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In search of theoretically predicted magic clusters: Lithium-doped
aluminum cluster anions

O. C. Thomas, W.-J. Zheng, T. P. Lippa, S.-J. Xu, S. A. Lyapustina,
and K. H. Bowen, Jr.?
Department of Chemistry, Johns Hopkins University, Baltimore, Maryland 21218

(Received 9 January 2001; accepted 22 February)2001

Lithium-doped aluminum cluster anions, LiAlwere generated in a laser vaporization source and
examined via mass spectrometry and anion photoelectron spectroseei8—(@15). The mass
spectrum of the LiA] series exhibits a local minimum in intensity m& 13. The electron affinity

vs cluster size trend also shows a dipnat 13. Agreement is quite good between our measured
electron affinity values and those calculated by Rao, Khanna, and Jena, suggesting that their
predictions about the structure and bonding of Lifind other clusters in this series are also largely
valid. © 2001 American Institute of Physic§DOI: 10.1063/1.1365110

I. INTRODUCTION In the present paper, we focus on the lithium/aluminum
cluster system. In the bulk, even relatively low concentra-

. .. tions of lithium in aluminum yield alloys which are strong,
metallocarbohedreng&in molecular beams, several theorists liah d hard. Th I ilized
set out in search of other unusually stable aggregategjic ight, and hard. These alloys are utilized as aerospace struc-

clusters that might serve as building blocks for cluster- tural materials and as electrodes in high energy density bat-
assembled materials. They reasoned that if such exotic sufgries. The physical properties of lithium/aluminum alloys
stances could be formed, they might well exhibit uniquestem from the unusual bonding characteristics of lithium/
chemical and physical properties, and that these could lead @uminum intermetallic compounds® Studies of lithium/
turn to novel technological applications. aluminum interactions in the finite-size regime of the cluster
Among the candidate systems to have been consideragorld may shed additional light on the microscopic basis for
by theory, MAlL; and its analogs (Malkali atom) are espe-  the properties of these alloys.
cially intriguing. Several years ago, calculations by Khanna  cgjculations on lithium/aluminum clusters have proven

4 . .
and Jen_%l _|mpl|gd _that KAl clusters should form an ex- invaluable in investigating the nature of lithium-doped alu-
tended ionic solid in the bulk, analogous to that formed by

) . L - minum clusters, LiA|, and their anions. Landman and
alkali halide salts. The ionic nature of the'Kl;; “mol- co-workers’ erformA;ld calculations on lithium-rich alumi-
ecule” depends substantially on the fact thaj Ak itself a P

magic cluster, and that it mimics the electronic behavior of UM Cll_JSterS’ finding Al to be very stable_. They a_Iso
an atomic halogen anion. The special stability ofAlerives found LiyAl, to be composed of two slightly distortedshi

from two main factors. It possesses electronic stability beSubunits loosely bonded to one another angAli, likewise
cause it is a 40 valence electron, closed-shell species, andt® be made up of four Al subunits. Calculations by Kan-
has geometrical stability because it is an icosahefliiso, ~ here and co-worket$ on LiAl, clusters =1-13) found
experiments have shown that jAlis virtually inert to the lithium atom to sit outside the aluminum cage in each
reaction® and that the electron affinity of AJis close to that case. They also found that JAl;; showed special
of the chlorine atoniboth are 3.6 ey’ Thus, with its nearly  stability!? Calculations by Kumd? considered several
spherical shape and its delocalized valence electron clougthjum/aluminum clusters, including LiAb, where he too
(aluminum is a good free-electron metahl;; can be envi-  found the lithium atom to lie outside the aluminum cage.
sioned as a rather stable, albeit larger than usual, pseudohaleymars work, however, emphasized the properties of

gen atomic anion with the capability of playing the role of aLigAI 1o, Which he found to be a layered compound cluster

halogen anion in alkali halide salts. As proposed by Khann%th ionic bonding between its aluminum and lithium layers.

