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Addition of water, methanol, and ammonia to Al 303 clusters: Reaction
products, transition states, and electron detachment energies
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Products of reactions between the book and kite isomersgafAdnd three important molecules are
studied with electronic structure calculations. Dissociative adsorption,@f é CH;OH is highly
exothermic and proton-transfer barriers between anion-molecule complexes and the products of
these reactions are low. For NHhe reaction energies are less exothermic and the corresponding
barriers are higher. Depending on experimental conditiors)A(NH3) coordination complexes or
products of dissociative adsorption may be prepared. Vertical electron detachment energies of stable
anions are predicted witab initio electron propagator calculations and are in close agreement with
experiments on AO; and its products with HD and CHOH. Changes in the localization
properties of two Al-centered Dyson orbitals account for the differences between the photoelectron
spectra of AJO; and those of the product anions. 2005 American Institute of Physics
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INTRODUCTION copy by Akin and Jarrold.The presence of species with the
_ _ formulas ALO3(H,0) or Al;05(H,0), (that is, AkO4H; and
Reactions on metal-oxide surfaces that are exposed t8],0.H;, respectively, the relative abundance of the larger
aqueous solutions underline many of the bulk processes stugf these two clusters, and the absence of03I(H,0),, spe-
ied by earth and environmental scientists and have been egjes forn=3 have been observed for moderate water vapor
ploited in a host of industrial processeAluminum oxide pressures. Whereas two well-separated peaks occur in the
minerals are ubiquitous on the earth’s crust and alternatlvgdsog and ALOsH spectra, the AO,H; experiment yields

morphol_ogie_s provide catalytic suppqrts and (_)pticala more subtle pair of broad, overlapping humps. These re-
waveguides in a broad range of technologies. The variety angults suggest a qualitative difference in bonding between
complexity of this chemistry have stimulated efforts to un-hAI O,H; and ALO;

34, 3

derstand fundamental reactions at the molecular level. Wit ; 17
) : ST i We have previously reporté‘bf the ground-state geom-

new techniques of synthesis and separation, it is possible to . . )
examine the reactivity of isolated AD,, clusters. Given the etr_les. and energies of the low-lying states of neutral and
pervasive presence of hydroxides on active surfaces, reafNONIC clusters W'th the formulg 40, for n=1-5.Electron
tions between aluminum oxide clusters and water have bedyoPagator calculations on vertical electron detachment en-
studied to identify structural and mechanistic treh@everal  €rdies (VEDES were used to assign anion photoelectron
kinds of spectrometric probes have been applied to alumiSPectra. For the AD; cluster, the existence of approxi-
num oxide and hydroxide clusteteO mately isoenergetic bootalso known as boxand kite iso-

Anion photoelectron  specftd and  theoretical mers(see Fig. 1 was demonstrated by assigning calculated
interpretations—2° of them have established that more thanVEDEs of both isomers to peaks in the photoelectron
one isomer may be generated by current techniques for tr@ectrun{“'lﬁ
preparation of an AO-, cluster with a selected mass. Pho- ~ Computational studié§®® on Al;0,H, and AkO,H;
toisomerization in AJO; was inferred by Wuet al. from  concluded that the book form of the ani¢kig. 2@)] is
variations in spectral peak intensities produced by changes iehiefly responsible for the main features of the correspond-
laser fluence and in the conditions of ion synthesis andng photoelectron spectrum and that lower symmetry in this
transportf? Subsequent experiments demonstrated the separsomer accounts for the qualitative differences between the
tion of spectral components associated with two energetiAl;O; and ALO4H; spectra. These studies also suggested
cally close isomers. that the kite isome[Fig. 2(b)] should not be ignored in in-

Reactions between 4D; and water molecules have terpreting the photoelectron spectrum, for its energy is close
been examined with mass spectrometry and the products that of the book isomefFig. 2(c)]. This result suggests
have been characterized with anion photoelectron spectrogat the first hump in the AD,H; spectrum may be shifted
to slightly higher energies and broadened relative to the first
¥Electronic mail: martina@matilda.iimatercu.unam.mx book Al;O3 peak by the presence of a second, less stable

0021-9606/2005/122(21)/214309/7/$22.50 122, 214309-1 © 2005 American Institute of Physics

