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Formation and properties of halogenated aluminum clusters

D. E. Bergeron and A. W. Castleman, Jr.?)
Departments of Chemistry and Physics, The Pennsylvania State University, University Park,
Pennsylvania 16802

T. Morisato and S. N. Khanna
Department of Physics, Virginia Commonwealth University, Richmond, Virginia 23284-2000

(Received 23 July 2004; accepted 23 August 2004

The fast-flow tube reaction apparatus was employed to study the halogenation of aluminum clusters.
For reactions with HX(X=CI, Br, and ), acid-etching pathways are evident, and we present
findings for several reactions, whereby  XI" generation is energetically favorable. Tandem
reaction experiments allowed us to establish that fiCAI, Al,l17, and All, , species withn

=6, 7, and 15 are particularly resistant to attack by oxygen. Further, trends in reactivity suggest that,
in general, iodine incorporation leaves the aluminum clusters’ electronic properties largely
unperturbed Ab initio calculations were performed to better interpret reaction mechanisms and
elucidate the characteristics of the products. Lowest energy structures ¢ Alere found to
feature icosahedral A units with the halogen atom located at the on-top site. The charge density
of the highest occupied molecular orbital in these clusters is heavily dependent on the identity of X.
The dependence of reactivity on the clusters’ charge state is also discussed. In addition, we address
the enhanced stability of A~ and Al3l, , arguing that the superhalogen behavior ofzAt these
clusters can provide unique opportunities for the synthesis of novel materials with saltlike structures.
© 2004 American Institute of Physic§DOI: 10.1063/1.180641]6

I. INTRODUCTION experiment£? discovering that the magic aluminum clusters,
. - . o Al ; and AL,, do not participate appreciably in a reaction
The Jellium descriptichprovides a simplistic yet gener- Wi'[lﬁ Mel ba particip PP y

ally reliable model for the prediction of magic numbers in

many metallic cluster systems, aluminum being a notabl . . .
3 ) o the discovery of a series of AI" clusters occurring as a
example?? Due to the simultaneous occurrence of several,

geometric and electronic shell closings, aluminum clusterss'de_ prcl)dutct. We havet5|_n_ce Stll;d'eld the occutrrence O(; i
have received substantial theoretical attention, holding Jhagic cluster anion containing aiuminum atoms an

prominent position in the literature surrounding the assembl>'/Odlne atont The cluster forms readily in the reaction be-

of superatomic cluster-based materials. Theoretical predidWeen aluminum clusters and HI, and its predominance is

tions of superatomic salt formatiér have fueled much re- attributed partially to the resistance of,Alto acid etching.
search in this area, and with increasing frequency, variouds both Al;and I have closed electronic shells, and due to
synthetic techniques have been applied to the realization df€ fact that aluminum and iodine readily react to form co-
aluminum-based cluster-assembled matefial8. While ~ valent molecules, the discovery of the supermagigslAl
many studies involving the doping of Al clusters with elec- Was quite unexpected. We believe that the electronic struc-
tropositive atoms have supported the conceptual basis fdkre of this cluster may prove instructive in the design of
superatomic cluster assembly!’ no true saltlike materials future saltlike cluster assembled materials.
have yet been built from bare clusters mimicking atoms. The In the present study, we offer a much more comprehen-
utilization of superatoms in materials synthesis will ulti- sive view of aluminum cluster halogenation. Experiments
mately provide a third dimension to the traditional periodicdesigned to shed more light on the reaction pathways at work
table of elements, representing an entirely new generation cfre presented. Reactions with HCI and HBr are also de-
nanostructured materials. scribed and are compared to the results obtained with HI and
Recently, we reported on the neutralization of Allus-  Mel. While acid etching played a major role in the previ-
ters via reaction with methyl iodidévlel) to form Al,CH;.*®  ously reported reaction of Al with HI, we show that this
The interaction between the cluster and the methyl groupathway is far less favorable for the HCI and HBr cases.
was shown to be covalent in nature, and by comparison witlstill, some chemical similarities are observed and are ad-
boron reactions} we proposed that the formation of the gressed herein. The role of increasing electron affifi)
cluster-CH bond was site specific, very likely effecting an ypon ascension of the periodic table is considered, but we
interruption in the clusters’ electron delocalization. In addi-gnow that the most important factor in the reactions pre-
tion, we have recently performed tandem reactionsented is related to H—XX=Cl, Br, and ) bond strength.
In no case do the reactions of Alith HX yield appre-
dElectronic mail: awc@psu.edu ciable X~ as a product, so the type of reaction observed for

Study of the reaction between Aland Mel also led us
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the Mel case is notably absent. We describe several of thimg pressure changes in the flow tube. Upschettal. have
reactions that we believe to be key in the current work, in-addressed the characteristics of different types of RGls in
cluding energetic evaluations derived from known valuesdetail®*
andab initio treatments of the clusters under consideration.

