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Geometry optimization and harmonic vibrational frequency calculations have been carried out on various
structures and low-lying, high- and low-spin electronic states eA&nd AIN, clusters, where = 4 to 7,

at the B3LYP, MP2, and QCISD levels. The aim of these calculations was to search for states/structures that
may be suitable candidates as precursors of high energy density materials. Well-bound charge-transfer states/
structures with activated NN bonds were obtained. The exothermicities of the decomposition reactions of
these states/structures t@ Molecules were computed at up to the RCCSD(T)/aug-cc-pVQZ(no g) level of
theory. The most exothermic decomposition reaction considered ig &INAI-NN2NoN (Ng ring), A",

(@)% @)4@")* — Al + 3N,. The calculatedAH?%8K js —226 kcal/mol, giving an energy release of over 75
kcal/mol per N molecule. We conclude that AINsystems are potential precursors of high energy density
materials. In addition, the HOMOs of these states/structures have been examined in order to understand the
stability of these states/structures. The ability of aluminum to introduce various degrees of covalency and
ionicity to such clusters, which will stabilize the polynitrogen system, has been discussed.

Introduction be viewed as a catalyst in the dissociation process of, KN

M + N, which has an appropriately high energy barrier,
followed by a low energy-barrier dissociation of, M ("/2)No.
?%ecently, we reported an extensive ab initio and spectral
simulation study’ on the low-lying electronic states of GaN

in relation to the interpretation of its observed LIF speétria

the search for a suitable candidate for the upper state of the
LIF band observed at 37 633 ch a number of linear and
T-shaped charge-transfer quartet states, narf®ly,1B;, 2'B,,

Cehnd *¥A,, of GaN, were investigated for the first time. The
computed molecular wave functions of these well-bound quartet
states of Gablshow significant orbital mixing and electrostatic
interaction between Ga and,Nwhich lead to short computed
GaN bond lengths and reasonably large intermolecular vibra-
tional frequencies. At the same time, the computed NN bond
lengths are significantly lengthened, whereas the NN stretching
frequencies decrease, in comparison with those of isolated N
suggesting significant activation of;Nn the complex. It was
pointed out in ref 27 that in considering metalinitrogen
interaction and M activation by a metal center, attention had
been focused mainly on transition metéisdowever, ref 27

Polynitrogen species, )Nhave been studied extensively and
suggested by computational chemists to be potential candidate
for high energy density materials (HEDM) for nearly 20 years.
(For recent works on N see for examples refs—114 ; see
references therein for earlier works.) However, the instability
of these species, the low barrier to dissociation in particular
(for examples, refs 1, 5, 7, and 139), appears to be a major
hindrance for these molecules to have real applications.
Nevertheless, the recent experimental successes of the resear
group of Christe et al. in synthesizing and characterizing two
Ns*-containing salts?® have strengthened the theoretical predic-
tion of polynitrogen species being potential candidates for
HEDM. These experimental advances also have turned the
attention of quantum chemists to cationic, anionic, and excited
states of polynitrogen species (for examples, see refs 5, 8, 14
and 20-26).

In the search for potential candidates of HEDM, one faces
an apparent dilemma. A suitable polynitrogen species should
ideally have a large exothermicity upon dissociation t9 N

moleculgs, bUt. at the same time, It Sh?“'.d also haye AN shows that a p-block semiconductor metal is able to have
appropriately high energy barrier to dissociation so that it can _. .. . . . - .
significant interaction with a dinitrogen molecule in a number

be stored safely before use (for examples, see refs 1,7,15,16,- o . S
18, and 19). To find a polynitrogen species that possesses thesgf low-lying quartet states. In addition, considering the HOMOs

apparently contradictory properties of being highly energetic and LUMOs of Ga and b stabilization in these charge-transfer

but also reasonably stable, some fundamental concepts Ofquartet states of Gal\tan be rationalized as arising from the

. - excitation of an electron from the Ga 4s localized HOMO to
stability, for example, the potential energy hypersurfaces and

bonding/antibonding interactions in a,Npecies, need to be an N localized antibonding LUMO. On the one hand, this
considered. In addition, one may need also to consider novelexCItatIon leads to charge transfer from Ga tg bh the other

molecular systems, for example, & Bystem being stabilized hand, there can be bonding interaction between Ga 4p (of the

- - appropriate orientation) and the original Icalized antibonding
by a metal center (M). In this connection, the metal atom may LUMO, which would stabilize the system. The stability of these

* Corresponding authors. E-mail: jmdyke@soton ac.uk. low-lying quartet states of GaNs a result of delocallz_atlon of_
t Southampton University. molecular orbitals (covalent bonding) and electrostatic attraction
*QinetiQ, Fort Halstead. between the partially charged Gaand N~ molecular frag-
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ments (ionic bonding). (Further details are given in ref 27.) the purpose of establishing the appropriate methodology and
Following the excitation schemes to obtain these low-lying theoretical basis for the investigation of the larger clusters,
charge-transfer quartet states of Gale postulated that the  calculations on AIN4 and AIN, clusters, withn = 4 to 7, are
kind of orbital interaction considered in ref 27 may lead to reported here for the first time.

possible application in obtaining stabilized Maystems, which Theoretical Considerations and Computational Details.
may be used as precursors of HEDM. As an illustration, the The initial calculations were on AIN There are two main
LUMOs and HOMOs of a hypothetical Miting system, where  purposes for carrying out a series of calculations onARiFst,
M is a p-block metal with a ground-state open-sh#dl salence a series of QCISD/6-31G(3df) and CCSD(T)/6-31:G(3df)
electronic Configuration like Ga, were examined in detail in ref geometry Optimization and harmonic frequency calculations
27. On the basis of considerations of the molecular orbitals andwere carried out on the various |OW_|ying doublet and quartet
electrostatic interaction in the low-lying charge-transfer quartet states of AIN. Both linear and T-shaped structures were
states of Gah it was anticipated that, with the appropriate considered. This is for the purpose of establishing that,AIN
electronic configurations, some quartet states of this hypotheticalpehaves as GaiNparticularly with regard to the existence of
MN4 ring system should be reasonably stable with a Significant some |0w-|ying Charge-transfer quartet states, which are ex-
energy-well depth. In the present study, we report the results pected to show significant interaction between Al ang &b
of our extensive ab initio and density functional calculations for GaN, reported in ref 27 and discussed above. To our
on some “real” systems (in contrast to the hypothetical,MN  knowledge, the only ab initio study available on Alié the
systemj-AIN », wheren = 4 to 7, and AjN, clusters. The AN MP2 and QCISD(T) calculations by Chaban and Gortfoi.
ring SyStem has been studied in detail. The results obtained forappears that On|y the |owest_|ying linear doublet sfaﬁsar]d
some quartet states of AlNing structures were found to be 23, were considered, with the former being very weakly bound
exactly in accordance with those postulated in ref 27 for the and the latter repulsive. However, our interest is in well-bound
hypothetical MN ring system. In addition, calculated results, charge-transfer quartet states. Second, a series of basis set
including computed exothermicities upon dissociation t N variation calculations were carried out on theKstate of AIN,
molecules obtained from high-level ab initio calculations on at different levels of theory. The main purpose of these
various structures of AlNclusters, withn up to 7, suggest  calculations is to choose the most suitable basis set to be used
strongly that AN, systems may be potential candidates for in the calculations of larger AlNclusters. This is necessary
precursors of HEDM. because for larger clusters it is impractical to employ a large
From the theoretical and computational point of view, Al was basis set. At the same time, for the search of stable structures
chosen as the metal center to be considered in the presentf the larger clusters, correlation methods with analytical
investigation because it is a p-block metal, valence isoelectronic derivatives of energy with respect to geometrical parameters
with Ga, but it is lighter than Ga. In this connection, calculations would be required because geometry optimization and harmonic
involving Al are simpler and computationally less demanding vibrational frequency calculations employing numerical deriva-
than calculations on Ga. From the practical or experimental point tives would be computationally too expensive. This consider-
of view, the availability and stability of Al make it an attractive ation has ruled out the use of higher-order correlation methods,
candidate. In this connection, it should be mentioned that ScN such as the CCSD(T) method, for calculations of the larger
has been recently studied by ab initio and density functional clusters because of the unavailability of analytical derivatives
methods and considered to be a possible high-energy moleculeat the CCSD(T) level. In this connection, this series of
containing an §’-N7]®~ ligand® In addition, some heavier calculations on AIN also serves to compare the performance
transition metals (Ti, Zr, Hf, and Th) have also been considered of different correlation methods employed for this type of
to stabilize polynitrogen clusters in a very recent theoretical compound; as for Al it is still possible to employ a correlation
study3! However, from the practical viewpoint of being readily ~method with numerical derivatives of energy. In summary, the
available and of low cost, Al appears to be superior to these initial calculations on AIN were made to establish a sound
heavier transition metals. Some metal catipentazole anion  theoretical basis and a reliable methodology for further calcula-
complexes, where the metals considered are Na, K, Mg, Ca,tions on larger Alp clusters.

