
A

c
r
c
A
o
s
e
©

P

K

1

i
fi
a
e
r
i
b
s
p
t
d
m

b
e
N

1
d

Available online at www.sciencedirect.com

International Journal of Mass Spectrometry 268 (2007) 8–15

Evolution of the electronic structure and properties of neutral
and charged cobalt-doped aluminum clusters

Ling Guo
School of Chemistry and Material Science, Shanxi Normal University, Linfen 041004, China

Received 18 May 2007; received in revised form 31 July 2007; accepted 1 August 2007
Available online 7 August 2007

bstract

Structural and electronic properties of neutral and ionic AlnCo (n = 8–17) clusters have been investigated by performing density-functional theory
alculations within the effective core potential level. The total energies of these clusters are then used to study the evolution of their binding energy,
elative stability, ionization potential, and vertical and adiabatic electron affinities as a function of size. Unlike the alkali atom-doped aluminum
lusters in the same size range, the most cobalt atom resides inside the aluminum cluster cage except for Al12Co, Al13Co, Al11Co−, Al11Co+ and
l13Co+ clusters. Furthermore, the 3d and 4s energy levels of Co hybridize with the valence electrons of Al causing a redistribution of the molecular
rbital energy levels of the Aln clusters. The binding energy evolves monotonically with size, but Al13Co, Al13Co− and Al13Co+ exhibit greater

tability than their neighbors, which is consistent with the large HOMO–LUMO gaps. The calculated results agree reasonable with all available
xperimental data on ionization energies and electron affinities.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Bulk phase bimetallic systems provide a matter of increasing
nterest in pure and applied materials sciences and traditional
elds of physics and chemistry [1–6]. In catalytic chemistry
nd chemical engineering, real catalysts mainly consist of a het-
rometallic or bimetallic system, which can profoundly enhance
eactivity and selectivity [7]. Thus, to get a deeper understand-
ng of the microscopic behavior of these species, the study of
imetallic or so-called alloy clusters provides a suitable tool,
ince cluster science enables one to investigate chemical and
hysical properties starting from a single atom or molecule
oward bulk phase as a function of size. Therefore, in the last
ecades a number of studies of bimetallic clusters and diatomic
olecules have been performed [8–12].
Among the candidate systems to have been considered, the
imetallic aluminum cobalt clusters have been the topic some
xperimental and theoretical studies [13–17]. Several years ago,
onose et al. [13] performed chemisorptions reactivity studies
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f neutral AlnCom (n > m) and ConAlm (n > m) clusters toward
2 using a fast flow reactors. In that study, they found that the
oping of Con clusters with only one Al atom reveals a remark-
ble increase of hydrogen chemisorptions rates compared to pure
on clusters. On the other hand, pure Aln clusters do not adsorb
ydrogen, which is comparable to Al bulk phase behavior [14].
nickelbein and coworkers [15,16] succeeded in a comprehen-

ive investigation of the size dependence of ionization energies
f these clusters. These IE studies show that the electronic shell
tructure of AlnCo and AlnCo2 clusters remains similar to that
f pure Aln clusters. Morse and co-workers [17] have performed
esonant two-photon ionization spectroscopy on small diatomic
lCo aluminides. Pramann and co-workers [18] have measured

he photoelectron spectra of small mass-selected aluminum-rich
lnCo− (n = 8–17) and cobalt-rich ConAlm− clusters (n = 6, 8,
0; m = 1, 2) are measured at photon energies of 3.49 eV with
he aid of a magnetic bottle photoelectron spectrometer.