Theoretical electronic structure calculations have beemll. COMPUTATIONAL DETAILS
carried out to aid in the interpretation of the experimental

L . . ) The theoretical studies were carried out within a
findings. The basic questions addressed by these calculatio

include: (1) Why d HI etch th | o B?adient-corrected density-functional formalism that uses a
inciu e:(1) y does e.tc. the 'ﬁl clusters more €M inear combination of atomic orbitals-molecular orbitals ap-
ciently thé%” HBr or .HC.I? This is part|cular[y surprising since proach. The wave function of the cluster is formed from a
the experimental binding energy of AICl is 5.2 eV as COM-jinear combination of atomic orbitals centered at the atomic

Egred 0 38ev forAII.(Z) \(Vhy do All (r;=h§, 7,13, a}nd ; ,)ositions. The atomic orbitals are further expressed as a lin-
) EMErge as magic species in oxygen-etening experimentiag . compination of Gaussian functions with exponents deter-
(3) Since Al and Al;; have been seen as magic clusters in

. ; > mined by nonlinear fitting of free-atom wave functions and
past experiments, might the Al and Al5l~ clusters form

supplemented by diffuse functions to provide additional
by a mere fragmentation of HI and attachment of | to the PP y P

; . . variational freedom. The coefficients of the linear combina-
nascent clusters, or is there a new mechanism for their fort-

ion2(4) Why d ALCL f | : q ion are determined by solving the Kohn-Sham equations
matlon._( ) iy does {:Cl™ form sore uctanty_an react self-consistently. The results reported here are based on an
so readily with oxygen, whereas A~ forms facilely and

implementation known as the Naval Research Laboratory

represents a favored product in oxygen-etching eXperimentsi\'i)lolecular Orbital Library(NRLMOL) developed by Peder-
What are the electronic structures of these seemingly simil on and co-worker®26 In this implementation, the Hamil-

Epemes, arr: d how 'S the egtrra]l (;Ielctron of the in1|_on shareqian matrix elements are evaluated via numerical integra-
etween the Al moiety and the halogen atoms? To ansWeliion over a mesh of points. We have used the gradient-

thesg questions, we carried out flrst-.prlr_1C|pIes denS'ty'corrected exchange-correlation functional proposed by
functional calculations on neutral and anionig# (X=H, Perdewet al?’ The basis sef& for Al consisted of &, 5p

|, and C), Alyglz, a”c?' on some of the dimers in\(olving Al and functions, for Cl consisted of$ 5p, and 3 func-
H, 1, a”?’ Cl. These investigations, ComgnEd with some 0rﬁons, for | consisted of 8 7p, and & functions, and for H
our garller work on pure Al (n= 12_, 14); aIIowgd Us 1o onsisted of 4, 3p, and I functions. These basis sets were
elucidate the mechanisms und.erlylng the etching of pur%upplemented by dfunction for Al, Cl, and | and by @ and
cllusterds, "’lls well as the electronic nature ofl(X=I and p functions for H. For details, the reader is referred to earlier
Cl) an '.6‘13||2|'. dedi d to the details of th ) apers’® All the calculations were carried out at an all-
Section Il is dedicate _tOt € eta|s_o the experlmen_ta lectron level. The geometry optimization was carried out by
Setup, whereas Se_c. lll gives the details Of_ the the(_)re_t|c oving atoms along the direction of forces. The threshold
computations. Section IV presents the expenmen_tal findingsy; zero force was set at 18 a.u./Bohr. Several initial con-
and Sec. V presents the theoretical results. Section VI Corhgurations were used in order to prevent getting trapped in

tgins a general discussion of the results, and in Sec. VI, thg .o/ inima of the potential-energy surface. No zero point
final conclusions are drawn. energies are included.

As | is a heavy element, one has to consider the potential
influence of relativistic effects. While it is difficult to carry
Il. EXPERIMENT out fully relativistic calculations on Akl, we did investigate
the role of these effects by carrying out density-functional
The fast-flow tube reaction apparatus employed in thecalculations using an effective core potential that includes
current experiments has been described in detail elsetvherescalar relativistic corrections for the core. These studies were
and is only briefly discussed here. Aluminum clusters arecarried out using thesaussian 98 code?® The exchange-
generated via laser ablation of a translating and rotating aluzorrelation effects were includ&i3*using the Beck’s three
minum rod in the presence of a constant fl8@00 standard parameter hybrid functional with Lee, Yang, and Parr corre-
cubic centimeters per minuteSCCM)] of high-purity he- lation functional (B3LYP) including gradient corrections.
lium. The carrier gas effects collisional cooling and clusterThe basis set consisted of an all-electron 6-8GT basis set
formation, passing through a conical nozzle into the flowfor Al, and a LANL2DZ basis for F°
tube. The flow tube pressur8.30-0.33 torr is maintained
by a high-volume Roots pump. In experiments where onlylV. EXPERIMENTAL RESULTS
one reactant gas is ir_ltroduced, a flow-controlled reactant 988 Reactions of Al ~ with HX (X=Cl, Br, and 1)
inlet (RGI) of the radial type, located downstream from the
source, was employed. In reactions where two reactant gasésA/;'*'H’
were introduced, a finger inlet was attached to th¢ “ Some results for the reaction of aluminum clusters with
branch of the apparatus; this allowed the thermalized clusterdl have been reported in an earlier disclosure by Bergeron
to be reacted with one gas, travel approximately 15 cnet al?! For reference purposes, mass spectrometric results
through the flow tube, and be reacted with a second gasre shown in Fig. 1. As mentioned previously, a key mecha-
Flow of reactant gas to the finger inlet was controlled with anism in this reaction appears to involve acid etching and
needle valve, and concentrations were estimated by obseri/— addition. In an attempt to better understand the true
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FIG. 2. Mass spectra showing the reaction of Aith increasing amounts
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Mass 2. Al +HBr
FIG. 1. Mass spectra showing the reaction of Atith increasing amounts _ Figure 3 shows the reaction _Of aluminum ClgSter anions
of HI. Reproduced with permission from Ref. 21. with HBr. Several features are immediately evident. Most

