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Two stable products of reactions of water molecules with thgOAT cluster, AtO,H,™ and
Al;O05H, ™, are studied with electronic structure calculations. There are several minima with similar
energies for both anions and the corresponding molecules. Dissociative absorption of a water
molecule to produce an anionic cluster with hydroxide ions is thermodynamically favored over the
formation of ALO;™ (H,0),, complexes. Vertical electron detachment energies gOMH,~ and
Al;OsH,~ calculated with ab initio electron propagator methods provide a quantitative
interpretation of recent anion photoelectron spectra. Contrasts and similarities in these spectra may
be explained in terms of the Dyson orbitals associated with each transition energ3004©
American Institute of Physics[DOI: 10.1063/1.1689648

I. INTRODUCTION species with the formula AD;~ (H,0) or Al;O;™ (H,0),,
Aluminum oxide reactivity is a common concern of in- the relative abundance of the latter cluster, and the absence
of Al;05;7(H,0), species forn=3 have been noted for

dustrial and environmental scientistaith the advent of d Ani h |
synthetic techniques that control particle size and stoichiomf0U€rate water vapor pressures. Anion photoelectron spectra

etry, basic investigations of the reactivity of aluminum ox- are qualitatively different for the=1 cluster with respect to

ides now may consider interactions between individual ref®n=0 and 2 cases. These results suggest that electronic

agent molecules and specific /8, clusters. Reactions Structureis markedly differentin AD,H," and that ALO;
involving water molecules are especially important, for hy-8nd AkOsH, ™ have common qualitative features.
droxyl groups have a crucial effect on the surface chemistry ~ Electron propagator theory provides a framework for the
of aluminum oxideg. Electronic structure underlies these el- Systematic inclusion of electron correlation in a one-electron
ementary reactive properties; aluminum oxide and hydroxid@icture of molecular electronic structui®Propagator calcu-
clusters therefore have been examined in the gas phase wifions produce Dyson orbitals and correlated electron bind-
several spectroscopic techniqies® ing energies without many-body wave functions or energies
Anion photoelectron specfta’ and their theoretical of individual states. Several approximate propagators have
interpretations'° have demonstrated the importance ofbeen shown to be accurate and efficient tools for the compu-
isomerism in anionic and neutral clusters that consist of alutation of vertical and adiabatic electron binding energies. The
minum and oxygen atoms. Relationships between coordinaassociation of Dyson orbitals to these transition energies fa-
tion environments, electron binding energies, and charge disilitates interpretation of chemical bonding in terms of one-
tributions also have been establisHéd:’ Recent evidence electron concepts.
of photoisomerization by AD;™ (Ref. 6 has stimulated ad- In previous works, we have reported the ground-state
ditional experimentdl® and theoreticaP*° study. geometries and energies of the low-lying states of neutral
Reactions between AD;~ and water molecules have and anionic clusters with the formula £),, where n
been examined with mass spectrometry and the products_g5 (Refs. 14-1Y. Electron propagator calculations on
have been characterized with anion photoelectronertical electron detachment energi®€DES) were used to
spectroscop§. With the former technique, the presence of assign anion photoelectron spectra. Localization patterns in
the Dyson orbitals provided an improved understanding of
3Electronic mail: ortiz@ksu.edu relationships between electron binding energies and coordi-
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nation environments. For the &D;~ cluster, the existence For each VEDE calculated with electron propagator
of approximately isoenergetic bodgklso known as bd%'19 methods, there corresponds a Dyson orbital defined by
and kite isomers was demonstrated by assigning calculated

VEDEs of both isomers to peaks in the photoelectronCDDysor(xl):Nfl’zj W niof X1,X2, X3, - .. XN)

spectrum:>141® A low-energy peak whose intensity varies

with ion source conditions was in close agreement with the X W ral X2, X3, X4, -« Xn) DX 0 X3 X4 - A Xy
lowest calculated VEDE of the less stable kite isomer.