In the present paper, to understand the anomalous behavior of

he mass ion intensity in AlnCo clusters, we have calculated the
quilibrium geometries and total energies of neutral and ionic
lnCo (n = 8–17) clusters using density-functional theory. We

how that unlike the alkali atoms [19], cobalt prefers to occupy
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nternal sites in the aluminum clusters. This is because the size
f the cobalt atom is smaller than that of aluminum. Second, the
arge ionization energy of Co (7.91 eV) makes it energetically
nfavorable to transfer its outermost s electron to the Aln cage
nd thus does not form an ionic bond between Al and Co. We
ave also calculated vertical and adiabatic detachment energies
f AlnCo− clusters as well as the vertical and adiabatic ioniza-
ion energies of AlnCo clusters. The calculated electron affinities
f these clusters agree very well with experiment proving indi-
ect evidence of the accuracy of the computed geometries. In
he following, we provide a brief outline of our computational
rocedure. A discussion of our results and a summary are given
n Sections 3 and 4.

. Theoretical procedure

In the present study, AlnCo (n = 8–17) clusters have been
nvestigated theoretically by performing density-functional the-
ry calculations [20]. The exchange and correlation potential
ontributions have been considered at B3LYP level [21]. The
ompact effective potential (CEP) basis functions with ECP
riple-split basis, namely, CEP-121G, [22–24] have been used in
he calculations. The exchange term of B3LYP consists of hybrid
artree–Fock (HF) and local spin density (LSD) exchange func-

ions with Becke’s gradient correlation to LSD exchange [25].
he correlation term of B3LYP consists of the Vosko, Wilk,
nd Nusair (VWN3) local correlation functional [26] and Lee,
ang, and Parr (LYP) correlation functional [27]. The BLYP
ethod gives a better improvement over the SCF-HF results.

ts predictions are in qualitative agreement with the experiment.
n general, the DFT method overestimates the binding energies,
nd it gives shorter bond lengths than the experimental values.
owever, the optimized structures of AlnCo (n = 8–17) clusters
redicted at B3LYP level are in reasonable agreement with the
xperiment [28,29].

CEP-121G basis functions are becoming widely used in
uantum chemistry, particularly in the study of compounds con-
aining heavy elements [22–24]. The CEP basis sets have been
sed to calculate the equilibrium structures and spectroscopic
roperties of several small molecules [22]. The standard basis
et of CEP theory was consistent for the entire series not only
ithin the lanthanide series but also with the second- and third-

ow metals. The quality of the CEP-121G basis set does not
egrade when going from the second to the third row of the
eriodic table. In the present calculations, CEP-1-21G basis
et and the number of primitive Gaussians used in CEP-121G
ary from atom to atom, depending on the valence structure of
toms considered. In the present paper, the optimized ground-
tate structures, electronic properties, and vibrational spectra of
lnCo (n = 8–14) clusters have been calculated. All calculations
ave been done with the Gaussian 03 program [30]. Since one
oes not know a prior the spin multiplicity of the clusters, the

bove calculations are repeated for different spin configurations
o obtain the lowest energy structure. We examined spin mul-
iplicities of 1 and 3 for even-electron clusters and 2 and 4 for
dd-electron clusters.

〈
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. Results and discussion

.1. Structural properties

The starting point in any description of cluster properties
s its geometrical structure. Unfortunately, there is no experi-

ental technique that can provide direct information on cluster
eometry. The clusters are too large for spectroscopic tech-
iques and too small for diffraction techniques to be of much
se. In direct information on cluster geometries can be obtained
y studying their reaction with reagent molecules [31], but
heir interpretation is plagued by assumptions and uncertain-
ies. Raman spectroscopy [32] on matrix-isolated clusters has
een recently used to study cluster geometries, but the effect of
he matrix on the cluster geometry remains a nagging concern.

The only method that enables determination of cluster
eometries at present is, thus, based on theoretical calcula-
ions. Unfortunately, the calculated geometries depend on the
evel of the theory. The better the theory, the smaller the size
f the cluster it can handle. Simpler theories based on empir-
cal schemes and model potentials can provide geometries of
arge clusters, but their accuracy remains questionable. The cor-
ectness of the geometries determined theoretically can only be
stablished by comparing calculated properties of these clusters
ith experiment. We believe that we have identified the equilib-

ium geometries of cobalt-doped aluminum clusters containing
p to 15 atoms correctly. This belief is based on our ability to
xplain the mass ion intensity, vertical and adiabatic electron
ffinities for all clusters studied consistently and quantitatively.

