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The structure and bonding of aluminum oxide clustergQjl(x=1-2,y=1-5), are studied with

anion photoelectron spectroscofBES and are compared with preliminaap initio calculations.

The spectra were obtained at four detachment photon energies: 2.33, 3.49, 4.66, and 6.42 eV. The
6.42 eV spectrum for AlO reveals theX 25 ground state and two excited states of AlO. The 6.42

eV spectrum for AIQ also shows three states for AIOX 21'[g ground state and tha I1, and

B 22;' excited states. The spectra for @l clusters show vibrationally resolved ground states
which come from Alsptype orbitals and also high binding energy excited states, which are mainly

of oxygen 2% character. AJO,, which has &, rhombus structure, has an electron affif(iBA)

of 1.88 eV and its singlet—triplet excitation energy is measured to be 0.49 eV. Much higher EAs are
measured for the larger AD, clusters. The PES spectra of @, Al,O,, and ALO5 show very

similar electronic and vibrational structure. Furthermore, the ground state vibrational frequencies of
these three molecules are also similar. These observations lead us to suggest that these molecules all
have a rhombuslike structure, similar to,®}, with the oxygen atoms sequentially attaching to the
terminal aluminum atoms. The spectra are consistent with an ionic bonding view of these clusters
and the vibrational frequencies are in good agreement with the theoretical results. Significant
information about the structure and bonding of these small aluminum oxide clusters is obtained and
discussed. ©1997 American Institute of Physids$0021-960807)02904-§

I. INTRODUCTION oxygen. The experimental technique that has been used to
study the neutral clusters has been mainly low-temperature
Aluminum oxide not only forms the basis of an impor- matrix isolation?~*® while other methods have been used to
tant class of ceramic materials, but is also important in mangtudy the positive cluster iort8-2* However, the previous
minerals. There has been a great deal of interest in the studiatrix isolation experiments have often led to conflicting
of various oxide surfaces to understand the role that defeg{nd contradictory assignments due to the lack of direct infor-
sites play in their properti€sSmall clusters of these oxide mation about the identity of the molecular species present for
materials provide useful models to understand the physicthe Al+0O, system.
and chemistry of the surfaces. The smaller sizes of the clus-  The goal of this paper is to present a systematic study of
ters make it pOSSibIe to obtain detailed eleCtroniC, geometri(}sma” aluminum oxide clusters Containing one and two alu-
and bonding information, that can also be used to benchmanlinum atoms(AlO, , y=1,2; Al,O,, y=2-5) using size-
theoretical calculations. selected anion photoelectron spectroscOBES. PES is a
The reaction of metal atoms with oxygen is also of majorpowerful method to study atoms, molecules, and clusters,
importance because of the use of oxides as catalysts anfioviding both vibrational and electronic informatiét3®
substrate materials Most commercial catalysts consist of \we focus on aluminum oxide clusters with a fixed number of
microscopic metal particles supported on oxide surfaces suGhetal atoms and varying oxygen compositions. These spe-
as ALO;. Clusters of these materials have, consequentlygies represent an increasing degree of oxidation of the metal
been studied both theoretically and experimentally to bettegioms and clusters and provide systematic structural and
understand the structure and bonding between aluminum a%nding information. Furthermore, theoretiad initio cal-
culations have been performed to obtain detailed structural
dAuthor to whom correspondence should be addressed. and bonding information. We show that the PES technique
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provides a clear advantage over the matrix isolation techare presented in Sec. IV. The results and the structure and
nigue because it allows the unambiguous identification antbonding of these clusters are discussed in Sec. V, based on
assignment of cluster identities. the experimental observations and on comparisons with theo-
The simplest aluminum oxide molecule, AlO, has beenretical calculations. Finally, a summary is provided in Sec.
extensively studied in low-temperature matricé$;*38in VI
the gas phas¥, " as well as by theor§?~>° There has also
been a theoretical study of the AlGanion®* We have pre-
viously reported the PES spectra of AlQat lower photon
energieg3.49 eV and 4.66 e) that only allowed the ground The details of the experimental apparatus have been pub-
(X 2%7), and the first excited state@ “II) of the neutral lished elsewhere and will only be given brieffyThe appa-
molecule to be observeéd.AlO, has also been studied using ratus is composed of a laser vaporization source, a modified
the matrix isolation technique;*t1314181%nd has been the Wiley—McLaren time-of-flight(TOF) mass spectromeﬁ?r
subject of several theoretical investigatiGis? There has and an improved magnetic-bottle TOF electron analj%£%.
been only one gas-phase study of this molecule bY?#& A pulsed laser beartb32 nm 10-20 mJ, 10 His focused
initio calculations have suggested that there are two, almosiown © a 1 mmdiameter spot onto a pure aluminum target,
isoenergetic, isomers for Al a symmetric linear OAIO producing a plasma containing aluminum atoms in both
molecule, and a cyclic speciebThe linear arrangement is charged and neutral states. A helium carrier gas, seeded with
known to be the global minimum. A theoretical study of the0.5% O, and delivered by two pulsed molecular beam
AlO, anion suggested that it too ha®ay, linear structur€®  valves, is mixed with the plasma. The reactions between the
We have concluded previously that both Alend AlG, are  plasma and the oxygen produce a distribution of clusters of
linear, based on our PES stutfy. the form, ALO, . The helium carrier gas and the clusters
For the ALO, clusters, both AIO and ALO, were ob-  undergo a supersonic expansion and form a cold molecular
served by mass spectrometry in the vapor abovgOAP®  beam which is collimated by a skimmer. The negative clus-
More recent studies have also used mass spectrometry ters are extracted at 90° to the molecular beam axis and are
characterize aluminum oxide clustéfsvVarious matrix iso- subjected to a TOF mass analysis. The desired cluster is then
lation experiments, on species formed by the reaction of alumass selected and subsequently decelerated before undergo-
minum with oxygen molecules, have been performed, andhg photodetachment by a pulsed laser beam. The harmonics
species of AJO, have been proposed to be responsible forof a Q-switched Nd:YAG lasef532 (2.33 eV), 355 (3.49
certain spectral line®71911131§n some cases, the data have eV), and 266(4.66 eV} nm] and the output of an ArF exci-
led to difficulty and errors in the assignment of infrared fre-mer laser(193 nm, 6.42 eY are used for photodetachment.
quencies to the correct clustérs!®11318yumerous theo- Typically, a pulse energy of 0.5—-5 mJ is used. Higher pulse
retical investigations of AD, clusters have been performed energies are used at 532 and 355 nm while lower pulse en-
and they have suggested that both@\bnd ALO; have sym-  ergies are used at 266 and 193 nm to reduce low energy
metric linear arrangements wifh..;, symmetry>® The ALO,  electron noise coming from surfaces due to scattered pho-
molecule is believed to be a rhombus structure witbg  tons.

