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The electronic and geometrical structures ofl are investigated using photoelectron spectroscopy and ab
initio calculations. Photoelectron spectra ofd&t have been obtained at three photon energies with six resolved
spectral features at 193 nm. The spectral features §Abre relatively broad, in particular for the ground

state transition, indicating a large geometrical change from the ground stateNof #l that of ALN. The

ground state vertical detachment energy is measured to be 2.71 eV, whereas only an upperlirtte

can be estimated for the ground state adiabatic detachment energy due to the broad detachment band. Global
minimum searches for A~ and ALN are performed using several theoretical methods. Vertical electron
detachment energies are calculated using three different methods for the lowest energy structure and compared
with the experimental data. Calculated results are in excellent agreement with the experimental data. The
global minimum structure of AN~ is found to possesS;, symmetry, which can be viewed as an Al atom
capping a face of a N-centeredsAll octahedron. In the ground state of;N| however, the capping Al atom

is pushed inward with the three adjacent-l distances being stretched outward. Thus, even thougN Al

still possesse€s, symmetry, it is better viewed as a N-coordinated by seven Al atoms in a cage-like structure.
The chemical bonding in AN~ is discussed on the basis of molecular orbital and natural bond analysis.

1. Introduction of size213We have found that the global minimum structures
of AN~ (x = 3-5) are planar. The 2D to 3D structural
transition occurs at = 6. We have shown that A~ possesses
two closely lying low-energy structures, which can be described

Metal clusters doped with one or more heteroatoms provide
a new approach to manipulate the physical and chemical
roperties of clusters. Doped clusters are interesting chemical . . . .
Epepcies with novel modespof chemical bonding. Undgrstanding as Jahn-T_eIIer dlstortlg_ns from th? corresponding symmBiic
the structures and chemical bonding of such clusters may lead®nd ©n anions of AfN", respectively.
to rational designs of structurally and electronically stable In the current work, we report a joint photoelectron spec-
clusters for applications in cluster-assembled nanomaterials ortroscopy (PES) and ab initio study on-Al" and its neutral
catalysis. counterpart AIN. The neutral AN cluster is an intriguing
Aluminum nitride is an important semiconductor material. species because it is valence-isoelectronic t&€A) which has
However, there have been relatively few experimental and been reported to be a particularly stable cluster that can be used

theoretical studies on aluminum nitride clust&rs Experi- as a building block for cluster-assembled materi&ls. The
mentally, it is difficult to produce (AIN) type clusters due to  stability of Al,C™ has been predicted due to its stable 18-electron
the overwhelming thermodynamic stability of the Molecule.  shell closing. It would be interesting to compare the structure

In an attempt to proc_iuce (Al clusters, Li_and Wang were  gnqg bonding between Al and ALC—. There are several
able to observe aluminum clusters doped with only one N atom, previous theoretical studies on the-Ml cluster’~9.1415 We

— lo .
él XZN_ 2 5 PTTS; Iectrg n spgctra for a :;:e(;les SIM\T clustedrst ((th performed a detailed PES study oyl and measured its PES
N ) attesnm Sve een reported and compared to Osespectra at three photon energies 355, 266, and 193 nm. Extensive
of pure AL~ clusterst® The N-doped aluminum clusters are

) . . - calculations have been carried out to search for the global
interesting and in larger sizes the I clusters are observed S truct for AN~ and AbN. Th lculated AN~
to exhibit similar electronic structures as purg~ clusters. minimum structures for an - 1he calcuiate

Recently, we have performed joint photoelectron spectroscopicgl()baI minimum structure was confirmed by comparing the
and ab initio studies on a series of Al (x = 3—6) clusters to calculated vertical detachment energies (VDEs) with the ex-

elucidate their electronic and structural evolution as a function Perimental PES spectra. We found that the global minimum of
Al7N~ is a N-centered AN octahedron capped by one Al atom

* Corresponding authors. E-mail: boldyrev@cc.usu.edu (A..B.), With Cs, symmetry. The global minimum structure of-Al also
Is.wang@pnl.gov (L.S.W.). hasCs, symmetry but undergoes a significant geometry change
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relative to the anion. It can be viewed a N atom coordinated @ Al
by seven Al atoms in a cage-like structure, similar toG\l. 355 nm . |

