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Abstract. Five doublet isomers of the Al3H2 cluster lying within a narrow range of 5 kcal/mol, along with
the isomerization transition states connecting them, have been located with the coupled-cluster CCSD(T)
and DFT methods. The two most stable doublet structures, the C2v planar including the two Hs bound
terminally and C1 non-planar showing one H in terminal site and the other in threefold site are found
to be essentially degenerate. Although the reaction of Al3 with H2 to yield Al3H2 is found to be signif-
icantly exothermic, by 23.5 kcal/mol, this hydrogenation is impeded by a considerable kinetic barrier of
16 kcal/mol. Our result is consistent with the observed lack of reactivity of Aln towards H2(D2) for n = 3
under thermal conditions [3]. The quartet Al3H2 isomers are predicted to lie 16–21 kcal/mol higher in
energy than the doublet analogues. Further dimerization of Al3H2 to form Al6H4 has also been examined.

PACS. 31.15.Ar Ab initio calculations – 31.15.Ew Density-functional theory – 36.40.-c Atomic and molec-
ular clusters – 36.40.Jn Reactivity of clusters

1 Introduction

There are many examples in the literature demonstrating
a strong size-dependence of the reactivity of small main
group and transition metal clusters (see, e.g., Refs. [1–3]).
For aluminium, this was confirmed by a study of Cox
et al. [3] on the reactions of the gas phase Aln clusters
(n � 30) with several simple molecules including H2 and
D2. Employing the pulsed cluster beam flow reactor tech-
nique combined with photoionization time-of-flight mass
spectrometry, these authors measured the reactivity of Aln
clusters towards H2(D2) under thermal conditions. With
the use of the “small diameter reactor”, Cox et al. in-
dicated for the latter processes an oscillatory behaviour
in the relative rate constant between n = 2 and n = 8,
i.e., with the alternating minima and maxima for odd and
even n, respectively. The complementary infrared (IR)
matrix isolation experiments by Andrews group [4] on
the reactivity of small Aln clusters with H2 dealt with
those having n = 1, 2. For the reaction of Al atom with
H2 to yield AlH and AlH2 hydrides, activation either by
photolysis or by excess energy from the ablation process
was required [4]. By contrast, the hydrogenation of alu-
minium dimer to form Al2H2 hydride was found to take
place spontaneously in a noble gas matrix [4]. Previously,
we compared the performance of highly correlated single-
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and multi-reference ab initio and density functional meth-
ods to study the reaction Al2 + H2 to form Al2H2 [5]. In
addition to the high exothermicity of this hydrogenation
reaction of ca. 39 kcal/mol relative to the ground state
Al2(3Πu) + H2 reactants, no activation barrier was found
on the singlet potential energy surface (PES), consistent
with the matrix isolation results [4].

The calculations presented here extend the earlier work
on the reactivity of the small Aln clusters towards molec-
ular hydrogen to n = 3. In the gas phase pulsed cluster
beam/mass spectrometry study of the Aln+H2(D2) sys-
tems, for Al3 (n = 3), the lack of reactivity was observed
under thermal conditions [3]. Due to the presence of low-
lying doublet and quartet states for the bare Al3 cluster,
an issue discussed in detail below, both the lowest dou-
blet and quartet PES of Al3H2 have been explored. Fur-
ther dimerization of Al3H2 to form Al6H4 has been also
studied.

2 Computational methods

The aug-cc-pVTZ basis set [6] was used. The lowest dou-
blet and quartet potential energy surfaces of Al3H2 were
explored with density functional theory (DFT) employ-
ing the hybrid B3LYP functional [7,8]. Optimized struc-
tures were calculated together with the force constant
matrices (Hessians) to provide harmonic vibrational fre-
quencies and zero-point energy (ZPE) values, included in
the quoted relative energies. Minima on the PES were
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Table 1. Energies (kcal/mol) of the Al3 stable structuresa.

