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Abstract

The interactinginduced-dipolepolarizationmodel,implementedn our programPOLAR, is
usedfor the calculationof the effectivepolarizability of the zeolitic bridgedOH group,which
resultsmuchhigherthanthat of the free silanol group. A high polarizability is alsocalculated
for the bridgedOH groupwith a Si**, in absencef Lewis-acidpromotion of silanol by Al®*.
The crystal polarizability is estimatedfrom the Clausius—Mossottrelationship. Siliceous
zeolitesarelow-permittivity isolators.The interactionof a weak basewith the zeolitic OH
canbeconsideredsalocalbond.Only whencationsarelocatedn the zeolite micropore,next
to tetrahedrahat containtrivalent cations,are large electrostaticfields generatedThey are
short ranged,andthe positive cationchargesarecompensatedor by correspondingiegative
latticechargesA methodfor the calculationof fractal surfacesof crystalsis presentedThe
fractal dimensionD of fragmentsof zeolites is calculated. Results comparewell with
referencecalculation GEPOL).The activesite of Brgnstedacidzeolitesis modelledby sets
of AI-OH-Si units, which form 2—12memberedings. Topologicalindicesfor the different
active-sitemodelsare calculated.The comparisonbetweenGEPOL and SURMO?2 allows
calculating the active-siteindices. Most cavities show no fractal characterwhile for the
6—-8-unitsringsD liesin the range4.0—4.3.The 6-ring showsthe maximumD; it is expected

to bethe mostreactive.
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JASV
Cuadro de texto
10th International Electronic Conference on Synthetic Organic Chemistry (ECSOC-10). 1-30 November 2006. http://www.usc.es/congresos/ecsoc/10/ECSOC10.htm & http://www.mdpi.org/ecsoc-10/

JASV
Cuadro de texto
[g001]


Introduction

The catalytic propertiesof zeoliteswere determinedby their framework composition[1].
Alteration of Si/Al ratio led to variationsin the catalytic activity andstability of framework
[2]. It was possibleto substituteisomorphouslycertainelementsinto tetrahedralpositions
[3]. Isomorphouslysubstitutedzeolites showedvariationsin polarity andacidity, aswell as
becamemeansy whichto tailor themto suit catalytic needsAb initio calculationspredicted
structuralandacidic propertiesof zeolites[4,5]. By usingmodel-clusteunits to represent
portionof the frameworksurroundingnactivesite, it was predictedthe differencein acidity
betweerabridgedAl hydroxyl (>OH) andafreeor terminal-OH. They wereincludedB [6],
Ga and Ge isomorphouslysubstitutedforms, with the B and Ga forms corresponahg to
isomorphoussubstitutionof Al, aswell asthe Ge form representingsubstitutionof Si [7].
The calculatedacidic characteristicsvere in good agreementwith experiment.The use of
zeolitesasacidic catalystsraisedinterestin the structureand propertiesof their active sites
[8,9]. The sourcesof Brgnstedacidity in zeolitesarebridged>0OHs, which arisefrom Al or
T"' atomsreplacingSi [10]. The Brgnstedacidity proton consistsof anH atom, bondedto
the O atomthat connectghe tetrahedrallycoordinateccations(cf. Figure 1). Zeolitescanbe
consideredo be constructedof tetrahedrawith O atomsasapicesandcationsin the centre.
Thetetrahedrdorm athree-dimensiongBD) systemby sharingof one O atombetweeneach
two tetrahedraWith Si** cations,the zeolitic frameworkis a polymorphof quartzand has
SiO, stoichiometry The zeolitic frameworklosesneutralitywhenlattice Si** becomereplaced
by AI®* cations.The excesslattice negativechargemust be compensatedor by positively
chargedcations.Usually alkali ionsareused,which find a locationin the microporouszeolite
channelsystem.The zeolitic acidic site canbe generatedn severalways. NH," ions canbe

introducedn the zeolitic microcavityby ion exchangeand,by heatng, they cansubsequently



