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The structures and energies of low-lying electronic states ofAMsN, and ALN, have been evaluated at

the HF, MP2, QCISD(T), CCSD, and CCSD(T) levels of theory, using the several basis sets of 6-31G* (for
HF), cc-pVDZ (for MP2 and QCISD(T)), and cc-pVTZ (for CCSD and CCSD(T)). The ground state af AIN

is predicted to be & state with a linear AFN—N—N structure. The most stable species ofMls found,
however, to hav®s, symmetry andA! ground state. For AN,, various isomers are found to be energetically
favorable. A rhombic isomer with the nitrogen atoms along the short diagonal and Withedectronic state

is the lowest in energy at the MP2/cc-pVDZ, QCISD(T)/cc-pVDZ, CCSD/cc-pVTZ, and CCSD(T)/cc-pVTZ
levels. A linear structure AIN—N—AIl with a 3% electronic state is the second lowest. The third stable
isomer with the aluminum atoms bonded directly to thesNorbital seems to be one of the model species
for the sake of the nitrogen fixation. Our results suggest that the formation of a variety of the configuration
of Al;N; is energetically plausible under the reaction conditions employed since the energy differences in the
Al2N; species are relatively small.

Introduction electronic states of Alj AlsN, and AbN,. We have checked
. . . all possible geometries of the aluminum nitrides to find local
CIuster; have been drawing a great deal of attention since inima on the potential energy surfaces at the HF and MP2
clusters link the gap bQMeen isolated molecule and bulk levels, and then predicted the energies with the higher levels of
material. Clusters containing HV group elements such as QCISD(T), CCSD, and CCSD(T). It is reported that the

1-4 5-22 23,24 5 i . . . . .
GaAs,_ BN, AIP_, . _anql InP haye been studied QCISD(T) energy is close to the full configuration interaction
extensively due to their distinctive properties as precursors for 27 Specially, results on molecules with stretched bond are
bulk semiconductors. Among them, GaAs clusters have receivedimprovedg7 Itis also known that that such a CCSD(T)/cc-pVTZ

much more attention due to the obvious technological impor- .o - iation is more accurate in evaluation of the energy

tance. . _ difference?®
Many workers have performed experiments to detect various s theoretical study will shed some new light on the

! ror 0
BN cluster ions by applying intense laser to BN powderst preparation condition of the cluster isomers having different

F(x=1— i i : i :
BxraNx™ (x =1 — 8) series were detected when the SUpersonic gy cyyres, which would consequently have different properties
expansion technique was employed to cool down the generated; macroscopic AIN materials

hot plasma? Roland and Wynne also carried out photoioniza-
tion and photofragmentation ofyBNx (x = 1 — 8) and found
that the abundance of,BNy" increases as the laser intensity

increased? The geometric parameters for all the different starting
However, less attention has been given to the generation ofstructural and electronic (singlet and triplet) arrangements were
AIN cluster. Zheng and his co-workers have tried to generate optimized completely using a gradient technique at the Hartree
AIN cluster ions in many ways and obtained only some small Fock (HF) level of theory? Initial optimization was performed
cluster ions when mixtures of aluminum and sodium azide were using the 6-31G* basis set at the HF le¥&For the promising

Computational Methods

used as a sample for the laser ablation experirffefthis structures, the final optimization was performed using the
phenomenon is also observed under the similar experimentalcorrelation consistent polarized valence doublécc-pVDZ)
condition employing a boron and sodium azide mix&#By a basis set of Dunnirig? at the second-order MgllelPlesset

theoretical analysis by Seifert et al., based on linear combination (MP2) perturbation theor§2=3% All electrons are included in

of atomic orbital and local density approximation (LCAO- the correlation energy calculations for all the configurations of

LDA), 0 these results may imply that theMB, clusters were in ~ AIN3, AloN,, and AkN.

the form of linear ChainS, which could dissociate exothermica“y For each structure, the Comp|ete sets of harmonic vibrational

into N2 and the corresponding cluster ions when two or more frequencies were then evaluated using the analytical second

N atoms were adjacent to one another in the BN chain. derivative techniques at both the HF/6-31G* and MP2/cc-pVDZ
In this report, we have emphasized theoretically the elucida- levels. The harmonic vibrational frequencies were used to

tion of the structure, bond strength, and energies of low-lying determine whether a given structure is a local minimum on the

potential energy surface or not and to perform a zero point

* Author to whom correspondence should be addressed. energy (ZPE) correction.
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In order to obtain more reliable relative energies, additional 1849 1217 _ 1181

calculations were carried out for all the species with the
quadratic configuration interaction technique including the
corrections for triple excitations [QCISD(T3]:36 This technique

is known to be accurate even for complicated systems where
the electron correlation effects are extremely importént.