and Jena, KAk is just one example among a number of Especially extensive calculations on lithium-doped alumi
possible systems in which magic clusters act as new, substi- P y P

tute “atoms,” giving the periodic table a third dimensibn. numag 1%I?§ter§ were copducted .by Rap, Khanna, and
Since they first introduced the idea, theoretical work both by?€n& "~ While they studied a variety of sizes and compo-

these investigato?s® and by otherS**has been extended sitions, their focus was on structure and bonding in LiAl
beyond KAl5 to include MAl; systems in which M:Li, and its immediate-sized neighbors. These investigators found

Na, Rb, and Cs. LiAl ;5 to exhibit the same structure as the other MAllus-
ters, i.e., with the lithium atom residing outside of an alumi-
dAuthor to whom correspondence should be addressed. Electronic mailUM Cage'_ Its bond_mg' on the other hand, _deVIateq §omewhat
kitbowen@jhunix.hcf.jhu.edu from the picture painted above for KAl While classified as

Inspired by the discoveries of fullerefesand
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ionic, the bonding in LiA]; was found to be much less so
than the other members of the MAlfamily. In order to

provide specific checkpoints for experiment, Rao and co- 3 Al n
workers also computed binding energies, ionization poten: Li,AlL°®
tials, and electron affinities for these species. In the preser .

. o LipAl," =
paper, we have contributed toward the characterization o_
LiAl , clusters and their anions by recording the mass spectra » LigAl" +
of the Li,Al,, homologous series and the negative ion pho- £
toelectron spectra of LiAl, n=3-15, the latter providing §

electron affinities.

Il. EXPERIMENT

Negative ion photoelectron spectroscopy is conducted b
crossing a mass-selected beam of anions with a fixed

1 ' 1 ! 1 ! 1
frequency photon beam and energy analyzing the resultar 200 300 400 500
. . ; Mass (AMU)
photodetached electrons. This technique is governed by the
following energy-conserving relationship: FIG. 1. A typical negative ion mass spectrum resulting from the use of a

lithium/aluminum alloy target rod in our laser vaporization source.

hv=EKE+EBE, (1)
i ) lll. RESULTS

wherehv is the photon energy, EKE is the measured elec-
tron kinetic energy, and EBE is the electron binding energyA- Mass spectra

_In the present experiments, both mass spectra and the Figure 1 shows a typical mass spectrum resulting from
anion photoelectronphotodetachmentspectra were col-  this work when helium was used in the source. Four cluster
lected on an apparatus consisting of a laser vaporizatiognjon homologous series are evident, AILIAI , , LiLAl
source, a linear time-of-flight mass spectrometer for masgng LAl . The abundance patterns shown here were per-
analysis and mass selection, and a magnetic botFIe photoglegstem from day to day. The Alseries is dominated by an
tron spectrometer for electron energy analysis. The iOfntense peak at A} The defining feature of the LiAl series
source consists of a Smalley-style laser vaporization Sourcg the dip in intensity observed at LipJ Likewise, in both
which utilizes a pulsed gas valve, a rotating and translatingne | j,Al~ and the LiAl series, dips in intensity are also
sample rod made of an aluminum/iithium alltyand second  seen atn=13. These observations can be understood in
harmonic light pulses from a Nd:YAG laser. The cluster an-grms of shell model magic numbers. Als a 40 valence
ions of interest were generated under two sets of source CORjectron, closed-shell species, and is itself expected to be
ditions, one utilizing essentially no helium in its eXpanSionespeciaIIy stable and abundant. LjAls a 41 valence elec-

and the other using a laser vaporization block of different,on species, and as such it has one electron more than the
geometry and~4 atm of helium gas behind its pulsed valve. h mpher needed to form a closed electronic shell. Such a