and Zn, have also been studied by ab initio and density On the basis of the results obtained from the extensive study
functional methods very recenty With these alkali (Na and  of basis set variation on AlNmentioned above, the augmented
K), alkaline earth (Mg and Ca), and group IIB (Zn) metals, it correlation-consistent polarized-valence doubldaug-cc-
is expected that the metapentazole complexes would be pvDZ) basis set was chosen to be used in calculations giAl
predominantly ionic in nature and that electrostatic interaction and all AIN, clusters with n larger than 2. Some MP2
would dominate. The polynitrogen moiety in these complexes calculations employing the 6-3315(3df) basis set were also
would behave essentially as a counteranion. In contrast, with Acarried out on some selected States/structureszj}fﬁnd A||\]4
p-block metal such as Al or Ga, the MMomplexes exhibit  as a further check of basis set effects on larger clusters (see
various degrees of covalent and electrostatic interaction in somejater text). Geometry optimization and harmonic vibrational
of their IOW-Iying electronic states (See ref 27 and later text), frequency calculations were performed orhw and Aan, n
thus aIIOWing more ﬂeXIbI'Ity in the stabilization of the =410 7, emp]oying the most popu|ar density functional method'
polynitrogen moiety of the complex by the metal center. B3LYP, and also the ab initio methods of MP2 and QCISD.
AlLNy clusters have received considerable attention from However, QCISD calculations were carried out only fopMy
computational chemists in the past because of the importanceand AIN,, wheren < 5, because analytical second derivatives
of aluminum nitride (solid and thin-film AIN) in various are not available for the QCISD method. Numerical second
industrial applications (see refs 33 and 34 and referencesderivative calculations on AlNl\wherenis larger than 5, become
therein). Most previous studies onAl, clusters were conducted  impracticably expensive with the QCISD method. Nevertheless,
by density functional methoé% 38 except for those on some  for Al,N4 and AlNs, a number of selected states/structures were
small clusters, which have been studied by high-level ab initio studied using the QCISD method as a check on the effects of
calculations®®43 Apart from AIN,, which was studied here for  higher-order electron correlation on the optimized geometrical
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parameters and computed harmonic vibrational frequencies. Al TABLE 1: Optimized Geometrical Parameters and
of the above geometry optimization and harmonic frequency GQITPUted I—:carrlnonlcbvlbragonal _I]ffrequenC|es|(cn]I1) of the
calculations were performed using the Gaussian suite of ~.1 State of AN, Obtained at Different Levels o

Calculation?

programst
Relative electronic energies were calculated at a higher level method AIN/A NN/A 01(0) w2(0)  ws(7)
of theory using the RCCSD(T) methtdas implemented inthe  B3LYP/6-311G(3df) 1.994 1.131 1950 306 233;306
MOLPRO suite of program® which is known to be the most ~ MP2/6-31G(2d) 3511 1.122 2249 48 56;61
reliable single-configuration method for electron correlation. MP2/aug-cc-pvDZ 3471 1.130 2607 52 41,42
Large basis sets of up to aug-cc-pvVQZ quality, with a total MP2/6-31tG(2d) 3.500 1.114 21% 47 5258
: ! ; ' MP2/6-31HG(3df) 3.359 1.113 2231 55 57;58
number of contracted Gaussian basis functions of over 300, wereQciSD/6-311G(3df) 3.541 1.097 2405 43 54:54
employed to vyield reliable computed reaction energetics. CCSD(T)/6-31#G(3df) 3.395 1.103 2343 50 58;59
Thermodynamic constants of the following decomposition MEg/(?UI%;CC-pVTZCVTZ ggg iﬂg 52
i ithi i e ull)/aug-cc- : )

E?Ocrtlrc:]r;sdgfare evaluated within the harmonic osciltatagid QCISD(T)/aSg-cc‘-)pVTZ 313 1104 a4

QCISD(T full)/aug-cc-pCVTZ 3.40 1.101

AlLN, — 2Al 4 2N, aThe MP2 and QCISD calculations are with frozen cores, except

otherwise stated> From Chaban and Gordda.

Forevemn, AN, — Al + (W2)N, frequency calculations were carried out on selected states/

For oddn, AIN. — AIN + {(n — 1)/2}N, and structures of AIN and AbN4. The results obtained using the
' " 2 6-311+G(3df) and aug-cc-pVDZ basis sets at the MP2 level of
AN, — Al + (V/2)N, calculation are essentially identical for the Alstates/structures

f the limited ional iabl considered, suggesting that the aug-cc-pVDZ basis set is
Because of the limited computational resources available, ro450nably adequate for ANlusters. The MP2/6-311G(3df)
some restrictions imposed in the present investigation are oqits on the AN, states/structures will be discussed later.

summa_rlzed as TOHOWS: Comparing the results in Tables 2 and 3 with those of the
Species Considered:Al2Ns and ANy, n =4 to 7. doublet and quartet states of Gabjiven in refs 47 and 27,
Structures Considered: (1) AlNs: A large number of  oqhactively, itis clear that Alzbehaves essentially in the same

structures, including the linear, T-shaped, rectangulawlth way as GaN does in the low-lying doublet and quartet states.

Al on top, planar five-membered rings (Al as part of the ring) - gpecific 1o the purpose of the present investigation, there are
and near-tetrahedral ;\structures with Al at a vertex, a side, well-bound charge-transfer quartet states of AlNist as for

or a face were considered; . GaN.. On the basis of the results of AjNbtained here and by
) AI2N4: Rectangular histructures, with the two Al atoms comparison with those of GaNreported in ref 27, it is

on opposite sides or ahove and below N . anticipated that for the AINring system some well-bound
(3) For AlN,, wheren > 4, only n-membered Nring and @ charge-transfer quartet states with the appropriate electronic

+ l).-membered ring (Al as part _Of the ring) struptures were configurations should exist, as postulated in ref 27 for a

considered. For the-membered Nring structure, Al is bonded hypothetical MN ring system

either to a_vertex ora S'd.e' ) . . First, regarding the performance of the various correlation
_Ellectromc fStates Cor;]&dere_d.(ﬁ) Low-lying fsmglet and  methods used in the calculation of AlNsome comments should

triplet states for odah, wheren is the number of N atoms in - e made on the reliability of the density functional method,

the ANy system; B3LYP, for the kind of molecular systems studied here. On
(2) Low-lying doublet and quartet states for even the basis of the results of AlNbbtained in the present study
(3) Low-lying singlet and triplet states for Als. }see footnotes a and b of Table 3) and those of Q@Norted

The general strategy used in the search for stable Statespreviously in refs 27 and 47, the B3LYP method gives
structures is as follows. The B3LYP method was employed first gqqengialy identical results to the ab initio results for almost
for a general survey of different states/structures. This was g \ye||-hound charge-transfer states. However, it can be seen
followed by MP? calculatlck)lns on the relevz;]mt optimized sltates/ that the B3LYP method tends to predict stable states/structures
structures obtained by the B3LYP method. Some relevant ¢ qiates/structures that are predicted to be weakly bound by
electronic states/structures, which had not been obtained fromab initio methods. (For example tREIX state of AIN, in Table
the B3LYP calculations, were al_so considered at the MP2 level. 1: see also ref 27.) Such findings also occur for larger clusters
Selected states/structures obtained at the MP2 levels were then; AIN ., which will be discussed below. In addition, for\L

considered at the QCISD level. Finally, the electronic energy gt of the B3LYP results were found to be different from the
changes of some selected representative dissociation reactiong;ps g QCISD results (see later text). Our view at present is
were calculated at the RCCSD(T) level. that ab initio results should be more reliable than density
functional results, when they differ. Bearing this in mind and
on the basis of the results of AlNind AbN,4 obtained here, all
AIN,. The results obtained for various states/structures of calculated results reported previously forM\ clusters, obtained
AIN, are summarized in Tables 1 to 3. On the basis of the resultsonly by density functional methods mentioned in the Introduc-
shown in Table 1, the aug-cc-pVDZ basis set was chosen fortion, should be viewed with caution. One particular concern
further calculations on larger AlNclusters as a compromise relevant to the present study is that states/structures predicted
between economy and reliability. The 6-31&(3df) basis set  to be well bound by density functional calculations can turn
may be considered as a better choice than the aug-cc-pVDZout to be very weakly bound by ab initio calculations. Our con-
basis set from the viewpoint of accuracy of the results, but it clusion here is that density functional calculations should always
will be too expensive for calculations of most of the larger be checked by ab initio calculations. At least qualitative agree-
clusters. Nevertheless, as mentioned above, some MP2/6-ment between density functional and ab initio results should be
311+G(3df) geometry optimization and harmonic vibrational obtained before the former can be concluded to be reliable.

Results and Discussion
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TABLE 2: Optimized Geometrical Parameters, Computed Harmonic Vibrational Frequencies (cnt?), and Relative Electronic
Energies, E.3, of the Lowest-Lying T-Shaped Doublet States and Linear and T-Shaped Quartet States of M, at the QCISD/
6-311+G(3df) Level of Calculation

state configuration AIN/A NN/A NAIN/deg w1(2) w2(2y) w3(by) EeleV
2A; (an)* 5.2254 1.0975 12.1 2404.6 17.8 24.1 0.0254
B, (by)* 4.3192 1.0976 14.6 2403.7 23.9 36.4i 0.3664
B, (by)* 4.3414 1.0978 14.5 2402.3 20.9 35.6i 0.0270
45-b (0)X()? 1.8246 1.1340 1901.4 524.8 359.5 2.2307
B, (30)}(b2)Y(ap)* 1.8324 1.3233 423 1201.1 694.2 649.2i 3.4436
B, (an)Y(a0) (by)* 2.0415 1.2012 34.2 1817.0 509.2 228.3i 4.6398
A, (a0)}(b)(by)* 2.0353 1.1705 33.4 1834.2 469.9 260.6 2.9879
aWith respect to the linear 31 state.” Linear AIN,; the symmetries of the vibrational frequencies arer and respectively.
TABLE 3: Optimized Geometrical Parameters, Computed the main purpose of the present investigation, both the B3LYP
I(-lEa;mgﬂlc Vlb(r?tlongl g reql(if)—‘ngles _(tCm’l)f, tﬁe%ﬂve Ednesrtgltes and MP2 results suggest thafB, state with aC,, V-shaped
e), Charge (@), and Spin (5) Densities of the Ground State P
and Some Quartet Charge-Transfer States of Al at the (N2)AI(N ) structure is likely to be the lowest state/structure %1:
CCSD(T)/6-31HG(3df) Level of Calculation AIN4. The computed AIN bond length of greater than 3.4

and the low vibrational frequency of 24 chobtained for this

states il = e B B structure at the MP2 level (Table 5) indicate that it is a very
A”\Ué 3.395 1.815 2.046 1.837 2.044 weakly bound state. However, the optimized B3LYP geometry
NN/ 1.103 1.142 1176 1.330 1.209 and computed harmonic vibrational frequencies (Table 4)
w1(NN) 2343 1858 1783 1176 c N .
wioora) 50 549 453 679 suggest significantly stronger bonding than that from the MP2
ws(worby)  58;59 359 318 330 calculations. As mentioned above, the B3LYP method tends to
Ees/kcal mol* 0.0 50.2 675 77.8 106.2 give a more stable state/structure for a state/structure that is
Qui —0.057 0.091 0.420  0.802 0.517  \eakly bound by ab initio methods. At the QCISD level,
gi“l (; 8&57' 0.183 £ '725822'_0'373 _29'226120 _8:ggé _%z5893 geom(_etry optimization for this sta}te did not converge even after
Sy ~0.010; 0.013-0.801: 1.237 0.399 1.072 0.509 25 points (Table 7). On the basis of what has been discussed

2 At the B3LYP/6-314-G(3dR level of calculati h imized above on AlN, the neglect of triple excitations in the QCISD

t the - (3df) level of calculation, the optimized  5,0jati0n is possibly the cause of the failure of convergence
geometrical parameters for tHE~ state are AIN= 1.780 and NN= . A .

