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In this study we predict, based on our multiconfigurational and higher level correlated ab initio
electronic structure calculations, the geometries and relative energies of the AlsH and Al, molecules.
We found three minima on the AlsH potential energy surface, two of which are nearly energetically
degenerate: a CZu o-bonded structure and a Csv n-bonded structure. Two A&H transition states
were also found: one that connects the Csu and Cz,, minima and another that connects one CsV
. .
mmimum to another C’s, minimum. We also predict the lowest Al, electronic state to be the *Ai
state which has the valence orbital occupation of (a~>2(e’)4(a~>2(a I) ‘. 0 1994 American
Institute of Physics.

I. INTRODUCTION
Small atomic clusters have been the focus of much experimental and theoretical research in the past decade.’ Clusters of lighter alkali atoms and alkaline earth atoms were
among the first to be studied theoretically using ab initio
methods because they are computationally tractable, having
relatively few valence electrons although possessing four valence orbitals per atom.* Even the smallest such clusters
present significant computational challenge due to the relatively large number of low-energy electronic states and because of state degeneracies and surface intersections that occur for symmetrical nuclear arrangements. For example,
degenerate electronic states of alkali trimers display classic
first-order Jahn-Teller (FOJT) distortions causing D,, symmetry structures to evolve into C,, symmetry.3
In the present work, we examine a small cluster of group
III atoms for which the density of low-lying electronic states
is even higher. Earlier work4 from this group began this
study by considering the B, molecule and its bonding to H
atoms5 Here, we extend this study to Al, and AlsH.

vibrational mode of b, symmetry. The lower-energy surface
has three equivalent minima connected by three equivalent
transition states as shown in Fig. 2(b). The higher energy
surface also has three equivalent minima connected by three
equivalent transition states.
A primary motivation for studying the boron trimer was
to characterize the large number of low lying electronic
states (e.g., within 7000 cm-’ of the ground state there are
11 electronic states) and to characterize the spin and spatial
symmetry of the ground state to assist in interpreting ESR
experimental dam6
6. The AI3 cluster
In the early stages of the present work, we examined the
valence states of the aluminum trimer whose corresponding

-p 7~a*’ey
Il_iL1L,

A. The B3 cluster

ai’

Clusters of group III elements produce a high density of
low-lying electronic states because each atom contributes
three valence electrons and four valence orbitals. Unlike the
alkali trimers, the boron trimer whose higher occupied valence molecular orbitals (MOs) and valence MO occupations
for the two lowest energy *Ai and *A; states are shown in
Fig. 1, is not susceptible to first-order Jahn-Teller distortions
in its equilateral triangular *A ; ground state. However, there
is a low lying 4E” excited state, whose valence MO occupancy is depicted in Fig. 2, that FOJT distorts to produce
4B, and 4A2 states of C,, symmetry.4 In Figs. 1 and 2 only
the three o bonding, one rr bonding, and three nonbonding
valence orbitals are shown. The other five n’* and ti valence
orbitals are higher in energy and are not shown.
In an earlier paper, Hemandez and Simons4 showed that
as the two 4E” states of the boron trimer Jahn-Teller distort
and evolve along a Cz,-constrained path, one state (4A2)
drops in energy and becomes a geometrical minimum while
the other state (4B,) increases in energy to produce a firstorder transition state that is geometrically unstable along a
10746
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FIG. 1. (a) Valence nonbonding orbital of A i symmetry and orbital occupation of the ‘A; states of B, and Al,. (b) Valence v-type orbital of A;
symmetry and orbital occupation of the ‘AZ states of B, and Al,.

0021-9606/94/101(12)/10746/7/$6.00

0 1994 American institute of Physics

Downloaded 23 May 2003 to 155.101.19.15. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp

10747

N. Gonzales and J. Simons: A13H structures

TABLE I. Calibration of Al atomic bases using IP, EA. and 2P-+4P excitation energies (kcaYmo1).
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TZ:

Basis

No. of contracted
basis
functions

Ahhichs (Ref. 13)
D-VTZ (Ref. 14)
HW-ECP (Ref. 12)
6-311+G* (Ref. 15)
aug-cc-p VDZ (Ref. 11)
Experiment

32’
27’
Is=
31
29

IP

EA

4P

131.6
136.9
132.8
131.8
135.5
138.0
(Ref.18)