bedecomposeihto NH; andH™. The NH; moleculedesorbsandthe protonis left bondedto
abridginglattice O atom,which connectsatetrahedrorwith afour-valent(Si*") cationandone
that containsa three-valen{Al®*, etc) cation. Formally, the three-foldcoordinationof the O
bridgeis anonclassicabondingsituationalsoknown, e.g, H;O". Comparedo silanol (Figure
1a),whichis only weakly acidic, the acidity of the protonis enhancedwhich is dueto a

silanolthat undergoed_ewis-acidpromotionby Al3*,
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Figure 1. Schematic representations of (a) silanol and (b) zeolitic Brgnsted acidic hydroxyl.
Quantum-chemicatalculationgndicatethat the chargeof the protonis low (<0.1 e.u.)
[11]. Proton nuclearmagneticresonancéNMR) dataindicatea slight upward chemical shift
comparedo free silanol [12]. A small weakeningof the O—H bond is demonstratedby a
comparisorof the stretchinginfrared (IR) frequenciesWhereaghe silanol IR frequencyis
typically 3 750cm?, the zeolitic OH groupshavefrequenciedetween3 550-3 650cm. The
stretchingfrequencyof the zeolitic OH groupis significantly higher than the highestlattice
fundamentalmodesca 1 300cm!, which reflects the low proton mass. The group of
Kazanskyusedthe overtonespectrumof OH groupsto deducethe potential of O—H using
the Morse potential [13]. They found a covalent-dissociatioenergyof ~500kJ-mot, with
small differencesin covalent-bondstrengthbetweenOH groups on many differert solids,
whichindicateghat the acidicnatureof the OH becomespparenbnly when protontransfer
itself, or the respons®f the OH on aninteractingbasicmolecule,ijs measuredwhenthe O-H

bondis heterolyticallybroken(for an>OH the energycostis ~1 250kJ-mot [14]), the overall



bondenergywill dependon the degreeof stabilizationof the negativechargeleft on the O
atom.Thesilanol group (heterolytic-bonddissociationenergyof 1 600kJ-mof) is lessacidic
thanthe zeolitic OH, becauséhe negativechargeon the O atomis only stabilizedby orbital
interactionswith one Si** ion in the caseof the silanol, but by interactionswith a Si** and
anotherT3* ion onthe bridgingsite. The polarizability of the zeolitic OH is alsomuchhigher
than that of the free silanol group. The polarizability relatesto the electronic interactions
betweerthe O andneighbouringatoms.A classicainterpretationof the high Brgnstedacidity
of the zeoliteis the large Pauling-valencyexcesson the three-coordiated O atom. Whereas
this valencyexcesss zero on the O atomof freesilanol, it is +3/4 on the bridging zeolitic O
atom, which representghe excessin effective formal positive chargeof the nonclassically
coordinatedO atom. The simple electrostaticview of the zeolitic O—H bond can be
misleading.The O—H and lattice O—T bondsmust be considereds strong covalentbonds
superposedly small(long-rangeklectrostatiénteractions.

Apart from the analysisof the chemicalbond of zeolitic materials,as obtained from
electronic-structurealculationsand direct computationof the electrostaticpotential in the
channelf the zeolite [15-17], the analysisof measuredand computedvibrational spectra
[18], as well as changesin bonding geometryupon protonaton [19,20] provide additional
informationon the relativeimportanceof electrostatio/s covaleninteractions.The difference
in frequencieof the transversabndlongitudinal optical modesin solidsis a measureof the
long-rangeelectrostatignteradion in a solid. Whereasn high-symmetrycrystalsIR radiation
only excitesthe transversabpticalmodes the longitudinal modesareaccessibldy Ramanor
neutronexcitation. The longitudinal modes,which correspondto atomic motions along a
symmetryaxs of a crystal,usually havea slightly higherfrequencythan transversaimodes,
which correspondo atomic motions perpendiculaito a symmetryaxis of a crystal. Long-

range electrostaticinteractionsenforcethemselvesfor longitudinal modes,but cancel each



other for transversaimodes.The averagedifference of longitudinal and transversaloptical-
modedifferencegselatedo the vibrational-plasmoifrequency:

[ \2 /N2 \?
\Po/ ~\Wro/ =\Dp/ (1)

Thevibrationalplasmonis acollectivecharge oscillation.It is relatedto the elementarycharge

of the chargecarriersandthe permittivity of asolid:
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where v is the molar volume, ¢(w0), the permitttivity contribution due to electronic

polarization, m;, the atomic masses,and Q;, the effective ionic charge. The computed
vibrational-plasmorfrequenciesand measuredvalueswere comparedfor siliceouszeolitic
polymorphs.The calculatedvalueswere obtainedfrom extended-latticecalculationsusing
rigid-ion, partial-charger shell-modebpotentialparametersn therigid-ion model,the charges
on the ions are chosento be equalto their formal valencies. The shell-model potential
parametersare also basedon formal valencies. Whereaspolarization effects cannot be

accountedor in the rigid-ion approximation,n the shell modelthe O atomsare considered

polarizable The shellmodelenables predictionof ¢(«). Whereaghe parametersisedin the

rigid-ion and shell modelshave beenempirically obtainedfrom the physical propertiesof
quartz,the potential parametersof the partial-chargemodel have beenestimatedfrom the
potential energysurfacescomputedfrom ab initio calculations[21,22]. The chargeon Si,
accordingto partial-chargenodelsjs approximatelyhalf of the formal valency.Both rigid-ion
andshellmodelsgive too largelong-rangeelectrostatidnteractions Polarizationeffectsreduce
the contribution of the long-rangeelectrostatianteractionswhich havebeenalso reducedn
the partial-chargecalculationdueto the lower ionic chargesput arestill too high becausef

the absencef polarization.The group of van Santendevelopedsheltpotential parameters,



completely basedon a fit to the potential energysurfaceand electrostatic§rom ab initio

calculationson small clusters[23]. They hadsatisfactoryagreemenbetweencomputedand
predictedpermittivities. They calculatedthe large decreasen long-rangeelectrostaticeffects
with a density decreaseFor zeolites, e.g, faujasite, long-range electrostaticinteractions
contribute only ~5% to the calculated vibrational-frequencydifferences[24]. In earlier
publications, the fractal dimension of different structural-type zeolites was calculated;
correlationswere obtainedbetweenthe fractal dimensionand sometopologicalindices[25].

SomeBrgnsted-acidnodelswere proposedthe smallestunit SiH;—OH—-AIH; representeca
bridged —OH, and the remainingmodelsclosedrings consistingof —SiH~OH—-AIH,— units
[26]. Analysesof the geometricand topologicalindices for the active-site models were
performed[27,28]. The aim of the presentreportis to perform a comparativestudy of the
polarizationpropertiesof a set of Brgnsted-acianodelsrepresentativef Si—Al zeolitesand
to distinguisha particular ring that suggestgreatestreactivity. In the next section the
computationamethodis describedFollowing that the resultsarediscussedThe last section

summarizeshe conclusions.

Resultsand Discussion

Thereexistmorethan onehundredzeolitic structuresbetweennaturaland synthetic. These
structurecanbeclassifiede.g, asa function of pore size or asa function of the orientaton
aswell asthe sort of channelsaindcavitiesthat present.Threeof the structureghat aremore
usedat industriallevel arefaujasite(FAU), mordenite(MOR) and ZSM-5 (MFI). Zeolites
FAU areof largepore,forming almostsphericakavitiesof ca 12A of diameterinterconnected
by windows of 7.2A. FAUs receivethe nameof type either X or Y accordingto the Al
contentof unit cell. FAUs with Al density between77-96 Al/unit cell are of type X, and

thosewith lower Al densitiesaretype Y. Exchangecations areintroducedto compensatéhe