At the final geometries, additional single point energy
calculations were also performed at the CCSD [the coupled-
cluster (CC) with all single and double substitutioASE° and
CCSD(T) (the coupled-cluster with all single and double
substitutions, and a quasi-perturbative estimate for the effect
of connected triple excitations) levels37:3%41 The basis set
used for the CC calculation is the correlation consistent polarized
valence tripleZ (cc-pVTZ) basis set of Dunning:21t is well-
known that the CCSD(T) method is a reliable and cost-efficient
technique for ab initio quantum chemist?y*2 and that the
CCSD(T) level of theory estimates energies very close to full
configuration interactioll when the nondynamical correlation
effects are not very importast:A°

To estimate the bond strengths in the tetraatomic species, we
have optimized structures of singlet or triplebAAIN, and N ' 2512
at the MP2 level and then obtained their total energies (including
ZPE obtained at the MP2 level) at the levels of QCISD(T)/cc-
pVDZ/IMP2/cc-pvVDZ, CCSD/cc-pVTZ/IMP2/cc-pVDZ, and

151.9

B2 ('A,)

CCSD(T)/cc-pVTZ/IMP2/cc-pVDZ. It is noticed that inner C3('A)

shells are excluded from the correlation energy calculation at

the CCSD and CCSD(T) levels on all the di- and tetraatomic 221 1761 120
species due to the computation time. All the calculations were ) O]
carried out using the Gaussion 94 program $gitm a Cray C5 (124

¢90 supercomputer installed at SERI. Figure 1. Structures of low-lying electronic states of AJAI), Al 3N

. . (Bi), and ALN; (Ci) after the optimization at the MP2 level, i indicates
Results and Discussion the structure number. Open circles represent N atoms, and shaded circles

All possible combinations of Aly AlsN, and AbN, are represent Al atoms.

searched at the HF and MP2 levels. However, in some C€85€Sqiates. The bond strengths in the tetraatomic species are
the geometrical optimization of many different starting con- ' 9 P

figurations is found to give the same geometrical parameters glbst?r?cjgircl)?nct?wrgFt)ﬁgfrﬁgc\;lvgrm::g?stgbllg t?_gbtljéaiomlc Species
upon optimization. In Figure 1, we presented their final ! o ! X ( ): o
geometrical structures, including only real harmonic vibrational ~ AIN3. As shown in Figure 1, we obtained only one optimized
frequencies. Here, A, B, and C notations indicate the three geometry including real harmonic frequencies, as listed in Table
geometrical species of ARNAIzN, and ALN,, respectively, and ~ 2- A shown in Table 1, the linear ABN'Z") with the aluminum

i =1, 2, 3, ... refers to the corresponding structural isomers as &om positioned at one terminal is the most stable species at all

indicated Figure 1, the numbers following the energetic order. the levels examined. For this structure, there is an imaginary

In Table 1, we list the total energies (including ZPE) V|_brat|onal frequency at the HF/6-31G* level. I_—|owever, at the
calculated at the HF/6-31G*, MP2/cc-pVDZ, QCISD(T)/cc- h|gh_er It_avel MEZ/cc-pVDZ_ whe_re the correlatlor_l energy cor-
pVDZ/IMP2/cc-pVDZ, CCSD/cc-pVTZ/IMP2/cc-pVDZ, and rection is con3|dered, no imaginary frequency is found. The
CCSD(T)/cc-pVTZIIMP2/cc-pVDZ levels. Table 2 lists the Previous studies of B a structural analog of Alj show that
harmonic vibrational frequencies along with their intensities and the most stable configuration is a linear NNBN having a clear-
approximate mode descriptions. Almost all the modes in the Cut'=* ground staté.We have also optimized this geometry
cyclic species are delocalized over whole molecule and thus for AINs and then obtained a very long NMIN bond length
cannot be assigned to several local vibrations. This is a (4-485 Aatthe HF/6-31G* level). This suggests that the species
characteristic feature of cyclic compourfdst is shown in the te_nds to dissociate into AIN and;NThis is reflected from the
intensity and mode analyses that the fundamentals involving different bond strengths of the AN and B-N bonds. In the
the N—Al stretch are relatively intense, correctly reflecting the ¢ase of NAENN, the strong N-N interaction can compensate
large electronegativity difference between N and Al. the cleavage of the weaker NMIN bond.

