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Abstract: The concept of aromaticity was first invented to account for the unusual stability of planar organic
molecules with 4n + 2 delocalized & electrons. Recent photoelectron spectroscopy experiments on all-
metal MAl,~ systems with an approximate square planar Al,>~ unit and an alkali metal led to the suggestion
that Al,?>~ is aromatic. The square Al,?~ structure was recognized as the prototype of a new family of aromatic
molecules. High-level ab initio calculations based on extrapolating CCSD(T)/aug-cc-pVxZ (x = D, T, and
Q) to the complete basis set limit were used to calculate the first electron affinities of Al,, n = 0—4. The
calculated electron affinities, 0.41 eV (n=0), 1.51 eV (n=1), 1.89 eV (n = 3), and 2.18 eV (n = 4), are
all in excellent agreement with available experimental data. On the basis of the high-level ab initio quantum
chemical calculations, we can estimate the resonance energy and show that it is quite large, large enough
to stabilize Al,>~ with respect to Al,. Analysis of the calculated results shows that the aromaticity of Al,2~
is unusual and different from that of C¢Hg. Particularly, compared to the usual (1-fold) 7 aromaticity in
CeHs, which may be represented by two Kekulé structures sharing a common o bond framework, the square
Al,2~ structure has an unusual “multiple-fold” aromaticity determined by three independent delocalized
(r and o) bonding systems, each of which satisfies the 4n + 2 electron counting rule, leading to a total of
4 x 4 x 4 = 64 potential resonating Kekulé-like structures without a common o frame. We also discuss
the 2-fold aromaticity (;r plus o) of the Alz~ anion, which can be represented by 3 x 3 = 9 potential resonating
Kekulé-like structures, each with two localized chemical bonds. These results lead us to suggest a general
approach (applicable to both organic and inorganic molecules) for examining delocalized chemical bonding.
The possible electronic contribution to the aromaticity of a molecule should not be limited to only one
particular delocalized bonding system satisfying a certain electron counting rule of aromaticity. More than
one independent delocalized bonding system can simultaneously satisfy the electron counting rule of
aromaticity, and therefore, a molecular structure could have multiple-fold aromaticity.

Introduction satisfied with the two delocalized electrons f = 0), and thus
The concept of aromaticity was developed to explain the the square AF~ was proposed to be aromafidhe aromaticity
unusual stability of planar organic molecules with 4 2 of the square planar A~ structure was rationalized as

delocalized s electrons:2 This concept has recently been follows: “Analogy can be made with the prototypical aromatic
extended and used to interpret the unusual stability of the all- System, benzene {Be), in which aromaticity is responsible for
metal structural unit AP~ by Li et al3 Li et al.’s evidence for its perfect hexagonal structure with all equat C bonds, rather
the aromatic character of all-metal molecules is that a series ofthan the classical alternating single and double boAds”.
bimetallic clusters with chemical composition MAI(M = Li, Experimental and computational studies on analoguesfo Al
Na, or Cu) possess a pyramidal structure containing an M and related aromatic all-metal molecules have also been
cation interacting with a square &t unit having two delocal-  reported, and the square At structure can be considered to
ized 7 electrons in the highest occupied molecular orbital be a prototype of a new class of aromatic molectités.

(HOMO). In addition, the &4 + 2 electron counting rule is High-level ab initio molecular orbital theory calculations of
the electron affinities of Alclusters fom = 1—4 show excellent
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of the high-level ab initio quantum chemical calculations, we

Core—valence correctionsAEcy) were obtained at the CCSD(T)/

can calculate the resonance energy, and use this value tgC-pPwCVTZ level of theory? Scalar relativistic correctionsA€s),

demonstrate how the aromaticity of Af is unusual and
remarkably different from that of 6. In particular, compared
to the usual (1-fold definedy aromaticity in GHe, which may
be represented by two KeKusructures sharing a commaen
frame, the square 4~ structure has an unusual “multiple-fold”
aromaticity determined by three independent delocalizeah@

which account for changes in the relativistic contributions to the total
energies of the molecule and the constituent atoms, were included at
the CI-SD (configuration interaction singles and doubles) level of theory
using the cc-pVTZ basis seAEgr is taken as the sum of the mass-
velocity and one-electron Darwin (MVD) terms in the BreRauli
Hamiltonian?*