This work is a study of neutral and anionic species WithWhereN is the number of electrons in the anion agds the

space-spin coordinate of thth electror?® The Dyson orbital

Al;04H, and ALOsH, formulas. Optimized structures, rela- : . .
342 kOsH, P represents the change in electronic structure accompanying

tive energies, electron binding energies, and correspondinl%e detachment of an electron from an anion. Dyson orbitals
Dyson orbitals are reported. An interpretation of the photo- - By

electron spectra of AD;H,” and ALOH,~ also is pre- corresponding to each VEDE in the P3 approximation are
cented a2 54 proportional to canonical, Hartree—Fock orbitals. Pole

strengths, which are equal to the integral over all space of the
absolute value squared of the Dyson orbital, are indices of
1. METHODS the validity of perturbative electron propagator calculations
] ) that are based on canonical, Hartree—Fock orbital energies
All cgllculatmns have been done with tlEUSSIAN 98 an( the results of Koopmans's theorem. When pole strengths
programt.” Full geometry optimization without symmetry jie petween 0.85 and unity, these approximations are vali-
constraints was performed using B3LYRef. 22 density  §ated.
functional (DF) calculations. Optimized minima were veri- Contour plots of normalized Dyson orbitals were gener-

fied with harmonic frequency analysis. To locate distinCtaieq with themoLDEN program? The contour values repre-
minima on potential energy surfaces, optimizations havgented in the plots are0.03.

been started from many, initial geometries. Two kinds of
anionic structures have been examined. In the first, anion—
molecule complexes comprising one of the two most stablg||. STRUCTURES
structures of AJO;~ (book or kite and a water molecule
were optimized with the 6-31.G(2d,p) basis sét Initial
nuclear geometries were designed to encounter minima with  Geometry optimizations for complexes with the formula
dative interactions between water oxygen atoms and cationiél;O;~ (H,O) were initiated from structures witfa) close
aluminum centers or hydrogen bonds between water protortd,O—Al, donor—acceptor interactiong)) a hydrogen bond
and oxide centers in AD;™. The second kind assumes dis- between the water molecule and an anion oxide centéc) or
sociative absorption of one or two molecules gf{ where  both kinds of interactions. An exhaustive series of optimiza-
hydroxide ions and protons are added to;@y~. The tions was performed for this kind of species. The most stable
6-311G™* basis was used for preliminary optimizations. anion—molecule structures anticipate the two lowest isomers
Some initial structures were based on the most stable isomeo$ Al;0,H,™ (see below.
of Al;O, (Ref. 19 and ALOs~ (Ref. 15, where two or For the book form of AJO; ™, the water molecule’s oxy-
four hydrogen atoms are attached, respectively, to oxides tgen atom approaches the central aluminum atom and a par-
form hydroxide ions. Optimizations on the correspondingtial closing of the book about its spirehat is, closing of the
neutral doublets also were performed. The most stable ardihedral angle about the central Al-O bond axi&kes place.
ionic structures from DF calculations were reexamined withPrevious studié¢é~!" have shown that aluminum-rich clus-
additional geometry optimizations, first with the larger ters, where the Al:O stoichiometric ratio exceeds two-thirds,
6-311+ + G(2df,2p) basis sétat the B3LYP level and, sub- have occupied orbitals distributed chiefly over the aluminum
sequently, at the MP2 level, with the 6-31*'Gbasis set. No atoms with the smallest number of oxygen neighbors. Since
substantial structural differences between these results wetke central aluminum atom has the largest number of oxygen
found; discrepancies between bond lengths were less thareighbors, the four least-bound electrons are distributed over
0.001 nm. the two noncentral aluminum atoms in48l;~. Therefore,
MP2/6-311G* geometries were employed in corre- the central aluminum atom is the most positively charged
lated, ab initio, electron propagator calculations of the and is the best site for the approach of the water molecule’s
VEDESs of the anions with the 6-3%1+ G(2df,2p) basis lone pairs. In the kite isomer of AD;™, the central alumi-
set. The P3Refs. 24 and 2band OVGF(Refs. 26 and 2/ num atom has the highest number of oxygen neighbors and it
electron propagator approximations were compared in pretherefore has the highest positive charge. Lone pairs on the
liminary calculations, and the former method produces firstvater oxygen atom coordinate to this center while a proton is
and second VEDEs for the three lowest isomers ofbent toward the oxygen atom on the tail of the kite anion.
Al;O,H,~ that are approximately 0.2 eV lower than those of ~ Both of these anion—molecule structures have energies
the latter method. P3 results are somewhat more accuratkat are approximately 35 kcal/mol above those of the most
than those of OVGF for the first two VEDEs of &D;~. The  stable clusters in the following section. Additional optimiza-
lower requirements for arithmetic operations and integrations encounter many other, less-stable anion—molecule
storage in the P3 method therefore recommend its employminima. It is unlikely that any of these complexes is repre-
ment in calculations on AD,H,™ and ALOsH, . sented in the photoelectron spectra of@JH, .