II. EXPERIMENT

symmetry®-®3and ALO, is proposed to be a complex of two The spectra are taken at 10 Hz for the 532 and 355 nm
twisted AlO, molecules with &C,, symmetry>®>®*No previ-  detachment wavelengths. For the higher photon energies,
ous calculations have been performed foyQy. spectra are taken at 20 Hz with the vaporization laser off at

In this paper, we report the first photodetachment PES®very alternating shot for background subtraction. However,
experiments on AIQ (y=1,2) at a photon energy of 6.42 significant noise is still present for the 193 nm spectra at
eV, and ALO, (y=2-5) at several photon energies. The lower BEs due to the high noise levels present at this photon
spectra of AIO and AIO, both show previously unobserved energy. The electron kinetic energy distributions are cali-
excited states at high binding energi@&Es), in addition to  brated with the known spectrum of Cand smoothed with a
the ground electronic states of the neutral molecules. Th& meV or 10 meV window function. The presented electron
spectra of AJO, show two sharp and vibrationally resolved binding energy spectra are obtained by subtracting the ki-
bands at relatively low BEs and a broad feature at higher BEnetic energy spectrum from the photon energy. The energy
The spectra of the higher AD, clusters all show a broad resolution of our apparatus is better than 30 meV at 1 eV
and vibrationally resolved ground state feature at relativelyelectron energy. Due to the dependence of resolution on elec-
high BE. The broad nature of the ground electronic states dfron energies for TOF type electron analyzers, various pho-
AlL,O5, AlLO,, and ALOs; suggests a geometry change fromton energies are used in the current experiments. The lower
the anion to the neutral. The spectra 0£®§, Al,O,, and  photon energies yield better resolved spectra, while the high
Al,Og are very similar. Furthermore, a significant increase inphoton energies allow more excited states of the neutral clus-
the electron affinitfEA) is observed when progressing from ters to be observed.

