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The structures, binding energies, and electronic properties ¢, Ml X, Al13X~, Al1sX,™, and AhsXo™

(X = F, ClI, Br) were studied at the B3LYP/6-315(2d,p) level. Among the systems studied; Ahd Als
clusters in A}X and Al;3X~ reveal alkali-like and halogen-like superatom characters, respectivelyaAl

bind with one halogen atom to form a salt-like compound ag?AlX 2. Al;3~ can combine with one halogen
atom to form a diatomic halogen anion,/~. However, when adding more halogens, the superatom structure
would be destroyed, resulting in low-symmetry compounds with the center Al atom moving toward the cluster
surface. The structures of AKi .15 (X = F, Cl, Br) are similar to those of X I; however, their binding
energies and electron structures are much different. In addition, the analyses of the calculated NBO charges
show that Cl and Br have similar properties, but much different from F, when interacting with the Al clusters.
The AI-CI and A-Br bonds have more covalent character inXAland AlizX, 15, in contrast to the
corresponding A+F bond, which has prominent ionic character.

Introduction theoretical calculation studies show accordant results that the
clusters exhibit pronounced stability for even numbers of |
atoms?367 Theoretical calculated results and the highest
occupied molecular orbital (HOMO) analyses reveal that the
enhanced stability is associated with complementary pairs of |
atoms occupying the on-top sites on the opposing Al atoms of
the Aliz~ core in Alsly™ (x = 1—12)3 The calculated results
reported by Han and Jung show thagAlcore in Ahaln~ (n =

6 at PBE level om > 7 at the B3LYP level) is a cage-like
structure other than a distorted icosahedron struétRexently,

the N. O. Jones theoretic group and the A. W. Castleman, Jr.
experimental group have jointly shown that 4k~ and A4l
consist of compact Ak~ and A4 cores forx < 8,
respectively; forx > 8, the cores assume a cage-like structure
associated with the charging of the cofeEhey also reported
ground state All;~ that can be expressed as a closed shell
Al14 core, as an alkaline earthlike superatom, surrounded by
three I ligands3”

The above studies are mostly focused on aluminum cluster
interactions with |. The theoretical study by J. Jung et al. on
the neutral Al3X (X = F, ClI, Br, 1) clusters shows that A
core of AhsX does not have icosahedral structure, instead it is
a significantly distorted structure witBs symmetry® One may
wonder if Ali3 can keep the very stablg structure in cluster

nions AlsX~, Al13Xy™, and AksX1,~, and what differences

f the binding energies and electron structures will be for X
F, Cl, and Br compared to % I. Al;X and AlX~ (X = F, ClI,
Br) with different characters from AdX and AlizX~ are
also studied. In addition, we try to explain the experimental
result that HBr and HCI etch the Al clusters less efficiently
than HI.

A promising area of research on nanoscale materials is to
search for clusters that could serve as the building blocks of
new materials. Magic clusters will play important role due to
their special stability. Among various magic clusters;*Aland
Al12~7 might provide opportunities for the synthesis of novel
materials. In various Grignard-type reactions and in relevant
processes of chemical vapor deposition of components for
microelectronic devices, the aluminum halide has been stéidied.

In the Jellium model? special metal clusters can be viewed
as superatoms. Alwith 21 valence electrons, which is likely
to lose one electron to form Jellium’s filled shell Al(121p5-
1d1%2¢?), can be considered as analogous to a super alkali atom.
The mass spectra indicate that theAhas a special stability
due to its unusually large peak.Castleman’s experimental
group and co-workers reported an unusually abundant cluster
Al-l~ in the mass spectra of aluminum halide clusters generated
by reactions of aluminum clusters with iodihé.The neutral
Al7"1~ cluster, in which the positively chargedAlwith a better
Jellium structure, may be more stable.