1.146 A, the computed harmonic vibrational frequencies are 1826, 605, IN the geometry optimization of this state/structure. Nevertheless,

and 359 cm?, and the relativé&, is 49.7 kcal/mol above the 3Kl state. the last geometry and the computed charge and spin densities
b At the B3LYP/6-311G(3df) level of calculation, the optimized  obtained in the QCISD calculations are very similar to those
geometrical parameters for tHa, state are AIN=2.043 and NN= obtained at the MP2 level and also suggest a very weakly bound

1.165 A, the computed harmonic vibrational frequencies are 1857, 456 gtate/structure. Our conclusion here follows what has been
it ; :
gpa‘:elfg'ngg éif;}dvéﬁlfe;‘?lgg‘é%x'ts 70.7 keal/mol above the &I discussed above, that the B3LYP results are probably unreliable
' ' ' for this state/structure. The lowest state/structure obtained at
the QCISD level is the linear NAI-N, 2I1, state (Table 8),

Regarding the different ab initio methods employed here for which is only 0.66 kcal/mol above the V-shap@gh state/

the calculations of AlN, in general, it can be concluded that S
they give consistently the same qualitative result that tAd X gtructure at the MP2/aug-cc-pVDZ level (Table 6). This linear
state is a weakly bound state. Specifically, the MP2 results are 11, state has a long com_pute_d AIN bond Ier_lgth of over 3.5 A
very similar to the CCSD(T) and QCISD(T) results with the and very low computed vibrational frequgnmes of ca. 10tm
same basis set (Table 1). The QCISD method gives a slightly at the MP2 and QCISD levels of calculation, suggesting a very
longer AIN bond length and smaller intermolecular vibrational weakly bound state (Tables 6 and 8). 't, seems clear that the
frequencies. It appears that triple excitations are important for I0West state/structure of AlNs almost certainly a weakly bound
this kind of weakly bound species. Nevertheless, for the stable doublet state, though whether it has a V-shaped or linear
charge-transfer quartet states, the QCISD and CCSD(T) resultsStructure would require further investigation.
are very consistent, suggesting that the demand on electron In general, most of the doublet states of Altonsidered here
correlation is only modest for these stable states/structures.are either saddle points with one or more computed imaginary
Stability in these charge-transfer quartet states appears to hav&ibrational frequencies or very weakly bound minima with long
come mainly from the HartreeFock wave functions, with intermolecular computed bond lengths and low vibrational
minor contributions from electron correlation. In conclusion, frequencies. The only doublet state that may be well bound is
for calculations on larger AlNclusters, B3LYP results should  the?A; state of the AlN ring structure, with a computed AIN
be viewed with caution, but the MP2 results should be bond length of 2.291 A and the lowest computed vibrational
reasonably reliable. In the following discussion, we focus on frequency of 155.5 crt at the MP2 level (Table 5). However,
states/structures that have consistent ab initio and densityat the B3LYP level, it is a first-order saddle point (Table 4),
functional results, particularly for the larger clusters. and at the QCISD level (Table 1), it was unoptimized after 25
AIN 4. The computed results of the various states/structures points from the MP2 optimized geometry. The last geometry
of AIN, obtained at different levels of calculation are sum- inthe QCISD geometry optimization has a long AIN bond length
marized in Tables 4 to 9. Only the low computed harmonic of 4.7 A and a long N-N intermolecular bond length of 5.2 A
vibrational frequencies are given in these Tables to show (Table 1), suggesting that the system is falling apart. It is unclear
whether the stationary points obtained are minima and/or to whether inclusion of triple excitations in the correlation calcula-
show qualitatively the expected well depth (small computed tion would stabilize this state/structure. The results obtained here
vibrational frequencies suggest a shallow minimum). Some of for the 2A; ring structure show that higher-level calculations
the representative structures obtained are shown in Figure 1.than have been employed are required to obtain unambiguous
Although obtaining the ground-state structure of AlN not results for this electronic state.
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TABLE 4: Optimized Geometrical Parameters (A), Computed Harmonic Vibrational Frequencies (cntl), Total Electronic
Energies Ee in hartrees), Charge (1), and Spin (5) Densities of Various Structures and Electronic States of Alblat the B3LYP/
aug-cc-pVDZ Level of Calculation

structure state configuratidgy optimized geometry frequency Jai; Sai

No+AlN, ], ()t AIN = 2.001 136.7i(ry); 91.5i(0v) 0.353; 1.227
—461.37465 NN =1.133

Na+Al+++Nj 1 ()t AIN = 2.069; 5.422 7.0(0); 10.3;10.9¢) 0.138; 0.539
—461.47485 NN =1.139; 1.104

near-tetrahedral, side B, (b2)* AIN = 2.165 98.7i(ky); 196.4(h) 0.348; 0.038
—461.21186 NN = 1.469; 1.464

rect-N,, top B, (b)) AIN =5.924 16.2i(a); 12.1i(k) 0.004; 0.999
—461.46920 NN = 1.104; 7.401

rect-N,, top B, (b) () *(by)* AIN = 2.492 382.3i(h); 349.4i() 0.478; 0.254
—461.26634 NN = 1.216; 2.007

NoAl-(N2), T A, (a0) (1) (2)" AIN = 1.804; 5.334 21.4i(ky); 8.0(a) 0.204; 2.415
—461.39329 NN = 1.156; 1.104

near-tetrahedral, face A1 (eP(a)* AIN = 2.098 233.0(e); 295.5@ 0.539;-0.217
—461.20339 NN = 1.381; 2.244

near-tetrahedral, side A (a0)X(b1)¥(b2) AIN = 2.222 96.5(); 196.8(h) 0.432;0.170
—461.22130 NN = 1.901; 1.447

near-\2 B, (b)) AIN =2.197 84.2(a); 128.1(b) 0.148; 0.520
—461.47726 NN =1.122; 2.671

near-\# B, (a0)X(b1)*(au)* AIN = 1.924 31.0(a); 138.9(a) 0.346; 2.065
—461.39719 NN = 1.145; 3.284

ring 2p, (an)! AIN = 2.359 171.5i(l); 118.8(h) 0.326; 0.342
—461.46370 NN = 1.133; 2.708

ring B, (20)'(y) (an)* AIN = 1.956 371.9(h); 390.1(b) 0.595; 0.792
—461.24317 NN = 1.399; 1.299

ring A, (b) (b)) H(aw)! AIN =2.132 172.5(h); 220.9(b) 0.414; 0.509
—461.32682 NN = 1.237; 1.341

No+AlN, D (09) (o)t AIN = 2.017 11.76r.); 153.561,) 0.315; 2.314
—461.39651 NN =1.128

aThe initial geometry has a ring structure.

TABLE 5: Optimized Geometrical Parameters (A), Computed Harmonic Vibrational Frequencies (cntl), Total Electronic
Energies Ee. in hartrees), Charge (), and Spin (5) Densities of Various Electronic States of the AN, Ring Structure at the

MP2/aug-cc-pVDZ Level of Calculation

state configuratiorde(au) optimized geometry (A) frequency (ci Oal; Sai/On; Sy
2Aq (an)? Al =2.291 155.5(h); 236.1(b) 0.461; 0.327
—460.43859 NN = 1.137; 2.249 —0.123;-0.16
B, by)? AIN = 1.841 447 .8i(y); 351.4i(h) 1.021;—-1.400
—460.25208 NN = 1.307; 1.311 —0.421;1.336
By (by)* AIN = 3.420 24.2(a); 37.1() —0.046; 1.012
—460.4723% NN = 1.130; 3.263 —0.030;—0.050
Aq (a0)*(b2)*(by)* AIN = 2.108 610.9(a); 894.9(a) 0.498;-0.134
—460.17355 NN = 1.409; 1.279 —0.209; 1.606
‘B (a)Y(b2) (a)* AIN = 1.811 894.4(a); 966.3(h) 0.667; 0.237
—460.17605 NN = 1.481; 1.248 —0.321; 1.467
Ay (b2)X(by) ()t AIN =2.172 222.3(a); 330.2(h) 0.610; 0.152
—460.26175 NN = 1.224; 1.408 —0.158; 1.488
‘B, (a)Y(by)*(a)* AIN = 1.929 688.4i(h); 450.1(h) 1.092;0.921
—460.19456 NN = 1.405; 1.331 —0.475;1.019

2Very large spin contamination¥J= 1.95).° Optimized to a near-V-shaped structure.