AlL,O, to Al,O5, and from AIO to AIQ,. A continuous composition of oxide clusters can usually

The paper is organized as follows. In the next sectionbe produced by tuning source conditions andodncentra-
the experimental apparatus and procedure are briefly ddions. However, the PES spectra that are presented here, for
scribed, followed by a brief description of the theoreticalthe ALO, series, start with A0, because A0~ was not
method in Sec. lll. The PES spectra and major observationsbserved in our mass spectra, despite numerous attempts to
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TABLE I. Selected, scaled symmetric vibrational frequencies gDAklus-

ters at the HF/6-3&(d) and MP2/6-3G(d) levels. so0.] AlO- 25+ B+
Species Symmetry HF MP2® Expt 193 nm
AlL,O; C,, (Rhombus 888 cmi’ 804 cmi’ 850(80) cm™ 400 a
D..n 904 cm! 868 cmt 2
C,, (Planay 1097 cm® 1073 cmt 300 ATI
AlL,O, Dy, 932 cm?! e 930(60) cm !
C,, (1) 968 cm! 914 cm? 200
C,, (2) 1019 cm* 964 cm?t .
ALOs C,, 1023 cni® 964 cnil 900 (60) cm ‘§ 100
HF frequencie; have been scaled by O(Ref. 69. E 0 Mh !
PMP2 frequencies have been scaled by QRédf. 69. S 0 1 ) 3 4 5 6
8 A,
produce it at \_/aripus source conplitions. It is expecj[ed that E; 6004  AlO, ing I
AlL,O and ALO™ might be too reactive to be present with any g 193 nm
appreciable concentrations under our source conditions. E 500 BZEE
400 b !
I1l. COMPUTATIONAL METHODS
. . . 300 ~
Using the Gaussian 94 systems of progrdfmgtelimi- ‘
nary calculations on low-lying neutral singlets of ,8%, 200 o
Al,O,, and ALO; have been performed. Geometric struc-
. . . . 100 |
tures, energies, and harmonic frequencies have been obtained ) L m
at the Hartree—FockHF) and second-order perturbation o—mﬁfﬁm—#ﬂwﬁ%
(MP2) levels of theory, using the 6-&l(d) basis set. The 0 1 2 3 4 5 6
MP2 calculations employed the frozen core convention. The Binding Energy (eV)

results are presented in Table I, while a more detailed analy-
sis will be pub||3hed e|sewheFé_HF frequencies have been FIG. 1. (a) Photoelectron spectrum of AlOat 6.42 eV(193 nm photon
scaled by 0.89 and MP2 frequencies by F94. energy andb) Photoelectron spectrum of AjOat 6.42 eV.

IV. RESULTS photon energy. For AD;, the 4.66 eV spectrum shows a

Figure 1 shows the PES spectra of Al@nd AIO, at a weak, broad bandX) at lower BE and a sharp peak) at a

. BE of 4.32 eV. At 6.42 eV photon energy, the intensity of
photon energy of 6.42 eV. For AlOa sharp peak is ob- . .
served at 2.60 eM(X 25+) and a broad featuréA 2IT) at the low BE broad feature is considerably enhanced and the

higher binding energy is also observed. The spectrum als\c/)'bratlonal progression is much better defined. This feature

L .. represents the ground electronic state of the neutrgDAI
shows a sharp peaB S ") at 5.19 eV. Significant noise is . ;
present at the high BE side and the feature near 6 eV is realf§)” ddegcchhn?g?gg:sdsbe):;t?oitr;n?hma}/;fggh@?;pg?s%eggpho_
due to imperfect background subtraction. The spectrum o ) j . y .
AlO; shows a sharp peal(2T1g) at 4.23 eV and two ad- present at higher BE, but the severe noise problem makes its

ditional features at 4.88 eVA(?IT,) and 5.08 eV B 225). identification rather difficult. The spectra for &, and

The feature at 4.88 eV also appears to contain vibrationa?‘|205 also exhibit a vibrationally resolved ground stax€) (

and an excited state at high BG.1 eV). The similarity
structure. among the spectra of 405, Al,O,, and ALO; suggests
Figure 2 displays the spectra of /8, taken at photon g P 8 Th2van 5 SU9g

energies of 2.33 eV and 3.49 eV. In FigaP a sharp peak that they may have very similar electronic and geometric
(X 1A,) is ob'served foIIoWed b ' eaks at hiaher bindin structures, most likely based on the rhombus configuration,
9 y P g 9 as will be discussed in the next section.

energies, which are members of a vibrational progression. The obtained eneraies and Spectroscopic constants are
The spectrum at 3.49 eV shows a second bahdg,,) at . . 9 P b
summarized in Table II.

higher binding energy, which is nearly identical to ﬂ(léAg
band, with a slightly higher relative intensity.