Al13 has 39 valence electrons, short of only one electron to
meet 40 electrons of a filled shell configuratiorf i$1d'2<-
1f142pF, which is similar to a halogen atom against./Bergeron
et al. suggested that the cluster's atomic nuclei and their
innermost electrons are seen as a spherical positively charge
core surrounded by valence electrons in electronic shells similar
to those of atom3:4 The calculated value of the electron affinity
of Aliz is nearly the same as a Br atom, thus it is called
superhalogen. The A~ can be considered as polyhalide-like
Brl~ by covalent bond: In contrast to Al3l~, the interaction
between Al; and alkaline atom M (M= Li—Cs) is by ionic
bond:4 12 Computational Methods

For Alisl™ (x = 1—12) clusters, experimental reactivity and i ) )
The theoretical computations were performed with the

* Corresponding authors. E-mails: wencailu@jlu.edu.cn; zeshengli@ GAUSSIAN 03 softwaré?_The geometries were fully optimized
jlu.edu.cn. and vibrational frequencies were computed at the BH6P
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Figure 1. Comparison of optimized geometries of/At and ALX°~
(X =F, Cl, Br) at the B3LYP/6-311G(2df,p). Bond distances between
halogen atom and its neighboring Al atom are in A.

311+G(2df,p)//B3LYP/6-311G(d) for AbX~, Al13X»~, and
Al13X1,7, and at the B3LYP/6-31#G(2df,p) for ALX and
AlzX~. To find out the ground state, various possible initial
structures and spin multiplicities were tried. Natural population
analyses (NPA) and natural bond orbital (NBO) analyses were
performed using the NBO %Bprogram as implemented in the
GAUSSIAN 98 program. Nucleus-independent chemical shifts
(NICSY? were calculated with using GIA® at the B3LYP/6-
311+G(2df,p) to evaluate the aromaticity.
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and 3.95 eV for AfF, Al;Cl, and ALBr, respectively, and 5.00,
4.21, and 3.86 eV for KF, KCI, and KBr, respectively. The larger
halogen atomic radius corresponds to the smaller difference of
binding energy between KX and A&{. The results of KX are

in good agreement with experimental binding energies of 5.16,
4.49, and 3.93 eV responding to diatomic KF, KCI, and KBr at
298 K26

Figure 2 shows orbital energy levels for;ARI; T, and ALX.
It is very interesting to note that the HOMQ.UMO gaps for
AlzX (X = F, Cl, Br, I) have the same value of 2.67 eV at the
B3LYP functional and~1.8 eV at the PBE functional. The 2.67
eV is close to 2.75 eV for Al. The large stability of AIX can
be expected by the relatively larger gap of;7Althan its
neighbored aluminum cluster cations. By comparing the orbital
energy levels of Al Al;", and AKX, and analyzing the
molecular orbital pictures and the orbital coefficients, we can
find that the A}™ fragment will contribute to the highest
occupied orbitals as well as the lowest unoccupied orbitals of
AlzX, indicating that the HOMOs and LUMOs of A would
be mainly located on the At fragment, other than the X
Therefore, the gaps for At and ALX with X = F, CI, and Br
are similar. The orbital analysis results are in agreement with
Al;1.1 The X~ orbitals are found to locate at the lower energy
levels: HOMO-3 with 2-fold, HOMO-6, and HOMO-8.

In Figure 3 the HOMOs and LUMOs for AF and Al are
shown, which are completely similar. In order to analyze the
Al7F orbital property, we calculated the NICS values offAl
and AL* and Ak substructures which are obtained by moving
away the halogen atom and both the halogen and the top Al
atom, respectively, as displayed in Figure 4. The points are

In order to assess the computational approaches in studies of.pgsen to range from 1.50 to 4.25 A away from the link Al

aluminum clusters, we also use the Ketsham density
functional theory (DFT) with a gradient-corrected exchange-

correlation functional proposed by Perdew, Burke, and Ernzerhof

(PBE)2* implemented in the Dmol3 of the software package
MATEPIALS STUDIO from Accelrys Iné The double nu-
merical polarization (DNP) basis set and all-electrons was used
and were verified with vibrational frequencies calculations.