Downloaded 29 Nov 2005 to 132.248.12.226. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp


http://dx.doi.org/10.1063/1.1926279

214309-2 Guevara-Garcia, Martinez, and Ortiz J. Chem. Phys. 122, 214309 (2005)

[0.8] .72 o1

ALO;
(a)

[0.8] 16908

194 06 102

FIG. 1. B3LYP/6-311+@2d,p) optimized structures of AD;: book and
kite minima and the transition state that lies between them. Relative energie: (b)
are in kcal/mol and Mulliken atomic charges are in brackets.

isomer with a somewhat larger VEDE In both structures,
the two protons are bound to O atoms that are neighbors o
the most centrally located Al atom.

Akin and Jarrold also reported a broad and congested
photoelectron spectrum for 4D;(CH3OH) which re-
sembled that of AO4H;. Dissociative adsorption leading to
a structure with hydroxide and methoxide ions may result.

Several unanswered questions remain foyO3land its
products with HO and CHOH. First, what is the energy
barrier between the two stable isomers for@J? Second,
how does a water molecule affect the barrier for isomeriza-
tion between the book and kite structures o§@J? Third,
how do reactions with methanol differ from those with wa-
ter? Fourth, are reactions with oxygen-free molecules such a
NH; similar to those observed with water and methanol? To
answer these questions and to gain insights into relationship
between electronic structure and reactivity, we have calcu-
lated stable structures, relative energies, transition states
VEDESs, and Mulliken atomic charges.

METHODS FIG. 2. B3LYP/6-311+®2d, p) optimized structures of AD,H5: (a) book

G T ith . ion-H,O complex, dissociative adsorption product, and the transition state
eometry optimizations without Symmetryl constraintSyat jies between thentb) kite ion-H,0 complex, dissociative adsorption
were performed with theGAusSIANO3 prograrﬁ in the  product, and the transition state that lies between them,(@ndook and
B3LYP/6-311+G2d,p) approximatiorf>?> Optimized kite dissociative adsorption products and the transition state that lies be-
minima and transition states were confirmed with harmoniéa‘l’;’seir’]‘ ;Tg&e?se'at've energies are in kcal/mol and Mulliken atomic charges
frequency analysis. To locate transition states, the synchro- '

nous transit-guided quasi-Newto(STQN) method”* has )
been used. Electron propagatéf calculations on the VEDEs of the

Previous work indicates that B3LYP/6-311+Z8,p) stable minima were performed in the PRef. 28 and P3+

optimizations are likely to provide accurate structfeshe ~ (Ref. 29 approximations. The 6-311+@df,p) basis set
most stable anionic structures from similar density-WaS used, except for calculations ons@CH,, where thef
functional calculations were verified by MP2/6-31(HGp) functions were omitted. A modlﬂe(_j version GRAUSSIANO3 _
optimizations. No substantial structural differences betwee{/as used for these calculations. Figures were produced with
these results were found; discrepancies between bond lengtHt€ BALL AND STICK program:
were less than 0.001 nm. Moreover, the calculations of Das
et al?® on AlsO; and ALOsH; obtained similar results with RESULTS AND DISCUSSION
MP2/6-31+QGd) and B3LYP/6-311+@3df,2p) optimiza-
tions.

CCsSOT)/6-311+G2d,p) single-point calculatiorfd In Figs. 1-4, schematic reaction paths and energy differ-
on B3LYP-optimized geometries of 40; were carried out ences obtained with the B3LYP/6-311¢Z8l, p) model are
to check for discrepancies that might be produced by highershown. CCSDT)/6-311+G2d,p) calculations on the
order correlation effects. minima of Fig. 1 produced discrepancies for the isomeriza-

Stable structures and transition states
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FIG. 4. B3LYP/6-311+@2d,p) optimized structures of AD;NH3: (a)

book ion-NH; complex, dissociative adsorption product, and the transition
state that lies between thefi) kite ion-NH; complex, dissociative adsorp-
tion product, and the transition state that lies between them (@nook

and kite dissociative adsorption products and the transition state that lies
FIG. 3. B3LYP/6-311+@2d,p) optimized structures of AD,CHj: (a) between them. Relative energies are in kcal/mol and Mulliken atomic
book ion-CHOH complex, dissociative adsorption product, and the transi-charges are in brackets.

tion state that lies between thefb) kite ion-CH;OH complex, dissociative

adsorption product, and the transition state that lies between then{cand Coordination complexes involving an intact water mol-

book and kite dissociative adsorption products and the transition state thaicule, products of dissociative adsorption, and transition
lies between_them. Relative energies are in kcal/mol and Mulliken altomi%tates that lie between these minima are summarized in Figs.
charges are in brackets. .

