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Abstract

Various structural possibilities for Al,B,,~ (m+n=3-8, m=1-2) anionic isomers were investigated using B3LYP/6-31+G(d) and CCSD(T)/6-
31+G(d) methods. Our calculations predicted the existence of a number of previously unknown isomers. All structures of the Al,B~ (n=2-6) may
be derived from a substitution of an Al atom by a B atom in the Al,,;~ anions while the geometrical structure of Al;B~ may be understood as
putting centrally a B atom inside the Al;~ cage-like structure. The strong B—B bond is dominant factor in building-up principle of mixed Al,B,~
(n=1-6) anions. All Al,B,,~ with odd n+m (2 <n+m<9) are relatively more stable. Our present results satisfactorily explain the photoelectron
spectroscopy and finally improve our understanding of these experimental observations.
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1. Introduction

Elements belonging to the same group of the periodic table
have the similar properties as a whole, and boron and alu-
minum are an exception. Their differences are very pronounced.
The immense variety of physical chemistry, reflecting the pref-
erence for forming sp? bonds [1] in boron clusters, is not
shared by aluminum. It is perhaps not surprising that the
structures of the elemental clusters show outstanding differ-
ences.

For Al,, clusters, ab initio calculations predicted a transition
from planar (n <5) to three-dimensional (3D) topologies (1> 5)
[2-10]. Howeyver, for B,, clusters with n < 6, theoretical studies
indicated that they form planar configurations while larger clus-
ters (n > 6) prefer quasi-planar cage-like arrangements [10-22].
Important structural information on elemental clusters has been
provided in recent years by photoelectron (PE) spectroscopy
[5,14,18,23,24]. All available experimental measurements on
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aluminum and boron clusters are consistent with theoretical pre-
dictions [5,14,18].

While the combination of theoretical and experimental stud-
ies has led to a rather detailed picture of the elemental clusters,
this is not so for mixed Al,B,, clusters. Though PE spectra [25]
of Al,B,,” anions have been measured, these observations have
not yet been well understood due to lacking reliable structural
information.

At present only several investigations on neutral Al,B,,
(n+m<9, m=1-2) and negatively charged Al;1B>™ clusters
[26-28] have been reported. The geometrical and electronic
structures of smaller anions (n < 10) have remained unclear. It is
well known that the acceptance of an electron would introduce
significant structural distortions to corresponding neutral clus-
ters. The structures of neutral clusters are therefore expected to
be less reliable in interpreting the anionic geometries. Hence, it
is of interest to carry on an investigation on the aluminum-boron
anions and finally to improve our understanding of the PE spec-
tra [23,25,29].

The rest of the paper is organized as follows. In Section 2,
we give a brief description of the computational method used
in this work. Results, discussion and stability will be presented
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in Section 3 for mixed aluminum-boron species. Finally, our
conclusions will be summarized in Section 4.

2. Computational methods

Initial geometrical optimizations were performed at the
B3LYP/6-31G(d) level without any symmetry constraints,
except for those needed to maintain a particular geometry.
These isomers were further optimized using B3LYP/6-31+G(d)
method. And then harmonic frequencies were evaluated to char-
acterize the stationary points as minima or transition state struc-
tures on the potential energy surfaces of corresponding clusters.
A single calculation was then carried out at the coupled cluster
method (CCSD(T)/6-31+G(d)) level of theory with frozen-core
approximation to determine the most stable isomers and that was
reported throughout the present paper. All of the obtained most
stable negatively charged aluminum-boron clusters were char-
acterized as energy minima without imaginary frequencies. All
calculations were carried out using the GAUSSIANO3 program
[30].

3. Theoretical results

3.1. Geometry

Geometric parameters and CCSD(T) energies of lowest-ene-
rgy anionic species are listed in Tables 1 and 2, respectively. The
energetically low-lying geometric sketches of Al,B,,™ clusters
containing up to seven Al atoms are shown in Figs. 1-6, respec-
tively. The “bonds” are shown for internuclear separations less
than 3.1 A (AI-Al), 2.2 A (Al-B) and 1.6 A (B—B), respectively.