B3LYPb CCSD(T)b Previous calcs.
∆E ∆Ec ∆E ∆Ec

Al3(D3h, 2A′
1) 0.0 0.0 0.0 0.0 0.2d, 0.2e, 0.0f , 0.0g , 0.0[0.0]h

Al3(C2v , 4A2) 3.3 3.1 5.2 5.1 0.0d, 0.0e, 2.3f , 4.6g , 4.9[5.5]h

Al3(D3h, 2A′′
2 ) 4.3 4.1 4.2 3.9 2.8d, 7.4f , 5.9g , 4.4[5.0]h

Al3(D∞h, 2Πu) 16.2 15.8 21.6 21.3 14.1d, 21.7g

aFor the geometrical parameters, see Figure 1. bAt the B3LYP geometries. cCorrected for the differences in unscaled B3LYP
ZPEs. dMRCI/ECP, r(Al-Al) = 2.59 Å (2A′

1), 2.62 Å (4A2), 2.86 Å (2A′′
2 ), 2.78 Å (2Πu), reference [12]. eMRCI/ECP, r(Al-Al) =

2.59 Å (2A′
1), 2.62 Å (4A2), reference [13]. fDFT/ECP, r(Al-Al) = 2.46 Å (2A′

1), 2.55 Å (4A2), 2.56 Å (2A′′
2 ), reference [16].

gDFT BP86, r(Al-Al) = 2.52 Å (2A′
1), 2.60 Å (4A2), 2.62 Å (2A′′

2 ), 2.80 Å (2Πu), reference [17]. hCCSD(T)[CCSDT], r(Al-Al) =
2.541 Å (2A′

1), 2.599 Å (4A2), 2.632 Å (2A′′
2 ), reference [14]. The other CCSD(T) calculations (Ref. [15]) provided the following

relative energies (kcal/mol): 0.0 (2A′
1), 6.6 (4A2), 5.1 (2A′′

2 ) and bond lengths (Å) 2.544 (2A′
1), 2.603 (4A2), 2.636 (2A′′

2 ) (for
the 4A2 state, the shorter Al-Al distance is given).

connected to each transition state (TS) by tracing the in-
trinsic reaction coordinate (IRC) [9]. The relative energies,
especially the barrier heights, were also calculated using
ab initio singles and doubles coupled-cluster method with
perturbative triples (CCSD(T)) [10] assuming the DFT
structures. It was shown previously for Al2H2 [5] that the
CCSD(T)//DFT computational level performed well com-
pared to the more sophisticated CCSD(T)//CCSD and
SOCI/CASSCF ab initio schemes. Based on these earlier
results, the CCSD(T)//DFT level is expected to be ade-
quate for the larger Al3H2 system. The calculations were
carried out with Gaussian 03 [11].

3 Results and discussion

3.1 Bare Al3 cluster

The bare aluminium trimer was investigated be-
fore employing multi-reference configuration interaction
(MRCI) [12,13], single-reference CCSD(T) [14,15] and
density functional [15–17] methods. Using different vari-
ants of MRCI in conjunction with the effective core poten-
tial (ECP) for Al, Petersson et al. [12] and Meier et al. [13]
predicted the triangular quartet 4A2 electronic ground
state in C2v symmetry to be 0.2 kcal/mol lower in en-
ergy than the triangular doublet 2A′

1 state in D3h sym-
metry. The subsequent DFT studies by Jones [16] and
Ahlrichs and Elliott [17] indicated the doublet 2A′

1(D3h)
ground state. Extensive examination of the low-lying
electronic states of Al3 by using coupled-cluster (CC)
theory was conducted by Baeck and Bartlett [14] who
calculated the geometries and energetic splittings employ-
ing both the CCSD(T) and CCSDT variants. The dou-
blet 2A′

1(D3h) ground state was found again at both the
CCSD(T) and CCSDT (at the CCSD(T) geometries) com-
putational levels, with the doublet 2A′′

2 (D3h) state and
quartet 4A2(C2v) and 4B1(C2v) states located 4.4 (5.0),
4.9 (5.5) and 5.9 (6.5) kcal/mol above the ground state,
respectively, with CCSD(T) (CCSDT) [14] (for the sum-
mary of the previous calculations on Al3, cf. Tab. 1).

Fig. 1. Optimized equilateral triangular (D3h, 2A′
1,

2A′′
2 ),

isosceles triangular (C2v , 4A2) and linear (D∞h, 2Π) struc-
tures of bare Al3 cluster (bond lengths in Å, bond angles in
degrees).

Our both B3LYP and CCSD(T) results indicate that
the ground state of Al3 is the 2A′

1 state in D3h symme-
try (Fig. 1, Tab. 1), in keeping with the most recent DFT
and coupled-cluster results [14–17]. Similarly, the equilat-
eral triangular doublet 2A′′

2 and isosceles triangular quar-
tet 4A2 are found to be the low-lying states of Al3, con-
sistent with the previous reports [12–17]. Especially, our
CCSD(T) state order and corresponding energetic sepa-
rations in Table 1 compare favourably with the earlier
coupled-cluster results [14,15]. Likewise, our calculated
Al-Al distances of 2.541 Å (2A′

1), 2.642 Å (2A′′
2 ) and of

2.606 and 3.027 Å (4A2) along with the bond angle of
71.0◦ for the latter state (Fig. 1) are in excellent agreement
with the reported DFT and CCSD(T) parameters [14,15].
The Al3 doublet ground state was also inferred from both
the magnetic deflection [18] and noble gas matrix isola-
tion electron spin resonance (ESR) [19] experiments (the
early ESR study in hydrocarbon matrix indicated a quar-
tet ground state [20]). On the other hand, the triangular
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Fig. 2. Al3H2 doublet minimum and transition state (TS) structures (bond lengths in Å). The reaction coordinate vector and
corresponding imaginary frequency is shown for each TS.