obviously, the reaction is very different from that observed
with HI. We note that even at concentrations as low as 2.5%
HI in He, the aluminum cluster distribution disappeared at
I_Iow rates of about 150 SCCM, leaving primarily ;Aland
[13". In the presence of over ten times as much HBr, peaks
. = . are still present at each initial cluster mass. Several masses
previously to generate Al clusters when seeded in H& o markedly depleted, but the type of dramatic etching seen

seeded in @ (a good etchant for aluminum C'USWST"% with HI is not occurring. The most striking depletions occur
Figure 2 show:s the results of this reaction. Excepting they A, Alfg, Alyy, Al,, and Al,. An acid-etching path-
appearance of 1, the spectra appear exactly as one wouldyay s implicated by the dramatic intensity drops following
expect in the study of Detching of Al clusters. Not only is  he closed-shell Jellium clusters, Al Al, and Al,. Two
there a failure to mimic the reaction with HI, which leads to y4gitional drops are observed following Aland AL,
a substantial peak at i, but there are actually no re- yhile neither of these clusters correspond to Jellium shell
sidual ALI™ peaks at all. Clearly, the mechanism of the re-gjosjngs, AL, offers a particular quandary as ZAldoes cor-
action between Al and HI is not describable in terms of respond to a Jellium closing. Experimental and theoretical
independent etching and adsorption reactions. studies have shown that Alfits the spherical shell mode!;
We have also performed experiments in which Are  jts geometry is reminiscent of that for Al and photoelec-
subjected to oxygen etching prior to reaction with HI. Thesetron spectroscopy has shown that the expected wide highest
studies allow us to specifically monitor the reactions of theoccupied molecular orbitf HOMO) lowest unoccupied mo-
magic clustersf=13 and 23. We found that Al is, in  lecular orbital(LUMO) gap is indeed preseft:3® There-
fact, produced in this experiment, indicating that there mustfore, one would expect the intensity drop to followzAl not
be an operative mechanism whereby this species is generatgd,. As mass degeneracies make the identification of any
directly from the reaction of AL with HI. In addition, I Br-containing clusters extremely difficult to discern from the
was observed as a product in these experiments. However, A$, series(peak widening due to the two isotopes of Br is
the reaction of oxides of aluminurproducts of the etching clearly evident we suspect that the magic peak affdc-
of Al,)) with HI will exothermically form AIOH and ', we  tually corresponds to an 4| 3,Br, cluster. Oxygen-etching
do not believe that reaction of Alwith HI leads to I' for-  experimentgFig. 4) support this assertion in that no magic
mation. peak is observed at 4. In addition, experiments were per-

mechanism, an experiment was devised to simulate the
reaction: aluminum clusters were exposed to M&hown
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FIG._S. Mas_s _spectr_a shpyving the rea(ition of Atith HBr. Mass degen- 1501 200 sccm
eracies prohibit the identification of fBr~. 20% HCl
1001 @ RGI
. . . . . 501
formed in which the ablation laser’s power was increased in * o
order to impart the clusters with additional internal energy, 0 1
thus potentially increasing fragmentation; in this manner, the 100 200 300 400 500 600
cluster distribution was “pushed” to lower masses. Even Mass (amu)

when the Al, cluster was absent from the reactant distribu-
tion, it (and many other high-mass clusfesppeared when
the clusters were reacted with HBr. We also suspect that th
magic peaks at Al (n=20, 27, and 4brepresent bromi-

nated clusters (AL 5Bry). Although these mass degeneracies make definitive state-
ments very difficult, it is worthwhile to examine the distri-
bution at the masses that would correspond tgBAI (n

FIG. 5. Mass spectra showing the reaction of Miith increasing amounts
(éf HCI. The asterisks mark peaks corresponding tgCAl.