Fig. 1 presents the equilibrium geometries of AlnCo
n = 8–17) clusters in neutral and ionic configurations, respec-
ively. Note that in most clusters Co resides inside the Aln cage
xcept for Al12Co, Al13Co, Al11Co−, Al11Co+ and Al13Co+

lusters. In Table 1, we list the total energies of optimized AlnCo,
lnCo− and AlnCo+ clusters.
Unlike in the bulk where the nearest-neighbor distance

s well defined, the lack of a perfect structural symmetry
n clusters makes it difficult to assign a unique nearest
eighbor distance for each cluster. We define an atom to
e counted as a nearest neighbor if its distances are less
han 3.2 Å. This cutoff is arrived at by examining all the
nteratomic distances in the clusters studied and by noting
hat there is a distances gap in these distances beyond 3.2 Å.
n Al8Co to Al17Co, the nearest-neighbor distances lie in the
ange 2.5369–3.1496 Å, 2.3959–3.0509 Å, 2.5318–2.9892 Å,
.4270–3.1701 Å, 2.4930–3.1794 Å, 2.4660–3.1237 Å,
.4377–2.9948 Å, 2.4117–3.1488 Å, 2.4803–3.1641 Å, and
.4299–3.1860 Å, respectively. In Fig. 1, all bonds having
engths of 3.2 Å or less are connected.

In order to study the evolution of the nearest-neighbor dis-
ance, we have calculated the average nearest-neighbor distance
y using the following expression:
R〉 = 1

nb

∑

ij

Rij (1)



10 L. Guo / International Journal of Mass Spectrometry 268 (2007) 8–15

Fig. 1. The lowest-energy and low-lying structures of neutral, cationic and
anionic AlnCo (n = 8–17) clusters. The differences of total energies of an isomer
from the most favorable isomer are given below the structure for each size. The
values in the parentheses are the multiplicity of each size.

Fig. 1. (Continued ).
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measurement of the mass ion intensities and fragmentation
Fig. 1. (Continued ).

ere Rij is the distance between two atoms i and j with a cut-
ff = 3.2 Å and nb is the total number of bonds between atoms
hat lie below this cutoff. The results are plotted in Fig. 2(a).

nd the average nearest-neighbor distances in charged clusters

omputed using Eq. (1) are compared with neutral clusters in
able 2.

able 1
otal energies and preferred spin multiplicities of neutral, cationic, and anionic cluste

Neutral En (hartree) Multiplicity Positive ion E+
n (hartre

8 −161.1700 2 −160.9720
9 −163.1950 3 −162.9667
0 −165.1967 2 −164.9791
1 −167.2148 3 −166.9973
2 −169.2348 2 −169.0034
3 −171.2840 3 −171.0527
4 −173.2948 2 −173.0943
5 −175.3042 1 −175.0985
6 −177.3083 4 −177.1022
7 −179.3289 3 −179.1108

c
u
c

Fig. 1. (Continued ).

.2. Binding energy and relative stability

The relative stability of clusters can be studied through the
rs of AlnCo (8 ≤ n ≤ 17) in their respective ground-state configurations

e) Multiplicity Negative ion E−
n (hartree) Multiplicity

3 −161.2561 1
2 −163.2753 4
1 −165.2742 1
4 −167.3011 4
1 −169.3265 3
2 −171.3732 2
1 −173.3890 1
2 −175.3913 4
3 −177.3920 3
2 −179.4098 4

hannels. However, interpretation of these results is not always
nambiguous. Note that in mass spectroscopy experiments, the
lusters have to be ionized before their intensities can be mea-
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ig. 2. (a) Average nearest-neighbor distance and (b) binding energy/atom as a
unction of size for neutral AlnCo (n = 8–17) clusters.

ured. It is not entirely clear if the measured intensity distribution
f the clusters represents the stability of the charged clusters or
heir neutral precursors. For example, if the mass spectra are col-
ected after the ionized clusters have time to relax to their stable
onfiguration, the corresponding mass-ion intensities could be
ifferent from the neutral mass distribution.