chargedefectgeneratedby the substitutionsof Al for Si atoms.Consequentlythe numberof
exchangecationsis greaterin FAUs type X. Zeolites MOR are fundamentallyformed by
parallelchannelswhich presentopeningswith small pores easy of blocking by materials
outsidethe structureg.g, exchangecations.The lateralopeningswill influencethe adsorption
of small moleculese.g, methanegthaneor propane.Zeolites MFI presentan intermediate
pore size. MFIs corsist of two perpendiculachannelsystemgstraightandzigzag). MORs
andMFIs containbetween0-8 Al/unit cell. Zeolites of six different structuraltypes have
beenstudied,viz. faujasite ZSM-11,ZSM-5, mordenite sodalite andbeta-A.The topological
indicescalculatedor the zeolitecrystalsarereported(cf. Tablel), including two fragmentsof
faujasite(l andl1l) with different numbersof atoms. The faujasite,ZSM-11, ZSM-5 and
betaA structureshow3D channelsyhile mordeniteshowstwo-dimensioml channelsEach
type of zeolitepossesseswell-definedcrystallinestructurewith poresof distinct sizes.The
studied zeolites cover different pore sizes: faujasite, mordeniteand betaA are large-pore
zeolites (showingchannelswith accesslimited by 12-ring windows), while ZSM-11 and

ZSM-5 (10-ring) aswell assodalite(6-ring) showsmallerwindows.

Tablel. Topologicalindicesfor zeolites.

Zeolite D? D'®  Framework Type of rings: Type of acces G° G*®

densityF4° Rinax

Faujasite-] 1.866 2.317 12.7 12 3 0.326 0.838
Faujasite-ll 1.912 2.193 12.7 12 3 0.295 0.864
ZSM-11 1.962 2.315 17.7 10 3 0.300 0.851
ZSM-5 2026 2.174 17.9 10 3 0.295 0.867
Mordenite 1.961 2.058 17.2 12 2 0.317 0.882



Sodalite 2.149 2311 17.2 6 3 0.225 0.934

BetaA 1.981 2.215 15.1 12 3 0.276 0.825

a . . .
Fractaldimensionof the solvent-accessiblsurface.

b . : . .
Fractaldimensionof the solvent-accessiblsurfaceaveragedor nonburiedatoms.

° The frameworkdensityis expressedsthe numberof T sitesper 100043,
‘ Fragmenglobulaity.

® Fragmentugosity (A ™Y).

The linear modelgraphfor the fractaldimensionD as a function of {Fy3,R2.G,G’}
(cf. Figure2) showsthat the lineal modelincorrectly predictsthe fractaldimensionof ZSM-
11 andZSM-5. The quadraticmodelgraphfor D vs {F4RnG,G’} is superposeabn the

original data(Figure2).
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Figure 2. Comparison of the original data and the best linear model for the fractal dinfiznsion
The netgroupchargeof silanolandzeolitic Branstedacidichydroxyls qon (cf. Table2)
has beencalculatedwith AM1 and PM3. The inclusion of a bridged OH group in silanol

[formal Si(OH):—(O"H)-Si(OH)] causesan increasein both AM1 and PM3 qoy. The

correspondingnterpretationis a bifurcated electronic transfer Si(OH)<«<(OH)—Si(OH),

which is in agreementwith the >O*H positive formal charge. Moreover, the subsequent



substitutionof the secondSi atom by Al [formal Si(OH)%—(O"H)-AI7(OH)s] producesan
augmentation AM1 gon, Whichrepresenta furhterelectronictransfer—(OH)—AI(OH) 3, in
agreementvith the—(O"H)—Al~(OH); formalzwitterion. However,the result shouldbe taken
with care,becausef a well-known limitation of AM1 for representinghydrogenbonding
(H-bond), which is correctedin PM3. The >0O-H...O(Si) contact is a van der Waals
interaction,which canbe considerech weak H-bond (doo = 2.345A, do_ = 2.273A and

angle OHO = 73.9°).The O-H...O interaction producesa decreasein PM3 gon, Which

representsa furhter electronic transfer >O—H<-O(Si), favouredby a consequentransfer

O(Si)y—=(OH)—AI(OH)s.

