13514 J. Phys. Chem. R006,110,13514-13520

Induced Super-halogen Behavior of Metal Moieties in Halogen-Doped Clusters: ki¢?) and
Al 1), n=13,1, 2,3

Hobart Leung and Fedor Y. Naumkin*
Faculty of Science, Unersity of Ontario Institute of Technology, Oshawa, Ontario L1H 7K4, Canada

Receied: May 24, 2006; In Final Form: October 6, 2006

A comparative density functional theory (DFT) study of a series of neutral and negative-ionic lithium and
aluminum clusters doped with iodine atom is presented. The | atom is found to preserve the same position at
Li;3 with and without the negative charge andaltb vary its shape from prolate to oblate with changing spin
state of Ligl. Both the Mulliken and natural charges are considered, the natural-charge separation between
the metal and halogen moieties being generally much larger (except;§br)Aln Li,l ~, the additional electron

is strongly localized on the metal moiety starting frans 1, even though the electron affinity of lis much

smaller than that of I. Such a super-halogen behavior gfidinduced by highly electronegative iodine
making the two components charged inlland leading to a chargedipole interaction with the additional
electron. In All~, similar factors result in Albeing more negative than | already for= 3, even though the
electron affinity of | is higher, the effect escalating for= 13.

Introduction may be responsible for its features, in addition to the relative
) ) ) ) EA values of the constituent metal-cluster and halogen atom in

Metal clusters have been intensely studied as intermediateSihe metak-halide cluster ions. For this purpose, one could
between the individual atoms and bulk metals, in order to track ¢qnsider another metal cluster, with EA lower relative to the
the evolution of properties with an increasing amount of matter. halogen’s, and compare its behavior in a halide compound
Since the clusters have exhibited a unique behavior, such asgimilar to that of Als Alkali metals are ultimate “non-halogens”,
nonmetallic character when being sufficiently small, or increased so, for instance, L is a reasonable candidate, whose similar
stability and extrema in other parameters (ionization potentials, ¢jnsed-shell atomic but different open-shell electronic structure
electron aff_inities, (_etc.) at specific (“magic")_ sizes, they have \,4.1d make the comparison adequate. Besides, thedyistem
become objects of interest by themsel¥@$ieir modern areas a5 20 valence electrons and is therefore also interesting as a
of application include new materials, catalysis, molecular ¢osed.-shell species. Further, it is logical to look at smaller
electronics/photonics, and others. ~ counterparts such asM (M = Li, Al; n=1, 2, 3) in order

Among the unusual properties of some metal clusters is atg check how the charge-distribution features evolve with the
high electron affinity (EA) comparable to or even exceeding cluster size, as small Mare known to be no super-halogens.
that of halogen atoms, as fOUnd, for instance, fO{3A| and The results of these studies are presented below.
attributed to the closed electronic shell (with 40 valence
electrons) of the cluster negative ion,;4l. The neutral A3
cluster has therefore been named “super-halogen” and propose
as a pOtentiaI bUIldlng unit for new materials. For instance, it Present calculations have been performed with the NWChem
might be incorporated as a cluster analogue of an electronegativeyp initio package® and pictures generated using the Molekel
atom in an ionic crystal. Other examples include, in particular, softwarel® For a consistent comparison with previous wérk,

(?omputational Procedure

pure and doped gold clusters such ag#and MAw, (M = density functional theory (DFT) has been employed. The PBEO
V, Nb, Ta)*. Earlier notions of super-halogens include theoreti- fynctional, which showed a good performance for aluminum
cal predictions for GroupsHV atom super-halide3 verified clustersi! was used. The cc-pVDZ basis set for Li and Al atoms
experimentally for the Group | and Il cases. and the LANL2DZ effective core potential plus corresponding
The EA value of Als higher than that of | has also been basis set for the | atom (incorporated into NWChem) have been
referred to in interpreting the charge distribution in4\f, with used. Neutral and ionic system geometries have been optimized