2(a) and Zb). Energy barriers to proton transfer from the
tion energy that are less than 1.0 kcal/mol and support theoordination complexes are very small. In contrast, the reac-
reliability of the B3LYP/6-311+@&2d,p) results in Figs. tion energies are more than 30 kcal/mol. Bond distances be-
2-4. tween the oxygen atom of the intact water molecule and the

In a previous papéef we reported density-functional and coordinating aluminum atom become shorter after proton
guadratic configuration-interaction calculations on;@J transfer.
and AkO;. These results indicated that the book and kite  Figure Zc) schematically shows the isomerization path
isomers of A}O; have nearly identical energies. Figure 1 between the dissociative adsorption products. The two stable
shows the reaction path, including a transition state. Thésomers of A}O4H; differ in energy by 0.6 kcal/mol, but the
small energy barrief4.7 kcal/mo) implies that both isomers barrier is smaller(2.3 kcal/mo) than its counterpart from
will be represented in the photoelectron spectrum and thafig. 1. Daset al?® reported a somewhat larger barrier
isomerization occurs under the conditions of the(3.1 kcal/moj for the reaction of AJO, with water on the
experimenté.’7 basis of similar computational methods.
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Three conclusions follow from these results: TABLE I. B3LYP/6-311+@2d,p) reaction energiegkcal/mo).

(@ products of dissociative adsorption have lower energies Reaction AE book AE kite
than ion-molecule complexes in which an intact water
molecule is coordinated to an Al atom,

Al ;03 +H,0— Al ,03(H,0) -12.44 -12.17

- . L . Al305+H,0— [Al;0,(0H),]- -48.30 -48.19

(b) the activation energy for dissociative adsorption pf aAI3Og+CH30HHAI3O§(CH3OH) ~13.90 _12.45
water molecule via proton transfer from an anioN- | o + CHyO0H— [Al;0,0H(OCH,) |- —47.68 ~47.96
molecule CompleX is small, and Al305+NH;— Al;05(NHy) -15.70 -12.08

(c) there is a small barrier to isomerization from the kite al,0;+NH,—[Al,0,0H(NH,)]- -32.46 -32.26

structure to the book structure of #&4Hs.

The photoelectron spectrum of the anions produced bygactions. Lower symmetry obtains in all products of disso-
reacting ALO; with 1 molecule of methanol is similar to its  cjative adsorption. However, in the ammonia case, experi-
water counterpaﬁ.Flgure_s 8a) and 3b) display the reaction  mental conditions of synthesis may produce species that are
paths for the book and kite isomers ofy@k with methanol. jnsufficiently energetic to surmount the activation barriers to
Structures produced by dissociative adsorption of the methgsroton transfer, thus precluding observation of dissociative
nol are favored over those in which an intact methanol mo"adsorption products with anion photoelectron spectra. Over-
ecule is coordinated to an Al atom, with an energy differencqmming the lower barrier in the kite cafeig. 4(b)] yields a
greater than 30 kcal/mol. In the two most stable structures, groduct that easily rearranges to the most stable structure of
methoxy group is coordinated to the central Al atom and &rjg. 4(c). Therefore, in the presence of the kite isomer of
proton has been added to a neighboring oxide. Barriers tg‘|3ogy it is necessary to overcome only the 9.0-kcal/mol
proton transfer from structures with an intact methanol mo"barrier, not the 12.0-kcal/mol barrier of Fig(a), to produce
ecule are very small, as is the case with water. The morghe pook form of the dissociative adsorption product.
stable product of dissociative adsorption in Figc)3s the In a previous work? the symmetry equivalence of the
book form. two corner Al atoms over which four electrons are delocal-