In contrast to the doublet states, there are a large number ofgeometries of these states suggest various degrees of covalent
quartet states that appear to be reasonably strongly bound with(noninteger spin densities) and electrostatic (nonzero charge on
short computed AIN bond lengths and reasonably large vibra- Al) interaction, exactly as hypothesized in our second Fper
tional frequencies. First, the ring structures were considered. on GaN, based on consideration of molecular orbitals. Among
Four quartet stateg4, “B1, *A,, and*B,; see Tables 4,5, and  the four quartet states studied, all real computed vibrational
7) were studied. The electronic configurations of these excited frequencies were obtained only for th&, state at all levels of
guartet states were chosen according to the excitation schemesalculation. Whereas th#B, state is a true minimum at the
suggested in ref 27. Briefly, electrons were excited from B3LYP level of calculation, it is a first-order saddle point at
antibonding combinations of Nbonding HOMOs (7h 2by, and the MP2 level. At the QCISD level, numerical second derivative
1&) to bonding combinations of Nantibonding LUMOs (11a calculations for three of the four quartet states of the ring
and 3h), which could be mixed with Al 3p orbitals of the  structures that were considered faced QCISD iteration problems
appropriate orientations. The optimized geometrical parametersat geometries displaced from the optimized positions (Table 7;
of these quartet states obtained at different levels of calculationsalso see later text). Consequently, for these three states, it is
are reasonably consistent, having short intermolecular AIN and uncertain whether they are true minima on the hypersurface at
long intramolecular NN bond lengths, as anticipated. The the QCISD level. In any case, the computed results orfAhe
computed charge and spin densities obtained at the optimizedstate of AIN,, which is the lowest quartet state studied, are very
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TABLE 6: Optimized Geometrical Parameters (A), Computed Harmonic Vibrational Frequencies (cntl), Total Electronic
Energies Ee. in hartrees), Charge (), and Spin (5) Densities of Various Electronic States of Other Structures of AlM at the
MP2/aug-cc-pVDZ Level of Calculation

structure/state optimized geometry (A) frequency (&rke(hartrees) Oai; Sa/On; Sn
Cs,, near-tetrahedral N AIN =1.980 3408i(e); 359(9 1.09; 1.30;
Al at face;*A; (a)*(ey NN = 1.830; 1.582 —460.03019 —0.46; 0.01
Ca, near-tetrahedral NAI at side; AIN = 3.130 37(b); 73(a) —0.08; 1.02
4A1 (b)Y (aw) (b))t NN = 1.588; 1.445 —460.09690 0.02;—-0.15
Cs, N(N3)-Al, near-tetrahedral N AIN = 2.167 364(a); 544(e) 0.64-0.01;
with Al at face; “A1 (ef(a)* NN = 1.344; 2.294 —460.14386 -0.32;0.31
Ca, near-tetrahedral NAI at side; AIN =2.211 271(h); 347(a) 0.60; 0.04
A, (by)Y(b2)Y(a)? NN = 1.912; 1.457 —460.17819 —0.17; 0.49
Ca, near-tetrahedral NAI at side; AIN = 2.157 136(k); 247(h) 0.545; 0.009
2B, (bo)* NN = 1.484; 1.504; 2.016 —460.19932 —0.098;-0.174
Ca, rectangular il Al on top; AIN = 2.442 183(h); 301(a) 0.550; 0.189
4B, (b2)Y(by)(b)* NN = 1.257; 2.009 —460.25851 —0.138; 0.703
Cy,, T-shaped, NNAI-Ny; AIN = 2.602; 2.325 72(ky); 86(hy) 0.183; 2.756
A (ag) (b)Y (ba)* NN =1.120; 1.163 —460.36701 —0.040; 0.125
linear Al*N2*Ny; AIN = 2.046; N...N= 3.441 9i(x); 13(0) —0.07; 3.04;
43 (o)X ()? NN = 1.097; 1.132 —460.37692 —0.05;-0.71
linear Np-Al-N2®; AIN =2.339 71(w); 79(0u) 0.13; 3.00;
42y (0g)(mu)? NN = 1.107 —460.37996 —0.20;—0.31
Ca, rectangular b} Al on top; AIN = 4.054 15(a); 26(ky) —0.0186; 1.003
2B (b)* NN = 1.132; 3.555 —460.46995 0.004; 0.001
Cy,, T-shaped, NNAI+(Ny); AIN = 4.081; 3.468 26i(by); 4(by) —0.04;1.01
2B, (b))t NN =1.132; 1.29 —460.47026 —0.03;—-0.04
linear Np-Al-Ny; 2ITy, (77)* AIN = 3.514 3, 14(w.); 37(0g) —0.06; 1.01;
NN =1.130 —460.47132 —0.03;-0.04
Ca, V-shaped?B; (by)* AIN = 3.421 24(a); 37(ky) —0.05; 1.01;
NN = 1.130, 3.263 —460.47237 —0.03;—0.05

2 The near-tetrahedral Mstructure with Al at a vertex also converged to this structure (see tekkje (a)(b:)'(a)! “B; state of near-V-shaped
Al-(N2)2, was optimized also to this linear state.

TABLE 7: Optimized Geometrical Parameters (A), Computed Harmonic Vibrational Frequencies (cnt?), Total Electronic
Energies E. In hartrees), Charge (@), and Spin (s) Densities of Various Electronic States of the AN, Ring Structure at the
QCISD/aug-cc-pVDZ Level of Calculation

state configuratiorfde(au) optimized geometry (A) frequency (ci Oal; Sa/On; Sh
2A; (ay)* 25 points from MP2 AE 4721 not optimized (falling apart) 0.010; 1.008
NN =1.115; 5.239 0.08;—0.009
ZB2 (bz)la
B, (by)* 25 points from MP2 AIN = 3.596 not optimized —0.037;1.010
NN = 1.115; 4.266 —0.038;-0.018
A1 (a2) (b))} (by)* AIN = 2.140 Qcisd excessive iterations 0.4820.154
—460.21809 NN = 1.418; 1.259 —0.204; 1.626
‘B, (a2)X(b)Y(an)* AIN = 1.905 Qcisd excessive iterations 0.5250.023
—460.20517 NN = 1.471; 1.237 —0.246; 1.611
Ay (b2) (ba)*(au)* AIN = 2.189 97.9(b); 165.0(h) 0.610; 0.151
—460.29876 NN = 1.246; 1.361 —0.180; 1.548
‘B, (a2)X(b)Y(an)* AIN = 1.941 Qcisd excessive iterations 1.078; 0.905
—460.22508 NN = 1.426; 1.292 —0.478;1.048

aVery large spin contamination$= 1.95).P Became a V-shaped structure; unoptimized after 25 points with=AIBL596 A (see text).

consistent at all levels of calculation and hence should be of 1.097685 A was used in the calculation op Bee also later
reliable. In this connection, one of the most important conclu- text for the possible reaction path on the energy hypersurfaces.)
sions from the present investigation is as follows. The stabiliza-
tion of the LUMOs of bonding combinations ofMntibonding
orbitals by orbital mixing with the appropriate Al valence p
orbitals and the excitation schemes of promoting electrons from The results obtained at the RCCSD(T) level with different basis
the HOMOs of antibonding combinations of Nonding orbitals sets are shown in Table 9. First, from the computéd values
to the LUMOs, as proposed in ref 27, have been shown to be shown in Table 9, it can been seen that the contribution from
useful in obtaining desirable states/structures of AWhich triple excitations to the computed energy change for the
could be potential precursors of HEDM. decomposition reaction is significant. The computdg}, values
Other than ring structures, there are other structures that haveat the RCCSD(T) level with different basis sets are consistently
well-bound quartet states. However, before they are discussed,.7 kcal/mol less negative than the RCCSD values. The
the computed electronic energy chang&k, for the decom- consistency of the computed contributions from triples with
position reaction of an AINring structure is considered first.  different basis sets suggests that the contribution from triples
The #A, state, which is the lowest quartet state obtained and obtained with a smaller basis set can be used as an approxima-
the only ring structure whose vibrational frequencies have beention for the same contribution with a larger basis set, with little
successfully calculated at the QCISD level (Table 7), was chosenloss of accuracy. This approach was employed for larger clusters,
in the following decomposition reaction. (The experimemtal ~ where inclusion of triples in the CCSD calculations becomes

AIN , (A, 5-membered ring)~ Al (X°P) + 2N, (X'=,")
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TABLE 8: Optimized Geometrical Parameters (A), Computed Harmonic Vibrational Frequencies (cntl), Total Electronic
Energies Ee. in hartrees), Charge (), and Spin (s) Densities of Various Electronic States of Other AINStructures at the
QCISD/aug-cc-pVDZ Level of Calculation

structure state/configuratide/ optimized geometry (A) frequency (cr) Oal; Sa/On; Sn
Ca, near-tetrahedral i\l ‘A1 (b)Y (ar) (o)t AIN = 3.352 481i(by); 29(ky) —0.05; 1.01#0.00;
Al at side —460.12441 NN = 1.541, 1.443 —0.17,0.03; 1.17
N(N3)-Al Ca,; Ay (e(ae)* AIN =2.194 145(e); 324(a) 0.69:0.07/-0.30;
Al at face —460.18327 NN = 1.352; 2.277 1.29,0.22;-0.80
Ca, near-tetrahedral iyl Az (b)Y (br)Y(au)* AIN = 2.226 162(ky); 187(h) 0.60; 0.04-0.16;
Al at side —460.20821 NN = 1.909, 1.453 0.50,—0.14; 0.98
Cy, rectangular “B, (bp)Y(by)X(by)* AIN = 2.479 814i(hy); 121i(ky) 0.53; 0.25/0.13;
Al on top —460.24746 NN = 1.225; 2.008 0.69
Cy, T-shaped A, () H(b2) (by)* AIN = 2.123; 3.179 10(ky); 44(a) 0.54; 2.244-0.32;
(N2)-Al---NN —460.37552 NN =1.179; 1.115 0.42, 0.01:-0.06
linear N-AlN, 1355 (0g)H(m)? AIN = 2.181 174i(0.); 56(my) 0.27; 2.9740.29;
(see footnote) —460.39547 NN =1.123 —0.56, 0.16; 0.59
linear Ny+Al+++ N, 45 (0) ()2 AIN = 1.888; 3.333 24(x); 41(0) 0.25; 2.82/-0.49;
—460.40027 NN = 1.146; 1.115 —0.95,0.20; 1.17
Ca, near-tetrahedral i\l 2B, (b))t AIN = 2.982 61i(ly); 210(k) 0.55; 0.01+0.08;
Al at side —460.19961 NN = 1.996; 1.479 —0.13,-0.19; 0.63
Ca, rectangular Iy 2B (b)? AIN = 4.332 SCF failure —0.01; 1.00/0.00;
Al on top —460.48765 NN = 1.115, 3.766 —0.00
linear Ne-Al N, 2, () AIN = 3.661 5, 14(1,); 30(0y) —0.05; 1.01
—460.48883 NN =1.115

2The “B; (au)*(b1)*(au)* state of theC,, V-shaped AI(Ny), structure was optimized also to this linear state/structure.