The relative energy orderings are the same at all the levels For the Al structure, we estimated the bond strength
examined except the HF level. This indicates that the electron (DS(AIN—NN)] from the total energies listed in Tables 1 and 3
correlation calculation is very important in the evaluation of as 50 kcal/mol, being much lower than the normaN bond
the electronic energy. It is noticed that all the energy values energy (225.06+ 0.03 kcal/mol), the value derived from a
used in this text refer to the scaled CCSD(T)/cc-pVTZ energies, literature thermochemical tadfe(Table 4). This weak bond
unless noted otherwise. To check whether the optimized strength correctly reflects the corresponding longer bond length
structures are below the dissociation limit or not, we have also (1.217 A), as shown in Figure 1. The-NN—N stretching
estimated the bond strengths in the low-lying states from the fundamental (Al is almost not in motion) is predicted as 2220
total energies of Al AIN, and N, evaluated in this study. In  cm! as the highest fundamental in all the species, and close to
Table 3, we list the total energies (including ZPE) of the ground the N—N stretching frequency 2358 crhof the gas phase N
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TABLE 1: Total Energies (Hartree), Including the Zero Point Energy, and Relative Energies (kcal/mol) for Low-Lying
Electronic States of AIN;, AlsN, and AloN»

total energies (hartree)

spe- struc- point electronic HF/ MP2/ QCISD(T)/ CCSD/ CCSD(T)/ relative energies (kcal/mol)
cies ture group state 6-31G* cc-pvDz cc-pvDz cc-pVTZ cc-pVTZ HF MP2 QCISD(T) CCSD CCSD(T)
AINs Al Ceoy 1t —405.186 784 —405.778 907 —405.799 936 —405.914 679—405.956 321 0 0 0 0 0
AlsN Bl Ds A7 —780.211 939-780.582 573 —780.630 678 —780.696 727—780.718 847 O 0 0 0 0
B2 Cy A1 —779.918 773—-780.283 635—780.350 082 184 188 176
AloN2  Cl Do 1Ay —592.665 175—593.134 196 —593.179 180—593.268 962-593.299 422 0 0 0 0 0
C2  Dun 8%,  —592.667 908-593.110 176 —593.159 937 -593.253 784-593.280978 -1.7 15 12 9.5 12
C3 Cy A7 —592.629 479-593.105 406 —593.151 499 —593.226 424 —593.260 853 22 18 17 27 24
C4 D 1Ay  —592.497 782—-593.063 189—593.089 607 —593.170 665—593.225 631 105 45 56 62 46
C5 Cu 13+ —592.445 989—-592.970 064 —593.049 160—593.075 317—-593.169 512 138 103 82 122 82

TABLE 2: Harmonic Vibrational Frequencies Calculated at the MP2/cc-pVDZ LeveR

cluster structure vibrational frequencies (¢in(sym, intensity (km/mol), approx mode description)
AIN3 Al 39 (7, 1, bending), 489, 166, AN str), 560 (r, 13, bending), 13764 139, str), 2220, 687, str)
Al3N B1 149 (¢, 4, ip bending), 187 ¢ 0, oop bending), 417 (g0, tot sym str), 740 (€329, str)
B2 109 (b, 9, ip bending), 154 (H 11, oop bending), 297 {20, tot sym ip bending), 301 £¢b2, ip bending),
406 (a, 0, tot sym str), 707 @47, tot sym N-Al str)
AlN, C1 164 (h, 0, oop bending), 227 g 20, ip bending), 353 (a0, tot sym str along the AtAl axis),
594 (kyy, 0, ip bending), 605 (h, 513, ip bending), 1276 §a0, tot sym str along the NN axis)
c2 119 (@, 1, bending), 3545, 0, bending), 3664, 0, tot sym str), 661, 535, N—Al str),
1721 @y, 0, tot sym str)
C3 66 (a, 4, Al,-N str), 80 (b, 3, ip bending), 172 (h 1, ip AINN bending), 242 (b 98, oop bending),
340 (a, 0, tot sym A-Al str), 2024 (a, 249, tot sym N-N str)
C4 89 (h, 70, oop bending), 390 ¢a10, tot sym ring def), 643 ¢, 0, ring def), 705 (@ 0, ring puckering),
755 (b, 1296, ip bending), 930 (k 60, ip bending)
C5 58 (r, 2, bending), 3414, 4, bending), 389, 4, Al—Al str), 687 (, 266, tot sym N-Al and Al—Al str),

1269 @, 3283, tot sym N-N and N-Al str)

aip refers to in-plane, and oop, to out-of-plane.