We found the “no heli_um” condition_to give h_igher intensi- species, with a valence electron number just beyond a
ties for the smaller LIAT cluster anions, while the larger cjosed-shell magic number, would be expected to show a
sizes that we studied required the “with helium” condition |5cg intensity minimum(a dip in its mass spectrum. The

in order to produce significant intensities. In both cases, th‘%pecies LiAl ;; and LiAl ;5 possess 42 and 43 valence elec-
source was aimed perpendicularly into the Wiley—McLarenyqng respectively. Since this gives them, respectively, 2 and
extraction region of our time-of-flight mass spectrometer.z mqre electrons than are needed to form a closed shell at 40,
Deflectors and an Einzel lens were positioned immediately; js not surprising that they also display intensity dips. When
downstream of the extraction plates. Just before the anionge next smaller member of each series is considered. how-

passed through the ion—photon interaction region, they efsyer one notices that while JAl 1, with its 39 valence elec-
countered a mass gate followed by a momentum deceleratqf,ns is 1 electron short of the closed shell at 40 electrons,

Immediately after the ion—photon interaction region, a Chany ;_a| - with its 40 valence electrons, is itself a closed shell.

neltron electron multiplier monitored the arrival of the ions. \y/hije LisAl 7, does indeed show a local intensity maximum
At the ion—photon interaction region, electrons were photo- 12 ’

- _ ) ] “interestingly, it is not especially promine2r9t.
detached from the anion of interest with the third harmonic
of a second Nd:YAG laser. Most of these electrons were the%
energy analyzed by a magnetic bottle photoelectron spec-
trometer and detected with a multichannel plate. A LeCroy  The photoelectron spectra of LiAl n=3-15 are pre-
digital oscilloscope collected the data, which were manipusented in Fig. 2. These spectra were recorded with 3.49 eV
lated with a laboratory computer. The usual resolution of ouphotons and calibrated against the well-known transitions of
magnetic bottle electron spectrometer during these experthe copper atomic anion. Examination of the spectra shows a

ments was-50 meV at an electron kinetic energy efL eV.  general trend in which their onsets shift to successively

. Photoelectron spectra
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00 05 10 15 20 25 30 TABLE I. Electron affinities(E.A.) of LiAl , vs cluster sizen).

n E.A. (this work)? E.A. (theoryP®
3 1.25+0.10 1.32
4 1.80+0.10 1.91
5 1.65-0.15 1.76
6 2.10-0.15 2.46
7 1.80+0.15 1.92
8 2.10+0.15 2.21
9 2.20+0.20

10 2.30-0.15

11 2.40-0.20

12 2.40+0.20 2.63

13 1.80+0.10 1.85

14 2.30+0.15 2.37

15 2.30-0.15

8 lectron affinities are given in eV, both for this work and for theory.
PReferences 18, 21.

Photoelectron Intensity

Fig. 3, where slight dips in the E.Avs n trend are seen at
n=5 andn=7, and a more substantial one is evident at
n=13.

IV. DISCUSSION

We wish to address two relatively separate aspects of the
lithium/aluminum cluster story, one dealing with the nature

o of LiAl 13 and its relationship to its neighboring size LjAl
LAl § clusters and the other involving the properties of the smaller
LiAl , clusters. In both, we rely on theoretical guidance pro-

e vided by the calculations of Rao, Khanna, and Jeld?®

00 05 10 1f5 2.I0 2.l5 3?0 0',5 1|,0 1I.5 2l.0 25 30 . .. .
Electron Binding Energy (eV) Below, we compare their predictions with our data. When
our experimental results agree with their theoretical results,

FIG. 2. The photoelectron spectra of LAl n=3-15, recorded with 3.49 e interpret this as indicating that their inferences about the
eV photons. The arrows above the spectra indicate the assigned Iocatlonsgf

their origins and thus the adiabatic electron affinities of their correspondin {ruc,ture and bonding of these systems are also probably on
neutral LiAl, clusters. he right track.