The dissociative adsorption structures of Fig. 3 are noj,e( in the book isomer of AD; was contrasted with the
global minima, but kinetically favored species that lie only jhequivalence of these sites in the final product produced by
~1 kecal/mol higher than the most stablee., thermody- the reaction of this anion with a water molecule. Two delo-
namically favored products, which have a hydroxide group cajized Dyson orbitals corresponding to,8) electron de-
on the central aluminum atom and a methyl group that hagychment energies bore little resemblance to their two local-
been transferred to a corner oxygen atom. Because the bagag counterparts for AD,H;. Because the corner Al atoms
riers to isomerization, which involve methyl group transfers,jn the book ALO5(NH3) ion-molecule complex and AD;
between the kinetic and the thermodynamic products argaye similar coordination environments, the corresponding
very high, the thermodynamic products are not likely to begpectra of these two anions are likely to be similar. However,
represented in the experiments considered here. if the activation energy for the proton shift in the ammonia

The reaction paths of Figs. 2 and 3 are similar. The cengase is exceeded during the preparation of the anion, then the
tral aluminum atom is the most positively charged in aIIA|303NH§ spectrum will more closely resemble those seen
cases and is the best site for the approach of oxygen long, the water and methanol cases.
pairs. Whereas two well-separated peaks occur in tR@AI In Table I, reaction energies are reported for the forma-
spectrum, the AO,H, and ALO,CH, experiments yield a  tjon of coordination complexes and products of dissociative
more complex pair of broad, overlapping hunfp&round adsorption. The binding energies for the dissociation reac-

states with similar structures, low barriers to proton transfekjgns of water and methanol are similar. while smaller values
from simple coordination complexes, and inequivalent enViyegit for the ammonia molecule.

ronments for the two Al atoms that are not attacked by the
water or methanol molecules account for the similarity of th
Al;04H; and ALO,CH, spectra and for their differences
with the ALO3 spectrum. The product of dissociative adsorp- ~ Table Il summarizes the VEDEs that are calculated with
tion formed by a methanol molecule and the kite isomer ofvarious electron propagator approximations and also presents
Al;0; also may be represented in the;@®4,CH, photoelec- experimental data. Close agreement is obtained between
tron spectrum. P3+ electron propagator calculatidfi® and the experimen-

To compare nucleophiles with oxygen and nitrogen lonetal peaks in the AO; photoelectron spectrum. The variable
pairs, reaction paths for the addition of an ammonia mol+elative intensity of theX’ peak is attributed to variations in
ecule to AO; are considered presently. For this system,the population of the kite isomer that depend on laser fluence
energy barriers to proton transfer shown in Fig&)4nd and on the concentration of,0n the He carrier ga%.Cor-

4(b) are higher(12.0 and 9.0 kcal/mol for the book and kite, relation and final-state relaxation effects, represented by dis-
respectively than in the other systems. Stabilization energiescrepancies between Koopmans's theoré&T) and P3 or
associated with proton transfer from the initial coordinationP3+ data, are large and determine the order of final states for
complex are less than those for the water and methanol conthe kite isomer.

pounds. The AI-N bond becomes shorter after proton trans- For the four structures with the formula #&,H;, the

fer; AI-O bonds behave similarly in the water and methanolsame methods are applied. Close agreement is seen between

e\/ertical electron detachment energies
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TABLE II. Vertical electron detachment energiésV).