A. Anion—molecule complexes
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FIG. 1. (Color) B3LYP/6-311G* structures and relative energies of

Al;0,H,~. Here B3LYP/6-311G +G(2df,2p) and MP2/6-311¢ rela- . _ ,

tive energies are listed in parentheses and brackets, respectively. FIG. 2. (Color) B3LYP/6-311G™ structures and relative energies of

Al;O4H, .

While all three methods agree that the ring anion is least
B. Al;04H,™ and Al 3;04H, stable, there are discrepancies in the order of the book and
. kite species.
. The most stable anionic and neutrgl strugtures are show Relative energies of neutral structures at the
in Figs. 1 and 2, respectively, along with their relative enerps| vp/6-311G* level are shown in Fig. 2. The most stable

gies. B3LYP/6-311G" values lie on thet;/ertical axis; structure resembles its anionic counterpart, but the order of
B3LYP/6-311+ + G(2df,2p) and MP2/6-311G values are  y,q jo5s stable neutral isomers is not the same as that for the

Iisted_iq pargntheses and brackets, respectively. Two, a,nior_"ﬁnion. In addition to the ring and kite isomers found in Fig.

C4 minima lie very close to each other in energy. The firstisy yhere i another book structure where a terminal hydroxide
similar to the booklike structure that was obtained previouslyis ~qqrdinated to a noncentral aluminum atom. The fing iso-
for Al3O;~ (Refs. 13, 14, and J6Here, in contrast, a hy- ey is the second most stable form. Another isomer, not

droxide is coordinated to the central Al atom and a protonghown in Fig. 2, lies at 7.4 kcal/mol and has an open-chain
has been added to a neighboring oxide center. The seCOW—O—AI—O—AI(OH)Z structure.

resembles the&,, , kitelike structure obtained in the same

work on AlkO;™, for there are four-member rings with two B

aluminum atoms and two oxygen atoms in both structures. Ifp- AlsOsH, ™ and Al 305H,

contrast, the AJO,H,™ structure’s central aluminum has The lowest isomers for ADsH,~ and ALOsH, and
four neighbors in an approximately tetrahedral arrangemertheir relative energies are shown in Figs. 3 and 4, respec-
instead of three neighbors in a trigonal, planar geometry. Thévely. The most stable structure of this anion also resembles
same aluminum atom has a hydroxide ligand and one of ththe booklike isomer of AIO;~, but there are several impor-
ring oxygens now has a covalently bonded hydrogen. In adtant differences. The central aluminum now has two hydrox-
dition, there is a planar structure with a six-member ring thaide ligands and the two neighboring oxygen atoms have be-
is 7.7 kcal/mol higher in energy than the first isomer. Suchcome hydroxides, in agreement with a structure suggested by
instability implies that the corresponding anion is unlikely to Akin and Jarrold® In addition, the central core of three alu-
contribute significantly to the features in the photoelectromrminum and three oxygen atoms is no longer planar. Forcing
spectrum. At this level of calculation, the energy differenceC,, symmetry results in a second-order saddle point.
between the two lowest structures is not large enough t&Vhereas rotation barriers about O—H bonds in the hydrox-
definitively determine which isomer is the more stable.ides coordinated to the central aluminum atom are likely to
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FIG. 3. (Colon B3LYP/6-311G* structures and relative energies of
Al;05H, . Here B3LYP/6-311G + G(2df,2p) and MP2/6-311%5 rela-
tive energies are listed in parentheses and brackets, respectively. FIG. 4. (Colon B3LYP/6-311G* structures and relative energies of
Al3O5H,.