2. Experimental Method I N

The experiment was performed using a magnetic-bottle PES {1\ I
apparatus with a laser vaporization cluster source; details of l

the experimental apparatus have been published elsewhere. x5

Briefly, the AlzN~ clusters were produced by laser vaporization B
of a disk target compressed from mixed powders of Al and AIN
using pure helium as the carrier gas. A 10 cm long and 3 mm 266 nm g
diameter extender tubing was used in the cluster source to allow [1
adequate thermerlization of the nascent clusters. This was found [1/Y ¢
to produce relatively cold clusters even under room temperature A .' TRW.Y
source conditions, which were important to yield well-resolved P AN A VA
PES spectrd®2 The anion clusters were extracted from the [\
cluster beam perpendicularly and were analyzed using a time- 4
of-flight mass spectrometer. We showed previously that only .

AlN~ clusters with one N impurity atom could be observed (0) (::]; I'. (;:e] ﬂ"“._

under this conditiod? The anion clusters of interest were mass- o LT e
gated and decelerated before being photodetached by a laser I B "

beam. Photoelectrons were collected at near 100% collecting = [ ,I(sil) | E
efficiency by the magnetic bottle and analyzed in a 3.5 m long 6ay |/ . | (aap
electron flight tube. In the current experiment, three photon . ' -"'“H";.-.\
energies were used for photodetachment, 355 nm (3.496 eV) S
and 266 nm (4.661 eV) from a Nd:YAG laser and 193 nm T [ O T T e T
(6.424 eV) from an ArF excimer laser. The electron energies 2

were calibrated by the known spectrum of Rihe electron

energy resolutionAEk/Ek) was about 2.5%, i.ex25 meV for Figure 1. Photoelectron spectra of A~ at (a) 355 nm (3.496 eV),
1 eV electrons (b) 266 nm (4.661 eV), and (c) 193 nm (6.424 eV). The molecular

orbital origin of each band is labeled in (c) according to theoretical
calculations in Table 1 for the global minimu@s, structure.

(=}
-
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3. Theoretical Methods
were calculated at the B3LYP level of theory as the lowest
transitions from the doublet state of the anion into the final
lowest singlet or triplet states of the neutral species. Then the
vertical excitation energies in the neutral species (at the TD-

We performed initial computational searches for the global
minimum of ALFN~ and AEN using our gradient embedded
genetic algorithm (GEGA) program written by AlexandréVv&

and our simulated annealing program written by Call. In our ) \
simulated annealing Monte Carlo search for the global mini- B3LYP level) were added to the lowest singlet and triplet VDEs

mum, we used a population of 20 randomly generated structuresto 9et the second and higher VD_Es. Core electrons were frozen
at an initial temperature of 10000 K with an effective N treating the electron correlation at the R(U)YCCSD(T) and

Boltzmann constant of 10.0 hartree X which allowed us to ~ R(UJOVGF levels of theory. _
have the initial percentage of accepted transitions above 90%. "€ B3LYP, R(U)CCSD(T), and R(U)OVGF calculations

After each iteration the temperature decreased accordifig to  Were performed using the Gaussian 03 progf&iolecular
= 0.9995,,_1. The atomic coordinate perturbatiéhstarted at orbltaalo visualization was done using the MOLDEN3.4 pro-
0.3 A and decreased according By = 0.999%/2P,_;. The gram.
maximum allowed interatomic distance was 3.0 A. The mini-
mum interatomic distances were 1.7 A between N and Al and
2.5 A between Al and Al. The Monte Carlo simulation continued ~ Figure 1 shows the PES spectra of) at three different
until the percentage of accepted transitions decreased to 10%photon energies. A total of six distinct detachment bands can
and the final temperature decreased to 25 K. We used a hybridbe identified in the 193 nm spectrum (Figure 1c), where the C
method known as B3LY#~25 with the small split-valence basis  and D bands overlap. All the PES bands seem to be intrinsically
sets (3-21G) for energy, gradient and force calculations, with broad; i.e., the band widths do not seem to change with photon
simulated annealing performing single-point energy calculations energies (the instrumental resolution is better at lower photon
and GEGA performing gradient optimizations. We reoptimized energies). The apparent sharper band A in the 355 nm spectrum
geometries and calculated frequencies for the lowest structuregFigure 1a) is due to a spectral cutoff-aB.3 eV. The broad
using the B3LYP method with the polarized split-valence basis spectral widths suggest either a large geometry change upon
sets (6-311G*).26-28 Total energies of the lowest structures photodetachment and/or overlapping electronic states. The
were also calculated using the CCSD¥T¥! method with the ground state band X is particularly broad with a long, low-
extended 6-31tG(2df) basis sets at the B3LYP/6-3tG* energy tail, making it very difficult to evaluate the adiabatic
geometries. detachment energy (ADE). This observation implies that there
The vertical electron detachment energies were calculatedis a major geometry change between the ground state;bf Al
using the R(U)CCSD(T)/6-31G(2df) method, the outer  and that of neutral AN, meaning that there may be a negligible
valence Green Function method (R(U)OVGF/6-8GI(2df))*2-36 Franck-Condon factor for the-90 transition. We note that there
as well as the time-dependent DFT metHod (TD B3LYP/ appears to be a step in the low binding energy side in the 355
6-311+G(2df)) all at the B3LYP/6-311+G* geometry. In the nm spectrum (see inset of Figure 1a). This step- a9 eV is
last approach, the first vertical electron detachment energiestaken as an upper limit for the ADE for the X band. The VDE