Figure 3 shows the spectra of &, (y=2-9 clusters at V. DISCUSSION
both 4.66 and 6.42 eV photon energies. The noise problem at The aluminum atom has a33p? valence configuration
high photon energies, mentioned above, can be clearly seavhile the oxygen atom has a valence configuration of
for the 6.42 eV spectra, on the high BE side. The spectrun2s?2p*. The three valence electrons mean that aluminum has
for the ALO, molecule at the higher photon energies repro-an optimum oxidation state of 3, which is well known and
duces the two featurg 1Ag and A °Bj,) observed at the found in all Al compounds including AD;. When forming
lower photon energies. Additionally, a third broad featurebonds with the oxygen atom, the aluminum atom tends to
(B 3Bsg) at high BE(5.1 eV) is also revealed at the 6.42 eV donate its valence electrons to the oxygen atom to fown a
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FIG. 3. (a) Photoelectron spectra of &, (y=2-5 clusters at 4.66 eV
B (266 nm). (b) Photoelectron spectra of A, (y=2-5 clusters at 6.42 eV
FIG. 2. (a) Photoelectron spectrum of &, at 2.33 eV(532 nm) photon (193 nm). Peaks labeled “HB" refer to hot bands.

energy.(b) Photoelectron spectrum of &), at 3.49 eV(355 nm photon

energy. Vibrational structure is indicated by vertical lines.

atom is of valence I{—2), this electron may be viewed as an
bond and twosr bonds and the AI-O chemical bonding is excess electron. In Al however, there is an electron defi-
dominated by ionic character. In the case of the diatomiciency since four electrons are required to saturate the va-
AlO, which has a valence electronic configuration oflence of the two O atoms. Thus, AJOs expected to be very
20°17*30%, a single electron occupies @type molecular stable and the Al9molecule is expected to have a high EA.
orbital which is mainly of Al 3 character® Since the O  For the ALO, clusters, a similar bonding character may be

TABLE II. Observed spectroscopic values for, 8|, clusters.

Electronic
Species states BE (eV)? EA (eV) Term value(eV)® Vib. freg. (cm™H)d
AlO X2t 2.602) 2.60°(2) 0
ATl 3.262) 0.662)
BZ* 5.194) 2.593)
AlO, X I, 4.232) 4.23(2) 0
A2, 4.894) 0.653) 810(60)
Bx* 5.084) 0.853)
AlLO, X 1A, 1.893) 1.893) 0 66080)
A 3By, 2.373) 0.492) 730(80)
B 2By 5.1(2) 3.228)
Al,O, X 3.713) 3.713) 0 85080)
A 4.324) 0.61(2)
B 4.91) 1.198)
AlL,O; 0 109060)
Al,O, X 3.983) 3.993) 0 93060)
A 5.1(1) 1.128)
Al,Oz 0 117060)
AlL,Og X 3.753) 3.753) 0 90(60)
A 5.1(1) 1.358)

@Adiabatic binding energy.

bValue obtained from previous study at lower photon endRgf. 52.

“The uncertainty for this value is less because it is a difference of the two BE values.
dvibrational frequency for the totally symmetric mode.
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expected. For AD,, there is an excess of valence electrons,4(rgzlwu42wg4.7° Therefore, the first feature, at 4.23 eV, is
and therefore, a low EA and low-lying exited states are exattributed to the removal of a7 electron resulting in the
pected. In AJO;, which is of the same stoichiometry as in 21'[9 ground state of AlQ. The peak at 4.88 eV is attributed
the bulk oxide, the valences of both the Al and O atoms ar¢o the removal of a 4, electron to give theA *II, excited
saturated. This is expected to result in a closed shell molstate of AlG. It has an excitation energy of 0.65 eV relative
ecule with a significant gap between its highest occupiedo the ground state. A vibrational frequency of 8(&D)
molecular orbita(HOMO) and lowest unoccupied molecular cm™! is obtained for theA 2II, state. The third peak
orbital (LUMO). This gap is directly accessible from the (B 22;) at 5.08 eV is due to the removal of aglelectron.
anion PES spectrum. The higher, @, clusters have excess This state has an excitation energy of 0.85 eV relative to the
O atoms and are electron deficient. They are expected tground state. Both tha 2II, and B 225 excited states of
have high EAs. The experimental observations from the PE®&IO, have never been experimentally observed before.
spectra are consistent with this general view. In the follow-

ing, each cluster is discussed in detail.