Various criteria, such as energetic, structural, and magnetic criteria,

o) bonding systems. Each of these delocalized systems satisfiesave been used in the literat?&28 to determine the presence of

the 4 + 2 electron counting rule, giving a total of 4 4 x
4 = 64 potential resonating Kekulé&ke structures without an
underlyingo bonding framework.

Computational Approach

We have been developing an apprcaththe reliable calculation

of molecular thermodynamic properties, notably heats of formation,

aromaticity. The energetic criterion, i.e., resonance energy (RE) or
aromatic stabilization energy (ASE), is directly related to the stability
of the molecular structure. RE (or ASE) is the extra stabilization energy
relative to that of a model structure where resonance is not present. It
is, of course, difficult to calculate the RE precisely because of the
difficulty in defining the model system. The RE value ofHs, the
prototypical aromatic molecule, has been determined to be 20 kcal/

based on ab initio molecular orbital theory. This approach is based on Mol on the basis of Dewar’s definition of RE? although in the older

using coupled cluster theory with a perturbative triples correction
(CCSD(T)}-12 with the correlation-consistent basis $&té extrapo-

literature, it is often given as 3686 kcal/mol on the basis of different
approache® The RE value of 20 kcal/mol was found as the difference

lated to the complete basis set limit and then including a number of Petween the atomization enthalpy of the conjugated systenmyfits C

smaller corrections including cotevalence interactions and relativistic

and that of the classical KeKuleference structure, which has three

effects. For the present study, we used the augmented correlation-C—C double bonds and three<C single bonds. The RE value thus

consistent basis sets aug-ccy@Mor Al (x =D, T, and Q)}* Only the
spherical components @-7-f, 9-g, and 11h) of the Cartesian basis
functions were used. All of the current work was performed with the
MOLPRO suite of program¥. The open-shell CCSD(T) calculations

were carried out at the R/JUCCSD(T) level, where a restricted open-

shell Hartree-Fock (ROHF) calculation was initially performed and
the spin constraint was relaxed in the coupled cluster calcul&tidh.
The CCSD(T) total energies were extrapolated to the CBS limit by
using a mixed-exponential/Gaussian function of the form

E(n) = Ecgs+ Aexp[—(n — 1)] + Bexpl-(n— 1] (1)

wheren = 2 (DZ), 3 (TZ), and 4(QZ), as first proposed by Peterson et

determined is also called the Dewar resonance energy (BRHE)D
make the comparison witheHs plausible, we have followed Dewar’s
general approach to calculate the RE value of Al

To determine the RE of Al~, we need to know the number of
bonding electron pairs in 4, denoted bym(Al2), the reference
bond energy of a localized AlAl single bond, denoted by BE(A!
Al), and the total bond energy of &. The total bond energy, i.e., the
atomization enthalpy, of At~ can be considered to be the atomization
enthalpy change from A~ to 4Al + 2e, denoted byAE(Al>~ —
4Al + 2e). If there is no resonance stabilization(Al 27) pairs of
bonding electrons would be expected to fam(Al 2~) localized A
Al single bonds, giving a total bond energy Al 2~) BE(AI—AI).
Thus, the resonance energy of/Al i.e., RE(AL?), may be evaluated

al?® This extrapolation method has been shown to be the most through

appropriate method for extrapolations up throngh 4. The geometries

were optimized at the frozen core CCSD(T)/aug-cc-pVDZ and CCSD(T)/ RE( AI427) = AE( AI427 — 4Al + 2e)— m(AI427) BE(AI—Al) (2)