TABLE 9: Computed Electronic Energy Changes,AE,, for AIN
the Reactior? AIN4 *A; five-membered ring — Al X2P + N, 4
Xzt
AE(kcal/mol) RCCSD RCCSD(T) C,y planar ring
aug-cc-pVTZ -121.2 -1135 4A, ..(7b,)'(3b))'(11a,)!
aug-cc-pCVT2 —120.4 -112.8 AIN =2.189 A
aug-cc-pvVQZ(no g) —122.7 —115.0 NN =1 ‘246' 1361 A
aThe experimental. of 1.097685 A was used in the calculation on Al R

N.. ® The aug-cc-pCVTZ basis set has the standard aug-cc-pVTZ basis
set augmented with uncontracted s (exponents: 5.0, 1.923, 0.7396), p
(5.0, 1.923), d (2.5), and f (2.0) functions for the Al?2¢° core
electrons. The RCCSD(T) calculations have only the 1s orbitals of Al

and N frozen in the correlation treatment. The total number of basis Al C,y N, near tetrahedral,
functions for AIN; is 255.¢ The total number of basis functions for Al at face
AIN, is 314.

415 A, ..(6e)2(1ay)!
too expensive (see later text). Second, earere and core AIN =2.194;2.293 A
valence correlation effects were considered by including the Al NN =1.352;2277 A

2s2p core in the correlation treatment with an aug-cc-pCVTZ
basis set designed in this work (see footnote a of Table 9). It
can be seen that their contributionsA&. are negligibly small

(0.8 kcal/mol less negative). Therefore, core effects on computed Al

AE values are ignored from here onward. Third, basis set effects C,y N, near tetrahedral,
on the computedEg values are shown to be reasonably small, Al at side

with the aug-cc-pVTZ basis set giving a value e, which 4;\2 .(5b))'(5b,)'(11a,)!
is 1.5 kcal/mol less negative than that obtained with the aug- AIN=2.226 A
cc-pVQZ(no g) basis set. Fourth, basis set superposition errors NN = 1.909; 1.453 A

(BSSE) have been ignored in the evaluation ME. for
decomposition reactions throughout the present study. This isFigure 1. Some structures of AlNstudied in this work (see text).
because the decomposition products and the reactant have very
different geometrical and electronic structures. It is felt that the
commonly used counterpoise correction schémveould be
inappropriatef? At the same time, the effects of BSSE and larger
basis size on the computeXE, values are expected to be in

Some computed thermodynamic constants for the decomposi-
tion of AIN,4 (the*A; state of the ring structure) obtained at the
RCCSD(T)/aug-cc-pVQZ(no g)//QCISD/aug-cc-pVDZ level,
within the harmonic oscillaterrigid rotor approximation, are

opposite directions and hence would cancel each other at |easgiven below:

to a certain extent. Finally, it is concluded that the computed AH(0 K) = —116.6 kcal/mol
values ofAE. shown in Table 9 suggest that the uncertainties

associated with the value obtained at the highest level of AH(298 K) = —115.5 kcal/mol
calculation should be less that? kcal/mol. In this connection, AS=55.1 cal/moilK

for the larger clusters considered in this work, it is anticipated AG(298 K) = —131.9 kcal/mol

that the computed exothermicities should be reliable taka.
kcal/mol if the AE values for the decomposition reactions are ~ Quartet states of linear, T-shaped, rectangulaahd near-
calculated at the RCCSD(T)/aug-cc-pVTZ level. tetrahedral M structures of AlN have also been studied (Tables
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TABLE 10: Optimized Geometrical Parameters (A), Computed Harmonic Vibrational Frequencies (cntl), Total Electronic
Energies Ee. in hartrees), Charge (1), and Spin (s) Densities of Various Electronic States of Some AlN4 Structures (see text)
Obtained at the B3LYP and MP2 Levels of Calculatior?

structure state/configuratide/ optimized geometry (A) frequency (cr) Jai; Sa/On; Sh

B3LYP/aug-cc-pvVDZ

Do planar; Al atoms Aq AIN =2.171 48(byy); 65(hsy) 0.19/-0.10
at shorter NN sides —703.85038 NN =1.173; 2.671

MP2/aug-cc-pVDZ

D planar; Al atoms 3Bau (b1)}(b2g)* AIN = 2.168 170(kyy); 246(a) 0.47;0.34/
at longer N--N sides —702.40824 NN = 1.193; 2.554 —0.23;0.31

D planar; Al atoms 3B1u (ag)(bry)? AIN = 1.881 177(ksy); 227(1) 0.89; 1.18/
at longer N--N sides —702.40416 NN = 1.288; 2.884 —0.45;—-0.09

D2, planar; Al atoms 1Aq AIN = 2.150 62(bsy); 83(kwu) 0.48(-0.24
at shorter NN sides —702.36551 NN = 1.215; 2.339

D planar; Al atoms 3Bau (1) (b2g)* AIN = 2.478 61(by); 154 (k) 0.35; 0.39/
above and below —702.36148 NN = 1.210; 2.710 —-0.18;0.31

Dz planar; Al atoms 3Bau (bau)}(ag)? AIN =1.918 95(a); 141(ksy) 0.65; 0.47/
at longer N--N sides —702.28572 NN = 1.406; 2.814 —0.33;0.27

MP2/6-31HG(3df)

D planar; Al atoms 3B1u (bru)*(ag)* AIN = 1.836 183(ksy); 232()) 0.71;0.99/
at longer N--N sides —702.59131 NN =1.278; 2.813 —0.36; 0.00

D2, planar; Al atoms 3Bay (buy)'(b2g)* AN =2.112 256(lsg); 265(a) 0.35;0.27/
at longer N--N sides —702.58086 NN =1.177; 2.494 —0.18; 0.37

D2, planar; Al atoms Aq AIN =2.080 66(Isy); 92(bpy) 0.38(-0.19
at shorter NN sides —702.53822 NN = 1.201; 2.299

D2, planar; Al atoms 3Bay (buy)'(b2g)* AIN = 2.442 65(buy); 135(kxg) 0.35; 0.36/
above and below —702.52741 NN = 1.196; 2.646 —0.18; 0.32

D, planar; Al atoms 3Bau (b2u)(ag)* AIN = 1.867 89(a); 154(ky) 0.42;0.34/
at longer N--N sides —702.46545 NN = 1.352; 2.419 —0.21;0.33

a Stationary points, which are saddle points, have not been included in this table; see text.

4, 6, and 8). At the MP2 level, all the quartet states/structures It should be noted that the tetrahedral structure is the lowest-
considered are true minima, except two that are saddle points energy structure of singlet N(see refs 1, 18, and 50 and
the linear AtN,*N; 4=~ state and théA, state of the structure  reference therein). Here, tHé&; and “A, states of the near-
with a near-tetrahedral \group with Al at a face (Table 6). In  tetrahedral M structures with Al at a face and a side,
addition, most of these quartet states are well bound, with shortrespectively, actually have theirStructures distorted signifi-
computed AIN bond lengths and reasonably large vibrational cantly from a tetrahedral structure (Figure 1), suggesting strong
frequencies. However, at the QCISD level, only fidg and interaction between Al and NNevertheless, the computed NN
4A, states of the near-tetrahedra] $tructures with Alataface  bond lengths in these two states/structures of Adixe long
and a side, respectively (Figure 1) have all real computed (>1.34 A; Tables 4, 6, and 8) and similar in magnitude to that
vibrational frequencies and hence are undoubtedly stableof the singlet tetrahedral Nstructure (1.478 A) reported
minima. Other quartet states, which are true minima at the MP2 previously!® suggesting the presence of highly activated NN
level, have computed imaginary vibrational frequencies or face bonds. The computed charge and spin densities of these two
SCF convergence problems in the QCISD vibrational frequency states/structures show significant charge transfer from Alsto N
calculations (Table 8). At this point, it may be appropriate to and also delocalization of three unpaired electrons mainly on
note that a computed imaginary vibrational frequency at a N4. The molecular orbitals of these states/structures will be
stationary point on the energy hypersurface is usually indicative considered later.
of a saddle point. However, in numerical second derivative  Al;N4. The computed results are summarized in Tables 10
calculations at the QCISD level for an excited state, SCF and 11. For the sake of simplicity, only states/structures that
calculations at a geometry displaced from the optimized are true minima are included in Table 10. First, at the B3LYP
geometry can land on the surface of a nearby state of the samdevel, all the triplet states/structures considered were either found
symmetry in the lower-symmetry point group of the displaced to be saddle points or not optimized after a large number of
geometry, with energy lower than that of the stationary point. searches X50) in the geometry optimization calculation.
This could lead to SCF convergence problems, QCISD iteration However, with the MP2 and QCISD methods, four triplet states/
problems, imaginary or unphysical computed vibrational fre- structures were obtained (Tables 10 and 11). This shows the
guencies. Consequently, obtaining an imaginary frequency in ainadequacy of the density functional method fopM\.
QCISD frequency calculation for an excited electronic state may  Second, a singlet state/structure oM has been obtained
or may not be indicative of a saddle point on the energy at all levels of calculations (Tables 10 and 11). Thig state
hypersurface. These kinds of problems/uncertainties in numericalhas a short computed AIN bond lengtk2.18 A), and the
second derivative calculations for excited states also occur in computed charge densities show nontrivial charge transfer from
QCISD frequency calculations of larger clusters, as will be Al to N4. However, the computed intramolecular NN bond
discussed later. lengths are short, and the computed low vibrational frequencies
Laying aside states/structures with computed imaginary are relatively small (ca. 60 cm), suggesting small activation
vibrational frequencies at the QCISD level, the results of the of the N, group and a relatively shallow minimum. The
4A1 and?A; states of the near-tetrahedraf $tructures with Al computedAE,, AHO K, and AH2% Kvalues at the RCCSD(T)/
at a face and a side, respectively, obtained at the B3LYP, MP2,aug-cc-pVQZ(no g)//QCISD/aug-cc-pVDZ level for the decom-
and QCISD levels of calculation are reasonably consistent position reaction of AN4 (*Ag) — 2Al + N, are—8.3,—10.5,
(Tables 4, 6, and 8). Hence, they are concluded to be reliable.and —8.9 kcal/mol, respectively. The energy release per N
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TABLE 11: Optimized Geometrical Parameters (A), Computed Harmonic Vibrational Frequencies (cntl), Total Electronic
Energies Ee. in hartrees), Charge (1), and Spin (s) Densities of Various Electronic States of Some AlN4 Structures® Obtained at
the QCISD/aug-cc-pVDZ Level of Calculation

structure state/configuratidey optimized geometry (A) frequency (cth Jai; Sai/On; SN