Table2. Net groupcharge(a.u.)of the bridgedOH group.

Molecule AM1? PM3
Si(OH), -0.472 -0.321
Si(OH);—(OH)-Si(OH)" -0.443 -0.203
Si(OH)—(OH)—AI(OH), -0.379 -0.220

aCalculationzaried out with MOPAC—-AM1.

b Calculationsarriedout with MOPAC—PM3.

The effectivepolarizability of silanol andzeolitic Brgnstedacidic hydroxyls aon (cf.

Table3) hasbeencalculatedwvith our programPOLAR. The inclusionof a bridgedOH group

in silanolcausesagreatincreasen aoqy. Moreover,the subsequensubstitutionof the second

Si atomby Al producesonly a small augmentationn aon. The trend is in agreemenwith

referencecalculationscarriedout with our versionof programPAPID.
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Table3. Effective polarizability (A®) of the bridgedOH group.

Molecule POLAR Ref?
Si(OH) 2.288 0.607
Si(OH)%—(OH)-Si(OHY" 5.162 0.926
Si(OH);—(OH)—-AI(OH); 6.175 0.927

& Calculationcarriedout with programPAPID.

The high-frequency molecular polarizability a(«) calculated with the

Clausius—Mossottiequation for siliceous zeolitic polymorphs (cf. Table 4) shows the
moderatencreasen long-rangepolarizability with a long-rangepermittivity increaseaswell
asthelargedecreasén long-rangeelectrostatieffects andthe moderatadecreasen long-range

polarizabilitywith adensitydecreasef the system.

Table 4. High-frequencymolecular polarizability a() calculatedwith Clausius—Mossotti

equation.

Species v (A3 £(o0) (=) (A
a-Quartzz2A° 37.66 2.383 2.837
a-Quartzxd® 37.66 2.356 2.799
Sodalite 56.17 1.699 2.535
Faujasite 74.07 1.503 2.539

2The zz componenof the dielectrictensorandthe shift of the A, modesaretaken.
®Thexx componenbf the dielectrictensorandthe splitting of the E modesaretaken.

¢ Experimentaialue.
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A setof Brgnsted-acidnodelsrepresentativef Si-Al zeolitesis studied.The smallest
unit investigatedSiH;—OH-AIH; is taken to representa bridged hydroxyl group; the
remainingactive-sitemodelsarebuilt by closing rings formed with 2-12 —SiH—~OH-AIH,—
units. Theinternalcavitiesof theseringscontributeto the total volumeandfragmentsurface
areaOntheonehandthetotal volumeV; of the active-sitemodelsof the zeolitesis the sum
of both fragmentV; andcavity V. volumes:V; = V; + V.. On the other, the fragmentsurface
areas is the sumof both externalS, andcavity S surfaceareasS =S, + . Table5 lists the
geometricdescriptorsfor the active-sitemodels. The calculationslabelled fragment+cavity
havebeencarriedout with SURMO2.SURMO2is unableto recognizethe internalcavitiesof
the active-sitemodelsHencethe calculatedvolumeV is ameasuref thetotal volumeV;; e.g,
Vi(6-ring) = 567.3&. Furthermore GEPOL doesrecognizethe cavities,and the value of the
fragment volume V; is available; eg., Vi(6-ring) = 490.9&R The external surface area
S(6-ring) = 360.7& (SURMO?2).Besidesthe actual(externalplus internal)fragmentsurface

areaS(6-ring) = 656.6& (GEPOL).

Tableb. Geometriddescriptordor zeoliteactive-sitemodels.

Type of e Va g 53 ASC ASP ASPe
ring fragment fragment fragment fragment fragment fragment fragment
+cavity +cavity +cavity
2 176.3 160.0 186.7 210.2 422.6 371.6 746.1
4 433.5 328.8 346.0 439.6 652.4 659.7 1106.0
6 567.3 490.9 360.7 656.6 854.9 992.2 1509.2
8 813.4 660.9 414.6 907.9 959.4 1363.3  2052.6
10 742.4 825.3 447.2 1135.5 910.9 1731.9 2631.2
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12 888.2 989.2 460.7 1360.7 10629 2091.8 3203.6

aFragmentolume(A3).

b Calculationgarriedout with the GEPOL program.
° Fragmensurfacearea(A?).
dWater-accessiblsurfaceareaA?).