3 =6, 7, 13 and 1h as we have observed magic peaks corre-
400 | 5@‘)’;%'1“02 sponding to these stoichiometries in the reactions with HI. It
is possible that the surviving peak at;Alin the product
300 1 distribution is actually AJBr—. More importantly, Alg,
23 which does not persist in the oxygen-etching experiments,
200 3 has an intensity nearly as high as;Aln the HBr etching
5 experiment. This peak could, of course, owe at least some of
100 1 its intensity to AlsBr~. However, Alg, which might corre-
ILH' A spond to A|sBr—, shows no special intensity. While it is
0 difficult to assess to what degree Br-containing clusters con-
13 tribute to the intensity of any given peak, it is still quite clear
800 - g"i:é“lm 0: that the reaction with HBr is far less dramatic than the reac-
tion with HI.
600 1 Martin and Diefenbacl! have studied aluminum bro-
mide clusters in the past. However, their technique, which
4001 - featured the evaporation of AlBrand electron-impact ion-
ization, led to cationic clusters far more Br rich than would
200 MAJMMWM be expected in the present experiments. Not surprisingly,
0 douk .MRMM then, our mass spectra do not resemble those of Martin and
DiefenbacH?® and we cannot relate any of the unidentified

200 400 600 800 1000 1200 1400 1600 magic peaks in our experiments to peaks in their distribu-
Mass tions.

FIG. 4. Mass spectra showing the oxygen etching of Ay O,. Only

product spectra are shown; the initial cluster distribution resembled that arg, A/;+ HCl

shown in Fig. 2. Note that very few high-mass clusters survive the etching ) . .

process, suggesting that the ‘%l peak in Fig. 2 actually corresponds to As shown in Fig. 5, HCI attacks the aluminum cluster

the Als,_3,Br, species. anions even more weakly than HBr. The only dramatic
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FIG. 6. Mass spectra showing the cluster distribution obtained by passing =
trace HI over the Al rod in the constant flow LaVa source. The I-rich species 2 1
produced in this manner are resistant to oxygen etching. :
E -+
change in the bare aluminum cluster distribution occurs at 5 10 15 20 25
Alj5. This peak disappears upon progressive reactant addi- n

tion. Interestingly, A5 is known to be relatively resistant to FIG. 7. Integrated peak intensities @ Al_I- (5) AlLl , and(@ AlCI
etchlng by Q. The mass window exa_mmed he_re is much clusters. Shaded gray are the peak intelrlnsities extrr]azcted from s;;ectra when
narrower than that shown for HBr; indeed, higher massmall amounts of HX are flowing through the instrument’s first RGI with the
ranges were not studied because nothing very interesting was RGI off. Shaded black are the peak intensities resulting when the prod-
observed to occur beyond the depletion OfaNEaS”y dis- ucts of the initial reaction with HX are exposed to 200 SCCM gfadthe

: : . .instrument’s second RGI.

tinguishable from the bare aluminum clusters are the chlori-

nated species. Again, when compared to the reaction with
HI, more than ten times as much HCI had to be introduced iy mpjetely reacted with excess HX in the cluster source’s

order to yield even a relatively minimal effect. nozzle during the cooling phase of their formation. As
_— _ ) shown, some larger aluminum halides, such agdglwere

B. Determination of Al ,X™ relative stabilities observed, but tended to incorporate atomic oxygen, likely

via oxygen etching from trace residual surface oxides on the Al rod. Despite

A common method for the synthesis of binary clusterssome mass degeneracy issies Al atoms in a cluster have
involves the dehydrogenation of H-containing ga¥eAs  the same mass as two | atoms and one O attilese peaks
shown in Fig. 6, the synthesis of singly halogenated alumiwere confidently assigned due to the spacings of 16 amu in
num clusters via dehydrogenation of HX gases is not posthis mass range.
sible in the constant flow laser vaporizatidraVa) source, Tandem reaction experiments, where, Aere first re-
likely due to a suppression of Al incorporation caused by theacted with small amounts of HX added downstream from the
presence of HI in the laser-induced plasma. In the HI casd,aVa source and then exposed tg,@lid allow for the de-
passing the hydrogen halide through the laser-plasma sourtermination of the relative cluster stabilities. Figure 7 shows
region yielded primarily polyiodides and a few Al-containing the results of these studies for AT and ALCI™. Also
clusters. Most notable is the remarkable appearance gf,All shown are the results for doubly iodized aluminum clusters.
a known closed-shell iodoaluminate anion. HBr and HCI,Histograms are used to alleviate visual distractions arising
when introduced into the cluster source’s plasma, yieldedrom the presence of bare Al Interestingly, in the raw mass
similar distributions. In no case was this method appropriatespectrometric data, an Ipeak is observed in the tandem
for the production of the type of broad distribution of Al-rich reactions featuring HI. Because the peak appears even with
clusters necessary for a determination of relative stabilities ofio oxygen etching, it is thought to mainly arise due to the
Al X~ via oxygen etching. In fact, none of the clusters pro-closer proximity of the first RGI to the source. In this region
duced in this manner were susceptible to oxygen etchingof the flow tube, it is far more likely that electrons generated
Likely, excited species exiting the laser-induced plasma weré the cluster source could collide with the reactant gas and
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produce . Still, the I peak was observed to grow upon TABLE I. _Bond_ length(BL), atomization energyAE), and _electron affi_nity
introduction of oxvaen at the second RGI. indicating that | (EA) of diatomic molecules related to the present studies. For anions, the
. yg o g AE corresponds to the fragmentation into a neutral and the more stable
is also a product of the oxygen etching of Bl clusters. gnion.