D2, planar; Al atoms 3Bau (b1u)*(b2g)* AIN = 4.344 b —0.01; 1.00/0.01
above and below —702.41021 NN =1.116; 3.733 —0.00

D2, planar; Al atoms 3Bau (b1u)*(b2g)* AIN =2.193 427i(kpy); 99(hsy) 0.45; 0.35+0.22;
at longer N--N sides —702.40321 NN = 1.162; 2.547 0.33

Don planar; Al atoms A AIN =2.141 55(bey); 63(bsy) 0.47+0.23
at shorter NN sides —702.36103 NN =1.189; 2.324

D2, planar; Al atoms 3By (8g) (1)t AIN = 1.974 c 0.75; 0.85+0.37;
at longer N--N sides —702.32422 NN = 1.186; 2.523 0.07

Do planar; Al atoms 3Bau (b20)(ag)* AIN = 1.892 c 0.78; 0.55+-0.39;
at longer N--N sides —702.19210 NN =1.281; 1.953 0.22

a See textP The first displacement took more than 10 CPU day to finish; unable to complete frequency calctlatoessive QCISD iteration.

TABLE 12: Optimized Geometrical Parameters (A), Computed Harmonic Vibrational Frequencies (cnt?), Total Electronic
Energies Ee. in hartrees), Charge (), and Spin (5) Densities of Various Electronic States of AlN Ring Structures? at the
B3LYP/aug-cc-pVDZ Level of Calculatior?

frequency (cm?);

structure; states geometry (A) Erel (kcal/mol) charge; spin
Al-NNg; AIN = 2.020 70ky; 75b; Al(0.22; 2.02)
3By, &by NN = 1.333; 1.304; 1.346 69.8 N(—0.11;-0.06, 0.02;-0.01,—0.05; 0.11)
Al-NNg; AIN = 1.900 101b; 166h Al(0.33; 2.03)
3By, &by NN = 1.338; 1.304; 1.344 67.9 N(0.98;—0.15,—0.53; 0.05,-0.12; 0.013)
AlNs; AIN =1.934 143h; 268a Al(0.63; 0.74)
3By, &b, NN = 1.230; 1.350 54.8 N(—0.35; 0.35, 0.09; 0.23;0.11; 0.09)
AlNoN3; AIN =2.144 44by; 103h Al(0.30)
Ay NN = 1.325; 1.315; 1.337 11 N(—0.08,—0.05,—0.03)
AINs; optimized to AFN2N3
A,
Al-NNg; AIN = 1.990 64hy; 114h Al(0.28)
Ay NN = 1.337; 1.301; 1.351 0 N(0.99,—0.5,—-0.13

a All have Cp, symmetry.? (Al-NN4) and (AFN2N3) are with an N five-membered ring, and Al is at a vertex or a side; (I with a six-
membered ring.

molecule from the decomposition reaction at 298 K is less than state, though higher-level calculations would be required to
5 kcal/mol. The low calculated exothermicity clearly shows that identify its structure. This leads to one major difference between
this state/structure is not a suitable candidate for HEDM. Al:N4 and AN, systems. AN clusters have their low-spin states
Third, when the four triplet states/structures obtained are significantly lower in energy than their high-spin states, and
considered, two of them are lower in energy than'thgstate the ground state is almost certainly a low-spin state (see also
at the MP2 and QCISD levels. However, at the MP2/aug-cc- later text). However, AN, has its singlet and triplet states at
pVDZ level, the lowest state/structure is thgy, state (the Al comparable energies, and probably its ground state is a triplet
atoms are positioned at the longer-MW sides), with aByy state.
state only 2.6 kcal/mol higher in energy (Table 10). Atthe MP2/  Finally, the highest-energ§B,, state/structure obtained in
6-3114+G(3df) level, the’B,, state/structure becomes the lowest this study is most relevant to the present investigation. The
state, with the®Bg, state 6.6 kcal/mol higher. At the QCISD computed AIN and NN bond lengths are short and long,
level, the®B3, state (Al atoms above and below rectangulgr N respectively, suggesting strong interaction between Al and N
becomes the lowest state/structure, wherea@hgstate is now and strong activation of NN bonds. The trends in the computed
higher in energy than thé\q state (Table 11). It should be noted geometrical parameters and charge densities obtained at different
that the 3Bs, state (Al atoms above and below;Nhas a levels of calculations suggest that electron correlation enhances
relatively long AIN bond length of2.4 A at the MP2 level, metal-polynitrogen interaction and stabilizes the rectangular
and at the QCISD level, the AIN distance increases to 4.3 A N, structure. The computetiE., AH? K, and AH2%8K values at
and the®B3, state becomes a very weakly bound state. Perhapsthe RCCSD(T)/aug-cc-pVQZ(no g) level (with the QCISD/aug-
including triples in the QCISD calculation may stabilize this cc-pVDZ geometry and MP2/6-3%#1G(3df) vibrational fre-
state. It should also be pointed out that the optimized geometricalquencies) for the decomposition reaction ofdy (°Bz) — 2Al
parameters of theéB,, state/structure (with the Al atoms + N, are—92.4,—98.4, and—95.4 kcal/mol, respectively. The
positioned at the longer NN sides) obtained using the aug- energy release perNof 48 kcal/mol at 298 K is quite large.
cc-pVDZ and 6-31#G(3df) basis sets at the MP2 level differ AINs. The computed results are summarized in Tables 12 to
significantly, suggesting a relatively large basis set effect on 14, and the different types of structures considered are shown
geometry for this state/structure. In addition, the QCISD in Figure 2. First, it should be mentioned that the singlet state
geometrical parameters of this state/structure also differ sig- of AINswith Al on top of an N five-membered ring was found
nificantly from the MP2 parameters. In summary, it seems clear to be a second-order saddle point on the B3LYP/aug-cc-pVDZ
that for ALN,4 the demand on both the basis set and theoretical energy hypersurface. The geometry optimization was run as a
method employed in the calculation is higher than for AIN 1A' state inCs symmetry with an initial geometry of a ne@s;
Fourth, from the present investigation, the lowest state/ structure and the optimization converged tG€ structure. In
structure of AjN, is probably a triplet state rather than a singlet addition, the3A'...(d)}(a)! state of the same initial structure
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TABLE 13: Optimized Geometrical Parameters (A), Computed H
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armonic Vibrational Frequencies (cnt?), Total Electronic

Energies Ee. in hartrees), Charge (), and Spin (5) Densities of Various Electronic States of AlN Ring Structures? at the

MP2/aug-cc-pVDZ Level of Calculation

frequency (cm?);
structure; states geometry (A) Erel (kcal/mol) charge; spin
Al-N2Ns3; AIN = 2.077 103h; 136k Al(0.49; 2.15)
3By, &by NN = 1.345; 1.279; 1.306 69.6 N(—0.39;0.04, 0.15;0.26,—0.02; 0.29)
Al*NNg; AIN = 1.929 102k; 136h Al(0.46; 2.21)
3By, &by NN = 1.343; 1.336; 1.346 62.5 N(0.71;—-0.31,—0.48; 0.06,-0.11; 0.012)
AlNs; AIN = 1.848 166h; 350a Al(1.11;0.82)
3By, b NN = 1.232; 1.375 65.7 N(—0.32; 0.55-0.91:-0.03,—0.28; 0.14)
Al*N2Ng; AIN = 2.152 86ky; 96h; Al(0.54)
A, NN = 1.354; 1.337; 1.343 0.0 N(—0.31, 0.03, 0.01)
AlNs; AIN =2.122 359iky; 140k Al(0.56)
A, NN =1.211; 1.369 1.1 N(—0.19, 0.04-0.27)
Al-NNy; AIN = 2.008 31hy; 97h Al(0.46)
A, NN = 1.346; 1.335; 1.349 0.7 N(0.66,—0.46,—0.10)

a2 All have Cp, symmetry.? (Al-NNg) and (AFN;N3) are with an N five-
membered ring.

membered ring, and Al is at a vertex or a side; (AN with a six-

TABLE 14: Optimized Geometrical Parameters (A), Computed Harmonic Vibrational Frequencies (cntl), Total Electronic
Energies Ee. in hartrees), Charge (), and Spin (5) Densities of Some Selected States/Structures of AJldt the QCISD/

aug-cc-pVDZ Level of Calculation

frequency (cm?);
structure; states geometry (A) Eer (kcal/mol) charge; spin
Al*NNg; AIN =1.921 365.0 Al(0.46; 2.22)
3By, b NN = 1.338; 1.307; 1.353 N(0.71;—0.30,—0.46; 0.05,-0.12; 0.007)
AINs; AIN =1.947 b66.0 Al(0.94; 0.20)
3By, aiby NN = 1.236; 1.361 N(—0.22; 0.16,-0.13; 0.06,-0.25; 0.05)
Al*NNg; AIN = 1.990 73hy; 104k Al(0.46)
1A, NN = 1.341; 1.302; 1.362 —-2.1 N(0.65,—0.43,—0.12)
Al-N2Ng; AIN = 2.149 51ihy; 88y Al(0.54)
1A, NN = 1.339; 1.319; 1.331 0.0 N(—0.31, 0.04, 0.00)

aNumerical second derivative calculations failédnable to finish numerical second derivative calculations because of time constraints.