The photoelectron spectra [25] of Al,B™ (n=4 and 6) clus-
ters are similar to those of pure Al,4;~ clusters in the peak
positions and their envelopes. This similarity indicates that the
substitution of an Al atom by a B atom in Al,4; ™ clusters does
not change either the geometrical and electronic structures sub-
stantially. This is attributed to the fact that both B and Al atoms
take a similar valence structure due to the same family in the
periodic table. The structures of Als™ and Al; ™ are known to be
a trapezoidal planar and capped trigonal antiprism, respectively
[7,8]. Thus, the calculated geometrical and electronic structures
of Al,B™ (n=4 and 6) clusters should be analogous to those of
pure Al,41~ clusters.

(© (d)

Fig. 1. low-lying isomers of (a and b) Al;B~ and (c and d) AIB, ™ clusters.

Table 1
Distances between two atoms (L, A) in Al,B~ and Al, B, anions

Symmetry Type L Symmetry Type L

ALBT  Cyy 1-2 2.016 2-3 1.539
2-3 2598 AbLB,™ Gy 1-2 2.193
AlzB™ Gy 1-2 2.069 2-3 1515
1-3 1.975 AIB,™ Gy 1-2 2.188
2-3 3.226 2-3 1.554
ALBT Gy 1-2 2.039 2-4 2.057
1-3 2.235 4-5 2.768
2-3 2,646 AlLB,” Gy 1-2 1.598
3-4 2.606 2-3 2.128
AlsB™ G 2-3 2.536 1-5 2.152
4-5 3.936 1-4 2.093
2-5 2.630 4-5 2.954
1-2 2.187 AlsBy™ G 1-2 1.586
1-4 2.195 4-5 3.624
1-6 2.138 2-4 2.096
4-6 2.788 1-3 2.240
AlgB™ G 2-3 2.499 2-3 2.716
4-5 3.054 1-6 2.250
2-5 2.652 4-6 3.994
3-7 3.039 4-7 2.688
4-7 2.617 6-7 2.785
1-2 2.184 AlgB,™ (g 2-3 2.887
1-4 2232 4-5 3.858
1-6 2.126 2-5 2.631
4-6 2.779 1-2 2.159
AlBT  Cyy 2-3 3.084 1-5 2.277
3-5 2.746 2-7 2.751
2-4 2.743 4-7 3.693
1-2 2.168 4-8 3.396
2-7 2.764 7-8 2.877
7-8 2.805 6-7 2.170
AlBy™  Cyy 1-2 2.045 6-8 2.104
3.1.1. AbB™

The energetically most favorable structure is a triangle (Cay,
AD (Fig. 1(a)), whose bond angle of Al-B—Al atoms is 80.22°.
This may be viewed as replacing an Al atom with a B atom
in a triangle Al3~ cluster [5,7,10]. Another low-lying isomer
(Fig. 1(b)) is a linear (Dooh, > £4*), whose Al-B bond length is
2.032 A, lying 0.70 eV higher in energy.

The triangle (Cay, 2A1) (Fig. 1(a)) is also predicted to be the
most stable in neutral cluster, whose bond angle of Al-B—Al

Table 2

CCSD(T) energies and B3LYP ZPEs at 6-31+G(d) level for Al,B,,~

nim Symmetry CCSD(T) (a.u.) ZPE (a.u.)
2/1 Cyy 508.6199 0.0031
3/1 Coy 750.6191 0.0042
4/1 Cay 992.6305 0.0061
5/1 Cs 1234.6213 0.0070
6/1 Cs 1476.6370 0.0091
71 Cs 1718.6477 0.0099
172 Cay 291.3728 0.0049
2/2 Coy 533.3755 0.0053
3/2 Cay 775.3850 0.0079
472 Coy 1017.3881 0.0094
5/2 Cs 1259.3943 0.0111
6/2 Cs 1501.3967 0.0124
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Fig. 4. low-lying isomers of (a—c) AlsB~ and (d—f) Al4B>~ clusters.