be low, there is an approximate symmetry relationship be-

tween the noncentral aluminum atoms, between the bridgingot among the most stable anionic structures. Whereas the
hydroxides, and between the terminal hydroxides. Thereforgyo most stable neutral structures retain thg@l booklike

the most stable isomer is designated the symmetric bookore, the third structure resembles the kitg@y isomer. A
structure, for the symmetric, booklike framework found in four-member ring comprising two aluminum sites and two
Al30;” is preserved approximately. In the second mosfyxygen bridges and an OAI tail are found in this isomer.
stable structure, two hydroxides are coordinated to a noncefBoth bridging oxygens are protonated; two hydroxides are
tral aluminum atom. The same oxygen atoms that constitutgggordinated to the two ring aluminum atoms. When the hy-
bridges between the central and noncentral aluminum atomgroxide coordinated to the terminal, ring aluminum atom is
are protonated in both isomers. The second structure’s relgngyed to the aluminum atom of the tail, a fourth isomer is
tive energy is low enough to warrant consideration whemproduced which is considerably less stable than the first three

interpreting the photoelectron spectrum of 3@H,™.  jsomers. The neutral counterpart of the lowest anionic struc-
Whereas this isomer also retains the booklike framework ofyre s the least stable of the structures shown in Fig. 4.

Al;O57, it is designated the asymmetric book structure. An

open structure, shown in Fig. 3, is considerably less stable

thar_1 the other two. A recent co_mputatlonal stuqu also reportﬁl' VERTICAL IONIZATION ENERGIES AND DYSON

an isomer at 11 kcal/mol that is based on a kite structure. ORBITALS

All three total energy procedures agree on the order of the

two lowest anionic structures. Electron propagator calculations of VEDES were per-
The order of isomers is completely different for the neu-formed at the geometries obtained in MP2/6-311Gpti-

tral structures displayed in Fig. 4. The lowest neutral isomemizations. All pole strengths were between 0.89 and 0.93.

resembles the second most stable anionic structure, for bogp ALLOLH.~

have two hydroxides coordinated to a noncentral aluminum™ *"3-4"2

atom. In the second most stable structure, the central alumi- Table | displays Koopmans and P3 results for the book

num atom and a noncentral aluminum atom have terminaVEDEs. Correlation and relaxation corrections approxi-

hydroxide ligands. The anionic counterpart of this species isnately cancel for the first two final states. Final-state, orbital
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TABLE I. VEDEs (eV) for the most stable isomers of £D,H,". function makes the largest contribution and there is some
- delocalization, with the same phase, into thef@nction of
Isomer Koopmans P3 Experimént . .
the other noncentral aluminum atom. In both Dyson orbitals,
Book 2.70 2.72 2.7-2.8 there are significant antibonding interactions with neighbor-
3'22 2';2 3.8-4.0 ing oxygen 2 functions. Dyson orbitals that correspond to
8.08 6.80 higher VEDEs consist chiefly of oxygerpZunctions in an-
Kite 2.95 2.99 2.7-2.8 tibonding relationships; aluminum contributions in these or-
5.12 5.21 bitals are relatively small.
7.38 6.25 Dyson orbitals for the first two VEDES of th@,, , book
Ring 72"963 2'.762 27-28 form of Al;O0;™ consist chiefly of symmetry-adapted combi-
3.45 3.49 3.8-4.0 nations of 3 functions on the two noncentral aluminum at-
8.59 7.30 oms. In ALO,H, ™, these two functions are subject to dis-
8.64 7.45 tinct electrostatic potentials and delocalization between them
8.96 7 therefore is less pronounced. The corresponding Dyson or-
aReference 8. bitals in the book form of AJO,H,™ are localized on one

noncentral aluminum atom or the other. In agreement with

qualitative rules deduced from previous calculations on
relaxation effects are larger for the next two VEDEs; discrep-aA|;0,~ clusters'® the least bound electrons are localized on
ancies between Koopmans and P3 results exceed 1 eV {Ae aluminums with the lowest coordination number. In the
both cases. Dyson orbital of the second VEDE of &D,H, ", the more