A. AlO~

C. AlLO;

Figures 2, 8a), and 3b) show photoelectron spectra for

The photoelectron spectrum of AlCat 6.42 eV detach-  A|,0; at 532 and 355, 266, and 193 nm, respectively. Al
ment energy is shown in Fig(d). TheX andA bands have  the high photon energy spectra are consistent with those ob-
been observed before at lower photon energies, whickyined at lower photon energies. The spectrum at 532 nm
yielded much better resolved spectfae will emphasize shows a sharp peak at 1.88 eV followed by a vibrational
the new feature observed at high BE %S "). As mentioned progression with a frequency of 6680) cm™ . The spec-
above, the valence configuration for AlO can be written aSyym at 355 nm reveals a second band at 2.37 eV, which also
20°17°30". In the anion, the extra electron enters the 3 contains a vibrational progression. The second band has a
orbital, giving a closed-shell ground state with a configura-gimilar Eranck—Condon envelope as the first band, with a
tion of 20°17"30%(X 'S ). The first feature, at 2.60 eV, cor- gimjlar vibrational frequenc§730(80) cm1]. The spectrum
responds to the removal of an electron from thedbital, 5t 266 nm does not show any new features, while a new
yielding theX 2% ground state of the neutral AIO. The sec- feature is observed at 193 nm and at a much higher BE of
ond feature, at 3.26 eV, corresponds to the removal ofra 1 gpoyt 5.1 eV. The first peak corresponds to the ground state
electron to give theA “I1 excited state of AlO. of the neutral molecule, whose EA is measured to be 1.88

The third feature at 5.19 eV then must be due to they. The second peak is due to the first excited state gDAI
removal of a 2 electron to give thd °S " excited state of yjth an excitation energy of 0.49 eV relative to the ground
AlO. The excitation energy of this state relative to thegtate. The third band, well separated from the first two bands
ground state is 2.59 eV, which is in excellent agreement withyq only observed at 193 nm, belongs to the second excited
the available literature vald®for this excited state. There- gtate of the molecule.

fore, the spectrum shown in Fig(a reveals the full valence Several matrix isolation experiments have been per-
MOs of the AIO molecule. However, it is surprising that formed on AbO, 5710111318 0 ever, there have been no-
little vibrational excitation is observed for tH 23" state, ticeable disagreements in the assignment of the observed in-
suggesting that thed2orbital is rather nonbonding. This is frared bands to the most energetically favored structure,
contrary to the expectation of simple MO arguments, that thgyhich is a cyclicD,;, molecule, as determined by several
20 orbital should be a strongly bonding MO representing theneoretical calculation®-62 Figure 4a) shows a schematic
Al=0 o bond. of this structure. Although there have been some experimen-
tal studies that have either discounted the existence of the
B AIO= D,y isomer in the matri¥ or have proposed alternative
' 2 structures for AJO,,X° several theoretical calculations have
Matrix isolation experiments suggested the existence ofhown quite convincingly that thB.,, structure corresponds
two isomers for this molecule; one is a symmetric linearto the global minimum on the total potential energy
molecule and the other is a complex of an aluminum atonsurface>®~%3
with an oxygen molecul&® Calculations have found that the Semiempirical andab initio calculations performed on
two isomers are almost isoenergetic with the linear molecul&l O, suggested that there were two stable isomers, one was
being the global minimum? Our previous work with the a square cyclic structureD(,,) with an AlO optimized bond
vibrationally resolved ground staté), at a photon energy length of 1.7 A and the other was a linear configuration
of 4.66 eV, has established that the Al@nion produced in  which was less stable than the cyclic structure by 0.65%V.
our laser vaporization source was the symmetric linear onéater calculations using SCF and MP2 methods determined
without any indication of a second ison®@rThe very high that there are two minima, one almost square and the other a
EA of AIO; compared to AIO was already revealed. Figurerhombus, both with aD,, symmetry and alAg ground
1(b) shows two more new features, which should be due testate>®¢%¢1-3More recent calculations have shown that the
the excited states of the linear OAIO molecule. singletD,;, (rhombug structure is the global minimum and
The valence electronic configuration of Alzan be that the previous spectroscopic identification of two rhombic
written as 4r*1m,*27;> and that of the anion as isomers of AJO, should be attributed to thié\, ground state
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age of the combination of the twh, vibrational modes,
which cannot be resolved in the current experiment. The
slightly lower apparent frequency, for the ground s{&€0
(80) cm 1], compared to that of the first excited state, is a
result of the prominence of the low frequency mode in the
ground state. In the first excited state, the higher frequency
mode dominates, resulting in a slightly higher apparent fre-
quency. The third band at approximately 5.1 eV, which is the
%B,, excited state, is a result of the removal of an electron
from the by, orbital, which is probably of oxygen@char-
acter.