aug-cc-pVTZ levels of theory. The CCSD(T)/aug-cc-pVTZ geometries
were used for the CCSD(T)/aug-cc-pVQZ calculations. Vibrational
frequencies were calculated at the B3LYP/6-8G* level on the basis

of the B3LYP/6-313-G* geometrieg:22 All of the calculations were
performed on SGI Origin2000 computers.
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To determinem(Al £2), consider that the Al atom existing in planar
aluminum clusters is monovalent. Al only uses its 3p orbital for bonding
with other Al atom(s); the 3s orbital remains a core lone pair because
the 3s and 3p orbitals are separated by a large energy gap of 439 eV.
This feature is consistent with recent analyses of the molecular orbitals
(MOs) in Al/~.78 Each Al atom contributes one bonding electron to
Al,2~, and thus, A~ has a total of six bonding electrons, leading to
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Table 1. Geometric Parameters (A and deg) Optimized for Al, and Al,” (n = 2—4) and for Al,2- @

method AL(TI,) ALE) AL(Sy) Ay () Al (L) Al (1) 0%t
B3LYP/6-311G* 2.762 2.508 3.054 2.585 2.460
CCSD(T)/aug-cc-pVDZ 2.766 2.537 3.024 2.607 2.517 2.766
CCSD(T)/aug-cc-pVTZ 2.728 2.497 2.976 2.571 2.475 2.732

method Al3(%A;) Al32A") Al;(*A) Al (*A) Al;~(°B,) Al (A,)

B3LYP/6-31HG* 2.537 2.641 2.6083.033 2.538 2.5302.757 2.604,2.970

71.19 66.02 69.54
CCSD(T)/aug-cc-pVDZ 2.501 2.684 2.643,030 2.585 2.5782.792 2.638,2.981
69.84 65.58 68.88
CCSD(T)/aug-cc-pVTZ 2.544 2.636 2.602,948 2.544 2.5372.736 2.598,2.923
68.98 65.26 68.45
method Aly(B3y) Aly(*Bay) Al (*Ay) AlCAL)
B3LYP/6-31HG* 2.581 2.657 2.495, 2.686 2.668
111.02, 68.98 99.92, 80.08 113.85, 66.15
CCSD(T)/aug-cc-pVDZ 2.617 2.683 2.536, 2.732 2.702
111.57, 68.43 102.93, 77.07 113.63, 66.37
CCSD(T)/aug-cc-pVTZ 2.579 2.639 2.501, 2.676 2.663
112.12, 67.88 103.78, 76.22 114.72, 65.28
method Al (A) Ay~ (Byy) Al (%Az) AlZ(*Asg)
B3LYP/6-311G* 2.568 2.580 2.634 2.592
104.32, 75.68
CCSD(T)/aug-cc-pVDZ 2.604 2.622 2.673 2.639
106.46, 73.54
CCSD(T)/aug-cc-pVTZ 2.566 2.586 2.626 2.602
106.98, 73.02

aBond distances in angstroms, bond angles in degrees. Bond distances given on the first line, bond angles on the second if negadedoéiod Ahgle
means an equilateral triangle, and for,Afo angle means a squaPelhere are two equivalent bond distances of this value.

m(Al22") = 3. To estimate BE(AFAI), we first consider a diatomic
molecule, Ab. Al, has a triplet ground electronic statéfI() with a
valence electronic configuration ofo$lo?204 17,132 The 1oy and
1oy orbitals are the bonding and antibondingMOs, respectively,
formed from the 3s atomic orbitals. Theand Iz, orbitals are the
bondingo andz MOs, respectively, formed from the 3p orbitals. The
triplet ground electronic state of Athus has one singly occupied
bonding orbital and one singly occupigdonding orbital. The strength
of the two singly occupied AtAl o andsr bonds should be stronger
than that of a doubly occupied Al bond, due to the effect of the
electron exchange in the triplet state. So, we expect BEM) <
AE(AI(T1,) — 2Al). For the lowest singlet statég) of Al the
valence electronic configuration iss¢lo,?204?, showing a doubly
occupied Ar-Al single bond. This doubly occupied AlAl single bond

in the lowest singlet state of Amay be considered to be a reference
Al—Al single bond; i.e., BE(AFAl) ~ AE(Al(*Zg) — 2Al). Assuming
BE(AI-Al) = AE(Al(*Zg) — 2Al), eq 2 becomes