TABLE 3: Total Energies (Hartree) Including the Zero Point Energy for the Ground States of Al,, AIN, and N,

total energies (hartree)

cluster electronic state MP2/cc-pVDZ QCISD(T)/cc-pvDZz CCSD/cc-pVTZ CCSD(T)/cc-pVTZ
Al DO —483.753 389 —483.789 525 —483.798 545 —483.809 591
AIN >+ —296.380 819 —296.454 564 —296.480 695 —296.507 971
N> 12; —109.262 209 —109.274 580 —109.350 400 —109.368 882
TABLE 4: Enthalpies of Formation in kcal/mol at 0 K the most stable one. In the case of\B however, the linear
species AHC cqnfiguration is the most stable o'ﬁ@.nterestingly, _the isomer
AN 175(0.1 with the same structure but the different electronic stateof
Alz((g%) 116(2k0)8) Al—N—AIl—Al is much higher by 56 kcal/mol in energy than
Nx(g) 0(0) ' the corresponding singlet state at the QCISD(T)/cc-pVDZ level.
Al(g) 78.2(1.0) Comparing the geometrical parameters of the two singlet and
N(9) 112.53(0.02) triplet isomers, it is found that in th&~ electronic state, the
aRef 45. two terminal AAl and N—Al bonds and the central AIN

L ) . . bond lengths are shortened significantly. The changes in the
This indicates that the terminaH\N bond may involve a triple bond length imply that the triplet species has a cumulene-like
bond character. _ _ S linear Al—AI—N—AIl structure. Although these two linear

Al3N. For AlsN, two isomers of AN without imaginary  gryctures are energetically favored, the existence of two
frequencies are found upon the geometrical optimization at the jginary harmonic vibrational frequencies at the MP2 level

!\:Pcﬁ fvglb In ggr':;?f’t ;g dﬁl'bl r?encrinotzttesazbli ist(ﬁr;erBl implies that they are not real minima on the potential surfaces.
INVOIVES &-sn 9 y 1grounds ving AloN,. In a previous study of B\, several structure with

bond length of 1.876 A. . .
; : - : o linear BNBN @IT) and rhombic®B,, states have been found to
The oth thout h brat | . . -9
© other Isomer WIThoLt any imaginary harmonic vibrationa be energetically competitive, while both the-BI—B—N (3IT)

frequency is &A; ground state having @,, symmetry, which . ;
is labeled B2 in Figure 1, and is 176 kcal/mol much higher in @1d B-B—N—N (°IT) species have been observed experimen-

energy than theDs, ground state at the QCISD(T) level. tally.?* In the case of AlP,, the lowest energy structure is a
Unfortunately, we could not obtain the CC energies at this MP2- ombus with the phosphorus atoms positioned along the short
optimized geometry. The A+AI3 bond strength is estimated ~ diagonal with a'Ag ground staté?

as 33 kcal/mol at the QCISD(T) level, the value compared with ~ As expected, the most stable isomer 0§ is found to be

a spectroscopic value @g = 30.9+ 1.4 kcal/mol*¢ There- the rhombic one, which includes the nitrogen atoms along the
fore we presume that the B2 configuration is below the short diagonal with &Aq electronic state, and is more stable
dissociation limit to A} and AIN. than the linear one witﬁzg state by 15, 12, 9.5, and 12 kcal/

The QCISD(T) calculation indicates that a singlet quasilinear mol at the MP2, QCISD(T), CCSD, and CCSD(T) levels,
Al—Al—N-—AI structure is 60 kcal/mol higher in energy than respectively. This suggests that the consideration of electron
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correlation is important in the evaluation of the stability ofid
isomers. In the C1 structure, the totally symmetrie Nistretch
along the shorter axis (the-\N axis) is predicted at 1276 crh
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that the chemical force in the-NN bond is not so strong as
that in the N=EN bond in Nx(g).
We have also examined another linear-Al—Al—N with

This indicates that a strong interaction occurs between the N the singlet and triplet multiplicities. The MP2 calculation shows

atoms, reflecting the shorter bond length.

Checking the bond lengths in the linear configuration (C2),
we predicted that both the AN and N—N bonds have a double

that the singlet one is slightly bent, and an imaginary harmonic
vibrational frequency is found. In the case of triplet one, no
convergence in the structure optimization can be achieved.

bond character. The bonding parameters are reflected from the Combining these results with the fact that the bond nature of

corresponding bond strengEDg(AIN—NAl) = 172 kcal/mol.
Thus we presume that the AFNNAI bond is close to a double
bond. The fundamental at 1721 chis due to a symmetric
N—N stretch, indicating that relatively strong chemical forces

Al—N lies between those of BN and Al-P bonds, we expect
that both the linear and rhombic configurations ofdd should
coexist, and the transformation of Al, between the linear and
rhombic structures is possible under a certain reaction condition.

are exerted on the N atoms. The same linear structure, but withThese energetic behaviors of the cluster seem to be very

the different electronic staﬁé‘g is 22 kcal/mol higher than the
lowest one at the QCISD(T) level. Unfortunately, the MP2 level
optimization does not provide a unique optimized structure
having the lowest linear singlet state.