® Side-chairaccessibleurfacearea(A?).

Table6 reportsthe topologicalindicesfor the zeolite active-sitemodels.The fragment
globularityG is the topolagical index that better differentiatesthe active-sitemodels.Not
surprisingly,G is greaterascalculatedoy SURMOZ2(closerto unity for thelargestring in the
Gtragment+caviycolumn)comparedvith GEPOL (Ggragmen)- Moreover,the fragmentrugosity G’
is smaller.Noticethat the internalcavity effectis difficult to appreciatan the contextof the
fragmentvolume,globularity andrugosity (10—12ring), water-accessiblsurface(2-ring) and
side-chainaccessiblesurfacearea(2—6-ring), becauseof their small or null calculatedcavity

contributions.

Table6. Topologicalindicesfor active-sitemodelsof zeolites.

Type of ring G? G° G*© G® D¢ DP

fragment fragment  fragment fragment fragment fragment

+cavity +cavity +cavity
2 0.814 0.678 1.059 1.313 1.262 1.324
4 0.800 0.524 0.798 1.337 1.372 1.501
6 0.919 0.458 0.636 1.337 1.372 1.598
8 1.016 0.404 0.510 1.374 1.261 1.603
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10 0.887 0.375 0.602 1.376 1.305 1.595

12 0.970 0.353 0.519 1.376 1.268 1.587

4 Fragmenglobularity.
b Calculationgarriedout with the GEPOL program.
° Fragmentugosity (A ™).

4 Eractaldimensionof the solvent-accessiblsurface.

From the calculationresults referring to the total (SURMO2) and cavity-sensitive
(GEPOL)fragmentshape they havebeenestimatedhe geometricdescriptorsandtopological
indicesfor the cavitiesof the active-sitemodelsof zeolites.The results(cf. Table7) show that
the cavity volumeandsurfaceareasaresmallerfor the 6-ring thanfor the 8-ring. However,for
the 6-ring the globularity, rugosity and fractal dimensionare greater.Notice that for the
2-8ring cavitiesS> AS= AS’, because water moleculewith an effectiveradiusof 1.41A
andavolumeca 12A3 canhardly becontainednsidethe smallestcavities.Moreover, a probe
sphererepresenting proteinsidechain with aradiusof 3.5A andavolumeca 18043, cannot
be containedinside any of the cavities. For the 2—4 and 10-12ring cavities, the fractal
dimensionD is ca 2, indicatingthat the solvent-accessiblsurfaceof theserings is hardly
sensitiveto solventsize. Notwithstanding,for the 6-8-ring cavities,D lies in the range
4.0-4.3.In particular,the 6-ring cavity showsthe greatestvalueof D, indicatingthe greatest
sensitivityof the cavity accessiblesurfaceto solvent size. Therefore,it is suggestedhat the

6-ring cavity canhavethe greatesBrgnsted-acidatalyticactivity.

Table7. Descriptors/indice$or active-sitemodelcavities.

Type of ring V@ S AS® AS™ G® G DY
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2 16.3 23.46 0.0 0.0 1.325 1.439 2.000

4 104.7  93.56 7.3 0.0 1.148 0.894 2.000
6 76.4  295.92 137.3 0.0 0.294 3.873 4.271
8 152.5 493.34 403.9 45.3 0.280 3.235 3.951
10 0.0 688.28 821.0 819.7 0.000 o0 1.985
12 0.0 899.99 1028.9 1103.3 0.000 o0 1.943

3 Cavity volume(A3).

b Cavity surfacearea (A?).

° Water-accessiblsurfaceareaA?).
d4Side-chairaccessiblsurfaceareaA?).
€ Cavity globularity.