Fig. 2. low-lying isomers of (a—c) Al3B~ and (d-f) Al;B, ™ clusters.

atoms is 78.41°. Loss of an electron to the Cyy isomer slightly
decreases the bond angle oaiBA]-

Our calculations predict the energies required to detach an
electron from anion (vertical detachment energy, VDE) for the
isomers (Fig. 1(a and b)) are 1.83eV (Cay) and 1.16 eV (Doop),
respectively. No photoelectron measurement has yet been per-
formed for this cluster, but the pronounced difference between
their VDESs should facilitate the analysis of future data.
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Fig. 3. low-lying isomers of (a—c) Al4B~ and (d—f) Al3B,~ clusters. Fig. 5. low-lying isomers of (a—c) Al¢B™ and (d—f) AlsB>™ clusters.
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Fig. 6. low-lying isomers of (a—c) Al;B~ and (d-f) AlgB, ™ clusters.

3.1.2. AlB>~

The anionic AlB; may adopt Cyy and Cy species with com-
parable energy, the (Cay, 1A1) (Fig. 1(c)) being 1.36 eV more
stable than the (Cooy, ' ) (Fig. 1(d)). This triangle topology
can be understood as two substitutions of Al atoms by B atoms
in a triangle Alz™ anion [5,7,10]. The optimized bond angle of
B—AI-B atoms for the triangle is 44.21°.

The triangle (Cay, 2A1) (Fig. 1(c)) is also found to be most
favorable in neutral state, whose bond angle of B—Al—B atoms
is 45.17°. Loss of an electron to the Cay isomer cannot largely
change the bond angle apas.

Our calculations predict the VDEs for the isomers (Fig. 1(c
and d)) are 2.11eV (Cyy) and 2.52eV (Cxoy), respectively.
Although no PE spectrum is provided for this cluster at present,
the marked difference between their VDEs should be useful for
future experimental investigations.

3.1.3. Al3B~

The ground state was found to be a (Cyy, ZA 1) planar
(Fig. 2(a)), which can be figured as a deviation from a substitu-
tion of an Al atom by a B atom in a tetragonal Al4~ anion [7].
This is followed by a planar (Cay, *B») (Fig. 2(b)), lying only
0.01 eV higher in energy. Their energy difference between the
isomers (Fig. 2(a and b) was much smaller than the zero-point
energies (ZPEs) (0.11eV). However, the bond angle between
Al-B—Al atoms (105.8°, 105.8° and 148.3°, respectively) in
(a) differs significantly from the bond angle (131.8°, 131.8°
and 96.5°, respectively) between Al-B—Al atoms in (b). Since

atomic vibration belongs to slight movement, it is better to treat
them as different isomers. The third is the pyramid (Csy, 2A1)
(Fig. 2(c)), which is located at only 0.04 eV higher in energy
above the planar (Fig. 2(a)). In fact, all of them (Fig. 2(a—c))
may coexist experimentally.

The neutral lowest-energy state was found to be a (Czy, >A1)
pyramid (Fig. 2(c)). Our calculations predict the VDEs for the
isomers (Fig. 2(a—c)) are 1.90 eV (A state), 1.79 eV (®B, state)
and 1.73eV (Csy), respectively. Until now, no photoelectron
observation has been available for this cluster.

3.14. ALB,™

The global minimum of Al;B,™ is a quasi-planar struc-
ture (Cay, 2A1) (Fig. 2(d)). Its dihedral angle between two
shared-side triangle is 120.37°. This geometrical structure can
be described as a deviation from two substitutions of Al atoms
by B atoms in a tetragonal Al4~ anion [7]. The next local min-
imum is a planar (Dap, 2B3g) (Fig. 2(e)), lying 0.38 eV higher
in energy. This is followed by a quasi-planar trapezoid (C,, °B)
(Fig. 2(f)), 0.62 eV higher in energy above the isomer (Fig. 2(d)).