the negative charge located mainly on the metal mdiety. for the low-energy electronic states with a few spin multiplici-
Moreover, the charge in A ~, according to the HOMO density,  ties. The optimization has involved all atoms and been done in
concentrates on the Al atom remotest from |. The latter feature, the C; symmetry group in order to avoid additional geometry
however, would not seem to follow from the relative EA values constraints able to lead to incorrect predictions of stable
of the two components, but would rather fit the dipole field of geometries.
the neutral metathalogen system interacting with the additional  Results of test calculations at this level of theory are compared
electron. in Table 1 with experimental data taken from a National Institute
The aim of this work is to investigate the origins of the above of Standards and Technology (NIST) online datalddges can
charge distribution and to try to understand what other factors be seen, the comparison is favorable for relevant atomic as well
as diatomic species, the deviations not exceeding 3% in both
*Towhom correspondence shouldbe addressed. E-mail: fedor.naumkin@uoit.cacharacteristic energies and distances, excepDfoof metal
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TABLE 1: Comparison of Calculated and Experimental
Atomic and Diatomic Parameters

system calculation experimént
| EA =3.03eV 3.06 eV
Li IE =5.57eV 5.39eV
Lil De=3.66 eV 3.56 e\?
Re=2.44 A 2.39A
Liz De=0.83 eV 1.07 e\?
Re=2.74 A 2.67A
Al IE =6.10eV 5.99 eV
All D.=3.80eV 3.84 e\?
R.=259 A 2.54 A
Al, De=1.45¢eV 1.63 e\
Re=2.49 A 2.47 A

2De &~ Do + hwd/2.

diatoms, underestimated by £00%. The latter deviation is,
however, not crucial for this work.

Results and Discussion

Liigl. The Liys cluster has previously been found (see, for
instance, ref 10) to adopt icosahedral geometry in its ground
state, similar to the Ak cluster. When the | atom is attached,
its most stable position is predicted to be at the hollow site,
above the center of the triangular unit of 4 {(Figure 1a), unlike
the bridging position between two surface atoms ofzAllt
should be noted here that later stuéfelsave found a low-
symmetry structure of Akl to be lower in energy by0.2 eV.
However, it corresponds to a non-icosahedral shape of the Al
moiety, while it is interesting to make a comparison of systems
with the metal components similar in shape. In this work we
will therefore consider the above (bridge) low-energy isomer
of Al13l which (approximately) preserves the icosahedrakAl
moiety. Its difference in the | position from 1 can be related
to the directional character of the valence p-orbital of Al as
compared to the isotropic s-orbital of Li, affecting the overlap
with the p-orbital of I.

The lowest-energy state of Ll is predicted to be triplet,
followed by quintet only 0.08 eV higher, while singlet is 0.52
eV above the (triplet) ground state. This is to be correlated with
the Liy3 sextet ground state and the quartet state? eV above.
The ground-state I-nearest Li distances insLare calculated
to be~0.3 A longer relative to that in the Lil diatom (Table 2),
which could be expected in terms of a reduced overlap of the
Li s-orbital and | p-orbital (not pointing directly to Li). The
Li;3 moiety is slightly elongated in the direction to iodine, with
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are collected in Table 3 and indicate a negative charge on the
| atom, as expected, from both approaches, the Mulliken value
being much smaller.

It should be noted that at present the natural-charge values
are commonly considered as more reliable since they are much
less sensitive to the basis set. Another, more specific reason
relevant to this work is the unreasonably high Mulliken charges
on the internal atoms of metal clusters, for instance central atoms
of icosahedral 13-atom systerdfsin particular for the present
case of Ligl, the (positive) Mulliken charge on Ldnia Of the
Li;3 moiety is found to exceed the Li-nucleus charge. On the
other hand, the natural charge oRdiralis negative £0.65 e).
Similar method-related features of the charge distribution are
obtained for isolated L as well (with the natural charge of
—0.52 e on Lientra). Such a concentration of the electron density
in the center of a metal cluster seems to be rather counterin-
tuitive, even taking into account the cluster’s possible nonmetal-
lic character at such a small scale.