Br-containing clusters were not studied via tandem reaction

due to the mass degeneracy issues discussed above. Neutral Anion
Figure 1a) shows the magic nature of AI", Al;I™, Molecule BL (A) AE (V) BL(A) AE(eV) EA(eV)
Al45l 7, and Algl . Interestingly, in Fig. @), similar trends
: - — Al 2.59 4,01 2.81 1.17 0.46
are observed; the peaks for g, Al;l, , Al;3l,, and (2.54 (3.83
Alsl, all grow slightly as a result of the oxygen-etching aci 217 5.23 232 1.80 0.19
reaction(while Algl; and Akl, also appear to grow in Fig. (213 (5.30
7(b), they are not considered magic because they do not coH 1.68 2.99 172 2.75 0.17
sistently grow during oxygen etching (165 (299
. o : . HI 1.63 3.49 2.39 0.32 0.14
In Fig. 7(c), it is evident that no magic peak occurs for (161 (3.09
Al 5CI™. However, the peak for AICI™ does grow upon the g 1.29 4.64 2.03 0.36 NA
introduction of oxygen. It is interesting that=6, 7, and 15 (1.27 (4.47

should represent magic numbers for bothlAland Al,CI™.
For Al,I™ and ALI; (n>9), an odd-even alternation is evi-
dent in the reactivity trends. The persistence of this trend is

indicative that the addition of | to these clusters does nothe calculated values agree quantitatively with experiment to
substantially affect their electronic structures; spin multi-wjithin a few percent. To understand the mechanism for the
plicities have been previously shofiirto play a role in the  formation of magic Ajl clusters, we will focus on the for-
odd-even pattern in the relative stabilities of AlThe ini-  mation of Al5l~. To this end, we start with the ground-state
tiation of this trend an=9 may be related to the onset of geometries and the atomization energies of neutral and an-
“metallic” bonding, as Al clusters in this size range have jonic pure Al, (n=12, 13, and 1% clusters. For Als, the
been observed to feature efficient mixingsoéndp orbitals  present AE is different from our previously reported vaitie.
due to increased coordination numBet? In our earlier paper, we had used the energy of spherical Al
Interestingly, this trend is not as clear for the 81" atoms(with fractional occupation of valence orbitafer the
case. Considering the anomalously high intensities found iRtomic reference energy. The present value, on the other
the reactant distribution at=12 and 16, simply examining hand, refers to atoms with integral occupation of valence
the product peak intensities can be misleading. Looking agrhitals. For A},, the ground-state structure shown here was
the fraction of the initial peak that is depleted, one can findgptained by optimizing from the icosahedral; 4l where a
the odd-even alternation for the range€ A<18, but again, it surface atom was missing_ For]_A] the ground-state geom-
is not nearly as apparent as in the iodized clusters. This Iétry was obtained by 0pt|m|z|ng a structure generated by
likely due to the fact that Al-Cl bonds are stronger and moreadding an Al atom at a threefold coordinated site of an icosa-
polar than Al—I bonds. That the nature of the cluster-X inter-hedral Al;. Note that for the cluster sizes investigated here,
action depends fundamentally on X makes it even more injt js difficult to carry out an extensive search over all possible
triguing that AI~ and AL CI™ are both magic ah=6, 7,  geometries. Figure 8 shows the ground-state geometries and

and 15. Table Il contains the AEs and adiabatic electron affinities
(AEA). Note that the ground-state geometry of Als an
V. COMPUTATIONAL RESULTS almost perfect icosahedral structure with a bond length of

2.80 A between the surface Al sites. We also calculated the
ground-state geometries of the neutral and anionigHAl
We start by discussing the halogenation of Allusters Al 3l, and Al;5Cl clusters(Fig. 8 by optimizing initial ge-
by HX (X=CI, Br, or ). Our experiments show that the ometries obtained by placing H, Cl, and | atoms at the on-
reactivities vary greatly with X, and so it is clear that the top, bridge, or hollow sites of an g icosahedron. Our find-
halogenation mechanism must be such that it involves thangs on AlsH are in reasonable agreement with Naes
energies of HX. Energetic properties must show whether haet al** and Burkartet al1’ The H atom occupies an on-top
logenation proceeds via etching of the bigger clusters osite for the anion while it occupies a threefold site in case of
mere attachment of X and removal of H. We shall focus ornthe neutral cluster. For the neutral 41, our calculated
HI and HCI as they correspond to the opposite limits. binding energy of 2.91 eV foa H atom binding to Al; is
Before we discuss the operative mechanism, we compargightly less than the value of 3.36 eV obtained by Tdaes
our calculated electronic quantities for a variety of moleculeset al*® This difference is largely due to the fact that while
to assess the quantitative accuracy of the current studiesur calculations are based on a gradient-corrected density
Table | contains our calculated bond lengths and atomizatiofunctional, the calculations by Maneset al*® use a local
energiegAE) for the neutral and anionic All, AICI, AlH, HI,  spin-density functional, which is known to yield higher bind-
and HCI molecules. For the anionic clusters, the AEs correing energies. For the AX™ clusters, the AE corresponds to
spond to the fragmentation into the more stable anion and thihe minimum energy required to fragment into an4AAIl 5
neutral species. Wherever possible, the known experimentaluster and an anionic/neutral halogen atom. Note that in all
values are included in parentheses for comparison. Note th#tte Al;3X™ clusters, the X atom occupies an on-top site. For