RE(Al7) = AE(Al,Z” — 4Al + 2e) — BAE(Al ('S, — 2Al) (3)

On the basis of eq 3, to evaluate RE(A), we needAE(Al2 —
4Al + 2e) andAE(Al(*=g) — 2Al). These values can be calculated
from our extrapolated total energies as described above.

Results and Discussion

Table 2. Vibrational Frequencies (cm~1) Calculated at the
B3LYP/6-311+G* Level for Al, and Al,~ (n = 2—4) and for Als2~

AlL(IT,) AL(Zy7) AL(*Zg") Al (*Zy7) Al (I1,)?
254 324 210 307 341
Als(%Ay') Als(%A;") Als(“A;) Als~(*Ay) Al~(°B,) Als~(A)
342(@') 291(a) 297(a) 350(a) 338(a) 298 (a)
230(¢) 162(¢) 124(a) 233(¢) 183(a) 125(a)

274 () 258 () 209 (k)

Aly(Bs) Al(Bay) Al(1A,) AlCA)
291 (a) 272 (a) 315 (a) 264 (ag)
167 (&) 92 (a) 204 (a) 107 (hg)
316 (ksy) 198 (kyy) 162 (1) 377 (g
280 () 260 (b 68 (a) 44i (o)
206 (tpy) 234 (b 323 (h) 205 (@)

57 (bsu) 69 (lsy) 230 (h)

Al(CA) A8z A () AL ()
299 (a) 293 (ag) 285 (ag) 294 (ay)
131 (&) 102 (g 144 (b 132 (hy)
229 (kyy) 644 (Ing) 298 (hng) 307 (g
312 () 78 () 49 (bpy) 115 (k)
261 (b 251 () 253 (@) 272 (@)

81 (ksy)

of the states together with the electron affinities are given in

The optimized geometry results are shown in Table 1, and Table 4. Appropriate experimental energies are also given in
the vibrational frequencies are shown in Table 2. Because of Table 4. _
the near degeneracy of theandz orbitals in Al clusters, there The structures an_d electronic states of small Al clusters have
are a number of low-lying states for many of the neutral and previously been studied by a number of other research gféus.
anlpmc clusters. We explored a number Of_ thes.e states, and th%33) Bauschlicher, C. W.; Pettersson, L. G. M.Chem. Physl987 86, 2198.
various states that we studied are summarized in Table 3, wherg34) Bauschlicher, C. W.; Partridge, H.; Langhoff, S.RChem. Phys1987

i ; i i 86, 7007.

the various energy components are given. The relative ENergi€S,e) | anghoff, S. R.: Bauschlicher, C. W. Chem. Phys199Q 92, 1879.
(36) Sunil, K. K.; Jordan, K. DJ. Phys. Chem1988 92, 2774.

(37) Pettersson, L. G. M.; Bauschlicher, C. W.; HaliciogluJTChem. Phys.
1987, 87, 2205.

(32) Fu, Z.; Lemire, G. W.; Bishea, G. A.; Morse, M. D.Chem. Phys1990
93, 8420.
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Table 3. Contributions to the Total Energy (au) for Al, and Al,~ (n = 1—4) and for Al,2~ and Relative Energies (kcal/mol)