Anion Dyson orbital B3LYP KT P3 P3+ Expt.
Al ;05 book Al o (X2B,) 2.95 2.85 2.84 2.96
Al o (A2A) 3.57 3.49 3.48 35
Al,0; kite Al apex(X'2A;) 2.10 2.02 2.01 2.5
O ¢ (B?B,) 7.20 5.73 5.30 52
O 7 (C?Ay) 6.94 5.72 5.40 59
Al tail (D%A;) 6.02 6.05 6.06
Al304H; book Al o 2.72 2.84 2.72 2.72 2.7-28
Al o 3.91 3.80 3.80 3.8-4%0
Al;05(H,0) book Al o 2.72 2.60 2.59
Al o 3.29 3.18 3.17
Al,0,H; kite Al apex 3.11 3.04 2.96 2.95 2.7-8.8
Al tail 5.21 5.24 5.24
on 7.56 6.22 5.94
Od 8.22 6.67 6.32
Al3035(H,0) kite Al apex 2.14 2.04 2.03
O¢ 7.12 5.61 5.21
on 7.01 5.68 5.36
Al tail 5.73 5.76 5.76
Al;0,CH, book Al o* 2.74 2.88 2.70 2.69 2.95
Al o 3.95 3.77 3.77
Al305(CH30H) book Al o 2.52 2.32 2.31
Al o 3.06 2.87 2.87
Al;0,CH; kite Al apex 3.14 3.09 2.94 2.94 2585
Al tail 5.26 5.22 5.22
on 7.51 6.00 5.78
oo 7.63 6.17 5.93
Al305(CHZOH) kite Al apex 2.07 1.90 1.89
O¢ 7.05 5.44 5.04
on 6.87 541 5.08
Al tail 5.67 5.64 5.64
Al303NH; book Al o 2.61 2.73 2.60 2.60
Al o 3.83 3.71 3.70
Al305(NH;) book Al o 2.13 2.40 2.26 2.25
Al o 2.95 2.82 2.82
Al3O3NH3 kite Al apex 3.00 2.93 2.84 2.84
Al tail 5.16 5.16 5.16
NH, 7 6.35 5.30 5.17
Al305(NH;) kite Al apex 1.80 1.67 1.54 1.53
Od 6.57 5.04 4.63
on 6.41 5.08 4.75
Al tail 5.56 5.57 5.57

experimental data and the VEDESs of the product of dissociaagreement with the experimental value. Separations between
tive adsorption formed by the book isomer of;®; and a  the two lowest, predicted VEDEs of the book1.1 eV) and
water molecule. The breadth and complexity of the spectrunkite (~2.3 eV) isomers are approximately the same as they
allow for the possible presence of the kite isomer, which hasvere in the case of the anions produced with water. The
a predicted first VEDE that is slightly higher than that of its possibility that the kite also contributes to the photoelectron
book counterpart. Based on the results of Table Il and thepectrum cannot be eliminated for the methanol case either,
information presented above on transition states, it is muckor the experimental spectrum also is broad and complex. In
less likely that coordination complexes of water with eithercontrast, the low VEDESs predicted for the coordination com-
form of Al;O3 are contributing to the photoelectron spec-plexes with the book and kite isomers of 85 imply that
trum. these structures are not represented in the photoelectron
Electron propagator calculations on anions producedpectrum. The calculated VEDEs for the thermodynamic
with methanol necessitate the use of a somewhat smallgroducts of A}O,CH, discussed above do not change by
basis, which in calculations on the two isomers o§@J more than 0.1 eV from the values reported for the kinetic
yield VEDEs that are smaller than those obtained with theproducts in Table Il and the Dyson orbitals show the same
larger basis by less than 0.1 eV. Results for the product ofocalization patterns on the corner aluminum.
dissociative adsorption with the book isomer are in excellent  For all structures where an intact molecule coordinates
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to the book isomer of A3, the ~0.6-eV separation be- these descriptions of the Dyson orbitals and their energy or-
tween the first two VEDEs obtained in the bare anion isdering remain the same. In all cases, the separation between
approximately maintained. After dissociative adsorption, thighe first and second VEDEs is 3.1-3.3 eV. The second and
gap increases te-1.1 eV. Larger separations of 3.1-3.3 eV third VEDESs are within 0.1 eV of each other. In contrast, the
are found for the kite isomer and its complexes with intactseparation between the third and fourth VEDES varies be-
molecules. For products of the kite anion with dissociativelytween 0.4 and 0.8 eV.
adsorbed molecules, the gap between the first two VEDEs is  After dissociative adsorption occurs, the first Dyson or-
closer to~2.3 eV. bital remains localized on the apex Al, but the protonation of
For the ammonia case, observation of a separation i neighboring oxide produces a higher VEDBHEN contrast
approximately 0.6 eV between well-defined peaks would im-with the case of AJO3, the kite’s lowest VEDE is now larger
ply the presence of a coordination complex comprising théhan that of its book counterpart. With the presence of a
book form of ALO; and an ammonia molecule. Should a hegatively charged hydroxide, methoxide, or amide ligand
broad, complex spectrum that resembles those produced witesiding on the central Al, the Dyson orbital that is localized
water and methanol be seen, products of dissociative adsorpn the tail Al is destabilized and now corresponds to the
tion are responsible. The kite and book isomers may béecond VEDE. The two neutral states are separated by
present simultaneously. ~2.3 eV in all three cases. Large correlation corrections still
For the book isomer of AD3, the Dyson orbitals for the obtain for the two remaining VEDEs that corresponded in
first two VEDES consist chiefly of Al 8functions on the two  Al3053 to Dyson orbitals that are localized on the two bridge
corner Al atoms**® In the lowest VEDE's Dyson orbital, O atoms. The protonation of one of these sites localizes the
there is an antibonding phase relationship between these twidyson orbital onto the unprotonated bridge atom. For the
functions; a bonding relationship obtains for the secondmmonia case, the third VEDE corresponds to a Dyson or-
VEDE'’s Dyson orbital. In addition, some delocalization onto bital whose chief contribution is the orbital of the amide
neighboring O atoms occurs and antibonding Al-O relationligand and it practically coincides with the second VEDE.
ships are seen. Despite the formal change of point group, NO anion photoelectron spectrum has been reported yet
these symmetry-adapted descriptions remain valid when afr reaction products of AD; and NH. If experimental
intact molecule coordinates to the book form of,®f. A conditions enable the coordination complexes to convert to
relatively small separation 0f0.6 eV between the first two dissociative adsorption products, the spectrum is likely to
VEDESs also is conserved. resemble that of its water counterpart. The present calcula-