4. Experimental Results
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TABLE 1: Experimental Vertical Detachment Energies (VDE) Compared to Calculated VDEs from the Global Minimum
Structure | of Al N~ at Three Levels of Theory (Energies in eV)

VDE (theo)
feature VDE (exp) final state and the electronic configuration TD-B3LYP OVGF ACCSD(T)
X 2.71(4) 1A, 3a24a2263e/5a, 2466, 2.56 3.04 (0.87) 2.67
A 3.34 (4) °E, 3aMa?2e3e'5a%46%6a, 3.06 3.24 (0.86) 3.36
1E, 3aM4a?2e'3e/'5a%4e6a 3.32 c c
B 3.77 (4) A4, 3a’da’2e'3e'5a 466! 3.56 3.75 (0.86) 3.69
A1, 3a4a2e3e5a 466 3.82 c c
C 4.35 (5) SE, 3a%4a?2e'36’5a,%4e'6a ! 4.19 4.33(0.85) c
1E, 3a%a?2e!3e’5a24e'6 " 4.41 c c
D ~4.6 SE, 3a%4a’2e’3e'5a%4€'6a,* 4.58 4.54 (0.83) c
1E, 3a%Ma?2e3e'5a24e'6 " 4.81 c c
E 5.45 (4) 37, 33245 12'3e/58,246/6 8, 5.40 5.43 (0.81) c

2 Numbers in parentheses represent the uncertainty in the last®digitues in parentheses represent the pole strength of the OVGF calculation.
¢ This value cannot be calculated at this level of theory.

of the X band is measured to be 2.71 eV. VDEs for all the six minimum structure of AIN is highly stable and that all the
PES bands are given in Table 1 and are compared with alternative structures (XI¥XX) are significantly higher in
theoretical calculations. energy.

6. Comparison between the Calculated VDEs and
Experiment and Interpretations of the Experimental PES
AlZN~. We initially performed simulated annealing and Spectra
ngg lsea:ches fo; tlhefglodbal brr'?'mlém Ofﬂ:‘lrt att ?SLT:P/ 5 Our extensive structural search for/ANI- did not locate any
) evel separately for doublet and quartet stales. FIgUre 25, mers close in energy to the global minimum; the closest

displays the first 11 low-lying doublet structures-§I) and isomer is 10.2 kcal/mol higher at UCCSD(T)/6-34G(2df)//
the lowest quartet structure (XIl) from simulated annealing. B3LYP/6-31H-G* (Figure 2). Therefore, only the global
These isomers were recalculated at the B3LYP/6+331 level minimum structure should be responsible for the photoelectron

for geometry and at CCSD(T)/6-3¥15(2ai)//B3LYP/6-311+G* spectra. Indeed, the experimental PES spectra exhibit no hints