A. Reactions
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which are within a few percent of the values obtained using
Neutral the NRLMOL code, also given are the AEAs.

Using the AEs given in Table Il, the energy required to
remove an Al atom from A}, is 2.08 eV, while the energy
required to remove an Al atom from Alis 4.65 eV. The
large difference in the fragmentation energy is due to the
magic nature of Al; arising from filled geometric and elec-
tronic shells. Now, consider the reaction

Aly,

Al

Al +HI— Al 41~ +AlH. (1)

For this reaction to be favorable, the sum of the binding
energy of | to A,_; and AIH must be greater than the sum of
the energy required to remove an Al atom from, Adnd the
B UL, binding energy of HI. For the case of the reaction in &g,
Al * = 8;3 whenn=14, we must consider that the sum of energies on

/3 the right-hand side of the equation is 5.41 @/46 e\4+2.95
eV), while the sum on the left-hand side is 5.17 €X/08
eV+3.09 eV). (Note that experimental AE for the values are
used for HI and AIH molecules, and the calculated values
from Table Il are used for the A and Al;3l ™ clusters) The
reaction is therefore energetically feasible and leads to the
formation of Az~ from the Al, cluster. A similar process
starting from Al is, however, prohibited, since the energy
required to remove an Al atom from Alalone is 4.65 e\as
opposed to 2.08 eV for Al). In fact, assuming that the
binding energy of | to a given Al cluster is around 2.5 eV
FIG. 8. Ground-state geometries for neutral and anionjd Al=12, 13, and (its value for AhS), the HI reaction would eliminate all the
14), AlyH. Alid, and AlCl. Bond lengths are given in angstroms. Al,, clusters for which the energy required to remove an Al
atom is less than about 2.4 eV. In practice, the binding en-
ergy of Al clusters to | should be larger fordifferent from
X=I and CI, the Al; unit resembles that of the bare magic speciesas the magic sizes are expected to have the
Al; cluster. For Al3l~ and AlL:Cl™, the calculated AE lowest reactivity. The above reaction would therefore elimi-
are 2.46 and 3.29 eV, respectively. As pointed out before, waate all the Al clusters except the magic sizes and would
also carried out supplementary calculations using théead to the formation of AL ;1™ clusters. Thus, Ak~ can
GAUSSIAN 98code to examine the effect of relativistic correc- be easily formed via etching of larger clusters. A similar
tions for I. The ground state corresponds to the halogen ateaction with HCI and A],, however, is unfavorable by 0.31
oms occupying the on-top site as in the NRLMOL calcula-eV due to the stronger binding of HCI relative to HI. Thus,
tions. Further, the AE values for Al~ and ALsCl™ using  Al,4Cl™ is not readily formed via etching.
the GAUSSIAN 98 code are 2.20 and 3.35 eV, respectively,  Given the results of experiments, where;Als “se-
lected” via O, etching prior to reaction with HI, there must
be some mechanism for Al formation directly from Al;.
TABLE II. Atomization energies to break Alclusters(to break inton Al Can All~ form by the dissociative adsorption of HI on

atoms, fragmentation energy of the AX clusters(to break into the more ) ; il
stable neutral and anionic Aland X unit3, and adiabatic electron affinities Al 13° To explore this possibility, a HI molecule was placed

Al H

(AEA) for Al and AlX clusters. around Al; with the HI bond parallel and perpendicular to
one of the edges. When the HI was initially placed away
Atomization/fragmentation energeV) from the edge, it remained intact and formed a weakly bound

Cluster Anion Neutral AEA (eV) (1.46 e\) “physisorbed” state. When HI was forced closer to

the Al;, the HI bond broke, leading to a final state corre-

ﬁ:i gé:g? gg:g; g:gg sponding to an ALH and I". It seems that this channel

Al 38.59 36.63 231 would generate’1, which is not observed in the experimen-

Al 2.46 2.82 2.99 tal studies performed in the absence of. @till, the reaction

Al Cl 3.29 3.87 3.03 data indicates that A} does participate in a reaction with Hl,

Al H 213 2.01 257 and so it is important to elucidate the mechanism of this
€9 (gzg)e, (i% reaction. We can again turn to an energetic evaluation of the

reactions in order to better understand our results,

% or AljgH, experimental values are from Burkat al. (Ref. 17.

bFor Al;gH, the theoretical values computed by Taeset al. are given _ _
(Ref. 46. Al 13T HI— (Al gH)-17,
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Al4l. As no I~ was observed in the reaction of Alith HI,

it seems reasonable to accept that our calculated AEA may

be off by 0.07 eM~2%), and that A]4l does, in fact, have a

higher AEA than |. It is also possible that the AEA of Al

plays a more important role here, and that the charge-holding

Al cluster moiety simply provides too much of an energetic

barrier to allow for the formation of 1.