contribution? Al Al Al(T1,) AL(PZ,7) AL (1Z4Y)
aug-cc-pvDZ —241.9226554 —241.9360744 —483.8903553 —483.8874647 —483.8782110
aug-cc-pVTZ —241.9314721 —241.9471113 —483.9137448 —483.9115704 —483.9026780
aug-cc-pvQz —241.9337375 —241.9497897 —483.9196175 —483.9179165 —483.9088663
estCBSeqhl —241.934963 —241.951218 —483.922776 —483.92137076 —483.912201
Ecv® —0.2543715 —0.2538356 —0.5086384 —0.5088000 —0.5083062
Esgd —0.4347376 —0.4344676 —0.8693652 —0.8693486 —0.8693462
AEgecCBS eq 1 10.20 33.16 32.28 26.53
AEcy —0.34 —0.07 0.04 —-0.27
AEsr -0.17 -0.10 —0.06 —0.08
AEsc® 0.21 —-0.21 —0.42 —0.42 —0.42
AEzpd —0.36 —0.46 —0.30
2D¢? 9.48 32.21 31.38 25.46
AH¢(0 K) 78.234 1.0 (exptl} 68.8 124.2 125.1 131.0
contribution? Al (=) Al (L) Al (A1) 0%t AlyCAY) AlCA,) Aly(*Ay)
aug-cc-pvDZ —483.9426679 —483.9202927 —483.9172831 —725.8845327 —725.8791455 —725.8786118
aug-cc-pVTZ —483.9692607 —483.9486985 —483.9454047 —725.9282487 —725.9207931 —725.9193864
aug-cc-pvQZz —483.9759099 —483.9558916 —483.9524871 —725.9400750 —725.9320590 —725.9299595
est CBS eql —483.979483 —483.959769 —483.956300 —725.946554 —725.938231 —725.935693
Ecv® —0.5079335 —0.5078676 —0.5075292 —0.7627801 —0.7625279 —0.7628007
Esyd —0.8690377 —0.8691075 —0.8689911 —1.3038175 —1.3038384 —1.3038340
AEeecCBS eq 1 68.75 56.38 54.20 88.89 83.67 82.08
AEcy —0.51 —0.55 —0.76 -0.21 -0.37 —0.20
AEsr -0.27 -0.27 —0.30 -0.25 -0.23 —-0.24
AEsc® —0.42 —0.42 —0.42 —0.63 —0.63 —0.63
AEzpd —0.50 —0.49 -0.5 —1.15 —0.88 —0.99
3Dg¢ 67.05 54.65 52.2 86.65 81.56 80.02
AH¢(0 K) 89.4 101.8 104.2 148.0 153.1 154.7
contribution? Al (1AL Al (By) Al (3A) Al(®Bsg) Ali(By)
aug-cc-pvDZ —725.9517289 —725.9384104 —725.9329177 —967.8758503 —967.8719840
aug-cc-pVTZ —725.9977031 —725.9840654 —725.9772850 —967.9353182 —967.9308854
aug-cc-pvQZz —726.0102267 —725.9960299 —725.9888415 —967.9509812 —967.9463164
est CBS eql —726.017099 —726.002535 —725.995115 —967.959508 —967.954706
Ecv® —0.7619767 —0.7621064 —0.7620009 —1.0169111 —1.0168430
Esgd —1.3035142 —1.3034900 —1.3035243 —1.7383844 —1.7383829
AEeecCBS eq 1 133.16 124.02 119.37 137.83 134.82
AEcy -0.71 —0.63 —0.70 —0.36 —0.40
AEsr —0.44 -0.43 -0.43 —0.36 —0.36
AEsc® —0.63 —0.63 —0.63 —0.84 —0.84
AEzpd —-1.17 —-1.11 —0.90 —1.88 —1.61
3Dg¢ 130.21 121.22 116.71 134.39 131.61
AH¢(0 K) 104.5 1135 118.0 178.5 181.3
contribution? Ali(*Ag) AlCAL) Al ~(A) Al (2Byg) Al (A Al ()
aug-cc-pvVDZ —967.8684812 —967.8678116 —967.9519440 —967.9497634 —967.9484868 —967.8946437
aug-cc-pVTZ —967.9293386 —967.9245350 —968.0151292 —968.0110606 —968.0102269 —967.9586660
aug-cc-pvQZz —967.9456014 —967.9393243 —968.0318407 —968.0270415 —968.0263758 —967.9757892
est CBS eql —967.954485 —967.947355 —968.040947 —968.035719 —968.035152 —967.985145
Ecv® —1.0167783 —1.017463 —1.0161303 —1.0168480 —1.0165206 —1.0154731
Esgd —1.7382524 —1.7386405 —1.7379825 —1.7382845 —1.7381648 —1.7378087
AEeecCBS eq 1 134.68 130.21 188.94 185.66 185.30 153.92
AEcy —0.44 —0.01 —0.85 —0.40 —0.60 —-1.26
AEsr —0.44 —-0.19 —0.61 —0.42 —0.49 —-0.72
AEsc® —0.84 —0.84 —0.84 —0.84 —0.84 —0.84
AEzpd —1.86 j —1.88 —2.33 —1.83 —1.99
3D 131.10 184.76 181.67 181.54 149.11
AH¢(0 K) 181.8 128.2 131.2 131.4 163.8