level for relative total energies. of the presence of another isomer, which sometimes gives weak
The structure |3A;, lale2a’3a*4a’2e/3e'5a°46'6a,") features in the low-binding energy sitfeThe calculated VDESs
with C5, symmetry was found by both searches to be the global for the global minimum structure | of AN~ at the TD-B3LYP/
minimum (Figure 2 and Table 2). It is a face-cappedMl  6-311+G(2df), UOVGF/6-313G(2df) and CCSD(T)/6-3HG-
octahedron. A similar structure was reported previously by (2df) levels of theory are compared with the experimental data
Leskiw et al.7 who did not specify the point group symmetry. in Table 1.
The Al-capped octahedral structure for/NI™ is quite stable; Ground State PES Band X.The ground state of AN~
the Closest‘lying isomer (”) is 10.2 kcal/mol hlgher at CCSD- is a doublet %Al) with an electron Configuration of
(T)/6-311+G(2df)//B3LYP/6-31H-G* level of theory. This la2le2a23a%4a 226" 3658, 246%6a, L. According to our calcula-
isomer can be described as square-face-capped trigonal prismjon the first PES band (X) of AN~ corresponds to removal
and is related to the global minimum of gN™."3 The lowest  of the electron from the singly occupied s6arbital. The

5. Theoretical Results

quartet structure (XII) is 34.3 kcal/mol (at CCSD(T)/6-31G- calculated VDE for this detachment channel is 2.67 eV at the
(2df)//B3LYP/6-311G*) higher than the global minimum  yccsD(T)/6-31%G(2df) level of theory, 3.04 eV at the
structure. UOVGF/6-31H1-G(2df) level of theory, and 2.56 eV at the TD-

Al7N. As with the anion, we performed simulated annealing B3LYP/6-311+G(2df) level of theory (Table 1). The pole
and GEGA searches for the global minimum structure of neutral strength in the UOVGF calculation was found to be 0.87,
Al;N at the B3LYP/3-21G level separately for singlet and triplet indicating that the detachment channel can be primarily
states. The geometries for all the low-lying structures were then described by a one-electron detachment process. The UCCSD-
recalculated at B3LYP/6-3H1G* level, and relative energies  (T) result is in excellent agreement with the experimental VDE
were recalculated at the CCSD(T)/6-31G(2df)//B3LYP/6- of 2.71 eV (Table 1). Surprisingly, the VDE at UOVGF/6-
311+G* level. Both searches found structure XlII as the global 311+G(2df) is significantly overestimated (by 0.33 eV) com-

minimum (Figure 2 and Table 2). The structure XIHAg, pared to the experimental value, whereas TD-B3LYP underes-
la?le2a?3a’4a?2e*3e’5a%4€t) with C3, symmetry, can be  timated the VDE by 0.15 eV.
generated from the global minimum of Al~ by removing one The calculated ADE for the ground state transition is 1.86

electron from the singly occupied HOMO. Even though they eV at UCCSD(T)/6-311G(2df), which is significantly smaller
have the same point group symmetry, there is a significant than the VDE (2.67 eV) at the same level of theory. The large
structural change from the global minimum of,AI" to that of relaxation energy (VDE- ADE) of 0.81 eV reflects the large
neutral ALN. In the ground state of AN, the capping Al atom geometry change between the ground states of the anion and
is pushed inward with the three adjacentAl distances being the neutral structure; this is in good agreement with the observed
stretched outward. Thus, neutral;Al can be viewed as a N  broad ground state PES band (X). The calculated ADE at 1.86
atom coordinated by the seven Al atoms in a cage-like structure,eV is in excellent agreement with the estimated upper limit of
whereas in AIN~ the N atom is only coordinated by six Al 1.9 eV from the 355 nm PES spectrum, indicating that there is
atom, and the capping atom is in the second coordination shell.a finite Franck-Condon factor for the 90 transition and that

A similar Al;N structure was obtained previously by several the 1.9 eV value may be taken as representing the true ADE or
authors’°14151t can be seen from Figure 2 that the global the electron affinity for neutral AN.
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Al.}.N' 1
LC, (A) IL.C, (*A) IIL C, (°A%) IV. C, (*B")
AE=0.0 kcal/mol AE=10.2 kecal/mol AE=14.1 kcal/mol AE=14.5 kcal/mol
[AE=0.0 kcal/mol] [AE=8.1 keal/mol] [AE=7.6 kcal/mol] [AE=9.1 kcal/mol]
V.C,, (B) VL. C,, (A) VIL C, (A7) VIIL C,, (*°B)
AE=17.9 keal/mol AE=20.0 keal/mol AE=21.1 keal/mol AE=27.5 keal/mol
[AE=12.3 keal/mol] [AE=10.5 keal/mol] [AE=11.7 keal/mol] [AE=12.3 keal/mol]
IX. C, (A) X.C,(A) XI. C, (CA") XIL C, (*B)
AE=28.0 kcal/mol AE=31.2 kcal/mol AE=33.1 kcal/mol AE=34.3 keal/mol

