda complex mesostructurewithhighsurface area and
significantporosity,inagreementwith experimentalresults.
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In a final applicationof molecularmodeling,Figure 7 showsa
buckminsterfullerenecrystalcontainingoxygenmolecules ininterstitialoctahedral
sites. ExperimentalNMR evidencehadshownup to sixOzmoleculescoordinated
with each Ceomolecule.The molecularmodelswere helpful in confirmingthat Oz
wouldfit comfortablyinthe sixoctahedralsitesassociatedwith each Ceobutnot in
the four smallertetrahedralsitesin the Ceocrystals(Assinket al., 1992).

Figure 7. Buckminsterfullerene crystal, shown with oxygen in octahedral sites inthe crystal lattice.

In summary, molecular modeling has become a valuabletechnique forthe
investigationof the three-dimensionalconformationsand physicalpropertiesof a
wide varietyof molecularstructures,for moleculardesignand for intermolecular
interactions.Modelingresultsgenerallyhave agreedwellwith experimental
results,and often providedadditionalinsightbeyondthat from experimentsalone.
With the recentavailabilityof newhigh-speedmassivelyparallelcomputers,itwill
soonbe possibleto modelsignificantlylargermacromolecularstructures,as well
as to beginto utilizequantumchemicalmethodsmoreeffectively.
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