A. LiAl 13 and its immediate neighbors

Rao and co-workers characterized the structure of neu-

. - . . . ) tral LiAl ;3 as a 13 atom aluminum cage with a lithium atom
higher electron binding energiéEBES with increasing size 13 g

but with some of them slipping back momentarily to lower
EBEs. Froon=3 ton=4, the onset shifts to higher EBE. At 26
n=5, the onset shifts back slightly to lower EBE before

resuming its shift to higher EBE at=6. At n=7, the onset 2.4+ /0—0

shifts back to lower EBE again, resuming its march to higher Pl e
EBEs atn=8 and continuing relatively smoothly through 227 Pl

n=12. Then, ah= 13, the spectrum dips back to lower EBE S 20- A ?

still again, in its case dramaticallipy ~0.6 eV). After n > \/

=13, the EBEs of the onsets of=14 and 15 increase again. £ 14 . v .

In order to generate suitable intensities, the [iAdluster ‘f:) \.

anions photodetached in these spectra over the size range § 1.6

=3-8 were generated under source conditions which didu
not employ helium gas in the expansion, while those photo- *41]
detached in these spectra over the size rang®—15 were 10d @
produced under source conditions which utilized substantial
helium in the source expansion. After accounting for the 44 -—————————————
likely effect of hot bands, nominal adiabatic electron affini- 2 4 6 8 10 12 14 18
ties, E.A,, for LiAl , clusters were assigned along the steeply Number of Aluminum Atoms (n) in each LiAl, Cluster