We have reported previously on some of the factors that
lead to the appearance of /AlT as a magic cluster. From
Table 1, Al;3 has an AEA of 3.35 eV, compared to the
(lower) value of 3.06 eV for I. From the electron affinity
alone, it is then clear that A would keep most of the elec-
tronic charge in Al3l~, as was discussed in our previous
publication?! Figure 9a) depicts the charge density of the
HOMO in Al3l~; note that most of the charge is, in fact,
localized around Ak. A Mulliken population analysis of the
total charge indicates a charge 6f0.76 around Ajl; and
—0.24 around the | site. The perfect icosahedral structure of
the Al moiety in Ali5l ~ with AI-Al bond lengths similar to
those in Al; provides a further testimony that the;Alunit
in Al,5l™ is an intact Al;. We would like to note that the
charge on the Ak moiety is not spherically symmetric. This
illustrates that part of the bonding can be characterized as a
monopole-dipole interaction. The inertness of thegAl can
now be easily understood in terms of the formation of;Al
As the cluster is exposed to oxygen, the available etching
channels involve the formation of AlO, AIQ and 10. The
resistance of Al to oxygen etching is well documented. The
energy needed to remove the | atom from4AT is 2.46 eV,
whereas the binding energy of 10 is only 2.3 eV. It is thus
seen that All ™ is energetically stable with respect to oxy-
gen etching.

Experiments show that ACI™ is susceptible to etching
by O,. As CI has a higher AEA~3.62 e\j than Al;5, the
cluster’s reactivity can be understood in terms of the effec-
tive charge state of the ;¢ moiety. While it costs 4.65 eV to
remove an Al atom from Ak, note again that AICI is bound
by 5.23 eV, so that even if ACI~ were to form via the
oxygen etching of larger chlorinated clusters, it would be
unstable with respect to fragmentation into, Aind AICI.

FIG. 9. Ground-state geometry and charge-density map of the HOMO fonFurther' It costs _Only 3.87 eV to remove an Al atom from a

Alydl~ and Al . neutral Als, which would seem to be closer to the true

charge state of the A moiety in the Al;Cl™ cluster, so that
fragmentation or etching would be even easier. As discussed
previously?! the key to the stability of ALX ™ is in the abil-

(AlgH)- 17+ HI—=Al3l, +Hy, (2) ity of Al,5to remain in its preferred charge state.

_ _ Figure 9c) shows the structure and charge density for
(AlgH) 17+ HIS Al gl ™+ Hpt 1. Aly3l, . Like Algl~, this cluster is characterized by higher
Referring to Tables | and II, it is apparent that the charge density on the A moiety than on either of the two |

weakly bound AJsHI™ cluster will be unstable toward fur- atoms at the on-top sites. Mulliken analysis suggests a charge

ther reactions with HI, thus simultaneously explaining theof —0.6 for Al;; and —0.2 for each | atom. Here again, it
absence of 1 in the cluster distribution and assuring the seems that the cluster’s resistance to oxygen etching can es-
validity of the Aljgl~ peak assignment. While the secondarysentially be explained by the formation of Al

reaction, which leads to the formation of ,All, , is more According to our energetic treatment, the reactions for

energetically favorable due to the extreme exothermicity othe neutral species should be somewhat different. Experi-

H, generation(4.51 eV, it is energetically possible to pro- mental confirmation of these results is precluded by the im-

duce Al5l~ and I. Notably, in this scheme, it might be en- possibility of studying neutral species via mass spectrometry

ergetically preferable for the | atom to keep the extra elec{at least without secondary ionizatiorHowever, we offer
tron, as I's AEA is slightly greater than that calculated for the results here to emphasize the importance of electronic
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structure in the present reactions. When neutral, 4 re-  cluster and the methyl grouf.Here, we revisit this evalua-
acted with HI, AjzH and not Al should be the favored tion, including revisions that use the more recent estimate of

product according to the EA of Al;3.%
Al 4+ HI— Al H+All, 3 Al—Algte 3.35 eV
CHyl — C+ $H,+ L1, -0.14
As can be calculated from the values in Tables | and 111, | 1.03
this reaction will be energetically favorable by 0.60 eV.| g _ |- —3.05
However, the analogous reaction generatingl/And AlH as 1.42
; C+ 2H,— CH
products would be energetically unfavorable by 0.37 eV.” ' 2" 2 3
Al3H, however(like Al;3H™ in the anion studigswould be AlZy+ CHyl Al 5+ CHyt 1~ ~2.61 eV. @)