The quasi-planar (Csy, TAD (Fig. 2(d)) is also predicted to
be most stable in neutral cluster. Our calculations predict the
VDEs for the isomers (Fig. 2(d—f)) are 1.80eV (Cay), 1.49eV
(Dop) and 2.23 eV ((»), respectively. The PE spectrum for this
cluster has not yet been reported.

3.1.5. AlUB~

A planar (Cyy, TAD (Fig. 3(a)) was found to be the energeti-
cally most favorable, which may be treated as a replacement of
an Al atom with a B atom in the planar Als~ (C,y) configuration
[7,8].

The tetrahedral (Daq, A1) (Fig. 3(b)) lies only 0.08 eV higher
in energy above the isomer (Fig. 3(a)), and only 0.01 eV below
a planar (Cyy, AD (Fig. 3(c)). When the ZPEs (0.17 V) of the
isomer (Fig. 3(a)) are taken into account, the isomer (Fig. 3(a—c))
may coexist experimentally.

For neutral state, a planar (Cyy, ZA1) (Fig. 3(c)) was found to
be the energetically most favorable. Our calculations predict the
VDEs for the isomers (Fig. 3(a—c)) are 2.29, 2.20 and 2.04 eV,
respectively. The PE spectrum gives a VDE of 2.32£0.03 eV
[25], in satisfactory agreement with the calculated value for the
isomer (Fig. 3(a)).

3.1.6. Al3B;~

The most stable arrangement is a planar C», (!A}) configu-
ration (Fig. 3(d)). This may be viewed as a deviation from two
substitutions of Al atoms by B atoms in the planar Als™ (Cay)
trapezoid [7,8]. The strong B—B bond significantly lowers the
total energy and then leads to deformation of the planar trape-
zoid. Two C species with LA/ state (Fig. 3(e and f)), are located
at0.04 and 0.45 eV higher in energy above the isomer (Fig. 3(d)),
respectively.

The planar Cpy (CA)) (Fig. 3(d)) is also the most stable config-
uration in the neutral state. Our calculations predict the VDEs for
the isomers (Fig. 3(d—f)) are 2.26, 2.47 and 2.27 eV, respectively.
Experimental data on the VDE of this cluster is not available at
present.
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3.1.7. AlsB~

A distorted pentagon (Cs, 2A’) with a central B to five Al
atoms was found to be the ground state (Fig. 4(a)). This may be
understood as a deviation from a substitution of Al by B atom
in the prism Alg~ (D3p) [3]. This is the first negative ion that a
3D structure is clearly more stable than planar structures in pure
Al,~ (n=06) series [7].

Another two species (Ca, 2A) (Fig. 4(b)) and (Cay, A1)
(Fig. 4(c)) lie 0.32 and 0.37 eV higher in energy than the global
minimum, respectively.

A planar pentagon (Dsp, 1A/] ) [28] with a central B to five Al
atoms was found to be the neutral ground state. The calculated
values of the VDEs are 2.08 eV (Fig. 4(a)), 1.67eV (Fig. 4(b))
and 1.97 eV (Fig. 4(c)), respectively. The PE spectrum shows a
VDE of 2.22 4+ 0.08 eV [25], which provides further support for
the isomer (Fig. 4(a)).

3.1.8. AluB>~

The computational search for the global minimum of Al4B,~
revealed the planar (Cay, ZA1) (Fig. 4(d)). The preference for sp2
bonds of boron clusters [1] and special stability of strong B—B
bonding lead to the emergence of the planar geometry at this
cluster size.

This is followed by two planar isomer (Cay, 2B2) (Fig. 4(e))
and (Cop, 2Ag) (Fig. 4(f)) lies 0.14 and 0.24 eV higher in energy
than the isomer (Fig. 4(d)), respectively.

A quasi-planar Cy (*A’) similar to Fig. 4(e) is predicted to be
the most stable configuration in the neutral state. Our calcula-
tions predict the VDEs for the isomers (Fig. 4(d—f)) are 2.19, 1.76
and 2.03 eV, respectively. The PE spectrum indicates a VDE of
2.32 +£0.08 eV [25], which reasonably agree with the calculated
value for the isomer (Fig. 4(d)).