1.6
9.1
1.4
2.5
8.7
10.6
(Ref.19)

77.8
66.8
16.4
71.5
79.0
83.0
(Ref.18)

‘A*

‘These bases have a diffuse s function, a diffuse p function, and a d
ization function added to the valence basis.

polar-

4A2 state [Fig. 2(a)] to lie slightly below the 4B1 [Fig. 2(a)]
and 2A; [Fig. l(a)] states with the 2Az [Fig. l(b)] state being
highest. In contrast, our calculations (perhaps fortuitously)
predict an order consistent with Weltner’s experimental findings and with the earlier theoretical work of Tse.8(a)
Although the aluminum trimer has been studied both by
experiment” and theory,8*9 the bonding of Al, with even

simple radicalssuch as H atomshas not. Sincealuminumhas
the same number of valenceelectronsas boron, one would
expect similarities in the H+B,-+B,H and H+Al,-+Al,H

04
FIG. 2. (a) First order Jahn-Teller distortion of the 4E” state. (b) Three
equivalent C2,, minima on the 4A2 surface of Bs.

states were studied in the earlier B3 work. We anticipated
that the molecular orbitals in Al, would be split less strongly
into bonding and antibonding combinations than in B,, so
the density of states would be even higher than in B,.
Experimentally, the ground state of the aluminum mimer
is known to have a magnetic moment consistent with a doublet spin state.7 The latest ESR analysis of Al, by Weltner
and co-workers6 shows that the trimer ground state has a
doublet spin state and an equilateral geometry (i.e., three
equivalent Al centers). Weltner also found an appreciable
amount of s character in the ground state wave function
(8%), which precludes the 2Ai state [see Fig. l(b)] because
its unpaired spin density resides in a m-type orbital that is
odd under the molecular cr,, plane and hence, contains no s
character. Both experiments thus suggest that the mimer
ground state is of 2A; symmetry.
However, experiment and theory are difficult to reconcile in this case because the near degeneracy of the two sets
of states in the doublet (2~; and 2A;‘) and quartet (4BI and
4A2) manifolds complicates an accurate prediction of the
electronic ground state.s For example, even the extensive CI

calculations by Baucshlicher and co-workers’predict the

reactions and in the structures of the BsH and AlsH hydrides.
Electron deficient three-center two-electron bonding might
occur in A&H since aluminum is also orbitally rich and electron poor, although boron is, of course, expected to display a
greater propensity for such bonding. Our findings on these
questions are treated in Sec. III after our computational tools
are described in Sec. II.

II. COMPUTATIONAL DETAILS
A. Orbital basis set
After extensive basis set testing, we decided to use Dunning’s augmented correlation-consistent polarized valence
double-zeta (aug-cc-pVDZ)‘* bases for the hydrogen and
aluminum atoms. The adequacy of the basis was judged by
how well it reproduced various atomic properties such as the
ionization potential IP, the electron affinity EA, and lowenergy (i.e., 3s23p’-+3s’3p2
for Al) excitation energies.
Several other basis sets such as the valence basis associated
with the effective core potential (ECP) of Hay and Wadt,12 a
(12s9p/7s5p)
basis by Ahlrichs and co-workers,‘3 Dunning’s valence triple zeta,14 and Pople’s’5 6-311+G* basis
were also tested but they did not reproduce the Al atomic
properties as well as the basis we chose to employ (see Table
I). Because the states of Al, and AlsH of interest here are
expected to contain significant Al+ or Al- character or character derived from s2p’-+s’p2 configurations, we were re-

quired to choose a basis set that produced IP, EA, and
2P+4P excitation energies all in reasonable agreement with
known experimental data. As seen from the data of Table I,
only the aug-cc-pVDZ basis came close to experiment for all

three energies.
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B. Choice of electronic

configurations

1. CAS MCSCF level geometry

TABLE II. Correlated energies (a.u.) for the lowest doublet and quartet
states of Al, at the respective MCSCF optimized geometries listed below.