In terms of the natural charges, three Li atoms nearest to |
and thus between the two negative centers carry most of the
positive charge;-0.93 e (Figure 1a), followed by a ring of six
peripheral Li atoms less positive and then by three lithiums
(most remote from 1) still more weakly charged. Theslmhoiety
in Liqgl is thus strongly polarized due to I. Interestingly, the
higher-energy singlet state exhibits a layered alternate-sign
charge distribution (Figure 1b) with the charge on the 3-Li unit
near | reaching+1.45 e, followed by a negatively charged
6-atom ring at—0.78 e around the central atom (witf0.58
e), and then by the 3-Li unit most remote from | witt.67 e
charge. The corresponding Mulliken distribution, on the other
hand, shows the near-I three lithiums most negative and no
charge-layers instead.

In the present work, of main concern is the charge separation
between the iodine and lithium moieties. Such a property is
directly related to the system dipole moment. Its ab initio value
is ~2.8 D (for either the ground or the singlet state), and the
direction is in accord with the positively charged metal moiety.

Li1sl . When another electron is added tadli the lowest-
energy structure still has iodine at the hollow site (Figure 1c),
compared to the (changed) position on top of a single metal
atom in Alal~ 8 This can be looked at, in a simplistic way, as
I~ sphere (in terms of unperturbed electron density) lying
comfortably between three other Li spheres. The ground state
is predicted to be sextet, with the quartet and doublet only 0.075
and 0.12 eV above. The ground-state I-nearest Li distances

the distances between the opposite Li atoms (through the centeslightly stretch (within 0.1 A, Table 2) relative to the neutral

of the cluster) being 6.8 0.1 A, which is~0.2 A longer than
for such distances in the (approximately) perpendicular direction.
The energy for detaching the iodine is found to48.4 eV
larger compared to that for Lil (Table 2), apparently as a result
of interaction with more than one lithium (at least three nearest).
It is interesting that, for the singlet state, thgdinoiety is
somewhat compressed along the direction to |, as is visible in
Figure 1b, with the through-center+tLi distances of 5.69 A,
significantly shorter (by 0.54 A) than in the perpendicular
direction. The quintet state, in turn, corresponds to thg Li

counterpart, consistent with increasing internuclear distance in
Lil ~ relative to Lil, and is essentially invariant (within 0.01 A)
for quartet and doublet. The 4simoiety is almost symmetric
for all spin states, with only minor compression or elongation
in the direction to | (within 0.1 A) and is essentially of the same
size (about 5.9 A in diameter) as in the neutral system. The
binding energy of T to Liiz is ~1.1 eV larger than for Lit,

and ~1.6 eV smaller than for Ll (Table 2), similar to its
reduction for Lil” relative to Lil. For both the neutral and ionic
clusters, this binding energy is relative to the lowest-energy

moiety more spherical, with the distances between the oppositeSextet state of L.

Li atoms within 5.9+ 0.1 A. The I-nearest Li distances are
almost unchanged from the ground state, at 2:78.03 A for
both singlet and quintet.

The electron affinity of Lisl is predicted to be 1.47 eV,
intermediate betweer:3 eV for | and 0.92 eV of Liz (with
the latter obtained relative to the lowest-energy quintet state of

Charge distributions have been evaluated in terms of both Liis"). This indicates that the additional electron ind is
the Mulliken and the natural charges on atoms (from the natural significantly delocalized between the metal cluster and iodine.

atomic and bond orbital analysis), the latter values being

Indeed, the charge on | increases only slightly insli

presented hereafter by default. The results for the ground staterelative to Ligl (Table 3), according to both the Mulliken and
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Figure 1. Optimized geometries and atomic natural charges of (&) triplet and (b) singlet and (c) L~ sextet.