Results and Discussion

AlzX and AlsX~ (X = F, Cl, Br) Clusters. Figure 1 shows
the ground-state geometries of /A and ALX%~ with X = F,

atom, and both B3LYP and HF calculations were performed.
The results show that the NICS values, not sensitive to the
methods, change continuously except for at 3.5 A. The NICS
curves of Akt and ALF are similar, in contrast to that of Al
which is positive and have a largest value (75.34 ppm) around
'the 3.5 A point where a stronger antiaromaticity effect seems
to occur. Thus the NICS kinks at about 3.5 A for;Aland
Al7F may be related to the stronger antiaromaticity of the Al
part at this point. For AlX, the total NICS values at center are
—79.43,—77.72, and—76.92 ppm with respect to X F, Cl,

and Br, which are close to the74.17 ppm for A}™. In our

Cl, and Br, and the structural parameters are summarized inPrevious work, Af* has been shown to have aromatic character

Table 1. We found that in the A relaxations, A} changes to
the Al;* structure, and in the AX™ relaxations, the Al part
keeps the similar structure as the;Adluster. In AkX and
Al7X~cases, the structures are very similar forX, Cl, and

Br, which the AFAI bond lengths are almost same for F, Cl,
and Br, because of their same valence electronic structures. Th
only difference is the various bond lengths of-/, Al—CI,

and Al-Br. On the basis of the Jellium model, Al can be
considered as an alkali superatom, angXAtan act as a salt.

by a considerably large negative NICS value, the uniform bond
lengths, and the large resonance energy (129.6 kcalfhol).
According to the above discussions, it can be expected that in
AlzX (X = F, Cl, and Br) the whole Al" part have similar
valence orbitals and the aromatic character ag Al

e Compared with AX, negative A{X~ (X = F, CI, Br, I)
becomes the lowelCs symmetry, and A+X bond length
increases slightly. The charges on halogen atom and the link
Al atom are less affected by the introduction of extra electron

As shown in Table 1, these large binding energies indicate thatboth at B3LYP and PBE functionals, which is consistent with

the Alz—X bonds could be strong, and increase in the order |
< Br < CI < F. The NBO charge transfers from#Ab halogens
are —0.77, —0.51, and—0.43 e for X = F, Cl, and Br,
respectively. The Mulliken population analysis forzXlwith
X = ClI, Br, and | are similar. Therefore, we can consider that
Al-X is a jellium compound as Af*—X—4 (X = F, Cl, Br, I),
in which the positive charge of At® is mainly distributed on
the link Al atom. The results are in good agreement with that
of Al 7|.1

To examine the salt property of A, we have compared
the binding energies of AK with KX, which are 6.16, 4.51,

the conclusion of réfthat the charge density of extra electron
in Al71~ is mainly located around the Atore. Therefore, in
the ALX (X = F, Cl, Br, |) salt, the alkali-superatom Al seems
having a capability of containing extra electrons, based on the
Jellium model with delocalized electrons. Such kind of materials
containing magic aluminum clusters might be expected to be
useful in future microelectronics.

Al13X~, Al13X,™, and AligXi,~ (X = F, ClI, Br) Clusters.
The geometries of ApX~, Al13X,™, and AhsX12~ (X = F, ClI,
Br) clusters are shown in Figure 5, and the structure properties
and energies are summarized in Table 2. In each casg (Al
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TABLE 1: Bond Distances (A), NBO Charges QX), HOMO —LUMO Gaps (eV), and Binding Energies (eV) for ALX and
Al;X~ (X = F, Cl, Br) Clusters?

