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Geometric and Energetic Aspects of Aluminum Nitride Cages
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The structure and energy of aluminum nitride cages (A(N)= 2—41) have been investigated theoretically.

The most stable cages have been constructed on the basis of a simple design principle, and the predicated
stability has been validated at the B3LYP/LANL2DZp//HF/LANL2DZ level of theory. Among theseTthe
symmetrical (AIN), cluster has been computed to be the most stable cage on the basis of the calculated
disproportionation energy and binding energy per AIN unit.

Introduction the experimental values. Using density functional method,
BelBrund”’ studied the structure and stability of a set of small
(AIN), (n = 2—4) clusters and found that the most stable
structures ar®,, symmetrical and that the eight-membekg
monocyclic ring structure of (AIN)is more stable than the caged
form. That theDz, monocylic (AIN); is the most stable triméfr
is confirmed by Pandel?

On the basis of the computed structures and thermodynamics
properties of (AIN) (n = 1-15)1° (HAINH), (n = 1-15)2°
tand (CIAINH), (n = 1—15) 2 Wu found that these clusters have
similar stability order; that is, the stability of clusters with even-
numbered is higher than those with odd-numbeiredRecently,
structures of energetically low-lying stationary states of small
(AIN), clusters = 1, 2, 4, 6, and 12) have been computed at
the BP86 density functional level of theory, and it is found that
cage-like species become more favorable than planar arrange-
ments with increased cluster size and that (ANjage has
‘extraordinary stability® In addition to AIN cages, related My
clusters are also analyzed theoretic8fyWwith the increased
research intensity of AIN thin film materials and the discovery

crystalline thin films when deposited on a substfatdore OI\,,QeW l(AltN)" clust?rs, furtherterter:js;\t:e |n\;_est||gat|onts on
recently, several hexameric aluminum imides with an (AIN) (AIN)« clusters are of experimental and theoretical importance.

hexagonal drum unit bearing substituents have been synthesized Because all of the reported studies are concentrated on small
and characterized by single-crystal structural anaf/sis. clusters, we present our theoretical studies on the structure and
Theoretically, the structure and bonding ofAR=NH,, stability of large sized (AINj (n = 2—41) clusters. First, we
considered as a possible AIN precursor, have been investi-discussed a mathematical design principle to consider the
gated%1:Matsunag® carried out theoretical investigations on relationship between the four- and six-membered rings and then

the structures of (XAINH) and found that the benzene-like the relatiopship among symmetry and size, a”‘?' stability of
structure is the most stable isomer, as compared to the prism clusters. Finally, these qualitative results were validated on the

boat, and chair forms. Using the calculated thermodynamic basis of ab_ initio and density functional calculations and
stability of a set of X(AIN) ;Hm clusters, Timoshkitf discussed ~ compared with those of the structural related (Bdjges from
the mechanism of (AIN)cluster formations. On the basis of density functional tight-binding resufts.

local density functional calculations, Grintésanalyzed the
structure and bonding of (AINXn = 1—4) clusters and found
that the cluster stability increases with the increased size. In  |n this paper, designing molecular structure, determining

agreement with the experimental findingsall computations  symmetry, and adjusting input parameters were carried out using
show that monomer (AIN)has a triplet ground state and the  a program developed by oursel@sFor selecting the most
singlet state is higher in enerdyand the high level ab initio  stable isomers, all proposed structures were fully optimized first
(MRCI) and density functional (BP86) calculated dissociation ysing the AM1 method® The obtained most stable (AIN)
energies, bond distances, and vibration frequencies are close t&tructures were further refined & 2—41) and characterized
— as energy miniman(= 2—28, with only real frequencies, and

. I:TO' whomk%orrespondence should be addressed. E-mail: hjiao@ the number of imaginary frequencies is zero, Nimad) at

O Shand Normal University. the Hartree-Fock (HF) level with the LANL2DZ basis set (HF/

*IfOK an der UniversitaRostock e.V. LANL2DZ). The final energies were the single-point energies
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Aluminum nitride (AIN) ceramics, because of their excellent
physical and chemical properties as high thermal-conductivity,
low thermal-inflate coefficient, chemical inertness, and large
energy gap, have attracted considerable attention to physics
chemistry, and material scienteThese materials can be
produced, for example, by chemical vapor deposition from
aluminum salts reacting with ammon#zor from organometallic
precursorg. Under vacuum condition and using magnetron
reactive sputtering technique, the sputtered Al atoms can reac
with N; to form a new-type AIN nanofilm, and some #Aly,
precursor intermediates have been experimentally already
observed. AIN clusters can also be produced by nitrogen ion
beam bombardment of aluminum tar§eh addition, AkN,
speciesX = 1—3,y = 1—3) have been produced by reactions
of laser-ablated Al atoms with N atoms, and their possible
structures were proposed on the basis of infrared spectra
compared with the results of density functional thebkysing
laser ionization time-of-flight mass spectroscopic method, Chu
suggested that (AIN) is likely to yield highly oriented
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Figure 1. (AIN), cluster formation from molecular fragments.