" Cavity rugosity (A™).

9 Fractaldimensionof the solvent-accessiblsurface.

Figure 3 showsthe variationof the side-chainaccessiblesurfa@ area(AS’) with the

water-accessibleurfacearea(AS) of the zeolite active-sitemodelsfor the 1-12-ring. Three

points(1-, 2- and4-ring) appearssuperposed.
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Figure 3. Side-chaivs water-accessible surface areas of active-site models of zeolites.

Thelinearfit corresponds$o:
AS’' =-80.0 +1.05AS r=0.953 (9)
The slopeindicateshat anincreaseof 1.00A% in AS correspondso anincreaseof 1.05A2 in
AS’. The abscissgor the intersectionwith the interpolationline) at AS = 76.2X is closerto
the 6-ring, indicatingthe greatessensitivityof its solvent-accessiblgurfaceto solventsize.

The atom-to-atomanalysisof the geometricdescriptorsandtopologicalindicesfor the
zeolite 6-ring active-sitemodel,carriedout with TOPO, considers(cf. Table 8) four atoms,
viz. Si, O, H(O), andAl, in each-SiH—OH-AIH,— unit. The greatestontributionto the ring
volumeV comesfrom eachSi atom (52% of that for Si/O/H/Al). The sametrend hasbeen
observedor the surfaceareaSs; (50%),aswell as solvent-accessiblsurfaceareasASs; (76%)
andAS’s; (53%), dueto the greatestaccessibilityof eachSi atom (Accs; = 20.3%). The Si-

atomtermin thering globularityGg; is the lowest. Moreover,eachSi-atomcomponentpartin
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the ring rugosity G’g; is small. EachSi-atominput to the ring fractal dimensionDyg; is low;
however for the O atomsDg is the greatesandfor the Al atomsD is large. The ring cavity
contributesto the total volume and surface area, as explained above (Table 6). Again,
Savity > AScavity = AS'cavity asexpectedor asmallcavity. The fractaldimensionD iy IS large,
indicatingthe sensibility of the solvent-accessiblsurfaceof the cavity to solventsize and
suggestinghat this cavity canhavelargeBrgnsted-acidatalyticactivity. Thering rugosity G’

andaccessibilityaresmall. Thering fractaldimensionD is large.

Table 8. Geometricand topological indices for zeolite 6-ring active-site model: Atomic

analysis.

Atom 2 53 G° G AS®  Accessibility ASY D"
Si 26.1 26,59 1.602 1.017 29.0 20.3 10.3 3.022
o) 6.5 649 2591 1.001 3.2 3.6 0.1 5.749
H(O) 7.7 9.09 2076 1.179 3.2 35 8.9 2.963
Al 98  11.41 1941 1.164 2.9 3.2 0.1 5.594
Cavity  76.4 29592 0.294 3.873 137.3 - 0.0 4.271
Allring  487.9 62464 0.480 1.280 965.7 18.4 1490.6 1.584

2 Ring volume(A®).

b Ring surfacearea(A?).

¢ Ring globularity.

9 Ring rugosity (A ™).

® Water-accessiblsurfacearea(A?).

" Accessibility (%) of the water-accessiblsurface.
9 Side-chairaccessiblesurfacearea(A?).

" Fractaldimensionof the solvent-accessiblsurfacearea.
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Our results,indicating the maximal sensibility of the solvent-accessiblsurfaceof the
6-ring cavity to solvent size, are in agreementwith Hammondset al. rigid-unit crystal
vibrationalmode(RUM) modelfor the bindingsite of cations[39]. In faujasite the 6-ring was
calculatedto be openingandclosingunderthe influenceof a local RUM, in agreemenwith
experiments.

Fromthe presentesultsthe following conclusionganbedrawn

1. The polarizability of the zeolitic OH group is much higher than that of the free
silanolgroup.Moreover,ahigh polarizabilityis alsocalculatedor the bridgedOH groupwith
aSi** cation,evenin absencef Lewis-acidpromotionof silanolby Al**.