aTotal energies in hartrees and energy differences in kilocalories per edtimated frozen core, complete basis set energies obtained from eq 1 using
the CCSD(T)/aug-cc-pXZ (x =D, T, and Q) energies.Core—valence corrections were obtained from R/UCCSD(T)/cc-CVTZ calculatioBsalar relativistic
corrections were obtained from Cl/aug-cc-pVTZ MVD calculatichet spin-orbit correction to the atomization energy from the Al atdi@ontributions
from the zero-point vibrational energi€s>Do = AEeiec + AEcy + AEsr + AEso + AEzpe " Heat of formation of Al &0 K from Chase, M. W., Jr.
NIST-JANAF Tables (4th Edition)J. Phys. Chem. Ref. DatB998 Monogr. 9, Suppl. 1. Frequency estimated from the value for the A1) state
because we were not able to calculate this state at the DFT l&el were unable to optimize the geometry of this state by using the DFT method. See the
text for details.

indicate that the ground state of Alanion is*Z;~. They also
reported two?ll, states associated with the dominant valence
electron configurations® ando?z!, and found that the energy

Bauschlicher et a* determined the ground state of,Ab be
3[1,, consistent with our results. Sunil and Jordan’s re&tlts

(38) Jones, R. OJ. Chem. Phys1993 99, 1194.
(39) Martinez, A.; Vela, A.; Salahub, D. R.; Calaminici, P.; RussoJNChem.
Phys.1994 101, 10677.

(40) Rao, B. K.; Jena, Rl. Chem. Phys1999 111, 1890.
(41) Rao, B. K.; Jena, R. Chem. Phys200Q 113 1508.
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Table 4. Calculated Energy Differences in Kilocalories per Mole
(and in Electronvolts)

species EA(calcd) EA(exptl)
Al 9.48 (0.41) 10.00 (0.4338)
Al 34.84 (1.51) 33.67 (1.46)36.90 (1.60+ 0.10p
Al; 43.56 (1.89) 43.81(1.96 0.03)243.81 (1.90+ 0.10p
Al 50.37 (2.18) 49.35 (2.14 0.04)¢50.73 (2.20+ 0.10)p

aReference 50° Reference 49 Reference 489 Reference 47¢ Ref-
erence 51.

of the 2I1, state corresponding ter® is lower than that
corresponding t@?zt. Our results calculated at the CCSD(T)
level are all consistent with their conclusions, although we were
unable to optimize the geometry of the secofid, state
corresponding t@?z! by using the DFT method.

Pettersson, Bauschlicher, and Halicioglu’'s restila the
CCI+Q level indicate that the energy of the lowest doublet state
(A1’ in an equilateral triangle geometry witbg, symmetry)
of Al is very close to that of the lowest quartet ste®,(with
Ca, symmetry); the latter is lower by0.01 eV (0.23 kcal/
mol). Our results calculated at a higher level show thaéghe

state is the ground state, consistent with the magnetic deflection

measurements of 4lwhich indicate a doublet ground stédfe,

although the earlier electron spin resonance measurements o

matrix-isolated A4 indicated a quartet ground stdfeFor the
Als~ anion, our results clearly indicate that the ground state is
singlet, i.e.,'A{', with Dz, symmetry.