TABLE 2: Calculated Equilibrium Parameters of the affecting the additional-electron preferred location oy LThis
Ground-State Systems location is actually determined by the respectively high and low
system, MI®) De(Mn:IO)/eV Re(M:1)/A effective electron affinities of the metal and halogen moieties
Lizd 2.08 573276 having ionic characters (Lg"’_+ and P-) inside Lial. The Lizs
Ligsl~ 251 2.80 cluster, no super-halogen in terms of its EA value, therefore
Li,l (T-shaped) 3.84 2.63 exhibits a super-halogen behavior (by winning the additional
Lizl~ (T-shaped) 1.44 2.69 electron from ) within Lisl, and this behavior is induced by
Q:Z:_(-E%Sgﬁgegé) i-gj g-gg iodine. The effect is even more dramatic in terms of the
Alzl P 3.20 252 Mulliken charges showing that most of the negative charge in
Alsl™ 215 2.66 Liisl™ is on Liz (Table 3), with a similar result obtained
Al 3l 2.8 2.79-2.84 previously for Ahzin Al3l—.8
Algal~ 3.03, 2.4% 2.58 Model. A simple model supporting the above considerations
aD(I:Al15) can be suggested as follows. Consider a partially charged species

(within a system) as a formal combination of its purely neutral
natural values, so that most of the additional-electron charge and purely ionic forms, with the ionic character determined by
(>90%) goes to the L moiety, making it negatively charged. the (absolute) charge value; i.e.9A~ (1 — 0)A + OA=. If
The negative charge already present on | in the neutral systemwe adopt the ionization energy IE of the neutral species as EA
thus largelyremainson iodine in the ionic system, and the of the corresponding positive ion, then
additional electron is attracted almost entirely to the positively s ) -
charged lithium cluster within Lil, consistent with a simple ~ EA(Lij3 ) ~ (1 — 0)EA(Li;g) + OEA(Liy5 ) =

electrostatic picture of the chargéipole interaction. The EA (1 — 6)EA(Li,5) + OIE(Li )
value of Lijal, much closer to that for L than for I, also
confirms that it is the metal moiety which accommodates the EA(I°) &~ (1 — 8)EA() + SEA(I)
additional electron.

The natural charge on the central atom of the; Imoiety From the second equation it is clear that the higher the negative
increases t0—0.92 e in Ligl~. In the isolated Lis~, by charge on the halogen moiety, the less electronegative it will

comparison, this charge is reduced {t06.38 e) relative to the be, as the Coulomb repulsion of the additional electron from
neutral cluster, so the presence of | has a substantial effect onthe negative ion can even make its EA negative. Indeed,
the charge distribution. The three Li atoms nearest to | remain calculation at the same level of theory as before gives the energy
positively charged+0.86 e altogether) in Lil —, while the rest of 12~ as 19.5 eV above that for ] so that we can put EA()
of the atoms are essentially neutral (Figure 1c). ~ —19.5 eV for our purpose. It is worth noting that we do not

It is worth emphasizing that the low and high EA values of put EA(I") = 0, since this would omit the actually present
isolated Lis and I, respectively, are thus not the main factors repulsion of the additional electron frorirlin Liyal. In other
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TABLE 3: Charges (in e) on the Lithium and lodine Moieties in the Ground-State Systems

method Lil Linl~ difference (additional electron)
Mulliken q(Lig)/q(l) = +0.09 —0.82+-0.18 —0.91/0.09
q(Li)/q(l) = +£0.32 —0.41+-0.59 —0.73+0.27
q(Liz)/q(l) = +0.15 —0.75+0.25 —0.90/-0.10
natural q(Lig)/q(l) = £0.77 —0.20+-0.80 —0.97/0.03
q(Li)/q(l) = +0.85 —0.09+0.91 —0.94/-0.06
q(Li2)/q(l) = +0.83 —0.11+0.89 —0.94/-0.06
TABLE 4: Charges (in e) on the Aluminum and lodine Moieties in the Ground-State Systems
method All Al ™ difference (additional electron)
Mulliken q(Al13)/q(l) = +0.05 —0.72/-0.28 —0.77+0.23
q(Al)/q(l) = £0.21 —0.44-0.56 —0.65+0.35
q(Al)/q(l) = +£0.17 —0.44/-0.56 —0.61+0.39
q(Als)/q(l) = +£0.14 —0.61+0.39 —0.75+0.25
natural q(Al13)/q(l) = +0.13 —0.68/-0.32 —0.81+0.19
q(Al)/q(l) = +£0.55 —0.29/-0.71 —0.84+0.16
q(Al2)/q(l) = +£0.49 —0.43+0.57 —0.92/-0.08
q(Als)/q(l) = +£0.30 —0.54/-0.46 —0.84+-0.16