2. Siliceouszeolitesareisoatorswith a low permittivity. The interactionof a weak
basewith the zeolitic OH canbe considereds a local bond, which is similar to the hydrogen
bondingthat occursbetweengas-phaseacidic moleculese.g, HCI-NHs;. Only whencations,
e.g, Na", K* or Mg?* andC&", arelocatedin the zeolite microporenextto tetrahedrahat
containtrivalentcationse.g, Al*" insteadof Si**, arelargeelectrostatidields generatedThey
are short ranged,and the positive cation chargesare compensatedor by corresponding
negativelatticecharges.

3. The utilization of the arrangedporous solids requireshigh areaand cavities
interconnecten varioussize scales.Therefore the use of synthesismethods,which allow
tailoring porosity without the necessityfor greatexperimentalcomplexity, must permit the
preparatiorof the amountsof homogeneousnaterial necessaryfor large-scaleapplications.
However,asimportantis the cavity asthe atomsthat form it, so that the advancesn the
selectivefunctionalizationof the surfacemust allow the design of materialswith specific
functions. As it could be varied the surfacecompositionand could be manipulatedthe

microstructureof the zeolitic skeletonnew propertieswill befound.
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4. The fragmentglobularity G is the topologicaldescriptorthat better differentiates
the zeolite active-sitemodels.The 6-membered-ringcavity modelof the zeolite active site
shows the greatestfractal dimension, indicating the greatestsensitivity of its solvent-
accessiblesurfaceto solventmolecularsize. Thereforejt is suggestedhat the 6-ring canhave

the greatesactivity asacidiccatalystWork s in progresdo checkthe validity of this result.

General procedure

The o dipole—dipole polarizability is calculated with the interacting induced-dipole

polarizationmodel[29], which calculatesffectiveanisotropicpoint polarizability tensorsby

the methodof Applequistet al. [30]. The o™ molecularpolarizability is definedas the

linearresponseo anexternalelectricfield,

‘u;nd — a::)ol E:xt (3)

nd

where u,™ is the induced molecular dipole momentand a, b, c... denote Cartesian

component$31-33]. Consideringa set of N interactingatomic polarizabilities,the atomic
induced-dipoleanomenthasa contributionalsofrom the otheratoms,
ind _ ( ext T(2) mdw 4
Aup,a_ pab +E quc qc ( )
g=p

whereT,qpd? is the interactiontensor

-|-(2) _ a'pq,arpq,b _% (5)
pg,ab — r5 r3
pq pq

wherer , is the distancebetweeratomsp andg, ando representshe Kroneckerd function:

o(a,b) = 1if a=Db, anddo(a,b) = Oif a = b. Themolecularpolarizability canthenbewritten as
N

mOI Eap ab — E qu,ab (6)

ap
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eff

wherea™ is the effectivepolarizability of atomp, andB is the relay matrix definedas(in a

supermatrixnotation)

B=(at-T®)" (7)
The difference betweenour programPOLAR and our versionof PAPID [34,35] is in the
different parametrizationschemeused for the initial atomic polarizabilities. PAPID uses

atomic o, valuesfitted to high-quality calculations,while POLAR performs a simpler

individual computationfor eachmolecule,in orderto exploit the differenceamongdifferent
atomsin differentfunctionalgroupsin differentmolecularenvironments.

An optimized version of our program POLAR, including the whole interacting
induced-dipolgolarizationmodel hasbeenmplementedn the programmolecularmechanics
(MM2), its extensionto transition metals (MMX) and empirical conformational energy
programfor peptdes(ECEPP2).The new versionsare called MMID2 [36], MMXID [37]
andECEPPID238].

The crystalpolarizabilityis estimatedy the Clausius—Mossottielationship:

3e-1)v

wherev is the elementarywolumeper mdeculein the crystallinestate ande is therelative

permittivity. The high-frequencymolecular polarizability () representsthe molecular

polarizability contributiondueto electronicpolarizability e().
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