After dissociative adsorption, the Dyson orbital for the tions predict that the-0.2-eV separation between the lowest
lowest VEDE localizes on the corner Al that is coordinatedVEDES of the book and kite isomers that was seen for the
to two oxide centerd’ A reduced contribution with the op- Water case also remains in effect for the ammonia products.
posite phase remains on the other corner Al. For the secorfy Proad spectrum of overlapping humps would not eliminate
Dyson orbital, the dominant contribution is made by & 3 the possibility that the kite isomer is present. The clear rela-
function on the corner Al that has oxide and hydroxidelive st_abil_ity of the dissocia_ltiv_e adsorption products over the
neighbors. Delocalization on the other corner Al is reducedcoordination complexes with intact NHnolecules suggests
but the in-phase relationship between the two afdctions the likelihood of obse_rvmg the former over the latter species.
persists. In both Dyson orbitals, Al-O antibonding interac-"owever, there remains a chance that anion complexes, with
tions remain. Because of the inequivalence of the coordina€ir refatively low VEDEs, may be observed if experimental
tion environments of the corner Al sites, the separation begonditions disfavor proton transfer.
tween the first two VEDES increases+d.1 eV for all three
product anions. Atomic charges

In the kite isomer of AJO3, there are four VEDES whose Mulliken charges of the attacking oxygen and nitrogen

order li43ﬁdetermined by correlation corrections 10 KT a10ms and of the aluminum atom that is directly coordinated
results.™ For the lowest VEDE, they, Dyson orbital is {4 them are shown in italics and brackets in Figs. 1-4. These
Ipcallzed on the apex Al apd it displays antlbondlng '”terac'charges indicate that the oxygen and nitrogen atoms are
tions between an Al$function and  functions on the tWo  pegative while the aluminum atom is positive in all the iso-
neighboring O atoms that are approximately aligned with thgners. The absolute value of the charge of each atom in-
C, axis. The next VEDE'S, Dyson orbital consists chiefly  craases after proton transfer takes place and therefore stron-

of 2p functions on the same two O atoms that exhibit anger jonic bonding yields shorter A~O and Al-N distances.
antibondingo interaction. In thea, Dyson orbital that cor-

responds to the third VEDE, the chief contributions again ar

found on the bridging O atoms, but now the relationshipeCO’\ICLUSIOI\IS

between them is7" antibonding. Finally, in the fourth Barriers to the dissociative adsorption of water and
VEDE's Dyson orbital, a 8 function that is localized on the methanol molecules by the book and kite forms 0@y via

tail Al predominates and there is an antibonding interactiorproton transfer in anion-molecule complexes are low. Reac-
with a 2p function on the tail O atom. Whereas KT predic- tion heats are highly exothermic due to the formation of
tions put the latter orbital in the second position, large corstrong, ionic bonds between the most highly coordinated Al
relation effects for the O-centered Dyson orbitals change thatom and the O atom of the approaching molecule. lon-
order of final states. After coordination of an intact molecule,molecule complexes are unlikely to persist under the usual
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