words, we should not conclude that electron will fly away from end of the molecule, similar to the {sf case. The Li atom, an
I~ as it likely would from isolated, since in the former case ultimate non-halogen with a low EA value, still wins the
the electron is kept in the system by ¥it. Besides, the use of  additional electron from iodine and thus demonstrates a super-
the limited basis set for?t, lacking diffuse functions (hence halogen behavior within Lil. This is due to the charge distribu-
effectively confining the electron close to the ion), is consistent, tion in the neutral Lil (i.e., L71°7), in analogy with the larger
as it is this basis set which is used to describe the total systemcluster. The Mulliken charges show the same effect, even though
(Lizal ™) and its relevant component{l). somewhat less strongly. According to the above model (section
Taking thed value from Table 3, we obtain EA() ~ 1.0 Li1al), EA(1°7) is negative for both Mulliken and natural charges,
and—14 eV for the Mulliken and natural charges, respectively. supporting the preferred location of the additional electron.
Since EA(Liz*") is to be positive anyway, the natural-charge The Liyl case is intermediate between Lil anddliin terms
based result already implies the additional electron’s strong of charges (Table 3) as well as binding energies (Table 2). Here
preference of the metal moiety. The ionizeddicluster has the optimized isosceles-triangular geometries of th# &nd
been optimized at the same level of theory for a few spin statesLi,l~ ground states are considered. The Mulliken charges in
and the quintet found to be the ground state. The calculatedLi,l approach those in Lil, while the natural-charge values
IE(Li13) = 4.85 eV in combination with the above-mentioned are close to those in Lil. There is thus a trend in the variation
EA(Li13) = 0.92 eV results in EA(Li") ~ 1.3 and 4.0 eV for of the system parameters with increasing size of the metal
the Mulliken and natural charges, respectively. As can be seen,moiety, while its super-halogen behavior (in terms of the
the charges on the metal and halogen moieties within the clusteradditional-electron localization) manifests itself at all sizes. The
can indeed affect their electronegativities considerably. relative values of the negative charges on the metal moieties in
It should be noted that in the earlier discussion EA aflLi Linl~ follow the relative EA values of Ly increasing fromn =
has been compared to those of neutral rather than charged metdl to 2 to 13. The additional-electron localization on Li within
and halogen moieties. This, however, does not affect the Lil and on Li, within Lizl is also reflected in their relatively
conclusion: the value for the cluster is still much closer to EA- low electron affinities (under 1 eV).
(Lizz**) than to EA(P7), for both Mulliken and natural charges. All and Al ;l. In the above sections it is shown that the super-
The reason is the larger difference between the EA values for halogen behavior becomes somewhat stronger with increasing
the neutral iodine and for the charged iodine moiety, as a resultlithium-moiety size in Ljl. In order to compare with the case

of the much larger difference between EA(l) and EA(than of another metal, here we consider small aluminum moieties
between EA(Li) and EA(LY). (correlating to the real, “permanent” super-halogeng)Al
Besides, the EA(lsbl) value remains between EA for {8+ The charge separation between the metal and halogen moieties