An unambiguous insight into the relative stability of clusters
an be gained by analyzing their energetic. We first compute
he binding energy (BE) per atom of the neutral clusters. This is
efined by

b[AlnCo] = nE[Al] + E[Co] − E[AlnCo]/n + 1, (2)

here E[AlnCo] is the total energy of the neutral cluster (given
n Table 1) and E[Al](−1.9376 a.u.) and E[Co] (−145.1134 a.u.)
re the energies of the Al and Co atoms, respectively.

The binding energy/atom is Eb is plotted as a function of
luster size in Fig. 2(b). We note that the binding energy rises

onotonically with cluster size and contains only a minor bump

t n = 9 and 16.
To study the relative stability, it is more instructive to analyze

he first derivative of the total energy, i.e., the energy gain in

able 2
verage nearest-neighbor distances (Å) of neutral, cationic, and anionic cobalt-
oped aluminum clusters

Neutral Cation Anion

8 2.767 2.594 2.590
9 2.682 2.730 2.704
0 2.779 2.692 2.770
1 2.699 2.793 2.797
2 2.732 2.777 2.776
3 2.786 2.786 2.747
4 2.751 2.729 2.763
5 2.760 2.794 2.780
6 2.815 2.807 2.776
7 2.823 2.805 2.788

t
o
a
f

c
i

�

w
c
T
a
a

t

�

ig. 3. Energy gain in adding an atom to a (a) neutral cluster, �E0
n, (b) posi-

ively charged cluster,�E+
n , and (c) negatively charged cluster,�E−

n , for AlnCo
8 ≤ n ≤ 17) clusters.

dding an atom to an existing cluster. We first investigate this
nergy gain, hereafter referred to as the stabilization energy, for
eutral clusters, namely

E0
n = −[E(AlnCo) − E(Aln−1Co) − E(Al)], (3)

These are plotted in Fig. 3(a). Note that one of the factors
hat contribute to the relative peak heights in the mass spectra
f clusters is the magnitude of this energy. There are odd–even
lternations from n = 9–14, and ΔE0

n decreases monotonically
rom n = 13–17. There is a peak at n = 13.

We now study the relative stability of the positively charged
lusters. In Fig. 3(b) we plot the stabilization energy as an atom
s added to an existing positively charged cluster, namely

E+
n = −[E(AlnCo+) − E(Aln−1Co+)] − E(Al), (4)

here E(AlnCo+) corresponds to the total energy of positively
harged cluster in its ground state. These energies are given in
able 1. We note that the size dependence of �E+

n is the same
s that seen in Fig. 3(a). For example, there are both odd–even
lternations and peak at n = 13.
In Fig. 3(c) we plot the stabilization energy in adding an atom
o a negative ion cluster, namely

E−
n = −[E(AlnCo−) − E(Aln−1Co−)] − E(Al), (5)
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here E(AlnCo−) corresponds to the total energy of the nega-
ively charged n-atom cluster in its ground state. These energies
re given in Table 1. We note that the size dependence of �E−

n is
imilar to that seen in Fig. 3(b) except that the peak correspond-
ng to Al13Co− is much more pronounced. This is consistent
ith experimental mass ion intensities [18].

.3. Electronic structure

The evolution of the electronic structure can be probed by
alculating the angular characteristics of the highest molecular
rbital (HOMO) as well as the energy gap between HOMO and
he lowest unoccupied molecular orbital (LUMO). We have cal-
ulated the energy gaps for all the neutral, cationic, and anionic
lusters. The results are presented in Figs. 4(a, b and c). Note that
cluster with a closed electronic shell is characterized not only
y a large HOMO–LUMO gap but also by a filled HOMO. It also
xhibits enhanced binding energy compared to their neighbors.
e see from Fig. 4(a) that the HOMO–LUMO gaps in neutral

lusters are particularly large for Al9Co, Al11Co, Al13Co, and
l15Co. We see from Fig. 3(a) that although the energy gain,
E0

n shows a peak for Al9Co and Al11Co, and a conspicuous
eak for Al13Co, it has no characteristic feature for Al15Co.