For Al4, Pettersson, Bauschlicher, and Halicioglu’s resuilts

demonstrated that the planar rhombus structure is lower in
energy than the tetrahedral and pyramidal structures, although

they calculated only one electronic sta#B(, with respect to
the molecular orientation with the four Al atoms in theplane)

for the planar rhombus structurB4, symmetry). We examined

a total of three possible triplet staté®{g, *Bs,, and3A,) and

an additional singlet statéAg) of the planar rhombus structure,
and found that théBs, state is the lowest in energy. In our
calculations on the planar structures wibh, symmetry, the
four Al atoms are in the/z plane as defined by the “standard
orientation” of the Gaussian98 program, instead obthplane
used by Pettersson, Bauschlicher, and Halicioglu, so #Beir
state corresponds to otBg, State. Three state®Hsg, *Bsy, and
1Ay) were found to be associated with local minima on the
potential energy surface, whereas fifg, state was found to
haveD4, symmetry (undebDg4, symmetry, the state is actually
3A) associated with a first-order saddle point, evident from
the imaginary vibrational frequency given in Table 2. The
imaginary vibration mode points to a nonplanar structure having
C,, symmetry. ThéA, (Dap) or 3A1, (Da4y) state becomes¥,
state unde€,, symmetry. However, we were unable to optimize
the geometry of this state by using the DFT method; the
geometry optimization undeZ,, symmetry always went to the
planar®Bsq state. This is because both tf&, (D2n) and®Bsg
(D2n) states correspond t#, underC,, symmetry (with the
consideration of the molecular orientation change); the DFT
geometry optimization always went to the lowéa} state. This
implies that the’A, (C,,) state distorted from théA, (Dzn) or
3A1u (Dan) state should be higher in energy than tBgg (D2n)

(42) Cox, D. M.; Trevor, D. J.; Whetten, R. L.; Rohlfing, E. A.; Kaldor, A.
Chem. Phys1986 84, 4651.

(43) Howard, J. A,; Sutcliffe, R.; Tse, J. S.; Dahmane, H.; Mile JBPhys.
Chem.1985 89, 3595.

state, consistent with tH3, (D) state being the ground state.
Starting from the ground stat&,) of the Aly?~ dianion Oar),
three doublet states of Al anion can be obtained by removing
an electron from each of the three doubly occupied orbitas (a
by and a,). The results listed in Table 3 reveal that the ground
state of Ak~ anion is?Ag (D2n) distorted from?A1g (Dan).

We can compare our calculated ground-state results with the
available experimental data. The geometry predicted feisAl
2.728 A at the CCSD(T)/aug-cc-pVTZ level in comparison with
the experimental value of 2.7@40.002 A from high-resolution
spectroscopy measuremepis.arger basis sets and including
additional core functions will shorten this bond distance by
~0.02 A% The theoreticahE(Al ,(3T1,) — 2Al) value of 32.21
kca/mol is in excellent agreement with the experimental values
of ~31 kcal/mof® and 31.84 1.43 kcal/mol*® The binding of
an aluminum to Al to form Al; is exothermic by 54.4 kcal/
mol as compared to a value of 32.2 kcal/mol to add Al to Al to
form the dimer. Formation of the tetramer by addition of Al to
Al releases 47.7 kcal/mol, less energy than to form the trimer
from the dimer.