The second band in the spectrum was attributed to the
removal of a spin-down & electron, giving rise to the trip-
let ®B,, excited state. A singletB;, excited state is also
expected by removing a spin-umg electron. This state is
expected to be similar to the triplet state with similar vibra-
tional features. However, it is not clearly observed in our
spectrum. This could be due to two factot$) The excited
singlet state is at very high binding energy and is, therefore,
beyond the energy range of the experiment{2)rThis state
is very close to the excited triplet state in energy such that
they overlap and cannot be resolved in the current experi-
ment. From the higher intensity of the 3B, band, we sug-

gest that the latter is the case. More accurate calculations will
FIG. 4. Possible structures of the 8, clusters, based on experimental be required to confirm this conclusion. No previous calcula-

observations and preliminary calculations at the Hartree—Fock and MP2ions have been done on such an excited singlet state for a
levels. The rhombus-type structures are suggested to be the ones observe(Bn

the current experiments. 2h AlLO,. ]
Interestingly, a recent photodetachment study of cy-

clooctatetraene showed the existence of an excited triplet

state fA,,), due to the formation of a diradical, and a
and a%B, excited state of the san®,;, Al,O, molecule®  ground singlet state'f\, ), where the electrons are paired up
With this structure, it is expected that each aluminum atorin the HOMO!* The appearance of the ground state as a
in AlL,O, would have an unpaired electron, giving rise to asinglet was suggested to be in apparent violation of Hund'’s
biradical configuration. However, calculations have sug-ule, which predicts that degenerate, nonbonding molecular
gested that the two electrons pair up intardype orbital ~ Orbitals with two electrons should have a triplet ground state.
with a closed-shell ground state configuration that can bdhe electronic structure of AD, seems to be similar to this
written  as, :B'Slb%uzaslbgulb%glb%UZbgulbggsaS(lAg)7 more complicated organic molecule.
where the HOMO (&) is a o-type orbital®® The ALO,
anion, then, has an electron configuration ob3;Bag2b3,,
where the b5, orbital is the LUMO of the neutral molecule.

Therefore, the first peak in the PES spe¢ffags. 2a), Figures 3a) and 3b) show the PES spectra of A5 at

2(b), 3(a), and 3b)] corresponds to the removal of th&z, 266 nm and 193 nm, respectively. At 266 nm, a broad band
electron to give th lAg ground state of AIO,. The second is observed at lower BE and a sharper peak is observed at
peak corresponds to the removal of an electron from #ye 3 4.32 eV. The broad band corresponds to the ground state of
orbital to leave the A0, molecule in theA °B,, excited  Al,O; and is observed much more clearly in the 193 nm
state with a configuration of. .t 23ag 12bg, 1. The ob-  spectrum. This implies that the wavelength dependence on
tained singlet—triplet excitation energy of 0.49 eV is in goodthe photodetachment cross section of the ground state is
agreement with the value obtained by a previousquite significant(see below The first band X) yields an
calculatiofi? for the D,y, Al,O,. There are two totally sym- electron affinity of 3.71 eV and a vibrational frequency of
metric A vibrational modes for th®,;, Al,O,, one with a 850 (80) cm™ ! for Al,O;. The second peakd), at 4.32 eV,
lower frequency(553 cni') and another with a higher fre- belongs to the first excited state of the molecule, with an
quency (861 cm 1).%8 The obtained vibrational frequencies excitation energy of 0.61 eV relative to the ground state. A
for the ground state of AD, [660 (80) cm '] and the first third peak, at a high BE of approximately 4.9 eV, may be
excited statd730 (80) cm ] are not in agreement with ei- present but background noise prevents us from definitively
ther of the totally symmetrié; vibrational modes. From the identifying it.
PES spectra of AD; , there is evidence that both modes are  Matrix isolation experiments'®have attempted to iden-
active. Therefore, we believe that the apparent vibrationalify Al ,O; by comparing the observed IR and Raman bands
frequencie$660 (80) cm * and 730(80) cm ] are an aver- with the values obtained by calculatiotfs’? These matrix