and P~ because they are respectively larger and lower comparedin the neutral systems decreases from All telAsimilar to
to those for Lizand I. Similar considerations apply also to other the lithium case. The separation is, however, smaller than in
species below. the corresponding Li (Table 4), considerably for the natural
Lil and Li ,l. At this stage, it is interesting to check if similar  and less significantly for the Mulliken charges. This is consistent
features can be found for smaller counterparts such as Lil andwith the higher ionization energies of Al
Li,l. For consistency, calculations for these species have been In All - and Abl-, the negative charge is concentrated on |,
carried out at the same PBEO/cc-pVDZ (L) LANL2DZ (1) but considerably less so than for the lithium case. The negative
level of theory. (natural) charge on the metal moiety increases front Adl
In Lil, the charge separation is stronger compared t@lLi  Al,l~, in accord with increasing EA and similar to the Li-based
due to a lower electronegativity of Li, the variation being less counterparts, and approaches a near-equal share with }lin Al
significant for the natural charges (Table 3). When another (for which the natural and Mulliken charges are almost
electron is added and Lilformed, the negative charge on Liis identical). This near-equally shared negative charge does not
smaller than that on ki in Liisl—, as a reflection of the lower  fit the relative EA values, since that for | is at least twice that
EA value of Li. The negative charge on | increases only slightly for Al, (predicted, 1.2 eV; experimental, 1.5 8V The reason
in Lil ~ relative to Lil (especially for the natural-charge case), is therefore largely the positive-ionic character of the biety
so the additional electron is localized almost entirely at the Li in Al,l (=Al;%5705in terms of the natural charges) attracting
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Figure 2. Optimized geometries and atomic natural charges of (g)akid (b) Akl~.

the additional electron. Similar to the lithium species, the
additional electron is localized almost entirely on the metal
moiety, with the Mulliken charges showing a weaker localiza-
tion. In particular, this is consistent with the relatively low EA
values of All (0.5 eV) and Al (1.4 eV). Again, the model of
section L3 predicts negative EA foror.

Alsl. The rate of the negative-charge accumulation on the
metal moiety in All~ with increasing size (Table 4) suggests
crossing the-0.5 e level (equal share with iodine) well before
n = 13. The Akl cluster has therefore been studied next. Among
its isomers, the most stable one is found to li&.asymmetric,
Y-shaped flat structure with | near the central atom of the
isosceles-triangular A(Figure 2). The ground state is predicted
to be singlet, with the I-nearest Al distance slightly shorter than
in All (Table 2) and the Al-Al distances of 2x 2.57 and 2.43
A, slightly away (up and down) from the (equilateral-triangle)

Leung and Naumkin

(b)

Hence, the full-scale super-halogen behavior of iAlAl3l is
induced by highly electronegative | creating positive charge on
the metal moiety and is also due to its increased EA.

In Alsl, the Al atom nearest to | carries most of the positive
charge (Mulliken,+0.09 e: natural;+0.16 e) and is almost
neutralized in Adl~, while the two atoms more remote from |
accept most of the additional negative charge (Figure 2). This
is similar for both Mulliken and natural-charge distributions,
and is consistent with the simple picture of the chardipole
interaction (the additional charge repelling from the negative
).

Al13l. In order to complete the comparison with the Al-based
species, the Abl cluster is considered as well. Its and; Al
structures have been predicted eaflard are reproduced here
at the uniform level of theory applied throughout this work.
The optimized geometries are shown in Figure 3 and param-

Al value of 2.53 A. The charge separation between the metal etrized in Table 2, and the charges are given in Table 4.

and halogen moieties continues to reduce frorpl £&d Alsl
(Table 4) due to increasing electronegativity of,,Adnd the

In Al14l, the charge separation between the metal and halogen
moieties is relatively small (less than ina|, unlike in Liy3l,

Mulliken charges remain more than twice as small as the naturalas a consequence of the higher electronegativity ofs Al

ones. This is reflected in the calculated binding energy of | to
Al3 being 10% smaller than for All (Table 2). The A}l dipole
moment is calculated to be 2.1 D.

compared to Lis. In particular, this is consistent with the
calculated binding energy of | to A which is significantly
less than for Lisl as well as for A}l (Table 2). The decrease

Addition of an electron preserves the general Y-shape of the of the I:Al, binding with increasing is opposite to the Ll
system while somewhat alters the interatomic distances, slightly case. The metal moiety in Al is positively charged; therefore,

stretching that for I-nearest Al (Table 2) and recovering the Al
moiety to the almost-equilateral triangle with sides of 2453
0.02 A. The binding energy of lto Als is ~1 eV smaller than
for the neutral counterpart (Table 2), and larger than fot Al
and All~ (1.24 eV), likely due to increasing polarizability of
the metal moiety. Search for other possible isomers eif Ak
beyond the scope of this work.