unstable to further attack by HI due to the large exothermic-

|ty Of HZ production. It iS therefore seen thatlljll Should The new estimate requires a h|gher b|nd|ng energy be_
ultimately be generated by the etching of neutral Al clustersyyeen the cluster and the GHroup. By substituting values
even if the pathway is more circuitous than in the anionicfrom Tables | and Il into the above evaluation, it is possible
case. to obtain comparable evaluations for each of the reactions
discussed here. Assuming no interaction energy between
Aly3, H, and X in each case, the reaction would require
VI. DISCUSSION 3.39, 3.81, and 4.20 eV for I, Br, and Cl, respectively.
Clearly, all of the HX reactants would require substantially
Energetic treatments of the reactions have shown the fanore interaction energy between the H atom and the Al clus-
vorability of acid-etching pathways. There are two major ex-ter to generate X than is required in the formation of
perimental observations that indicate acid etchidg,n the  Al,CH; and I". It can also be seen that the periodic trend in
previously reported reaction of Alwith HI, the Al;; peak the energy, which would be required for Xjeneration, does
seems to be continuously populated, and at extremely lowot follow the trend in EA. Thus, it is evident that the
concentrations of Hl, it has actually been observed to grovstrength of the H—X bonds plays the determining role in this
very slightly, (2) in the mass spectra for the reaction of Al evaluation.
with HBr, the closed-shell Jellium species (Al Al,;, and In contrast to our past work, where we can only estimate
Al3;) emerge as magic peaks, as has been observed in @luster-CH interaction energies from the thermodynamic
etching experiments. Still, the reaction of Awith Mel  considerations and the presence ofih the experiment®
seeded in @ does not mimic the reaction of Alwith HI.  for the HX reactions, we have past and present cluster-H
This is partially because in the HI case, there is the possibilbond energies to serve as a gutéé®=*°In neutral AkgH,
ity of | incorporation when the cluster interacts with the the H atom is calculated to be covalently bound to the cluster
etchant. This is obviously impossible with,OIn addition, by a value ranging from-2.91 (present studyto ~3.36 eV
the relative etching efficiencies of HI and, @re difficult to  (Ref. 46. As explained above, this interaction does not pro-
determine in the present experiments. vide enough energy to allow the generation of ¥although
It is also interesting to consider that no etching reactionn the HI case, previously reported values do actually ap-
is observed with Mel. We believe that this observation can bgroach the threshold valudt is important to recall that Al
explained fairly simply. While the formation of AIH is quite is not the only reactant in these experiments. Consider, for
favorable thermodynamically, the same cannot be said foexample, A}, which has an EA of only-2.04 eV*? Accord-
the formation of AICH. Trimethylaluminum (A(CHs)3) is  ing to calculations by Kawamuret al, this cluster may be
known to be a stable gas, allowing for the saturative coordibound b a H atom by~3.18 eV* The H atom in A}H
nation of the aluminum atom. However, an aluminum atomwithdraws charge from the aluminum cluster, so that it can
on the surface of an Al cluster is already coordinated to its resemble the magic Al species. Formation of this species
neighboring aluminum atoms. Therefore, it is difficult for Me would obviously be thermodynamically favorable according
to extract an Al atom from the cluster; rather, as we haveo the scheme presented in Ed). Why, then, is no X
described before, it seems more likely that species of thgenerated by this particular neutralization reaction? Evalua-
type Al,CH; are generated. In addition, the absence oftion of EAs and H-binding energies would suggest that sev-
Al,CH;l™ clusters(despite the polarity and polarizability of eral other clusters might engage in reactions generating X
Mel) in the product distributions from these experimentsas well. Where is the X?
provides an important corollary to the current experiments  Pending a detailed theoretical survey of theXAl series
with HI. It seems that these species, like theip ™ ana-  (of particular interest will be the magit=6, 7, and 15 clus-
logs, are unstable toward further collisions, leading to theers, we offer here a phenomenological treatment of the re-
evolution of either A|ICH; and I or Al,I~ and CH,. There  actions. Consider again the energies required to break the
is almost certainly some size dependence in the pathway thaarious H-X bonds. When HI engages a cluster surface, it
is most favorable. would be expected to immediately dissociate. HBr and HCI
For the reaction between Aland Mel, we previously will each be increasingly less inclined to do so. Upon disso-
showed thermodynamically that it would be impossible tociation, or even preceding it, H—Al and Al-X bonds will
generate T without a substantial binding energy between theform. Both types of bonds are stronger than the Al-Al
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bonds, and as is evidenced in the €tching experiments, Our NRLMOL calculations found the ground state structure
they are less likely to break. Whether oxygen or acid etchingeported here, with its nearly icosahedral Aimoiety, to be

is occurring, the etchant will continuously attack Al atoms Very slightly lower in energy.

rather than X atom AIH and AlX are shown above to be

good leaving groups, and as we have showpHAIneutral A ~kNOWLEDGMENTS
or anionig clusters may be very susceptible to further attack

by HX due to the energetic favorability of evolving, HWe The authors are grateful to the United States Department
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