The calculated electron affinities are in excellent agreement
with the experimental values considering the size of the error
Fmits on the experimental values, as seen in Table 4. The
calculated value for Al is within~0.5 kcal/mol of the accurate
experimental valué’ For Aly, the calculated value lies between
the two experimental valugg® For Als, the calculated value
is within 0.5 kcal/mol of the experimental valu®sand for Al,
the calculated EA is within 1 kcal/mol of the best experimental
value’! (and within the error bars) and, as for,Alies between
the two experimental valué¢8.The formation of A}~ is
exothermic by 14.7 kcal/mol as compared to the asymptote of
Al4 + two electrons, although it is less stable by 35.6 kcal/mol
as compared to the asymptote ofyAH- an electron. A%~ is
stable with respect to other asymptotes such as Al Al,

Alz + Al~, and 2AL~, as shown from the energies listed in
Table 3.

Although our focus is the energy of the ground states relevant
to the aromaticity, there are a number of low-lying excited states
for the neutrals and the corresponding anions as noted above.
For Aly, the 32, state is only 0.83 kcal/mol above tRel,
ground state followed by th&," state, which is 6.8 kcal/mol
above the ground state. ForA| 44 is the ground state and
there is &I1, excited state formed from the® occupancy, 12.4
kcal/mol above the ground state, with a secéiid excited state
formed from thes%7! occupancy estimated to be 14.8 kcal/mol
above the ground state. ForsAthe excitecPA," state is 5.1
kcal/mol higher in energy than th&, ground state and the
“A, state is 6.6 kcal/mol higher. For Al, the 3B, state is 9.0
kcal/mol above théA;' ground state and th&\, state is 13.5
kcal/mol higher in energy than the ground state. Faf, #le
state energies are closer, with thgs, excited state 2.8 kcal/

(44) Peterson, K. A. Submitted for publication.

(45) Boldyrev, A. I.; Simons, Periodic Table of Diatomic Molecules. Part A.

Diatomics of Main Group Element®Viley: London, 1997.

46) Lide, D. R., EACRC Handbook of Chemistry and Physi8sst ed.; CRC

Press LLC: New York, 2001.

(47) Scheer, M.; Bilodeau, R. C.; Thogresen, J.; Haugen, HHh¢s. Re. A

1998 57, R1493.

(48) Wang, X.-B.; Wang, L.-SJ. Chem. Physl997 107, 7667.
)
)
)

—~

(49) Cha, C.-Y.; Gantéfp G.; Eberhardt, WJ. Chem. Phys1994 100, 995.
(50) Wu, H.; Li, X.; Wang, X.-B.; Ding, C.-F.; Wang, L.-Sl. Chem. Phys.
1998 109, 449.

(51) Wang, L.-S. Private communication.
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mol higher in energy than th#Bs4 ground state, and thi\q z

state 3.4 kcal/mol higher in energy than the ground state. For 0, (py)
Al,4, the?Byg excited state is 3.3 kcal/mol higher than fifg,
ground state and th#\,, state is 3.6 kcal/mol higher in energy

Y

than the ground state. The significant number of low-lying %(Pi) )
neutral and anionic states should lead to very complex photo-
electron spectra. a(pr)

The calculated value foAE(Al2~ — 4Al + 2e) is 149.1

kcal/mol. The dissociation energies #E(Al ,(*Zq) — 2Al) and 4:(pe)
AE(Al(3T1y) — 2Al) are 25.5 and 32.2 kcal/mol, respectively. 2

The excellent agreement of the calculate&(Al »(3T1,) — 2Al)

value with the experimental values ef31 kcal/mot® and “
31.8 &+ 1.43 kcal/mat® further confirms the accuracy of our 29 © 0
computational protocol used to predifE(Al 2~ — 4Al + 2e)

and AE(Aly(1Zg) — 2Al). The predictedAE(Al 2~ — 4Al + b (0.04 au contour)

2e) andAE(Alx(*Z) — 2Al) values, along with eq 3, lead to
RE(Al2) = 72.7 kcal/mol. According to our best estimate,
the resonance energy of At (~73 kcal/mol) is more than 3.6
times of that of GHg (20 kcal/mol)? even though the bond
energy of an At-Al single bond (-26 kcal/mol) 