As anticipated, the negative charge on therAbiety in Alsl~
does exceed that on | (Table 4), according to both Mulliken

in spite of EA of A3 exceeding that of iodine, the latter is still
more electronegative, apparently due to its significantly higher
ionization energy. The dipole moment of'Alis, however, very
small,~0.04 D, unlike for smaller clusters as well as fog4Li

As another result of the reduced charge separation, and again
due to the dominant attraction of the additional electron to the
positively charged metal moiety, the negative charge inlAl
concentrates mainly on A(Table 4), similar to the Al~ case
and different from Lisl~. The present results for the charges

and natural charge distributions (which are close to one another).in Aligl and Alsl~™ are very close to the data reported
The Al; cluster thus demonstrates a full-scale super-halogen previously$'4and the Mulliken and natural charges are really

behavior within A}l, similar to Aliz within Alsl. Unlike for

close to one another in these systems. The trend of increasing

Al13, however, this cannot be associated with the higher electronnegative charge on the metal moiety with its size continues from

affinity of the isolated metal cluster relative to I, as the EA
value of Ak is calculated to be 1.6 eV (compared to 1.9 eV
experimentdP), significantly lower than the iodine value. The

Alsl~ to Alal .
Due to the EA value of Ak exceeding that of |, the calculated
binding energy of T to Aly3 is larger than that of | to Ak~

main reason is therefore the predominant attraction of the (Table 2), these two values being respectively somewhat higher

additional electron to the metal moiety (positively charged within
Al3l). This is, in particular, consistent with the EA of Al
calculated to be 2.1 eV, close to the value fog.AThe other
reason, indeed related to a higher electronegativity feltive

to Al,, is the sufficiently low,<0.5 e, positive charge on the
metal moiety in A}l (to be canceled by the additional electron).

and lower than the above I:Al value. The increase of the
binding energy between the halogen and (neutral) metal moieties
from the neutral to the ionic system is opposite to its reduction
for smaller clusters as well as for the lithium-based case.
However, it is consistent with the binding energy variations with
increasing cluster size, a decrease for the neutral and an increase
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Figure 3. Optimized geometries and atomic natural charges of (g Ahd (b) Ahsl~.

for the ionic systems, so that the two sets intersect at someinstance B3LYP relative to PBE (the former showing the
intermediate size between = 3 and 13. A more precise positive charge on the central Al atom in,Alltwice as large).
determination of this intersection is beyond the scope of the
present work. Conclusions

Concerning other features of the predicted charge distribution,
the Al atom in the center of the ;i moiety in ALl carries a j9 DEE
(natural) charge of-1.62 e, i.e., more than twice the value for performed at a DFT level Qf theory, and charge distributions
Li+sl. The positive charge is distributed over the;Atluster analyze_d at _both the Mull|ken and _natur_al-charge levels. A
periphery much more evenly (Figure 3a) than in the Li-based comparison is made with smaller Lispecies and Al-based
counterpart, the two Al atoms most remote from | being most 2nalogues.
positive_ In isolated A|3, the central-atom Charge is1.71 e. Optlmlzed structures for both id and Lilgl_ show the iodine
Unlike in the Li-based system, the corresponding Mulliken atom located at the hollow site between three Li atoms and the
charges in Aldl are quite reasonable, with Ahercharged to metal moiety generally preserving the icosahedral shape of the
+0.41 e and with the peripheral atoms slightly negative (up to isolated Lis cluster. Different spin states do, however, influence
—0.07 e). Essentially the same description (except for a more its geometry for the neutral system, varying from slightly