The situation is somewhat different for charged clus-
ers. For positively charged AlnCo clusters (see Fig. 4(b)),

he HOMO–LUMO gap exhibit odd–even for n = 8–12 with
dd-atom clusters having larger HOMO–LUMO gaps than
ven-atom clusters. For negatively charged AlnCo clusters (see
ig. 4(c)) conspicuous peak in the HOMO–LUMO gaps exist

ig. 4. HOMO–LUMO gaps of (a) neutral, (b) positively charged, and (c) neg-
tively charged AlnCo (8 ≤ n ≤ 17) clusters.
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or Al12Co− and Al13Co−. We see from Fig. 3(c) that�E−
n

or Al13Co− is large and thus the large HOMO–LUMO gap
s consistent with its enhanced stability.

.4. Ionization energy

The ionization energy measures the energy difference
etween the ground state of the neutral and the ionized clusters,
hich is another useful quantity for determining the stability
f clusters. If the ionized cluster has the same geometry as the
round state of the neutral, the ionization energy corresponds to
he vertical ionization potential. On the other hand, the energy
ifference between the ground state of the cation and ground
tate of the neutral is referred to as the adiabatic ionization
otential. Thus, the vertical ionization energy is always larger
han the adiabatic ionization energy and the energy difference
etween them is an indication of the energy gain due to structural
elaxation.

The most detailed experiment of the ionization energies (IE)
p to n = 20 were carried out by Menezes and co-workers using
aser photoionization mass spectrometry. Our calculated ion-
zation energies are in reasonable agreement with experiment.
he calculated VIE, AIE and experimental IE values for these
lusters are shown in Fig. 5. If the internal temperature of the
eutrals is close to absolute zero and the true threshold is iden-
ified, photoionization measurements would provide adiabatic
onization energies. If the geometry changes significantly upon
onization, the true threshold would probably not be located, and
he measured values would lie between AIE and VIE. As can
e seen from Fig. 5, our calculated AIE generally agree reason-
ble with experimental ionization energies, reproducing all the
ariations of the IE values especially the global maximum at
l13Co observed in experiments. The calculated VIEs are sig-
ificantly higher than corresponding AIEs and the measured IEs
ie between the calculated AIEs and VIEs in most cases, rela-

ively closer to AIEs. There is one important feature to be noted
n Fig. 5. That is, there are no odd–even alternations in the ion-
zation energy as a function of size and there are a conspicuous
ip at n = 15 and a peak at n = 13, which suggest the Al13Co

ig. 5. Comparison of experimental [16] ionization energies (circle) with calcu-
ated vertical ionization energy (VIE, rhombus) and adiabatic ionization energy
AIE, square) of AlnCo (8 ≤ n ≤ 17) clusters.
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Table 3
Adiabatic and vertical electron affinities (AEA, VEA), vertical attachment energies (VAE), adiabatic and vertical ionization energies (AIE, VIE), and HOMO–LUMO
gaps of AlnCo (8 ≤ n ≤ 17)a

n AEA (eV) VEA (eV) VAE (eV) VIE (eV) AIE (eV) HOMO–LUMO gap (eV)

Theoretical Experimental Theoretical Experimental

8 2.34 2.00 (20) 2.19 2.67 (13) 1.19 6.60 5.39 1.64
9 2.19 1.82 (18) 2.37 2.38 (11) 2.01 6.46 6.21 1.72