3.1.9. AlgB~

The energetically most stable structure is a Cs ('A’) config-
uration (Fig. 5(a)), which may be figured as a substitution of
an Al atom by a B atom in the capped trigonal antiprism form
[3,7].

The second low-energy isomer has a 3D (Cay, LA} structure
(Fig. 5(b)). It was found to be only 0.07eV less stable than
isomer (a). The third is a Coy (YA) isomer (Fig. 5(c)), located
at 0.15 eV higher in energy above the anionic ground state.

The energetically most stable structure is a C (®B) configura-
tion (similar to Fig. 5(b)) in the neutral state [28]. The calculated
values of the VDEs are 2.54¢eV (Fig. 5(a)), 2.91eV (Fig. 5(b))
and 2.19eV (Fig. 5(c)), respectively. The PE spectrum gives a
VDE of 2.60 4= 0.08 eV [25], which provides further support for
the isomer (Fig. 5(a)).

3.1.10. AlsBy~

Our calculations indicated the 3D structure (Cs, 'A’)
(Fig. 5(d)) to be the most favorable, which may be figured as
two substitutions of Al atoms by B atoms in the capped trigo-
nal antiprism form [3,7]. We note that there always exists B—B
bond in this series clusters. This is ascribed to the larger bonding
energy of B—B over Al—Al bond.

This is followed by two 3D species (C», 1A) (Fig. 5(e)) and
(Cav, 'Ay) (Fig. 5(f)), lying 0.23 and 0.28 eV higher in energy
relative to the lowest-energy state (Fig. 5(d)), respectively. Iso-
mers (Fig. 5(d—f)) may coexist experimentally after considering
the ZPEs (0.30¢eV) of the isomer (d).

The cage-like isomer (Cs, ZA) (Fig. 5(d)) is found to be
the most favorable in neutral state. Our calculations predict the
VDE:s for the isomers (Fig. 5(d—f)) are 2.24, 2.44 and 2.83 eV,
respectively. The PE spectrum gives a VDE of 2.77 £0.08 eV
[25], in agreement with the calculated value for the isomer

(Fig. 5(f)).

3.1.11. Al;B~

The C», (*By) (Fig. 6(a)) is the most stable conformation,
which may be understood as putting centrally a B atom inside
the Al;~ cage-like structure [7]. The B atom prefers to locate
in the center of the larger cage-like structure due to smaller
diameter. Similar situation also appears in the Al,B (n=11-14)
clusters [26,31]. These results seem to imply that the B atom
tends to locate inside the cage-like structure Al,,~ (n>6) for the
sake of their enough interspaces.

Another two 3D Cay (2A;) isomers (Fig. 6(b and c)) are 0.68
and 0.82 eV less stable than (a).

For neutral state, the isomer Cay ('A}) (Fig. 6(a)) is the most
stable conformation. Our calculations show the VDEs for the
isomers (Fig. 6(a—c)) are 2.37, 2.01 and 1.98 eV, respectively.
The PE spectrum gives a VDE of 2.89 + 0.08 eV [25]. This has
not yet been observed for this isomer.

3.1.12. AlgB>~

The energetically most favorable structure is a Cg (*A’) con-
figuration (Fig. 6(d)). The strong B—B bonds are favored over
Al—-B bonds, and Al—-Al bindings are of smaller importance for
the geometrical arrangement even in Al-B mixed clusters.

There exist two nearly degenerate conformers (Cs, 2A’)
(Fig. 6(e)) and (Cyy, ZA1) (Fig. 6(f)), lying at 0.07 and 0.08 eV
less stable, respectively. Isomers (Fig. 6(d—f)) coexist experi-
mentally when the ZPEs (0.34 eV) of the isomer Fig. 6(d) are
taken into account.