Dyson orbitals corresponding to the two lowest VEDES, stable of the two 8 functions is stabilized further by a weak
shown in Fig. 5, consist chiefly ofs3functions on the non-  ponding relationship with the less stabls finction. As a
central aluminum atoms. For the Dyson orbital that belonggonsequence, the latter function is destabilized by a similarly
to the lowest VEDE, the largest contribution is on the alumi-weak antibonding interaction between the two functions in
num coordinated to two oxides. A smaller contribution with the Dyson orbital of the first VEDE.
the opposite phase is made by the @bital on the other Koopmans and P3 predictions of VEDEs for the kite
noncentral aluminum, which has a neighboring hydroxidejsomer, also shown in Table I, are close for the first two final
bridge. In the next Dyson orbital, the latter aluminum's 3 gtates. Orbital relaxation effects in the final states are larger
for the next two cases.

Dyson orbitals for the first four VEDESs have close rela-
tionships with their counterparts for the kite isomer of
Al;0;™. Figure 6 displays these orbitals. Localization on the
aluminum with two oxygen neighbors characterizes the
Dyson orbital for the lowest VEDE. In the next Dyson or-
bital, localization occurs on the tail aluminum atom. Anti-
bonding relationships with neighboring oxygep finctions
are present in both cases. The third and fourth Dyson orbitals
exhibit, respectively;r and o antibonding relationships be-
tween the bridging oxygen atoms; aluminum contributions
are negligible in these orbitals. Comparison with the Dyson
orbitals for the VEDEs of the kite form of AD;~ shows
little change in the aluminum-localized cases, except for the
altered positions of the nuclei. In the oxygen-localized
Dyson orbitals, there are larger amplitudes on the bridging
hydroxide's oxygen atom than on the bridging oxide. There
is also some delocalization onto the nonbridging oxygen at-
oms.

Patterns established in the first two isomers are repeated
in the results of Table | for the ring anion. Relatively small
corrections from P3 calculations to Koopmans results are
found for the first two VEDESs, but orbital relaxation effects
are larger for the subsequent cases.

Dyson orbitals in Fig. 7 for the first two VEDEs are
composed chiefly of antisymmetric or symmetric combina-
tions of 3s functions on the two aluminums with only two
oxygen neighbors. Antibonding relationships with oxygen
FIG. 5. (Color) Dyson orbitals for the firsttop left), secondtop right, third functions are present also. Dyson orbitals for higher VEDES

(middle left, fourth (middle right, and fifth (bottom lefy VEDES of the ~ are centered on bridging oxygens and have minor aluminum
book isomer of AJO,H, . contributions.
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FIG. 7. (Color) Dyson orbitals for the firsttop left), secondtop right), third

FIG. 6. (Color) Dyson orbitals for the firsttop left), secondtop righ, third
(middle left, fourth (middle righy, and fifth (bottom lef) VEDEs of the kite
isomer of ALO,H, .

(middle left, fourth (middle righy, and fifth(bottom lefy VEDES of the ring
isomer of AkO4H, .

tions for the asymmetric book form are listed. Orbital relax-

B. Al;05H,~

ation effects are larger for the next two final states.

) Dyson orbitals in Fig. 9 for the first two VEDES again
Calculated VEDEs for the symmetric book form of 4re gelocalized between two aluminura Binctions. Contri-
Al3OsH, ™ are given in Table II. P3 corrections to Koopmans tions from the four-coordinate aluminum are negligible.
results are approximately 0.1 eV for the first two VEDES, butror the |owest VEDE, the corresponding Dyson orbital's
the same corrections are much largepproximately 1.5 €Y |argest contribution is made by thes 3unction on the alu-
for the remaining cases. The difference between the first twgninum with three neighboring oxygen bridge atoms. There is

VEDEs is much smaller here than it is in thez@,H,™ a significant
clusters.

antibonding contribution from the two-
coordinate aluminum’s 8function. In the Dyson orbital be-

Dyson orbitals corresponding to the first two VEDES longing to the second VEDE, the same two functions are

bear a striking resemblance to their counterparts fgOAT,
despite the formal lack of symmettgee Fig. 8 Noncentral

involved in an in-phase relationship and the larger contribu-
tion is made by the 8function on the aluminum with fewer

aluminum 3 functions dominate; smaller, antibonding con- oxygen neighbors. Dyson orbitals for the third and fourth

tributions from bridging oxygen R functions also are
present. An out-of-phase relationship betweeanf@nctions

obtains for the first VEDE’s Dyson orbital and an in-phaseTABLE Il. VEDEs (eV) for the most stable isomers of DsH, ™.