cluster dai-x QX) Q(link Al) H—L gap NICS(0) Ep of X
AlF 1.67,1.69 -0.77,—-0.49 0.89,0.48 2.67,1.80 —79.43 6.16, 6.28
Al;Cl 2.13,2.14 —0.51,-0.38 0.43,0.38 2.67,1.80 —77.72 4,51, 4.49
Al;Br 2.29,2.30 —0.43,-0.37 0.31,0.34 2.67,1.79 —76.92 3.95,3.90
Al 2.54 —0.25¢70.3% 0.190.30° 1.74¢1.78 3.52¢3.29
257 -0.3¢9' 0.34 1.69 2.94
Al7F 1.69,1.72 -0.79,—-0.53 0.82,0.39 6.05, 6.17
Al.Cl~ 2.18,2.20 —0.57,—-0.48 0.38,0.26 4.45,4.44
AlBr- 2.36,2.38 —0.50,—0.49 0.28,0.28 3.92,3.87
Al7l~ 2.62¢2.63 —0.41¢-0.50 0.15¢0.29 3.50¢3.26
2.68 —0.56 0.29' 3.01

aGeometries were optimized at the B3LYP/6-343(2df,p), binding energy with zero-point energy corrections is define@Jol X%~ ) =
E(X) + E(AI-°~ ) — E(AlI7X). P At the PBE/DNP level using Dmol3.Ref 1.9 At the BLYP/DNP level using Dmol3.
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Figure 2. Orbital energy levels of the AK (X = F, CI, and Br), A}, and Ak* clusters at the B3LYP/6-311&2df,p). Occupied orbital energy
levels are indicated by solid lines, and unoccupied ones by dotted lines. Numbers 1, 2, or 3 indicate the degeneracy folds for occupied orbital
energy levels.
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we mention indicate the symmetries of the;Apart), andCs
cage-like structures in AdX,~ and AlsX1,™. This is different
and ALsX,™, we started from initial configurations in which  from Ali3lx~ because in Aklyx~ the Al;3 cores assume a cage-
halogen atom is put at an on-top, bridge, or hollow site, like structure associated with the charging of the cores when
respectively. In the optimized lowest-energy structures, the > 66 or x > 8.7

halogen likes to attach on the on-top site, and theg; Abre For Al13X~, halogen atom prefers to bind to a single Al atom
keepd, icosahedron in ABX~(in the following, all symmetries and occupies an on-top site lafAl 15~ consistent with the case

Figure 3. HOMOs and LUMOs (isodensity value is 0.02) for (a)RAl
and (b) AF" at the B3LYP/6-31+G(2df,p).
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delocalization in the HOMO of th€; structure of AlsBry~

(Figure 6) would make the system more stabieaddition, the
analyzing NBO charge indicates that;,~ can be regarded
as an Alst2X~ structure. Thus, th€;s structure of Alst2X~

is expected to be favored due to tBesymmetry of the most
AL I ALY C. stable structure of Ak". In contrast to AJX,~ (X = F, Cl,

Br), the ground state of Adl,~ takes aly structure, which can
F: 0.05(0.48), Cl: 0.08(0.52), Br: 0.09(0.53) be attributed to the weaker electronegativity and electron affinity

of 1.7 The HOMO-LUMO gaps, 2.12 (F), 2.07 (Cl), and 2.07
(Br) eV, of theCs isomers of A{3X,~ are similar to each other
and close to 2.18 eV of A§". For thel, isomers of AlsX5™,

the HOMO-LUMO gaps are 2.40 (F), 2.42 (Cl), and 2.45 (Br),
respectively, which are close to 2.53 eV for; Al

For Al;3X157, the lowest-energy structures haesymmetry,
B ) which keep thdy framework but the inner Al atom moves to
Alisk; , G AlisXs s Iy the cluster surface, consistent with the previous reported results
0.00(0.00) F: 0.10(0.33), CI: 0.05¢0.40), Br: 0.04(0.41) for Al13l127.57 As is well-known, F, Cl, Br, and | are elements
with large electronegativity, thus when the number of adsorbed

halogen atoms increases, the system would be unstable if there
is an inner Al atom carrying considerably negative charges. The
inner Al tends to move toward the surface to provide electrons
directly to halogen atoms. The isomers w@h, symmetry are
higher in energy than th€; structures by 0.847, 0.625, 0.872

eV for X = F, Cl, and Br, respectively. At the PBE/DNP level
in Dmol3, the obtained stable structures are consistent with those
ALK C Ald e calculated by B3LYP using GAUSSIAN 03.
13412 5 s 13012 5 L2y