An ab initio investigation of Lisl and Liisl ~ clusters has been

symmetric peripheral charge) applies to isolategsAlhich is elongated (in the direction of the | atom) for the ground triplet
thus relatively weakly perturbed by | within Al (true also for state to significantly compressed (10%) for the singlet state,
the natural charges). with the dipole moment remaining unchanged. The ionic system
In Alil-, the central Al atom is slightly less negatively shows only a weak perturbation of the metal moiety shape.
natural-charged {€1.44 e) than in Al3l, in accord with its The Mulliken and natural charge distributions indli~) (as
somewhat reduced charge1.51 €) in isolated At relative ~ Well as Lid™)) exhibit excessively positive and (unexpectedly)
to Alya. This is different from the increased charge ogehd: negative central Li atom, respectively, and oppositely charged

in Li1al~ relative to Lial. Besides, the peripheral Al atoms in  periphery of the Lis moiety which is overall positive in both
Al13l~ remain slightly positive (Figure 3b). In terms of the cases. The natural charges on the lithium and iodine moieties

Mulliken charges, however, Aleris more positive £0.63 e), are s_ign_ificantly Iarg_e_r (in absolute \_/alue). _Both method_s agree
and the periphery is, accordingly, more negative ifglAl than that in Li;3l ~ the additional electron is localized predominantly
in Alsl. By comparison, Alenterin isolated Als~ is slightly on the metgl moiety yvhich is.positively.charged in thg neutral
less charged0.56 e). So again the influence of | is rather System. This is consistent with the anticipated chaigjpole
weak. interaction. The same feature is present in smaller species, Lil

The negative-charge concentration on the opposite side ofand Lkl The alkali-metal components thus exhibit a super-
Al31~ from | (section All and Ajl) resembles the HOMO density ~ halogen behavior in terms Qf winning the agdltlonal e]ectron
in Alyd~ concentrating on the Al atom most remote from from the halogen atom in Li~, even though isolated kiare
iodine® Indeed, the additional electron in bothglxl and Ahgl~ no super-halogens with low electron affinities.
occupies HOMO, so the additional-charge distribution does A simple model interpretation is developed in terms of the
describe the HOMO density. In Al the additional negative- ~ metal and halogen moieties carrying charges within the system
charge portion going to the Al atom on the opposite end of the (i-e., Lissl = Li1*1°") and therefore having effective electron
cluster from | is the largest{0.3 e), consistent with this atom  affinities (EA) very different from those for the isolated (neutral)
being most positive €0.4 €) in Akal (when frozen in the components. Because these charges are due to the higher
geometry of Als7) and with the repulsion of the additional €lectronegativity of iodine, the super-halogen behavior of the

electron from ¢-. metal moiety is induced by the halogen atom.
It should be noted once again that while the Mulliken and  For a small enough partial chargé Yalue) in the neutral
naturaloverall charges on Ak are nearly identical in Akl as system the additional electron (in the ionic system) still localized

well as in Ahsl™, they correspond to a positive or negative Mmainly on the metal moiety can make it more negative than
central Al atom in the Als moiety, respectively. The Mulliken  iodine. This happens in kil and even Lil according to the
version in this case appears to better fit the physical intuition, Mulliken charges but does not with the natural charges
while suffering from the instability of the predicted charge (corresponding to larges).

values with respect to the level of accuracy. In particular, these  Comparison with the aluminum-based counterparts confirms
values may vary appreciably for different DFT functionals, for the above considerations. The natural charges are smaller in
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All than in Liyl due to higher EA of Al, and decrease with  also state that the jellium model may be inappropriate for such
increasingn, so the metal moiety in Al~ accumulates negative  clusters. This is supported by our finding of the triplet rather
charge more quickly with cluster size, exceeding the equal sharethan singlet ground state for 43l, which has 20 valence
with iodine atn = 3. The Mulliken charges are close to the electrons from its atoms.

natural charges in the AI clusters. The Al moiety thus

exhibits a full-scale super-halogen behavior withinlAind is Acknowledgment. The authors acknowledge the technical
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