[AE=14.9 kcal/mol] [AE=14.7 keal/mol] [AE=14.1 kecal/mol]

W% & o

[AE=12.6 kcal/mol]

XIIL C,, (A) XIV. C,, (A) XV. C, (1A) XVL C, (1A")
AE=0.0 keal/mol AE=18.4 kcal/mol AE=22.8 kcal/mol AE=22.9 kcal/mol
[AE=0.0 kcal/mol] [AE=12.7 keal/mol] [AE=16.4 kcal/mol] [AE=17.4 kcal/mol]

XVIL C, (‘\A’) XVIIL C, ('A) XIX. C, ('A) XX. C, (\A)
AE=27.2 kcal/mol AE=27.8 kcaUmol AE=29.7 kcal/mol AE=32.1 kcal/mol
[AE=20.2 kcal/mol] [AE=20.1 kcal/mol] [AE=19.9 kcal/mol] [AE=20.9 kcal/mol]

Figure 2. Computationally found low-lying isomers for Al~ and AlLN. Relative energies are given at CCSD(T)/6-3Q(2df)//B3LYP/6-
311+G* and at B3LYP/6-31+G* in brackets.

final state is 3.36 eV at CCST(T) level, which is in excellent
agreement with the measured VDE of the A band at 3.34 eV.
electron occupying the 68OMO, detachment from any other The OVGF VDE for this channel is 3.24 eV, which is in
fully occupied orbitals results in triplet and singlet final states, reasonable agreement with the experimental value. TD-B3LYP
as shown in Table 1. Unfortunately, the singlet excited states appears to underestimate this VDE 5.3 eV. Because of
cannot be calculated using the OVGF or the CCSD(T) methods.the broad spectral width (i.e., Frane€ondon envelope)
The TD-B3LYP method yields triplet-singlet splittings ranging associated with the anion to neutral geometry change, as well
from 0.22 to 0.26 eV (Table 1). The second detachment channelas the expected JahiTeller effect for the®E final state, the

is from the HOMO-1 4e orbital. The calculated VDE to fie transition to the singlet state cannot be resolved in the current

Higher Binding Energy Detachment Bands (A to E).
Because of the ground state of/NI" is open shell with a single
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TABLE 2: Molecular Properties of the Al/N, AlsN~, and with experiment, especially for the high binding energy features.

Al;N?~ Species Calculated at B3LYP/6-31G* Although slightly less accurate, the TD-B3LYP method also
Al7N, XIIl, Cs, (*A1) AlzNT, I, Cs, (PA1) AIsNZ, Cg, (A7) yields a quite good spectral pattern in comparison with

E au 1752.0019598 —1752.0661946 —1752.0192342 experiment. In particular, the ability to compute both triplet and

RIN—Al,), A 2.137 3.003 3.515 singlet final states is a distinct advantage of the—TDFT

R(N—-Al;), A 2.106 1.986 1.996 method. The CCSD(T) method is the most accurate, but it can

RIN-Als), A 2.123 2.074 2.041 only be used to calculate the first three detachment channels.

R(Al-AlL), A 2.613 2.722 2.840 P : .

RAI-Al) A 3.540 3045 5704 Therefore, the combination of the three theoretical methods is

R(Al-Al 5): A 2649 2.742 2.840 very powerful, providing a quantitative interpretation of the PES

R(Als-Alg), A 2.811 2.918 2.943 spectra of AIN~ and unequivocally establishing its global

w1 (ag), et 490 (291% 511 (158} 535 (225§ minimum structure.

w2 (a), et 343 (1) 357 (5) 364 (16)

w3 (@), et 287 (14) 280 (0) 272 (4) ) o B

wa (@), cmt 232 (1) 188 (5) 226 (60) 7. Chemical Bonding in ALN and Al7N

ws (ag), cmt 116 (1) 162 (9) 150 (3) . ,

we (a), cmt 201 (0) 131 (0) 94 (0) The AELN neutral cluster is isoelectronic to the so-called

w7 (e), cnm! 488 (260) 553 (173) 532 (163) “magic” cluster ALC~, which is quite prominent in the AC~

ws (e),CrTTi 297 (2) 253 (5) 238 (2) mass spectrff. Both Al;N and ALC~ have similar global

ws (e) o 259 (7) 223 (0) 232(0) minimum structures, and we expect thayMlIshould also be a

wio(e), cnml 226 (15) 193 (4) 159 (29) -

w11 (e), et 166 (0) 146 (22) 118 (12) very stable cluster. Enhanced stability of@t has already been

w12(e), cnrt 51 (0) 63 (1) 73 (0) discussed in the literatuf&1”5 Initially Leskiw and Castle-