4B1 state appeared to be associated with the structure
unstable relative to b2 (249 icm−1) vibrational mode. Ac-
cording to Table 1, the lowest linear 2Π state is not en-
ergetically competitive with the triangular-like states, in
line with the previous calculations [12,13,16,17]. In view
of the above results, in the present study we have consid-
ered hydrogenation reaction of the triangular Al3 to form
Al3H2 cluster along with the rearrangements of the latter.

3.2 Hydrogenation of Al3 and isomerization of Al3H2

The doublet minima and transition state (TS) struc-
tures engaged in the formation and isomerization of the
Al3H2 cluster are shown in Figure 2, with the appropriate
quartet structures drawn in Figure 3. The summarizing
CCSD(T)//B3LYP energy diagram for the reactions stud-
ied, based on the relative energies in Table 2, is depicted
in Figure 4. The lower energy doublet paths are reported
first, and unless otherwise stated, the values quoted here-
after refer to the ZPE corrected CCSD(T)//B3LYP [21]
results.

The planar transition state for the H-H bond breakage
located on the 2A′′ PES, TS1(2A′′), features the H-H dis-

tance of 1.013 Å and ultimate weakening of the Al-Al bond
(of 3.13 Å) adjacent to the H-H bond breaking (Fig. 2).
The resulting Al3H2(2A′′) activation “product” obtained
by following the IRC from TS1 appears to be a saddle
point itself, TS2(2A′′), for interconversion of the equiva-
lent non-planar Al3H2 minima 1(2A). Thus, the bifurca-
tion of the 2A′′ PES occurs in this region. If one follows
the degenerate path 1(2A) → TS2(2A′′) → 1(2A), the
threefold bonded H atom is displaced from one side of the
Al3 plane to the other.

The isomer 1 can be reached directly by proceeding
the C1 path via transition state TS5(2A) for H-H acti-
vation (Fig. 4). The IRC calculation confirmed that TS5
connects with the Al3H2 isomer 1. The H-H bond breaking
at the TS5 structure, with r(H-H) = 1.006 Å, is accom-
panied again by a considerable elongation of one of Al-Al
bonds (with r(Al-Al) = 2.95 Å) (Fig. 2). Importantly, the
C1 path requires traversing a barrier of 16.3 kcal/mol rel-
ative to Al3(2A′

1) + H2. The doublet structure 1, lying
23.5 kcal/mol below the ground-state reference, is found
to be the most stable isomer of the Al3H2 cluster (see,
however, below for the other close lying doublet isomers).
In addition to one H in threefold position (Al-H = 1.88,
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Fig. 3. Al3H2 quartet minimum and transition state (TS)
structures. Conventions as in Figure 2.

1.93, 2.04 Å), 1 exhibits the other H in terminal position
(Al-H = 1.60 Å). The hydrogen shift from the threefold
site of 1 to the bridged site via transition state TS3, lead-
ing to the Cs isomer 2(2A′), is a facile rearrangement,
with an associated barrier of only 1.6 kcal/mol. How-
ever, the barrier height for the reverse process (2 → 1)
amounting only to 0.6 kcal/mol does not assure a kinetic
stability of 2. The alternative H migration from the three-
fold site of 1 taking place to the terminal site via transi-
tion state TS4 gives rise to the C2v planar isomer 3(2B1)
having two terminal Al-H bonds of 1.60 Å. During this re-
arrangement the binding of H to two Al atoms is lost and,
consequently, it requires overcoming a relatively high bar-
rier of 11.2 kcal/mol. The planar Al3H2 isomer 3 is located
23.3 kcal/mol below Al3(2A′

1) + H2 and is indicated to be
nearly degenerate with 1 (Tab. 2, Fig. 4).