AIN,

3B,
6-membered
ring

3B,
S-membered ring
Al at side

3B]
5-membered ring
Al at vertex

Figure 2. Some structures of AljNstudied in this work (see text).

optimized at the B3LYP/aug-cc-pVDZ level to a planay,
structure, with the Al atom moved from the top of the five-
membered ring to a side (Figure 2). It appears that with Al, the
n°-Ns-type structure is not favored, at least at the B3LYP level.
This is the case also for larger AlNtlusters, which will be
discussed later. Nevertheless, planar ABtructures seem to

difference between AllNand AINs is that the former has mainly
strongly bound quartet states (high-spin states) but the latter
has as many strongly bound singlet states as triplet states (high-
and low-spin states). Nevertheless, the singlet states/structures
are consistently lower in energy than the triplet states for both
AIN 4 and AINs, as mentioned above. Although the calculated
relative energy order of the different Ai\states/structures,
obtained at different levels of calculation, differ slightly, their
optimized geometrical parameters, computed harmonic vibra-
tional frequencies, and charge/spin densities are very consistent.
All these results suggest that most of the low-lying singlet and
triplet states of AIN are reasonably well bound and have
activated NN bonds. These states/structures could be potential
candidates for precursors of HEDM. The calculated exother-
micities of decomposition of some selected state/structures will
be discussed later. At this point, it is concluded that Al appears
to be a very suitable metal to be employed to stabilize
polynitrogen species, particularlysKing structures. The ability
of this p-block metal to introduce both covalent and ionic
interactions to a polynitrogen species has led to a large number
of AINs-stabilized states/structures.

AIN and AIN~. For AlNg at the B3LYP/aug-cc-pVDZ level
of calculation, there are tw8' states/structuresone with Al
at a vertex (forming an AIN bond; boat-shapedMiNs) and
one with Al at a side (boat-shaped -AbN,)—that are true
minima. In addition, théB, state (planar AlN, with a Ns ring
and Al bonded to NN) and twéA'" states (N ring of a boat
shape, with Al bonded to a vertex and a side; see Figure 3)
were also found to be true minima. However, at the MP2/aug-
cc-pVDZ level of calculation, there is only one true minimum,
which is a%A" state, with Al at a vertex, and the computed

be very stable, as can be seen from Tables 12 to 14. One mairresults are given in Figure 3. Other states/structures, which are
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Cs AIN 4A”
~(a")'(a")!(a")!

Charge and spin on N

q,=0.302, 5,=-0.232 AlN~1.902 5%
q,=-0.187, 5,=0.365 N,N,=1.398
q;=-0.041, 5,=-0.540 N,N,=1.194
qs=-0.112, 5,=1.262 N;N,=1.430
I
4 Al
3 2 =0.266
320

MP2/aug-ce-pVDZ
Low vibrational frequencies (cm™'):
105a’, 192a", 3252/, ....
Figure 3. AlINg structure obtained in this work with a summary of the

computed quantities at the MP2/aug-cc-pVDZ level of calculation (see
text).

Charge and spin for N

q,=-0.094, 5,= 0.530 AIN=2.127 A
qgi -0,027. S;j -0.7535 N, N,=1.377
Q= ‘-0,0‘.‘!, 5,7~ 0.752 N2N1=I3SE
qs= -0.065, §5= 0.983 N;N',:l 236

5 N,Ne=1.402

q=-+0.495
5 =-0.050

MP2/aug-cc-pVDZ
Low vibrational frequencies (cm™'):
95a', 121a", 192a", ...

Figure 4. AIN7 structure obtained in this work with a summary of the
computed quantities at the MP2/aug-cc-pVDZ level of calculation (see
text).

minima at the B3LYP level, become saddle points at the MP2
level. Perhaps the following results of planaf-Ng-type
structures, with Al on top of a planarghing, obtained at the

Lee et al.

them were found to be saddle points of various orders, the rest
either fell apart or were not optimized after a large number of
searches in the geometry optimization.

In summary, for AIN and AIN;, at least one stable high-
spin state/structure was obtained for each cluster at both the
B3LYP and MP2 levels of calculation. The details of the
computed results for these states/structures at the MP2 level
are given in Figures 3 and 4, respectively. The computed
geometrical parameters and vibrational frequencies at the
B3LYP level are very similar to those obtained at the MP2 level,
suggesting that these results are reasonably reliable. We note
that the computed?values for the AIN A"’ state at the MP2
(B3LYP) levels are 2.53 (2.03), suggesting considerable spin
contamination in the UHF wave function at the MP2 level but
negligible spin contamination at the B3LYP level. However,
the consistency between the B3LYP and MP2 results suggests
that the effects of spin contamination on these results are
probably insignificant. From the compute®?Ivalues, spin
contamination is not serious for most of the open-shell states
reported in this work. From the present investigation, it is con-
cluded that a boat-shaped Btructure is preferred over a planar
structure for an AlN system when n is larger than 5. The
molecular orbitals of these systems will be examined in the
following section to understand the stability of these structures.

Molecular Orbitals. The highest occupied molecular orbitals
(HOMOs) of the AN, and AIN, (n = 4 to 7) clusters have
been inspected. Although all the geometry optimization calcula-
tions of open-shell species carried out in this work employed
unrestricted-spin (UHF) wave functions, for the sake of simplic-
ity, the molecular orbitals of restricted-spin wave functions (i.e.,
ROHF wave functions for open-shell species) are considered
in the following discussion. The HOMOs of the ring structures
of different quartet states of AlNwill not be discussed further
because they follow exactly what was postulated in ref 27 and
have been discussed above.

The HOMOs for the two near-tetrahedraj Btructures with
Al at a face and a side are shown in Figures 5 and 6,
respectively. It should be noted that the near-tetrahedsal N
structure with Al at a vertex is not stable. Geometry optimization
on theCg, structure with Al at a vertex ended with the structure
of Al at a face. The N atom on th&; axis moved away from
Al and went through the Nplane, ending with the Nplane
nearer to Al than the N atom on ti@& axis (i.e., inversion of
the Al'NNj3 structure to AIN3N). From Figures 5 and 6, it can

B3LYP/aug-cc-pVDZ level of calculation should be noted. be seen that, for both structures with Al at a face and a side,
Geometry optimization of the quartet state witlE@ structure ~ respectively, HOMO 19 is essentially Al 3s. Al 3p involvement

faced persistent SCF convergence failures. The correspondingn the HOMOs shown is small, leading to the computed charge
doublet state was not converged after 100 points of searches indensities of ca. 0.6 on Al (Tables 6 and 8). At the same time,
the geometry optimization. The last geometry reached the the three singly occupied molecular orbitals (SOMOs; HOMOs

displacement threshold, but the gradients were very large.
For AIN; at the B3LYP/aug-cc-pVDZ level of calculation,
the following true minima were found: akA’state (a near-
planar N ring with Al bonded to a side, slightly above the N
ring), a3B; state (AIN; planar eight-membered ring), and an
3A" state (an N boat-shaped ring with Al bonded to a side;
see Figure 4). However, at the MP2 level of calculation, only
the SA" state/structure is a true minimum, and the computed
results are given in Figure 4. Other minima obtained at the
B3LYP level have either became saddle points or faced
geometry optimization problems (unoptimized after a very large
number of searches) at the MP2 level of calculation. A large
number of other singlet and triplet states/structures of/AIN
including planarn’-N;-type structures, were studied at the
B3LYP/aug-cc-pVDZ level of calculation. Although some of

20, 21, and 22) for the two structures are localized mainly on
N4 in accordance with the very small computed spin densities
on Al In this connection, these two structures may be considered
as A*N4~, with N4~ in an excited quartet state.

For the structure with Al at a face (Figure 5), HOMO 22 is
almost completely antibonding, and the two degenerate pairs
of HOMOs 17, 18 (5¢)and 20, 21 (6&)are mixtures of bonding
and antibonding combinations. Whereas the strongest bonding
interaction between Al and N appears in HOMO 19, a slight
bonding interaction between Al and;dan be found in HOMO
13. For the structure with Al at a side (Figure 6), whereas
HOMOs 20 and 21 are nonbonding, HOMO 22 is essentially
antibonding. The involvement of Al 3p in all the HOMOs shown
in Figure 6 appears to be even smaller than that in Figure 5 of
the structure with Al at a face. The only HOMO with the
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22:(1a,)!

) mo23:3b,

mo21:12a,

19:(9a,)?

14:(8a,)?

mol8:11a,

Al
AIN, (face)
e (P04, e e
ROHF HOMOs 13:(7a,)? QCISD geometry l
at QCISD geometry L

Figure 5. Some HOMOs of théA; state of AIN, a near-tetrahedral Figure 7. Some HOMOs of théA, state of AIN;, an N; ring with Al
N4 with Al at a face structure (see text). at a vertex structure (see text).

electronic configurations are generally in accordance with the
molecular orbital schemes proposed in ref 27 for some quartet
states of MN ring structures, although the HOMOs of the near-
tetrahedral Iy structures are very different from those of the
ring structures.

The HOMOs of the!A; state of the AIN ring structure
(Figure 7) can be compared with the published HOMOs ©f N
and NaN in Figure 1 of ref 32. In the case ofsNand NaN,
their eight highest HOMOs are almost identical, with negligible
differences between those ogNand NaN, because there is
no involvement of Na 3s in any of these HOMOs of NaN
giving a purely ionic picture of N&Ns~. These eight HOMOs
in N5~ correspond to HOMOs 16 to 23 of ANn Figure 7,
though the orders of these orbitals is ™Nand AINs are different,
as will be discussed. For Al\the highest HOMO 24 (133
which is essentially Al 3s, has significant Al 3mixing and
also N; contributions. The presence of this HOMO has affected
é 15:(8a,) the orbital order of the HOMOs localized ons 1 AINs, as

¥ compared with that in NaiN The highest HOMO in Naiis
now HOMO 18 (11@ in AINs. The lowering of the relative
position of this HOMO in AIN as compared to that in Nahs
” = clearly due to covalent interaction between Al angl Specif-
AIN, #A, (side) ically, the interaction among the HOMOs afsymmetry results
ROHF HOMOs at ; in such an orbital order because of the presence of the extra
QCISD geometry 14:(1a,)? HOMO 24 (13a) in AINs. Other than HOMO 24, HOMOs 16,
18, 21, and 23 also have small Al 3s and, 8pntributions,
Figure 6. Some HOMOs of théA, state of AN, a near-tetrahedral  though they are mostly antibonding in nature. The remaining
N4 with Al at a side structure (see text). HOMOs 17, 19, 20, and 22 have negligible contributions from

Al and are almost identical to the corresponding orbitals in
structure of Al at a side, which shows possible bonding NaNs.
interaction between Al andfNis HOMO 16. In summary, from The HOMOs of the’B; state of AINN4 (Al at a vertex of
the HOMOs of both structures shown in Figures 5 and 6, the Nsring) are very similar to those of tHé; state of a similar
whereas the destabilizing orbitals with strong antibonding structure (just discussed; Figure 7), except that there is an extra
character are SOMOs, most of the doubly occupied HOMOs HOMO, the highest singly occupied molecular orbital (SOMO)
possess bonding character in therhblecular fragment. These 25, in the triplet state. ThéB; state has an electron excited

22:(11a,)!