The energetically most favorable neutral structure is a Cp
("A) configuration [very similar to the isomer Fig. 6(f)]. Our
calculations predict the VDEs for the isomers (Fig. 6(d—f)) are
2.43,2.29 and 2.02 eV, respectively. The PE spectrum gives a
VDE of 2.32+0.08 eV [25], which agrees with the calculated
value for the isomer (Fig. 6(e)).

3.2. Relative stability

The anionic VDEs from theoretical calculations and exper-
imental measurements are shown in Figs. 7 and 8. All of the-
oretical VDEs agree well with available measurements except
Al7B~, which strongly suggest the correction of our predic-
tions of those geometrical structures. Those VDEs of energet-
ically most favorable Al4B~, AlsB™, Al4B>™, AlgB™ isomers
can satisfactorily interpreted their corresponding photoelectron
spectra [25]. It is also reasonable that the VDEs of the iso-
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Fig. 8. The VDE:s vs. the number of total atoms n +m for Al,B, ™ anions.

mers Figs. 6(e) and 5(f) consist with photoelectron observations
[25] because several isomers Fig. 6(d—f) (or Fig. 5(d—f)) coexist
experimentally.

To study the relative stability of anions, it is instructive to ana-
lyze the adiabatic electron affinities (EAs). The adiabatic EAs
from theoretical calculations and experimental measurements
are shown in Fig. 9. Excellent agreement was obtained for all
clusters except Al;B between theoretical and experimental adia-

2.6- —4— AInB_exp Jiy
| —4— AlnB_cal
—v— AInB2_exp

249 —v— AInB2_cal =
> 4
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2 22 v A ¥
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Fig. 9. The adiabatic EAs vs. the number of total atoms 7 + m.
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Number of total atoms

Fig. 10. The second difference in energy vs. the number of total atoms n + m.

batic EAs [25]. The experimental EA of AlyB has a larger value
relative to the theoretical calculations and it is the largest value in
all of the experimental EAs. This discrepancy can be ascribed to
experimental error based on two reasons as follows. First, both
experimental and theoretical EAs of Al;B should have the same
trend as those of AlgB,; second, the larger experimental EA of
Al;B implies its anionic state should have relatively high stabil-
ity, which cannot be understood by molecular orbital theory as
will be stated next. The EAs with odd-numbered n +m have the
maximum values, which correspond to relatively stable anionic
states.

To further test the relative stabilities of Al,B,,” anions, the
following energy variation of reactions is considered:

2(Al,B,, ") = (Al41By ) + (Al 1By )

We define the energy variation in the formula as D2(E,,,) =
E.im+1 + Enem—1—2E,om, which is the second difference in
energy for Al,B,,”. Hence, we obtain the curves shown in
Fig. 10 corresponding to the energy variations in the formula
as n+m. It is evident that the D2(E,,,) is larger as odd n+m
and lower as even n+m in Fig. 10, which suggests that those
Al,B,,~ species corresponding to odd m +n are more stable.
The oscillating behavior of the second difference in energy
reflects the change of spin multiplicity of the ground state of
this series, whose spin multiplicity of odd-numbered anions is
singlet whereas that of the even-numbered # + m ones is a dou-
blet. It is more difficult to remove an electron from the doubly
occupied HOMO of a closed-shell system than from a single
occupied HOMO of an open-shell system.

4. Summary

Geometries, electronic structures and relative stability of
Al,B,,” (n+m=3-8 and m = 1-2) have been studied using the
density functional theory and the coupled cluster method with
the basis set of 6-31+G(d). All structures of the Al,B~ (n=2-6)
may be derived from a substitution of an Al atom by a B atom
in the Al,+1~ anions while the geometrical structure of Al;B~
may be understood as putting centrally a B atom inside the Al; ™~
cage-like structure. Boron atom can delay emergence of the
3D configuration in the Al,B,™ anion. The strong B—B bond
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is dominant factor in building-up principle of mixed Al,B>™
(n=1-6) anions. The ground states of negative clusters corre-
spond to the lowest spin multiplicities. All Al,B,,~ with odd
n+m are relatively more stable, which can be explained by dif-
ficultly removing an electron from the doubly occupied HOMO
of a closed-shell system.
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