rising portion of the low EBE side of each spectrum. These

values are presented in Table | and are plotted versus size MG. 3. A plot of the measured electron affinities of LiMs cluster sizen.
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exterior to it. They found two nearly isoenergetic structuresmeasuredvertically) at the geometry of the anion, LipJ.
for LiAl15's aluminum cage, one decahedral and the otheKhanna and co-workers have calculated the transition ener-
icosahedral, with the latter being slightly lower in energy. gies not only from the ground state of LiAl(a doublet to
These investigators further found the binding energy of Li tothe ground state of neutral LifJ (a single}, but also from
Al13to be the highest in the MAd series, while the degree of the ground state of LiAk to the first excited triplet state of
ionicity in the Li—Al;3 bond was the lowest in the same neytral LiAl;;. As mentioned earlier, the former transition
series. Their Mulliken charge analysis found very little energy(the VDE) was found to be 2.05 eV for the icosahe-
charge transfer from Li to Ab. The charge density contours, dral isomer and 2.15 eV for the decahedral form. The tran-
on the other hand, did not indicate a covalent bond. As &ition energy for the latter transition, however, was found to
maverick among the alkali atoms, lithium often shows un-pe 3.3 eV for both isomers. This matches the peak that we
usual behavior. In terms of experimentally accessible propsee at 3.1 eV reasonably well. Given that calculations by Rao
erties, Racet al. noted that LiAls, as a closed-shell species, et al. have found the structures of neutral LiAllusters to be
should exhibit a hlgher ionization pOtentiaI and a lower eleCTather similar to those of their Corresponding anionS, this
tron affinity than its immediate-size neighbors, and they calimplies that the ground-state singlet to excited state triplet
culated values for both as a function of cluster size. transition in neutral LiAl; is ~1 eV. While there is pres-
The dip in the intensity of the LiAl mass spectrum at ently no theoretical guidance available about the third weak
n=13 and the dip in LiAl's EAA;vsntrend ath=13 are  pand at 2.6 eV, it may be a transition to an excited singlet
both consistent with neutral LiAd being a closed-shell spe-  state of neutral LiAJ.
cies with enhanced Stablllty The main quantitative pOintS of Experimenta| work on related Systems also tends to be
Comparison between our data and theoretical results of Rag)nsistent with the MA_|3 Concept and to Support the cred-
and co-workers comes through the photoelectron spectra @ility of theoretical computations which have explored it.
LiAl ;3 and its immediate neighbors. The key parameters foNakajima, Kaya, and co-workérs24 conducted mass spec-
comparison are adiabatic electron affinities. Recentlytral studies on NaAl and Nalry , in both cases finding dips
Khanna and co-workers have also provided us with the notin their ion intensities ah=13. In addition, they performed
yet-published results of their “all electron” calculatiofrs. ionization potential(l.P.) measurements on neutral NaAl
For LiAl 5 these calculations gave adiabatic electron affini-CsAl,, and Nalp clusters, finding peaks in their I.P. vs
ties (E.Ag) of 1.85 and 1.88 eV for those isomers with icosa- trends in each case at=13. In the case of NaAd, theory by
hedral and decahedral aluminum cage geometries, respeRaoet al. predicted its I.P. to be 6.3—-6.5 eV, while Nakaji-
tively. For LiAl;;, these calculations gave vertical ma's experimental result gave a lower limit of 6.4 eV. While
detachment energie§/DE) of 2.05 and 2.15 eV for the no theoretical prediction was available for the I.P. of GgAl
icosahedral and decahedral cage geometries, respectivelys measured I.P. was 6.42 eV, suggesting that the I.P. of
From the lowest EBE pealband in the photoelectron spec- NaAl,; was probably not too much higher than 6.4 eV and
trum of LiAl;5, we determined the VDE to be 2.05 eV and implying substantial agreement between theory and Nakaji-
the E.A, of LiAl ;5 to be 1.80 eV, both in excellent agree- ma’s experiment. Gantefoer, Seifert, and co-workecsn-
ment with the “all electron” predictions of Khanna, Rao, ducted anion photoelectron spectroscopy on HAdeter-
and Jena. The differences in E,Aand VDE values for the mining the adiabatic electron affinity of HAlto be 2.0 eV
two cage geometries are too close for us to use our measurend the HOMO-LUMO gap to be 1.4 eV. Seifert’s calcula-
ments to distinguish between these isomers. Consideringons found the adiabatic electron affinity and the HOMO-
LiAl ;, and LiAl;,, the immediate neighbors on either side of LUMO gap to be 1.7 and 1.8 eV, respectively, and also char-
LiAl 15, their “all electron” calculations found E.A.values acterized the H-Ak bond as being covalent. In our own
for LiAl 1, and LiAl, to be 2.63 and 2.37 eV, respectively. group, we have performed mass spectral and anion photo-
(They did not compute VDE values for thesd&rom the electron studies on, NaAl KAI,, RbAIl;, CsAl,, and
photoelectron spectra of Li4yJ and LiAl,,, we determined CuAl, . In the case of KA, we saw a dip in the anion
the E.A,4 of LiAl 1, to be~2.4 eV and the E.A.of LiAl 4, t0  intensity atn=13, and we measured the adiabatic electron
be 2.3 eV. Because of the shape of the lowest EBE band affinity of KAl ;5 to be ~1.4—1.6 e\?® “All electron” cal-
the LiAl;; spectrum and the availability of a theoretically culations by Rao, Khanna, and Jena characterized the
predicted VDE value for LiAl;, we were able to give a K-Aljzbond as highly ionic and found the adiabatic electron
more precise value for the E.Aof LiAl 15 than for LiAl;,  affinity of KAl 5 to be 1.54 eV for the icosahedral cage iso-
and LiAl,, (see Table )l Overall, the agreement between mer and 1.58 eV for the decahedral cage isomer, in good
theory and experiment is very good. Qualitatively, the elec-agreement with our measurements. Despite copper being
tron affinity of LiAl ;5 is lower than its immediate-size neigh- alkali-like in some ways, our wofk with CuAl 5 found very
bors atn=12 and 14, and quantitatively, the numerical different behavior than that seen in alkali-and hydrogen—
match between theory and experiment is quite close. Al 5 systems. Instead of a dip in its anion intensity rat
The remainder of the photoelectron spectrum of LJAl =13, the mass spectrum of CyAkhowed a prominent peak
also deserves attention. In addition to a clearly defined bandt n=13. Calculations by Khanna and co-workers predicted
centered at an EBE of 2.05 eV, we also observe a banthat the copper atom in this case would sit at the center of the
centered at 3.1 eV, and possibly another bgpattially ob-  aluminum cage, and this was consistent with our shell model
scured centered at-2.6 eV. All of these bands are inter- level reordering interpretation of the unexpected magic num-
preted as reflecting the vibronic structure of neutral LAl ber atn=13. In addition, their predicted E.Aof 2.16 eV
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agreed well with our measured E Af 2.14 eV. Thus, even aluminum valency is assumed. The number, 18, is also a
when systems which resemble MAldeviate from their ex- spherical shell model shell closing. The same can be said of