optimization

In forming a set of electronic configurations to use in
examining the myriad of low-energy valence states in Al,,
we specify a set of orbitals that are doubly occupied in all
configuration state functions (CSFs) as well as a set of valence orbitals among which the specified valence electrons
are distributed. If the valence electrons are distributed in ah
possible ways consistent with the overall spin and spatial
symmetry of the state of interest, one forms the set of complete active space (CAS) CSFs. The amplitudes of the CSFs
and the expansion coefficients of the MOs are determined by
the multi-configurational-self-consistent-field
(MCSCF) approach. This process is especially useful when several states
of similar energy are anticipated and when several different
arrangements of the molecular framework are to be studied,
as in the present study where two nearly degenerate states of
Al,, multiple AlsH structures, and several transition states
connecting these structures are analyzed.
The choice of active valence orbitals for use in constructing our CSFs was guided by the following requirements:
(a) The CSF space must be flexible enough to properly
describe at least the nondynamical correlation effects on the
two lowest states (i.e., the 2Ai and 2Az radical states) of the
aluminum trimer because it is to these states that the states of
AI,H correlate at large interfragment distances.
(b) The CAS wave function should be capable of dissociating properly into the aluminum trimer and a hydrogen
atom.
(c) The active orbitals should include those derived
from the H 1s and Al 3s and 3p atomic orbitals.
These conditions force one to include the three Al-Al
o-bonding orbitals, the delocalized Al bonding rr orbital, the
three nonbonding Al based n orbitals, and the other five linear combinations of the aluminum 3s and 3p atomic orbitals
for correlation as well as the Is orbital of the H atom. The
Is, 2s, and 2p atomic orbitals of the aluminum atoms are
core orbitals that are doubly occupied in all CSFs. We include all 10 valence electrons in our MCSCF wave function.
For AlsH, the resulting CAS space involving thirteen active
orbitals with their ten active electrons gave rise to 429 000
total CSFs of ‘A, symmetry. This number of CSFs was prohibitive for us to use in exhaustively searching the sixdimensional geometry space. To reduce the number of CSFs
beyond those contained in the full CAS space, we first examined the closed-shell SCF function which places the ten
valence electrons in the lowest five valence MOs and then
we created single, double, triple, and quadruple excitations
from the valence MOs of this reference function into the
other eight valence orbitals. This process generated the
42 301 CSFs that we used in subsequent geometry optimization steps.
For the AlsH Csu structure, the MCSCF wave function
was severely symmetry broken (for example, there were no
pairs of degenerate molecular orbitals) which leads to unreliable geometrical displacements in the optimization. We
were unable to repair or find a suitable MCSCF wave func-

2A IT

2A;
MCSCF
CCSD(T)
PMP4
QCISD(T)

-725.787
-725.886
-725.883
-725.887

R (A)
e (deg)

4A2

2

81
43
86
70

2.57
60.0

-725.779
-725.881
-725.877
-725.882

19
69
66
20

-725.776
-725.880
-725.878
-725.881

2.66
60.0

2.65
66.4

4B,
45
74
69
13

-725.777
-725.879
-725.877
-725.879

07
51
63
85

2.78
61.9

tion; therefore, we optimized all of the Al,H minima at the
QCISD(T) level of theory in order to predict the lowest energy AIsH structure, thus avoiding comparing energies at different levels of theory.
2. Higher level correlation

energies

We used the general atomic and molecular electronic
structure system (GAMESS)16 computer program developed
by M. Schmidt et al. to search the potential energy surfaces
for minima and transition states at the MCSCF level of
theory described above. Upon identifying such stationary
points on the ground state surface, we then used the GAUSSIAN 92l’ suite of programs to calculate the QCISD(T),
CCSD(T), and MP4 energies at these MCSCF stationary
points to better quantify the various structure’s relative energies. Unless otherwise specified, ourfinal energy differences
(i.e., dissociation energies and relative energies of stable isomers or transition states) are obtained from our QCISD(T)
data, which we view as being our most accurate data.
III. FINDINGS
A. Al, energies and stable geometries
To achieve a feel for the accuracy of our calculations, we
first optimized the geometries of the four lowest states
(2A; ,2A;’,4A2,4B,) of the aluminum trimer at the MCSCF
level and then calculated the relative energies of these four
states at the several higher levels of theory discussed above.
Our total energies and optimized geometries are shown in
Table II.2o
At our highest levels of theory, the o-radical 2A i state is
predicted to lie lowest and the 4BI state to lie highest. However, the energy gap between these two states at the
QCISD(T) level is only 5 kcal/mol. The relative energies of
the two remaining low-lying states, the m-radical 2A;’and the
4A2 states, vary depending on which correlation method one
uses. The QCISD(T) and CCSD(T) methods predict the
2A;’ state to lie slightly below the 4Az state; while the spinprojected MP4 results give the opposite ordering.
Based on the series of calculations whose results are
presented here and Weltners experimental findings, we feel
reasonably confident in concluding that the e-radical *A i
state is the ground state of Al3 and that the 4Bt state is the
third excited state. The relative ordering of the r-radical
2A;’ and 4A2 states, both of which lie ca. 4 kcal/mol above
the 2A; state, is uncertain,
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FIG. 3. (a) o-bonded Al,H structure. p=O.22 Debyes with Alj-H+ character. (b) n-bonded AlsH structure. p=1.38 Debyes with Als+H- character. (c)
Bridge-bonded Al,H structure. p= 1.27 Debyes with AI,-H+ character. (d) False minimum AlsH structure.