0.00(0.00) F: 0.85(0.66), Cl: 0.62(0.68), Br: 0.87(0.71) As shown in TABLE 2, the binding energies for,Ahalide

Figure 5. Optimized structures and relative energies (in eV) fapat, anions decrease in t_he order: 1 &l;2” > Al 13X_2_ > Al 13>E_
Al1X,,and AbsX1z~ (X = F, Cl, Br) at the B3LYP/6-311G(d). The (X =F, Cl, and Br) (different from the order >~ > Al1sl12),
values in parentheses refer to the PBE/DNP relative energies. and correspondingly, the HOMELUMO gaps are getting

of | atom attached to Ak~2-7 The binding energies of the smaller i? this o'rder. Note that the binding energi?s of
isomers with theCs cage-like structure are 0.046, 0.081, and Al15X1.2.12 are obviously smaller than those ofiKland AlX™.
0.093 eV smaller than those of thg structures for AlsF, In Al13X5,12", the charges on F gtom are almost two times more
Al13Cl~, and AhsBr—, respectively. The binding energies and manFtho_se onldCIhor Br ator_ns, :h_ere_foreﬁ the_fl bolnti_ of ;
HOMO—LUMO gaps of AhsX~ are smaller than those of |13 212 W.oﬁ _avel prominent ionic character relative 1o
Al 15Xz~ and AbsX15~ at both levels of the B3LYP/6-311G(d) ~1Xz12” With X = Cland Br. S
and the PBE/DNP, showing the less stability of&~ which On the basis of Ak™, the isoelectronic AbSi species and
is consistent with the experimental observatidagor Al;sX~ AlpX (X = C, Ge, Sn, P5}~% with doped atom at center,
with respect to X= F, CI, and Br, the positive charges on the have attracted considerable expenmental and theorefucfal atten-
link Al atoms are+0.76,+0.27, and+0.14 e, the negative  tion. The stable structures of ABIX (X = F, Cl, Br) are similar
charges on halogen atoms ar®.78, —0.54, and—0.46 €, to the Cs isomers of AlsX™ with one Si atom replacing the
respectively, and the centered Al atom in thesAlage has the ~ centered Al atom. In AbSiX, theCs structure is more favorable
Charge of about-1.5 e. The NBO Charge ana|yses show a than th6|h structure for AJ_25|+ par.t, WhICh is different form
considerable difference of the charge distribution forE=XF Al13X~. For Csandly Al 15Si, the adiabatic EAs with respect to
from X = Cl and Br, due to the remarkably large electronega- the optimized structures of both neutral and cationic clusters,
tivity of F. EA = E(Al;2Sit) — E(Al;Si), are 6.505 and 6.655 eV,
For AlisX5™, the Cs low-symmetry isomers turn to be the respectively, larger than those for F (3.457), Cl (3.684), and Br
most stable structure and their energies are lower than those of3.553) eV at the same level of the B3LYP/6-31G(2df,p).
the Iy, isomers by 0.101 (F), 0.047 (Cl), and 0.041 (Br) ev, Thissuggestthatin an isolated state, the,33il for bothCs and
respectively. Here we would mention that the Dmol3 calculated !n Symmetries is harder to lose an electron than halogen;
results are opposite to the above results, lxéspmers are 0.326 however, it may transfer an electron to halogen atom easily due
(F), 0.401 (Cl), and 0.412 (Br) eV lower in energy than the to the polarization and structural change induced by halogen.
correspondingCs symmetry isomers. The differences of the Since our calculated binding energies of &iX are quite large
energy order for theéy, and Cs isomers are resulted from the With 4.856, 3.200, and 2.629 eV for F, Cl, Br, respectively,
different functionals, B3LYP vs PBE, consistent withSrehich which are only slightly smaller than that for AK™.
shows that for Adsl,, thel, isomer is more stable at PBE, but The experiments show that in the interaction of aluminum
less stable at B3LYP, compared with tgisomer. We also with both MeX81033and HX* (X = ClI, Br, and 1), reactivity
tested the single point energies ofi,~ (X = F, Cl, and Br) decreases upon ascension of the periodic table. There are
at the MP2/6-311G(d) level, the energy order is consistent with probably two important factors to affect the reactivity with