pected behavior, theory has been successful in predicting arteutral LAlg with either 8 or 20 valence electrons. If
elucidating the deviation. Li,Alg is a closed shell, it should give a peak in the low

mass range, mass spectrum. If neutralAL§ is a closed
_ shell, LbAlg should show a dip in the mass spectrum. Inter-
B. Smaller LiAl , clusters estingly, the ion intensity of LiAl; goes up relative to that

Rao and Jena also calculated the adiabatic electron aff Smaller LbAl, species just before it in the mass spectrum
finities for small LiAl, clustersn=1-8. Our measurements and then drops at bAls before rising again at bAl; .
of LiAl,, electron affinities overlap with these through the AISO, Iet us consider Al . It could be a closed shell with
size rangen=3-8. Forn=23-8, they found adiabatic elec- its 8 valence electrons, but no enhanced peak is seen for
tron affinities of 1.32, 1.91, 1.76, 2.46, 1.92, and 2.21 eVLisAls in the mass spectrum. Last, consider neutrghly
respectively. Over the same size range, we found Ja&- !t could be a cIo;ed-sheII species with elth.er. 8 or_lS valence
ues of 1.25, 1.8, 1.65, 2.1, 1.8, and 2.1 eV, respectively. Thglectrons. If so, its anion, A5 should exhibit a dip in the
agreement is relatively good, both numerically and in termdN@ss spectrum, but none is seen. We plan to perform anion
of qualitative trends. photoelectron experiments on multiple lithium, lithium/
Based on calculations of their dissociation energies@luminum cluster anions, LAl,, especially those with
Kanhere and co-workerspredicted that neutral LiAland ~ N>10.
LiAl g should show higher stabilities than other small LjAl
clusters. Rao and Jeffaalso considered the stabilities of V. CONCLUSION
small LiAl, clusters but from a different perspective. Wang

and co-worker§had shown aluminum to be monovalent in gjeciron affinities for LiA} clusters(over the compared size
aluminum clusters smaller than AIBy using lithium atoms range ofn=3-8,12—14) suggests that theoretical predic-

as probes, Rao and Jena addressed the issue of whether smalhs made about the structures and bonding of these clusters
aluminum clusters show electronic shell model properties, .o 4150 probably valid. Fon=13, the accord between

This was dope by calculating ;everal properties of |,ids$ a theory and our measurements extends beyond its electron
function of size and then looking for shell model character-,¢injty g include the low-lying electronic structure of neu-

istics. Based on the behavior of most properties examineqral LiAl 5 and the vertical detachment energy of LAl
they concluded that small aluminum clusters do not behav%ased on this, we conclude that LiAlcan be viewed as a

”kﬁ frﬁe—zle](c:trond sr):stems.fThelir Edk‘;calculalicioni, onhthe pseudodiatomic “molecule”composed of Li atomic and, Al
other hand, found the E.Qof LIAl 7 to be smaller than those ) ster moieties, and that its bonding is ionic, albeit only

of its neighboring clusters, consistent with LiAbeing an very slightly. Also, given that theory finds the Li—Albond
electronic closed-shell species. In our photoelectron experit—0 be the strongest in the MAJ series, LiALs may be a

ments, we also observed the predicted dip in the AN 41 digate as a building block for cluster assembled materials.
trend for LiAl, atn=7, but we saw no dip in ion intensity at
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