D. Al,O;,
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experiments suggested that an unsymmetri€gl, isomer andC,, molecules would be significantly different and cal-
and the symmetric linear OAIOAIOD.,,, molecule were culations to determine this value may help provide another
observed? Although the previous calculations indicated a piece of information to differentiate among these isomers.
planarC,, structure to be very close in energy to the linear
structure, they found that the lowest energy structure on thE Al

singlet potential surface is the lined,.,, species®’?How- 204

ever, our calculations have also found t8g, (rhombus Figures 3a) and 3b) show the PES spectra of A, at
structure to be a true minimum. These are shown schemat?66 and 193 nm, respectively. Both the 266 and 193 nm
cally in Fig. 4. spectra show a broad, vibrationally resolved band at lower

In Fig. 3(b) the broad vibrational progression in the BE. Two well resolved hot band features are observed in the
ground state of A, implies that there is a significant 266 nm spectrum yielding a vibrational frequency of 1090
change in the geometry between the anion and the neutrd0) cm* for th'e. anion(Table II): The spectrum at 193 nm
Also, this progression is very similar to that of /&I, and reveals an a_lddmonal bgnd at higher BE which is broad and
Al,O;s (see below. It is expected that, for the,, [rhombus, not well defined. The first band gorresponds to the ground
Fig. 4(c)] structure, the extra electron in the anion would peState ¥) of the neutral molecule with an EA of 3.98 V. The

located on the terminal aluminum atom that is attached tosecond band corresponds to the first excited stajeof the

S neutral molecule and occurs at about 5.1 eV.
three oxygen atoms. Therefore, the broad vibrational pro- : . .
The presence of AD, was suggested in previous matrix

gression in the ground stgte IS con sistent with the remo val 0|]i<;olation experimenty’ Previous calculations indicated that
an electron from a bonding orbital, presumably #p in

the molecule is a complex of two AlOnolecules which are

character. The enhancement in the intensity of the grounﬂ/visted with respect to each other to give€a, symmetry5*
state of ALOs, at 6.42 eV photon energy, indicates that it yo\yever, our preliminary calculations for this molecule in-

results from the removal of an At-type electron. This rea- jjcate that the symmetriD,;, Al,O, is also a true minimum.
soning is based on the observation that for high angular morhis structure is shown schematically in Fige¥} along with
mentum initial states, photoemission cross sections generallye C,, structure[Fig. 4(f)].
increase as the photon energy incred$@&uch cross section The ground state of the neutral molecule is characterized
dependence on photon energies has been observed in phokgr a vibrational progression with a frequency of 9@D)
detachment experiments of the 4nd 3 electrons of Ci c¢m ! and an electron affinity of 3.98 eV. Upon formation of
anior* and transition metal clustefs.The sharp peak at the anion, it is expected that, for tie,, molecule, the extra
higher BE (4.32 eV} is consistent with the removal of an electron will be localized on an aluminum atom because the
electron from a nonbonding orbital. This state is probably aAl atoms are expected to possess significant positive charges
result of the removal of an electron from the aluminum atomas a result of strong electron transfer between aluminum and
that is bonded to only two oxygen atoms. The nature of the®xygen. Therefore, we suspect that the ground state vibra-
first excited state in AD; is probably similar to that of the tional progression is a result of removing an electron from a
ground and excited states of &, both of which are also Pbonding orbital localized on the aluminum atoms.
results of the removal of nonbonding electrons on Al atoms ~ 1he second peak at approximately 5.1 eV corresponds to
bonded to two O atoms. The third peak at about 4.9 e\ihe first excited state of.,QcD4. This state is probably due to
belongs to the second excited state of@ and is presum- the removal of a more tightly bound Cpzelectron from the
ably from a bonding orbital of oxygeng2character. bridging oxygen atoms. Althqugh previous calculations have
Our calculations, at both the HF and MP2 levels, found asuggested t_hé:ZU “twisted pair” structure_, It seems to make
true minimum for the rhombusQy,) species depicted in more chemical sense for the two nonbridging oxygen atoms

Fig. 4(c). We obtain a scaled, totally symmetric vibrational 0 b'.nd to each ?f t_he a'““?',',‘”m atoms to form thgy,
1 species. In th€,,, “twisted pair” structure, one set of bonds
frequency of 888 cm™ at the HF level of theory, and a

scaled frequency of 804 cm at the MP2 level, in excellent between the bridging oxygens and the tetrahedrally bonded