relationship is found in the next Dyson orbital. For the higher

VEDESs, the Dyson orbitals are dominated by oxygem 2 Structure Koopmans i Experiment
functions on the nonbridging hydroxides. Symmetric book 3.34 3.23 3.3
Delocalization between the noncentral aluminura 3 .74 3.63 38
. . X , 8.31 6.81
functions is restored by the approximate equivalence of the 896 748
electrostatic potentials at these sites. Changes in the positions 9.17 7.63
of the terminal hydroxides’ protons produced by rotations Asymmetric book 2.48 2.32 33
about the nearest O—Al bonds have little effect on this ap- 3.77 3.64 3.8
proximate symmetry relationship. g'g ;'g’g

Somewhat larger P3 corrections to Koopmans results for

the first two VEDESs also are seen in Table I, where predic“Reference 8.
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FIG. 8. (Color) Dyson orbitals for the firsttop left), secondtop right, third

(middle left), fourth (middle righd, and fifth (bottom lefy VEDEs of the FIG. 9. (Color) Dyson orbitals for the firsttop left), secondtop right), third

symmetric book isomer of ADsH, ™. (middle left), fourth (middle righd, and fifth (bottom lefy VEDEs of the
asymmetric book isomer of ADsH, ™.

VEDES consist chiefly of oxygen@functions on the termi- .
nal hydroxides—that is, where the lowest number of alumi- Whereas two well-separated peaks occur in theD3l

num neighbors obtains. spectrum, the AlO,H,™ experiment yields a more subtle

Despite the retention of the booklike core of @k, pair of broad, overlapping humps. In the 4.66-eV spectrum,

the pattern of localization in the first two Dyson orbitals is increases in the signal occur at 2.5 and 3.6 eV. One of the

distinct. The least bound electrons are found on the alumihu,mlos appears to be _centered at2.7-2.8 eV, Wh'!e thg oth-
er's center is located in the 3.8—4.0 eV range. Vibrational

num atoms with the lowest number of oxygen neighbors. . S
Attachment of two hydroxide groups to one of the noncentra tructure is not resolved in either the 4.66- or 3.49-eV spec-

aluminum atoms displaces electrons from this region to th
central aluminum atom.

These results are compatible with the data of Table | and
suggest that the book form of &D,H, " is chiefly respon-
sible for the main features of the corresponding anion pho-
toelectron spectrum. Lower symmetry in this isomer ac-
counts for the qualitative differences between thgQAl
and ALO,H,~ spectra. According to the data of Fig. 1, the

VEDESs below 4.66 eV have been inferred from photo-kite isomer is too close in energy to the book isomer to
electron spectra of AD; ™, Al;O,H, ™, and ALOsH,~ (Ref.  ignore. Its predicted first VEDE of 2.99 eV and the precedent
8). In simulations of the first experiment, the origins of two of two isomers being represented in the photoelectron spec-
peaks assigned to the book isomer are set to 2184nd  trum of Al;O;~ suggest that the first hump may be shifted to
3.5949) eV. For the purpose of comparison with results dis-slightly higher energies by the presence of a less stable iso-
cussed above, P3 calculations ons@4~ were performed mer. The prediction of a second kite VEDE at 5.2 eV could
with the 6-311 G(2df) basis; the VEDE results are 2.85 be tested by experiments with photons of higher energies.
and 3.49 eV, respectively. In a previous experimental rébort, The range of relative energy predictions in Fig. 1 is suffi-
the corresponding values are 2.96 and 3.7 eV. Another feaziently wide to prohibit definitive judgments on the rel-
ture with relatively low intensity has an onset near 2.2 eVevance of the ring isomer; more exact total energy calcula-
and has been assigned to the kite isomer. Higher VEDESs fdions are needed.
the kite occur near 5.2 eV and therefore are not observed A restoration of two separated peaks takes place in the
with 4.66 eV radiation. Al;OsH,~ spectrum. Both bands have full width at half

V. INTERPRETATION OF ANION PHOTOELECTRON
SPECTRA
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