»20:(5b,)!

18:(4b,)? . '

17:(4b,)?

16:(9a,)*

. Ir
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Figure 9. Some HOMOs of théA" state of AIN,, a boat-shaped N

Fi 8. S HOMOs of théA" state of AIN;, a boat-shaped . )
\gure ome S0 state of AlN, a boat-shapedd with Al at a side structure (see text).

with Al at a vertex structure (see text).

from the 13a orbital of the!A; state to an unoccupied #b
orbital. The latter is essentially Al 3pbut has significant
contributions from a mixture of bonding and antibonding
combinations of orbitals localized orsNThe 3B, state with Al

at a side of the Blring has its HOMOs essentially similar to
those of the3B; state with Al at a vertex. As a result, the
computed charge and spin densities of these two triplet states
are also very similar. However, the HOMOs of P, state
with Al as part of the six-membered ring show significantly
stronger mixing between Al andsNorbitals than do those in
the two triplet states of the §\five-membered ring structures
just considered. As a result, the computed charge and spin
densities of the’B, state of AIN; are considerably larger and
smaller, respectively, than those of the t#Ry states of Al

NNz and AFN2N3 (Tables 12, 13, and 14). All these observations
show the ability of Al to introduce various degrees of covalency
and/or ionicity in different states/structures of AINwhich
stabilize a large number of them.

The HOMOs of AIN; and AIN; are shown in Figures 8 and mo22:(7a,)?
9. First, although both of these structures are nonplanar, with s
boat-shaped Nstructures, it is of interest to note that HOMO
19 of AINg and HOMO 21 of AIN are essentiallyz-type ALN, B,
orbitals, similar to HOMO 17 in Figure 7 of planar AdNIt ROHF ¥ =
seems that although the,Xings are nonplanar, some sort of t QCISD :
7-electron system remains. Second, most of the doubly occupied " mo20:(4b,,)?
HOMOs of AlNg and AIN; are quite similar and are mixtures geometry

of bonding and antibonding combinations. It appears tha_t the Figure 10. Some HOMOs of théB,, state of AbN4, a rectangular N
boat-shaped structures have enabled a bonding interaction tQyit the Al atoms positioned at the long-AN sides structure (see

occur in these HOMOs, which would be antibonding if the N text).
rings are planar. This is most likely the reason for the stability
of N, boat-shaped structures for Adldnd AIN;. Third, the major
differences between AljNand AIN; are their SOMOSs, resulting  in AIN,, species.

in very different computed charge and spin densities on Al  The HOMOs of theé’B,, state of AbN4 are shown in Figure
(Figures 3 and 4). Once again, this demonstrates the ability of 10. In general, the electronic configuration of this state follows

Al to introduce different degrees of covalency and/or ionicity
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TABLE 15: Summary of the Computed Exothermicities (AH2%8K in kcal/mol) of the Decomposition of Some Aluminum
Polynitrogen Compounds Obtained in This Work

reactant, structure, state,

method electronic configuration produéts AHZ98K
RCCSD(T)/AVQZ(no g) AN, Co, 1ing, “As, (b2)Y(by)Y(a0)* Al + 2N, 1155
RCCSD(T)/AVQZ(no g) AIN, Cz, Al*N3N, %Ay, (eR(a)? Al + 2N, —-190.8
RCCSD(T)/AVQZ(no g) AN, ConAIN 22 NAl, A4 2Al + 2N, -8.9
RCCSD(T)/AVQZ(no g) AINg, Can AN 2N,Al 3By 2Al + 2N, —95.4
RCCSD(T)/AVQZ(no g) AIN, Cz, Al*N2N3 (Ns ring), Ay Al 4 5/,N, —58.6
as above AINF 2N, —4.2

RCCSD(T)/AVQZ(no g) AIN, Cz, Al*N2N3 (Ns ring), 3B, (ag)*(by)* Al + 5N, -128.1
as above AIN+- 2N, —755

RCCSD(T)/AVTZ AlNGg, Cs Al'NN2N2N (N ring), “A” (a)}(a)Y(@’)* Al + 3N, —226.0
RCCSD(T)/AVTZ AIN7, Cs Al*NoNoNoN (N7 ring), 3A”, ()4 (@)t Al + 75N, —216.4
as above AIN+ 3N, —162.3

aFor AIN; and AbN4, the QCISD/aug-cc-pVDZ geometries were employed in the RCCSD(T) single-point energy calculations. For larger species,
the MP2/aug-cc-pVDZ geometnes were used. AVQZ and AVTZ refer to the standard aug-cc-pVQZ and aug-cc-pVTZ basis sets, reéspeetively.
products considered are in their electronic ground statégX2P) and N (X1Z4")—except for AIN (A=), which was computed to be 0.06
kcal/mol above its ground state, AIN K), at the RCCSD(T)/WMR leve® ¢ The RCCSD(T)/AVTZ value was estimated from the RCCSD/
AVTZ value (with the full aug-cc-pVTZ basis set, but without triples) and the contribution of the triples obtained from the RCCSD(T)/AVTZ(no
f) calculations. The RCCSD(T) calculation with the full AVTZ basis set is beyond the computing capacity available to us (see text).

the molecular orbital schemes given in ref 27. Specifically, the pathways of AlN, systems to B molecules, whera is an odd
singly occupied HOMO 28 is mainly an antibonding combina- number, are not immediately obvious. Considering simply the
tion of N, bonding orbitals, whereas the doubly occupied exothermicity of the overall dissociation to; folecules, two
HOMOs 24 and 25 are mainly bonding combinations of N decomposition reactions of AINwith an oddn, have been
antibonding orbitals. In addition, HOMOs 26 and 27, which considered (see Table 15):

are mainly Al 3s and 3p, have bonding contributions frogm N

localized orbitals. All these doubly occupied HOMOs stabilize AIN,— AIN + 3N,
the rectangular Nstructure.
Exothermicities of the Decomposition Reaction of AIN and
Systems.The calculated exothermicities of the decomposition
reactions of various AN, and AIN, systems are summarized AIN,— Al + 3.5N,

in Table 15, and they were evaluated assuming that the
dissociation products are in their ground electronic states (for This follows what Gagliardi and PyykR&did for the decom-
AIN, see footnote b of Table 15). First, for AjM$ystems, where position of ScN (ScN; — ScN+ 3N, and ScN— Sc+ 3.5N,).
nis an even number, it is expected that high-spin quartet states For Al;Ng4, the ground state is very likely a triplet state, and
are metastable because low-lying doublet states are in generathe singlet state obtained is now metastable. However, the
lower in energy than the quartet states and almost certainly thedecomposition of this singlet state to, Mholecules is only
ground state is a weakly bound doublet state. This is the case slightly exothermic, as mentioned above. NeverthelesSBhe
at least for AIN,, though for AIN,, wheren is an even number  state of AlN4, may be a suitable candidate as a precursor of
larger than 4, low-lying doublet hypersurfaces may be repulsive HEDM on the grounds of its large computed exothermicity
because for AllY, no minimum of a doublet state/structure was discussed above. The short computed AIN bond lengths of this
found with certainty (see above). In this connection, the state (Tables 10 and 11) suggest that its decomposition pathway
dissociation process from an AlNjuartet state to the ground s likely via a crossing with a weakly bound triplet surface that
state of the dissociation products would very likely proceed via has its minimum lower in energy and at a longer AIN bond
spin—orbit interaction at a suitable crossing between the quartet length than does th#éB,, state.
and doublet hypersurfaces. Because low-lying, weakly bound For AlNg and AIN;, RCCSD(T) calculations with the aug-
doublet states have long computed AIN bond lengths, whereascc-pVTZ basis set were found to be beyond the computing
strongly bound quartet states have short computed AIN bond capacity available to us (the calculation of the triples required
lengths, it would be reasonable to expect that such a crossingmore than 2 GB of memory). The aug-cc-pVTZ(no f) basis set
between the quartet and doublet surfaces would exist at anwas used to estimate the contributions from triples (as mentioned
intermediate AIN bond length. Of course, further investigation above; see footnote c of Table 15). From Table 15, if the
is required to locate the exact position of such a crossing. decomposition reaction of AN wheren is an odd number, to
Nevertheless, it is expected that once the dissociation reactionAIN + (n — 1)/2N, is ignored for the sake of simplicity, the
has gone over the barrier of such a crossing and landed on theexothermicities of all the reactions shown are larger than 100
weakly bound or even repulsive doublet surfaces of AliNe kcal/mol for all the high-spin states of AlNisted. For AIN,
decomposition to the dissociation products oftA{"/2)N, would the exothermicity of the decomposition from tRA; state
proceed either via a low barrier or spontaneously, respectively. considered is 58.9 kcal/mol, which is not insignificant. To
For AIN, systems with an odd, low-lying triplet states are ~ compare the exothermicities of all the species given in Table
in general also higher in energy than low-lying singlet states. 15 on a common footing, the computed energy releases per N
However, at least for Al there are well-bound singlet states/ molecule at 298 K are given Table 16. These values are in
structures with activated NN intermolecular bonds (significantly general significantly higher than those calculated for Sghe
longer computed NN bond lengths than ig)Nwhich may be largest energy release pep Niven in ref 30 for ScM is 36
suitable candidates for precursors of HEDM. Nevertheless, kcal/mol), suggesting that AlNsystems are more favorable
whether for singlet or triplet states/structures, the dissociation potential candidates as precursors of HEDM than ScN
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