2 . _ .
aValues in parentheses represent relative absorbance intensities inm.‘rjlr'j.5 su.gﬁ.ested tga} ;[he Stab'“liy C;IN cciuld bl?j [)eco.ncneg
the IR spectrum (km/mol). within a jellium model framework where AC~ could be viewe

as a compound jellium cluster formed fromgAlith a closed

PES spectra even under the slightly higher resolution at 266 shell of 18 electrons and an AtQunit. However, this bonding
nm (Figure 1b). In addition, the intensity for the singlet picture does not agree with the global minimum structure of
detachment channel is expected to be lower than the triplet Al7C™ because the C atom is located inside the ¢dge and
channel, and it is likely to be buried on the higher binding energy ©one cannot identify an AIC unit. Thus, it seems that the stability
side of the A band. This appears to be the case for all the higherof AlzC™ is more complicated than the jellium model predicts.
energy detachment channels (B to E), where the singlet stategndeed, the total number of valence electrons inCAlis 26,
are not explicitly resolved. and according to the jellium model, one should have the

The next detachment channel is from the nondegeneratefollowing electronic configuration £&pP1dt%2<°1f°, which is
HOMO-2 5a orbital. The calculated VDEs from both CCSD- not a closed-shell system and should not have any special
(T) (3.69 eV) and OVGF (3.75 eV) are in excellent agreement stability. Later on, Reveles et #l.proposed an alternative
with the experimental VDE of the B band at 3.77 eV. explanation, in which the closed-shell?1g°1d'%2g°2p° elec-
TD-B3LYP again underestimates the VDE for this detachment tronic configuration is used instead of?1g°1d'%2°1f%. The
channel by~0.2 eV. The relatively lower intensity of the B earlier appearance of the 2p subshell instead of the 1f subshell
band is consistent with the nondegenerate nature of the 5a Was explained on the basis of the higher stability of tri2{@s
orbital. subshell. Sun et &P explained the “magic” behavior of AC~

The next two detachment channels are from the degenerateon the basis of a large HOMELUMO gap. However, we can
HOMO-3 3e and HOMO-4 2e orbitals, which should correspond better understand the structure and bonding in th&lARnion
to the C and D bands, respectively. The calculated VDEs for Using an alternative interpretation based on the stability of the
these two channels at OVDF are 4.33 and 4.54 eV, which are highly stable octahedral AN®*~ unit, which we used to
fairly close to each other. The calculated data are again in understand the structure and bonding iRM.*3
excellent agreement with the experimental PES spectra, in which  The ground electronic state of A~ is a doublefA; with an
the C and D bands overlap (Figure 1c). The final detachment electron configuration of 48le2a?3a?4a?2e/3e*5a°4€*6a;".
channel comes from the HOMO-5 darbital, corresponding To simplify our chemical bonding analysis, we fill up the singly
to the E band. Surprisingly, both TD-B3LYP (5.40 eV) and occupied HOMO in AN~ by one more electron. The geometry
OVGF (5.43 eV) yield VDEs, which are in excellent agreement of the resulting AIN?~ structure was reoptimized at the B3LYP/
with the experimental value of 5.45 eV. Thedarbital is 6-311+G* level of theory (Figure 3a and Table 2). The final
nondegenerate, again consistent with the relatively weak geometry of the structure of AN2~ is very similar to the
intensity of the E band. optimized structure | of AN~ (Figure 2). From a purely

The overall agreement between the theoretical results and thegeometrical perspective, one can formally view the structure
experimental data is truly excellent, leaving no ambiguity about of Al;N?~ as a salt between an octahedradi~ anion and a
the Cs, global minimum structure (I, Figure 2) for Al~. It is face-capping At cation. The octahedral structure and chemical
also interesting to note that the single particle MO picture works bonding in the AN®" anion were discussed in detail previ-
extremely well for AjN—; there is a precise one-to-one ously!® Even though an isolated M~ triply charged anion
correspondence between the MOs and the observed PES bandés not electronically stable, it has a repulsive Coulomb barrier
as labeled in Figure 1c. The pole strengths in the OVGF on the electron ejection pathwy®° and therefore it has a finite

calculations for all the detachment channels afe80, which lifetime at the optimizedD, geometry.
also provides good indications for the validity for the single Before discussing the chemical bonding in;M4-, let
particle MO picture for the detachment processes froaNAl us briefly review the chemical bonding in M-, which is