. . aluminum atom are very long and are, therefore, expected to
agreement with the experimentally observed value. Furthert-)e relatively weak

more, the similarity among the PES spectra of@y, Al,O4 In our preliminary calculations, a true minimum was ob-
(see belowand ALOs (see below and the vibrational fre-  (aineq at both the HF and the MP2 levels for the symmetric
guencies of the ground states lends support to the assugnmqﬂtzh species. The highe#, vibrational frequency calculated
of a rhombus[C,,, Fig. 4(c)] structure to the species ob- for this molecule is 932 cnt at the(scaled HF level, which
served in our experiment. is in excellent agreement with the experimentally obtained
Other isomers with higher energies were also consideregajye. However, at the MP2 level, the Al-O bonds are con-
in our calculations at the HF and MP2 levels. A minimum siderably lengthened. Based on the agreement of the vibra-
was found for another plandt,, species(Fig. 4d, which  tional frequencyHF) and the similarity of the electronic and
can be described as an Al-O-Al unit with two oxygen atomsvibrational structure among AD;, Al,O,, and ALOs; (see
added to one aluminum. Also, the linear molec(fgy. 40  below), we suggest th®,,, speciegFig. 4e)] as a candidate
was found to be a true minimum at both the HF and MP2for Al,O,. It is expected that AD, would be made by taking
levels. It is expected that the electron affinities of the lineara C,, [Fig. 4(c)] Al,O; molecule and adding an oxygen atom
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to the aluminum atom that is attached only to the two bridg-vibrational frequencies calculated are 1023 and 964 crt
ing oxygen atoms. This would create the symmeMig, the HF and MP2 levels, respectively. The correct prediction
Al,O, molecule. A similar structure was proposed for theof the AlLOs structure and the similarity among the PES
AlL,O; cation, in an experiment to study the stabilities andspectra of AJO3, Al,O; , and ALO; lends strong credence
reactivities of aluminum oxide clustefs. to the rhombus-type structures proposed for these clusters.
Other isomers that were considered in our calculations

include theC,, “twisted pair” minimum [Fig. 4(f)], with  VI. CONCLUSIONS
scaled frequencies of 968 and 914 ¢hat the HF and MP2
levels, respectively. AnotheZ,, minimum, but with longer
fequencies of 1010 and 364 ohat he HF and MP2 evere,  SC/e1al photon energies. The specra for Alind AIG, a

: T . '’ 193 nm showed additional excited states which were not
respectively. It is important to note that assignment of the

: hag . “previously observed at lower photon energies. We obtained
D, form to the experimentally observed species is tentatlvef) y P 9

. ; . Vibrationally resolv ra for the groun for all th
since the calculated energy ordering of g, and “twisted brationally resolved spectra for the ground states for all the

. . . . AlL,O, i =2-5. Additionally, high BE f r r
pair” C,, structures changes with the inclusion of electron 20y speciedly 5. Additionally, hig eatures are

: . i observed at 193 nm due to the removal of electrons from
correlation. Calculations at higher levels of theory, and alsq

o . . SR e oxygen Z-type orbitals. The electron affinities and vibra-
qf electron affinities, .W'” provide more definitive identifica- tional frequencies of these clusters are obtained and are com-
tion of the observed isomer.

pared with existing theoretical calculations and those that are
in progress for this work. Probable structures are proposed
F. AlLOZ for all the clusters consistent with the experimental observa-
) ] ) tions and the various theoretical studies, which have shown
There have bgen no previous theoretical or experimentghege A0, species to be predominantly ionic with signifi-
studies of AYOs. Figures 8a) and 3b) show the PES spectra cant configuration mixing and strong correlation effects.
of Al,Os at 266 and 193 nm, respectively. The spectra disgiryctural and bonding information are obtained from the
play a broad, vibrationally resolved band at lower BE and &rrent experiments, which can be compared with more ac-
broad, unresolved band at higher BE, at 193 nm. A welloyrate calculations. The 4D, rhombus is a major structural
resolved hot band is observed at 266 nm yielding a vibrateatyre in bulk aluminum oxide materials, formed between
tional frequency of 117@60) cm * for the anion. The first g AlO, units sharing two O atoms. We show evidence that

band corresponds to the ground state giOylwith an EA_?f this bulk structural feature exists in the, 8k, series of clus-
3.75 eV and with a vibrational frequency of 9080) cm™". ters.
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