8. A13H stable geometries
7. C,, structure
We found three low-energy minima on the ground state
singlet AlsH potential energy hypersurface using the MCSCF
wave function detailed earlier. The first, shown in Fig. 3(a)
involves a single a-bond between the H atom and one of the
Al atoms, and can be viewed as arising from simple coupling
between the a-radical ‘A; state of Al, and an H atom. The
geometrical parameters and local harmonic vibrational frequencies of this structure are also shown in Fig. 3(a) and
Table III. respectively, as are the zero-point energies (ZPE).
The dipole moment of this structure is 0.22 Debyes, with the
positive end of the dipole directed toward the H atom (i.e., it
has Als-Hc character). In Table IV, the energy of this and
other minima and transition states are given at the MCSCF
and higher levels of correlation.
The Al-H bond strength of this species [i.e., D, to form
‘A; Al3 and H (‘S)] obtained from the QCISD(T) level of
theory is 65 kcal/mol, which is comparable to Herzberg’s2’
dissociation energy for diatomic AlH (@<3.06
eV=70.56
kcal/mol). Throughout this paper, all energy differences reported refer to nonzero-point corrected electronic energies,
unless otherwise noted.

2. C,, structure
A second low-energy singlet structure (of ‘A, symmetry
in the CsU point group) was found at the MP2 level to have
the geometry and vibrational frequencies detailed in Fig. 3(b)
and Table III. This structure can be obtained via radical coupling of the Al, rr-type 2Ag state with a 2S hydrogen atom.
This structure is predicted at the QCISD(T) level to have an

TABLE III. Local harmonic vibrational frequencies (cm-‘) for AI,H structures.

a-bondeda

rr-bondedb

269
316
367
388
438
1761

195 E
195 E
332‘4,
955 E
955 E
1041A,

ZPE=5.06
kcaVmo1

ZPE=5.25
kcal/mol

C,,-bridge
bondeda
159
188
240
342
780
1151
ZPE=4.09
kcal/mol

“MCSCF frequencies.
bMP2 frequencies.
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TABLE IV. Total energies for A13H structures using various methods. Energies are in a.“.

MCSCF
MP2
MP3
htP4
CCSD(T)
QCISD(T)

C3”

C2”

r-bonded

a-bonded

See text
-126.439 43
-726.469 95
-726.48113
-726.490 8 1
-726.49131

-726.383 59
-726.446 15
-726.47161
-726.490 12
-726.490 68
-726.49 1 23

Planar:
bridgebonded
-726.348
-726.413
- 726.445
- 726.464
-126.466
-726.466

C3”43”

C3”--CZ”

TS
38
79
74
22
21
81

-726.353
-726.408
-726.443
- 126.460
-726.466
-726.466

TS
35
26
50
24
25
85

-726.351
-726.414
-726.446
-726.466
-726.468
-726.468

59
85
27
98
13
84

Hydrogen atom E= -0.499 33
A13H false minimum QCISD(T) energy= -726.477 018 56

electronic energy only 0.05 kcal/mol below the CZv
a-bonded structure mentioned above, as a result of which we
conclude that the actual lowest energy Al,H structure cannot
be reliably predicted at the level of theory performed here.
This C,, structure has a dipole moment of 1.38 Debye, displaying significant AI,+H- character, opposite that of the
CZv structure.
3. Planar structure
The third low-energy structure found in our MCSCF calculations for Al,H is of ‘A 1 symmetry in the CZv point group
and has the planar geometry and vibrational frequencies detailed in Fig. 3(c) and Table III. This bridge-bonded structure
has three low frequency vibrations, lies only 15 kcal/mol
above the c-bonded CZ,, structure at the QCISD(T) level of
theory, and has a dipole moment of 1.27 Debyes with the
positive end of the dipole directed towards the H atom.