The different kind of rearrangement of cluster 1(2A)
occurs, when a rotation of the terminal Al-H bond takes
place via transition state TS6 (Fig. 2). The emerging Cs

isomer 5(2A′), holding the Hs in threefold and bridge
sites, lies 18.6 kcal/mol below Al3(2A′

1) + H2 and it is
the least stable among the doublet Al3H2 species. How-
ever, further movement of the bridged hydrogen in 5 to the

Table 2. Energies (kcal/mol) of the species along the calcu-
lated Al3 + H2 → Al3H2 reaction paths.

B3LYPa CCSD(T)a

∆E ∆Eb ∆E ∆Eb

Al3(
2A′

1) + H2 0.0 0.0 0.0 0.0
TS1(2A′′) 16.5 15.5 20.3 19.3
TS2(2A′′) –20.2 –19.7 –18.2 –17.7
1(2A) –25.4 –24.6 –24.3 –23.5
TS3(2A) –23.6 –23.1 –22.5 –21.9
2(2A′) –25.0 –23.8 –23.7 –22.5
TS4(2A) –14.6 –14.6 –12.3 –12.3
3(2B1) –25.5 –24.6 –24.2 –23.3
TS5(2A) 13.4 13.1 16.5 16.3
4(2B2) –25.9 –24.7 –23.6 –22.4
TS6(2A) –16.6 –16.4 –14.3 –14.1
5(2A′) –21.4 –20.5 –19.5 –18.6
TS7(2A) –17.9 –17.4 –14.7 –14.2
TS8(2A) –6.6 –7.5 –1.7 –2.6
Al3(

4A2) + H2 3.3 3.1 5.2 5.1
TS1q (4A′′) 24.7 23.7 27.3 26.3
1q (4A′′) –9.1 –7.6 –8.4 –6.9
2q (4A2) –7.9 –6.8 –6.8 –5.6
3q (4B2) –4.1 –2.6 –2.9 –1.4
4q (4A2) –8.9 –7.6 –7.8 –6.5

aAt the B3LYP geometries. bCorrected for the differences in
unscaled B3LYP ZPEs.

threefold site through transition state TS7 leads to a more
stable Al3H2 isomer 4(2B2) of C2v symmetry. The latter
species thus exhibits both Hs in two equivalent threefold
positions, and this particular arrangement leads to a sub-
stantial lengthening of one of the Al-Al bonds of 4 to
3.27 Å (Fig. 2). The isomer 4 is stabilized by 22.4 kcal/mol
with respect to Al3(2A′

1) + H2, being essentially degener-
ate with 2 and only 1 kcal/mol less favourable than the
most stable Al3H2 species 1 and 3. On the other hand,
the 2 → 5 isomerization involves inversion of the terminal
H via TS8 (2A′) to reach the threefold site. As expected,
this is the most energetically demanding rearrangement on
the doublet PES studied here, with TS8 lying 20 kcal/mol
above 2 (Fig. 4).

On the quartet PES, the Cs hydrogenation path lead-
ing to the 1q(4A′′) isomer of Al3H2 has been located
(note that the doublet analogue of 1q corresponds to an
unstable saddle point). This path involves “late” tran-
sition state for H-H bond breakage TS1q(4A′′) with
r(H-H) = 1.30 Å and is associated with a sizable bar-
rier of 26.3 (21.2) kcal/mol relative to the Al3(2A′

1) + H2

(Al3(4A2) + H2) asymptote (Figs. 3 and 4). The confirmed
by the IRC calculation quartet Al3H2 product, 1q(4A′′),
contains one H bound terminally (Al-H = 1.58 Å) and
the other H in bridge position (Al-H = 1.69, 1.88 Å). It
is interesting to note that similar to the doublet Al3H2

species, 1q is also predicted to lie below the ground-state
asymptote, i.e., by 6.9 kcal/mol. The additional three
Al3H2 quartet minima 2q(4A2), 3q(4B2) and 4q(4A2)
(Fig. 3) have been identified and also found to lie below the
ground-state asymptote, by 5.6, 1.4 and 6.5 kcal/mol, re-
spectively (Tab. 2, Fig. 4). We have not pursued, however,
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Fig. 4. CCSD(T)//B3LYP + ZPE potential energy profile of Al3H2. All energies (kcal/mol) are given with respect to the
Al3(

2A′
1) + H2 ground-state reference.

the isomerization paths of these less stable (compared to
the doublet species) quartet clusters. To the best of our
knowledge, the only previous theoretical study on the hy-
drogenation of Al3 is that by Kawamura et al. [22]. Us-
ing a density functional method with ultrasoft pseudopo-
tentials and plane-wave basis set these authors looked at
atomic and molecular hydrogenation of Al3 by studying
structures, stabilities and bonding nature of the Al3H and
Al3H2 clusters. In the latter case only doublet structures
were calculated. However, those which we have found here
as the most stable ones (1,3) were not considered in ref-
erence [22]. Also, neither the Al3 + H2 → Al3H2 reaction
path nor kinetic stability of the Al3H2 species were previ-
ously discussed.