10 2.11 1.93 (19) 2.65 2.59 (12) 1.40 6.75 5.92 1.36
11 2.35 2.05 (20) 3.14 3.12 (15) 1.95 6.15 5.92 1.71
12 2.49 2.15 (21) 3.15 3.13 (15) 1.13 6.39 6.30 1.41
13 2.43 1.66 (16) 3.19 2.91 (14) 1.80 6.99 6.29 2.28
14 2.56 1.96 (19) 3.05 3.15 (15) 2.18 6.41 5.46 1.63
15 2.37 1.83 (18) 3.53 3.25 (16) 2.20 5.76 5.60 1.80
1
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6 2.28 1.77 (17) 2.81 2.40 (12)
7 2.20 1.65 (16) 2.74 2.25 (11)

a Numbers in parentheses indicate uncertainties of the last digits; 2.00 (20) eV

luster to be the most stable one. This is in with the findings
rom HOMO–LUMO gap and �E0

n.

.5. Electron affinities

We next discuss the electron detachment from negatively
harged clusters. Here, a size selected negative ion cluster is
rossed with a fixed frequency laser and the photodetached elec-
ron is energy analyzed. From this, one can measure the binding
nergy of the electron in the negative ion cluster. The latest work
n this series is due to Pramann et al. [18] who studied photoelec-
ron spectroscopy of AlnCo− (n = 8–17) at 3.49 eV photo energy.
efore we discuss our result, we should emphasize that what the
xperiment actually measures is the difference between the total
nergy of the ground state of the anion and the total energy of
he ground state of the neutral as well as its electronically and
ibrationally excited states. Very often the experimental PES
pectrum is used to comment on the evolution of the electron
ensity of states of the neutral clusters. There are difficulties
ssociated with the quantitative meaning of this interpretation.
irst, it relies on the validity of the Koopman’s theorem for
lusters. Secondly, in density-functional calculations the energy
evels have no fundamental meaning. In addition, if the anions
ontain energetically degenerate isomers, the interpretation of
he experimental data becomes further complicated. In our dis-
ussion of the electron detachment, we use the total energies of
he anionic and neutral clusters.

The photo detachment spectra normally provide two different
nergies—the vertical and adiabatic electron affinity. The verti-
al electron affinity (VEA, also called vertical detachment VDE)
s the difference in the energy between the ground state of the
nion and the energy of the neutral cluster having the anionic
eometry. The adiabatic electron affinity (AEA), on the other
and, is the difference in the total energy between the ground
tate of the anion and the neutral cluster. The vertical attachment
nergy (VAE) has also been computed, defined as the energy dif-

erence between the neutral and anionic clusters with both at the
eutral cluster optimized geometry. Although the vertical attach-
ent energy is not currently measure through any experiment,

t provides a lower bound to the AEA in the same way, as the

R

2.24 6.36 5.61 1.43
2.52 6.63 5.93 1.50

esents 2.00 ± 0.20 eV.

DE is an upper bound to it. The calculated values of the above
uantities for the AlnCo cluster are displayed in Table 3. The
elative ordering of the VEA, AEA, and VAE is as expected.
nd there are odd–even alternations in the VAE as a function
f size. In Table 3, we also compare the calculated VEA and
EA with data from Pramann’s experiment [18]. We note that

he agreement between theory and experiment is reasonable.

. Conclusions

Using density-functional theory, we have calculated the
round-state geometries of neutral, positively charged, and
egatively charged cobalt-doped aluminum clusters AlnCo
n = 8–17). The evolution of the binding energy, atomic and elec-
ronic structure, ionization energies, and electron affinities are
alculated and compared with experiment. The size of the cobalt
tom is smaller than that of aluminum, the ionization energy of
o is high, and the Co atom then occupies an interior site except

or Al12Co, Al13Co, Al11Co−, Al11Co+ and Al13Co+ clusters.
nd there is considerable mixing between the electronic states
f Co and Al. This leads to a strange situation in AlnCo clusters.
nd the binding energy also rises monotonically with cluster size

nd contains only a minor bump at n = 9 and 16. Our calculated
IE generally agree reasonable with experimental ionization

nergies, especially the global maximum at Al13Co. By com-
aring the calculated VEA and AEA with data from Pramann’s
xperiment [18], we find that the agreement between theory and
xperiment is reasonable.
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