We have found previously that OVGF works well for Al-based closed shell YAy with an electron configuration of
clusterst2134256 However, in the current case, the first VDE  1a @1t f2a ¢ 2t.f1e*1t5.52 The lowest valence MO lgis
was severely overestimated by OVGF, although the overall primarily the 2s-AO of the central nitrogen atom. The next triply
spectral pattern predicted by OVGF is in excellent agreement degenerate 1§ MO can be assigned to three,2p2p,-, and
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HOMO-4, 2e

HOMO-5, 42, HOMO-6,3a, HOMO-7, le HOMO-8, 2a, HOMO-9, 1a,

a)

b)

Figure 3. Optimized structure (a) and molecular orbital pictures (b) foiNAT calculated at B3LYP/6-3HG*.

2p~AOs of the central N atom. The next six valence MOs,¢2a
2ty, and 1¢) are primarily formed by the 3s-AOs of the

be a part of the larger doped,N~ clusters, and could it even
be a part of a N-doped solid aluminum? These questions are

aluminum atoms and they can be viewed as six lone pairs worth pursuing in future studies of larger,Al- clusters.

located on the Al atoms. Finally, the completely bonding and
triply degenerate 3§-HOMO is formed by the tangential 3p-
AOs of the Al atoms, and it is responsible for the delocalized

8. Summary
The AELN™ cluster has been investigated by a combined

tangential bonding between the Al atoms. To test our interpreta- photoelectron spectroscopy and ab initio study. Well-resolved,

tion of the bonding in AIN3~, we performed NBO analysis of
the AlgN3* cation (at the geometry of AN®7), in which the
delocalized LiyfHOMO was empty. The NBO analysis reveals
four lone pairs of N with occupation numbers on the order of
1.95|¢| (2s) and 1.98¢| (2p), and one lone pair at every Al
with the occupation number of 1.78| (99.5% composed of
3s-A0s). Thus, inO, AlgN3~ the chemical bonding can be

albeit broad, spectral features were used to compare with the
calculated VDEs. The global minimum structures ofdand
Al;N~ were located using both a genetic algorithm and
simulated annealing. The structure oMt is found to possess
Cs, symmetry, which can be viewed as an Al capping an
octahedron AN unit. In the neutral AIN, significant geometry
relaxation is observed, consistent with the broad PES spectral

approximately described as the central atom carrying an effectivefeatures. The calculated VDEs for th@s, Al;N~ global

charge—3 (N®7), which is ionically bonded to an octahedral
Alg cluster, with every Al carrying a lone pair. The,dtHHOMO
is the only orbital responsible for delocalized-A4l bonding
and tangential aromaticity. The &tluster keeps its octahedral
structure in AYN®~, because R can fit perfectly in the cavity
of the octahedron and because the closed shéil tihit
substitutes a completely bonding pair of electrons in thg-2a
MO in Alg? .56

All valence MOs of the AIN?~ anion are presented in Figure
3b. The HOMO (6@ and HOMGO-1 (4e) are responsible for
the delocalized bonding, as in the case with-HHOMO in
AlgN3~. To understand bonding in the A2~ anion, we
performed an analogous NBO analysis for the putativaAf
cation at the geometry of the A%~ anion, but with the 6a
HOMO and 4e-HOMG-1 empty. The NBO analysis of A4+
revealed four lone pairs of N with occupation numbers from
1.90 |g| to 1.97 |e| and one lone pair at every Al with the
occupation number from 1.5@| (97.6% composed of 3s-A0s)

minimum structure are in excellent agreement with the PES
spectra. The structure and chemical bonding ofNAl are
understood using the closed-shell;}N¥~, which possesses
similar Cs, structure as AN~. Al;N?~ can be viewed as an
AlT capping the face of a highly stable octahedrajN&
building block. The stability of the octahedralgAl*~ was used
previously to understand the structures ofMlan AlgN~—.12 It
would be interesting to discover if the N-centeredsMi-
octahedron is a building block in larger,N~ clusters.
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