In summary, the highly exothermic reaction between
Al3 and H2 to form the doublet Al3H2 species (by
23.5 kcal/mol) is predicted to be inhibited by a signifi-
cant barrier height of 16.3 kcal/mol. This finding is con-
sistent with the experimental observation: the reaction
Aln + H2 → AlnH2 did not take place for n = 3 under
thermal conditions [3]. Five doublet and four quartet iso-
mers of the Al3H2 cluster have been identified along with
the interconversion TSs (doublet case), all the species ly-
ing below the asymptote Al3(2A′

1) + H2.

3.3 Dimerization of Al3H2

Associated with an Al3H2 species (assuming its successful
formation) is the possible dimerization to yield a larger

cluster Al6H4. The calculated structures and relative sta-
bilities of the latter are shown in Figure 5 and Table 3,
respectively (the ZPE corrected B3LYP results). The
four Al6H4 structures found, named Al6H4 1, Al6H4 2,
Al6H4 3 and Al6H4 4 possess C2h, C1, C1 and Cs sym-
metries, respectively. They have similar relative energies,
lying within 5.6 kcal/mol. The first three clusters derive
from a distorted octahedral Al6 core, while this core is
of capped tetragonal pyramid kind in the case of the last
Al6H4 cluster. It can be noted here that the Al6H4 1
structure showing the four Hs positioned on the single
(terminal) Al atoms resembles that reported for Al6H4 by
Kawamura et al. [23]. It is seen further from Table 3 that
the Al6H4 2 and Al6H4 3 clusters are nearly degener-
ate, which can be readily explained by their structural re-
semblance. The important finding here is a large exother-
micity of the reaction 2Al3H2 → Al6H4 of 62.7 kcal/mol
(Tab. 3), indicating that the process is likely to be barrier
free.

4 Conclusions

For the bare Al3 cluster, the 2A′
1(D3h) electronic ground

state is found, in keeping with the most recent DFT
and coupled-cluster results [14–17]. Despite a large
exothermicity (23.5 kcal/mol), the reaction Al3 + H2 →
Al3H2 is predicted to have a significant energetic barrier
of 16.3 kcal/mol relative to Al3(2A′

1) + H2. Our finding is
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Fig. 5. Al6H4 structures (bond lengths in Å).

Table 3. Relative stability of Al3H2 isomersa and energy of
the reactionb,c 2Al3H2 →Al6H4 from the B3LYP calculation
(in kcal/mol).

Al6H4 clusterd ∆E ∆Ee

Al6H4 1(C2h, 1Ag) 3.4/–61.8 2.9/–59.8
Al6H4 2(C1,

1A) 0.1/–65.2 0.0/–62.7
Al6H4 3(C1,

1A) 0.0/–65.2 0.2/–62.5
Al6H4 4(Cs,

1A’) 5.7/–59.5 5.6/–57.1

a Before the slash. b After the slash. c With respect to two
isolated Al3H2(4, 2B2) species found to be the lowest energy
Al3H2 isomer at this computational level (cf. Tab. 2). d For
the geometrical parameters of Al6H4 1, Al6H4 2, Al6H4 3
and Al6H4 4 clusters see Figure 5. e Corrected for the differ-
ences in the unscaled B3LYP ZPEs.

consistent with the observed lack of reactivity of Aln to-
wards H2(D2) for n = 3 under thermal conditions [3]. The
located lowest energy doublet (2A) path is shown to lead
directly to the Al3H2 cluster most stable isomer 1 (2A)
having one H in terminal site and the other in threefold
site. The nearly degenerate isomer (3, 2B1) is C2v planar
with the two Hs bound terminally. In total, five doublet

Al3H2 minimum structures lying within a narrow inter-
val of 5 kcal/mol has been found, and a detailed study
of their interconversion paths is presented. The quartet
Al3H2 cluster minimum structures are predicted to lie ca.
16–21 (1.5–7 ) kcal/mol above (below) the doublet counter-
parts (ground-state asymptote). To guide the future spec-
troscopic studies of Al3H2, the vibrational frequencies and
IR intensities for its five doublet isomers have been col-
lected in Table ??.

The author acknowledges a generous support of computing
time at the Wroclaw Center for Networking and Supercom-
puting.
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