that of PBE, i.e., thé,, isomer is more stable than tkizisomer. aluminum clusters. First, the polarizability of reactants decreases
The transformation from thi, to the Cs or C,, cage structures  in the order I> Br > Cl. While at the beginning of alkyl halides
can be attributed to both electronic and steric rea&tie.think or hydrogen halides adsorption on aluminum, van der Waals’

that electron delocalization is another factor causing the potential may play an important role. Therefore, the stronger
structural change frorh, to Cs or C,,. Apparently, the electron  polarizability will lead to the easier complexation. Second, the
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TABLE 2: Bond Distances (A), NBO Charges Q(X), QenedAl) of the Al—X Bonds, HOMO—LUMO Gaps (eV), and Binding
Energies (eV) for Al;zX~, Al1gX,, and AligX;,~ (X = F, Cl, Br, 1) Clusters?

cluster dai—x Q(X) QeentefAl) H—L gap Ep of X
AlsF—Iy, 1.71 —0.78 —-1.47 1.63,0.78 5.05, 5.42
Al1:Clm =1y, 2.18 —0.54 —1.45 1.63,0.76 3.48,3.7%
Al1:Br——Iy 2.35 —0.46 —1.48 1.58, 0.7% 2.94,3.18
Al 13F—Cs 1.72 —-0.77 —-1.70 1.33, 0.47 5.01,4.94
Al 1:ClIm—Cs 2.19 —-0.54 —-1.70 1.33, 0.47 3.39, 3.19°
Al 1:Br——Cs 2.36 —0.47 —-1.70 1.33, 0.47 2.85, 2.62
Al 13 —Cs 1.71 —-0.77¢—-0.78 —-1.32 2.12,1.39 5.52,5.67
Al13Cl,—Cs 2.18 —0.52¢—0.54 —-1.31 2.07,1.32 3.92,3.94
Al 13Br, —Cs 2.35 —0.44¢—0.47 —-1.31 2.07,1.33 3.38,3.38
Al 3R =1y 1.70 —-0.77 —1.46 2.40,1.73 5.47,5.88
Al1:Cl Iy, 2.17 —0.52 —-1.41 242,175 3.90, 4.14
Al13Bro —1y 2.33 —0.44 —-1.41 2.45,1.75 3.36, 3.57
Al 13F1,—Cs 1.70, 7.87 —0.72t0—0.75 2.20,1.13 5.58, 5.88
Al15Clio7—Cs 2.30,2.14 —0.37t0—0.46 2.53,1.26 3.96, 4.160
Al13Bri; —Cs 2.46, 2.30 —0.27 t0—0.43 2.37,1.23 3.41, 3.52
Al13F—Co, 1.69~ 1.70 —0.74t0—0.76 2.04,1.12 5.51,5.78
Al1:Cli,7—Cy, 2.13~2.15 —0.44t0—-0.49 1.96,0.99 3.91, 4.0
Al13Bri; —C,, 2.28~2.31 —0.34t0—0.40 1.99, 0.9% 3.34, 3.48
Al sl —Ip 2.62°2.6C¢ —0.64P —0.38 0.71,,0.72 2.48,f2.53
Al sl —ly 2.58P2.58 —0.48»-0.35 1.75,P1.74 2.90,f2.94

2.62 —0.58 1.59 2.72b2.44
Al 13,7 —Cs 2.6 —0.47 1.29 2.49
2.63, 2.69 —-0.54 1.29 2.48
Al 13l —Cyy 2.53~2.54 —0.35 0.84,°0.89 2.85,12.79

a Geometries were optimized at the B3LYP/6-311G(d), and single-point energy calculations were performed at the B3LYP(@®HE11)G
binding energy with zero point energy corrections is definedEffpil 13Xn~) = [NE(X) + E(Al137) — E(Al13Xy7))/n. P At the PBE/DNP level using
Dmol3. ¢ Halogen for top sited Halogen for side site’ Ref 2. Ref 7.9 Ref 6. At the BLYP/DNP level using Dmol3.