The C3 structure with &A; electronic state undeg,, point
group follows in the stability the rhombic and linear structures.
In the previous investigation on the tetratomicHW group
clusters such as #N,,2! Al,P;,22 and GaAs;,® none of the
literature has considered this structure. TheNNbond length
is rather short, only 1.139 A at the MP2/cc-pVDZ level, which
is the shortest among all these isomers ofNAland close to
the triple bond length (1.0977 A). On the other hand, the )

important in determining the reaction condition for the prepara-
tion of bulk materials consisting of the aluminum and nitrogen
atoms with a ratio of 1:1, since the different structures oNAl
could lead to different properties of the material.

Conclusions

In this report, we present initial theoretical results on
tetraatomic aluminum nitride clusters. All the possible geom-
etries were taken into consideration with the singlet and triplet
multiplicities at the HF/6-31G* level. The promising configura-
tions were reoptimized at the MP2/cc-pVDZ level with a full
electron correlation included. The harmonic vibrational frequen-

bond length is the longest one. These bonding characters indicateies were also calculated. Finally, the electronic energies were

that, in this structure, the AIN bond is weak. The formation
of this interesting structure can be explained by the d orbital
participation of the Al atoms in the bonding directly with the
orbital of Np. This may provide a new insight into the nitrogen
fixation because of the stable behavior of this configuration.
As expected, the A-NN bond strength in the C3 structure is
57 kcal/mol. The fundamental at 2024 chrorresponds to a
totally symmetric N-N stretch and close to the,Ntretching
frequency, indicating that the NN bond in the C3 structure
may involve a triple bond character, reflecting the shorter bond
length. The fundamental at 340 cicorresponds to the Al

Al stretch, and a little lower than the AlAI stretching frequency
479 cnrlin the gas phase Abbtained at the MP2 level. This
indicates that the AtAl bond in the C3 structure is a little
weaker than the AtAl bond in Alx(g).

According to the suggestion of Al-Laham et &.we treat
the rhombic structure with th&\4 electronic state by gradually
increasing the N‘N bond length and simultaneously decreasing
the Al—-Al one and then obtained one more conformer with the
configuration C4. The total energy of Al, with D2, symmetry
increases with increasing\N bond length. This suggests that
the interaction of N-N is very important in the stabilization of
the Do, AloN,. The second rhombic structure (C4) with

evaluated at the QCISD(T)/cc-pVDZ, CCSD/cc-pVTZ, and
CCSD(T)/cc-pVTZ on the MP2-optimized parameters. The total
energies scaled by the ZPE energies obtained at the HF or MP2
methods are listed in Table 1.

Vibrational frequency and mode analyses are quite informa-
tive as to the chemical forces among the atoms. The relative
energy orderings are the same at all the levels employed, except
the HF level.

Only a few stable isomers are achieved for the AdNd AkN
systems. The most stable AJvolves an aluminum azide type
having the linear AINNN structure with th&* ground state.
For Al3N, the A} isomer withDg, symmetry is the lowest in
energy. In the case of All,, more isomers are found, and some
of them are very close to each other in energy. The higher level
single point calculations on the MP2-optimized structures
indicate that a rhombic structure including the nitrogen atoms
along the short diagonal arié\q ground state is the lowest in
energy, and the linear AIN—N—AI with the 32; electronic
state is the second lowest. However, the energy difference
between the rhombic and linear structures is small. The third
one, which was not found in the previous calculation on the
other tetratomic IV group clusters, is found to ha¥, point
group and arA; electronic state, which can be viewed as the

aluminum atoms located at the shorter diagonal and electronicAl-bonded directly to ther orbital of N,.

state tAg) are 46 kcal/mol higher in energy than the most stable
one. The vibrational mode analysis indicates that the totally
symmetric ring puckering occurs at 705 thbeing much lower
than the N-N stretching fundamental in Xb). This implies
that a weak interaction exists between the N atoms.

Besides these, another linear isomer;-Al—N—N (C5) with
a =" electronic state is obtained, which is 82 kcal/mol higher
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