The reaction path connecting the r-bonded C,, structure
to the u-bonded CZv structure is pictured in Fig. 4(a) with
the geometries and other characteristics for the corresponding C, symmetry TS. This TS lies 15 kcal/mol above the
c-bonded structure at the QCISD(T) level of theory, and the
imaginary frequency is 365 cm-‘. The height of this barrier
and the width characterized by the small imaginary frequency make tunneling between the C,, and C,, structures
very improbable.
In Fig. 4(b) we describe the reaction path connecting
pairs of equivalent r-bonded C3” structures passing through
a TS having C2,, symmetry. Along this path, which has a
barrier of 14 kcal/mol at the QCISD(T) level of theory, the H
atom moves from one side of the plane formed by the three
Al atoms to the other, preserving one (T, symmetry plane
throughout. Again the barrier and small imaginary frequency
(393 cm-‘) preclude significant tunneling.

4. A false minimum
Another Al,H structure that merits mention is the threecenter bridge-bonded structure shown in Fig. 3(d) which lies
9 kcal/mol above the CZU o-bonded structure. The SCF-level
vibrational analysis showed this to be a local minimum at the
geometry shown. However, when MP2 and MCSCF calculations were performed, negative curvature along the a ’ mode
shown in Fig. 3(d) was obtained, and further geometry optimization produced the above mentioned C,, r-bonded structure.
This dramatic change in surface curvature is due to second order Jahn-Teller (SOJT) effects. At the SCF level, the
lowest excited state capable of coupling to the singlet ground
state to produce negative curvature along a direction connecting this bridge-bonded structure and the C,, structure is
120 kcaYmo1 above the ground state. However, at the CI
level, this state drops to only 18 kcaYmo1 above the ground
state; as a result SOJT instability occurs.
C. Interconversions

among stable geometries

of A&H

Transition states (TSs) connecting the most stable geometries described above were also located and are characterized by their geometries, energies, and local harmonic imaginary vibrational frequencies detailed in Fig. 4 and Table V.

D. Possible D,,, structure

for AI,H

We also examined the possibility that a D,, structure
with the H atom at the center of an equilateral Al, moiety
could be either geometrically stable or a first-order transition
state. However, we found that the lowest electronic state for
such a constrained structure possessed distortions with negative curvatures of E and A 1 symmetries. Hence, we predict
that no such D,, Al,H minimum or transition state structure
is possible.

TABLE V. Local MCSCF harmonic vibrational frequencies (cm-‘) for Al,H
transition state structures.
C3”--C3”

393i
186
251
254
965
1489
ZPE=4.47
kcal/mol

c3,-

C2”

3651’
161
186
251
302
1555
ZPE=3.52
kcal/mol
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AEt = 15 Kcal/mol
v = 3643 cm-’

10751

AE+ = 14 Kcal/mol
v = 393icm-’

(b)

FIG. 4. (a) Al,H Cs, to C,, reaction path. (b) A13H C3” to C3” reaction path.

E. Other transition
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states

Although we were able to identify TSs connecting C,,
and C’s, to Cs,, structures (all on the ground state
surface), we were unable to find (i) any transition state connecting to the planer structure or (ii) a TS connecting C2” to
to Cl*

c2v*

IV. SUMMARY
We located three local minima and two first-order transition states on the AlsH potential energy surface. We found
that two of the Al,H minima are very close in energy (AE
= 0.05 kcal/mol) with the third lying 15 kcal/mol above the
others. One of the two transition states connects a CTv minimum to a CJv minimum with a barrier of 15 kcal/mol, and
the other TS connects equivalent CaU minima with a barrier
of 14 kcal/mol. We also calculated and compared the four
lowest electronic states of Al, (i.e., the *A i , *AT, 4A2, and
‘B t states). We predict the 2A i state, with the valence orbital
occupancy of (u~)“(e’)“(u~)‘(~~)‘,
to be the ground state.
The 4BI state is the highest in energy of those studied because it is a first order saddle point on the upper surface of
the double cone. The ordering of the intermediate *A$ and
4Az statesis still uncertain.
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