) tendency of losing electrons than C and H atoms, can transfer
electrons to F atom easily. Thus MeF and HF would have strong
etching action to Al clusters.

Conclusions

The A|7X0’_, A|13X1'2’12_, and AhL.SiX (X = F, ClI, Br)
. clusters were studied using DFT method. ImXAbBnd AljsX—,
: ‘ the Al; and Al s fragments withCs, andl, symmetries can be
considered as alkali-like and halogen-like superatoms, and they
) are not only magic clusters but also possess character of electron
- 5 delocalization. The HOMOs and LUMOs of the salt-like
AlisBrz () AlisBr (1) compound AfX and polyhalide-like AjsX~ are mainly located
Figure 6. Co_mparison of HOMOs (isodensity value is 0.02) foy on the AL+ or Aljs part. While Ahs~ binds with more halogen
andly Al1sBro™ calculated at the B3LYP/6-331G(2df,p). atoms, itsl, structure would transforms intGs or C,, low-

TABLE 3: Polarizabilities, Charges, and Wiberg Bond symmetry structure. _ _
Order for H —X and Me—X (X = F, Cl, and Br) Molecules* For various halogen atoms including I, the most stable
HE HC HBr MeE  MeCl MeBr geometries are similar with each other except fora28~ (X

I 505 1658 2307 1686 2914 3639 = F, ClI, Br) with theCs Al 3 part different from that of | with
poar. : : : : X : thely Al 13 part. However, the electronic structures and binding
Q(X) -0.55 -0.26 -0.19 -040 -0.07 -0.02 . . .
bondorder 070 094 097 085 103 103 energies for different halogen atoms are much different. The
calculated binding energies decrease in the order, €l >
Br, and from this trend the halides wi¥h= | can be expected

_ . . . to have the smallest binding energy. When the number of
H—X and C-X bond strengths of the reactants increase in the halogen atoms gets larger, the binding energies fes Hlide

O][dtﬁr = Brt< f:l.:)((:corzm'\g/gl tg)( trtlﬁ p?larlgabflllty artl.d_;s,tab';htyl d anions are shown to increase in the order;zAF < Al13X,™
of the reactants an ex, the trend of reaclivity shou < Al13X12~ (X = F, CI, and Br), different from the order for X
increase in the order Cf Br < |.

In TABLE 3 we have shown the polarizabilities, charges of

a Calculated at the B3LYP/6-311+G(3df,3p).

=1, Al13l,~ > Als3l12~. The calculated NBO charges show that

. e Cl and Br are similar but are much different from F, when
halogen atoms, and Wiberg bond indices (WBI) for MeX and interacting with the Al clusters. The AlF bond have obvious

HX (X = F, Cl, and Br) molecules. It can be seen from TABLE . - . _

3 that Cl and Br have similar character; however F is remarkably ISSIC character in contrast to the AK bonds (X = Cl and
different from ClI and Br. In MeF and HF the F atom has '
abundant negative charges, considerably more than the charges Acknowledgment. This work was supported by the National
on Cl and Br atoms, and the calculated values of WBI reveal Natural Science Foundation of China (Nos. 20473030, 20333050,
that H-F and C-F bonds have prominent ionic character 60028403), Doctor Foundation of the Ministry of Education,
compared with the cases of Cl and Br. Therefore, MeF and HF and Foundation for University Key Teachers of the Ministry of
with special ionic bond character can be easily adsorbed on theEducation of China, and Foundation of Innovation by Jilin
Al clusters, and meanwhile the Al clusters, with a larger University.
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