(n = 2-31) at the B3LYP level with the LANL2DZ basis set For constructing cages, the best way is to start with the

including an additional set of polarization function (LANL2DZp) configuration having maximum distances among thefsand

on the HF/LANL2DZ geometries (B3LYP/LANL2DZp//  then to adjust their relative positions. Here, we analyze four

LANL2DZ).%6 Some test calculations were carried out at the (AIN), (n = 12, 15, 18, and 21) cages as assembled two
B3LYP level with the 6-31G* and 6-311G* basis sets. All semispherical fragments with a cylinder tube as shown in Figure
calculations were done with the Gaussian 98 progtaifhe 1, and all the four clusters have the same fragment with different
calculated total electronic energies, zero-point energies, andsizes of cylinder tubes. Thus, molecule design becomes docking
Cartesian coordinates are summarized in the Supporting Infor- of “semispherical fragments”. In addition, the size of fragments

mation. can be extended without changing symmetry, and large frag-
ments with related cylinder tubes can form large-sized cages.
Results and Discussions From this point of view, the final symmetry of the constructed

. . . . . . molecules was determined by the symmetry of the fragments
Design Principle.On the basis of the previous investigations

S . . ; and the relative positions of the
on (AIN), cage<! it is found that isomers without direct Al P six
Al and N—N bondings are more stable, and such a relation can . qu large clusters, we hgve construpted 16 fragments as shown
only be observed in even-numbered (four, six, or eight) rings. g]_ﬁFlgurte 2. F”’t”.‘ th_e \g:ev]:/ ogigeléspap;_sé the;(gc(::ap have
To construct (AIN) cages, it is necessary to gain some insight gl_igeljrhsymn:e r(;esa |f.e 4 Orug—ie’ 3 Otrh » andtz (;)_r
into the relationship between fourfs), six- (fs), and eight- ) t'e e>; ende hragmgnF. énu € cct);lre?pon m% .
memberedfg) faces in polyhedrons. Indeed, such a relationship SYMMELNES also are shown in Figure 2. Using the fragments in
has been analyzed and discussed by Ziegler on the basis of th igure 2, one can construct easily all possible cage isomers of
calculated structure and stability of 36 different methylalumi- AIN)n (n = 41).

noxane cages with the general formula (MeA/@) = 14— Symmetry. For constructing small-sized cages, docking of
16)28 It is found that cages containirfg andfs faces are less ~Molecule fragments” is an effective and sufficient method. On
stable than those with andfs. For cages consisting éf and this basis, we have constructed a set of (Allf) = 2—41)

fs faces, the number df is always equal to 6( = 6), whereas clust.er isomers !n lower energies. As shown in Figure 3, the
the number ofis is n — 4 (fs = n — 4), as deduced from the relatively small-qzed cages were annelated or connected by two
Euler polytope?® This mathematical relationship is true for any ~Small fragments, i.e., (AINJ3 + 3, (AIN)1/12 + 12, (AIN)12/1
trivalent polyhedron containing onfy andfs faces. Thus, with +1, (Al_N)le/l + 1, (AIN)27/5 + 5, anO_' (AINko/12 + 12 +_1,
the increased cluster size, the numbefsdhcreases, whereas ~respectively. The cluster symmetry is generally determined by
that off, is constant. For example, both (AINdnd (AIN), have the fragment symmetry and relative position, for _example,
six s, whereas the former has three and the latter hasfive ~(AIN)o has Dsn symmetry, whereas its fragmer is Cs
respectively. Furthermore, for large cages, the probability of Symmetrical. This relationship has been confirmed by HF/
an atom bonded to threfg becomes very small, and the same LANL2DZ frequency calculations, and structures (Ail\) the
is also true for an atom connecting to tfoand onefs. given symmetry if = 2—28) are found to be energy minima in
Design Method. On the basis of the design principle the given symmetry without imaginary frequencies (Ninvag
discussed above, the stability of the constructed isomers of a0) @S given in the Supporting Information.
(AIN), cluster depends on the separation of the fsifaces; Table 1 collects the relationship between symmetry and size
that is, the larger the separation, the more stable the systemOf clusters. For small cages, the number of the more stable
and the molecule with maximal separationfpshould be the ~ isomers is very limited. For example, (Al)can have four
most stable structure, in line with the pentagon rule in fullerene Possible structures iffy, Cs,, Cs, and & symmetry, and the
chemistry3° Therefore, the number of stable isomers is rather Most stable isomer may B& symmetrical with the maximum
limited, and one might also expect that large cages with well- distances among the sfx
separated, can have several isomers very close in energy, and  Stability. To validate these qualitative results, HF/LANL2DZ
the potential energy surfaces become shallow rather than deepcomputations on the most stable AM1 structures were carried
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Figure 2. Configuration of molecular fragments—16 and 1'—16.

out. At the HF/LANL2DZ level, the calculated relative energies, /
especially the most stable isomers, agree with the qualitative Figure 3. Most stable (AIN) cages 16 = 2—41).

analysis on the basis of symmetry and design principle. For ) ) o

example, the most stable structure of (Alf\hasTy symmetry, All these data are given in Table 2, and the binding energy of
whereas the other isomers are higher in energy by @7,3/ the most stable isomer as a function of cage size is shown in
114.4C3, and 177.6% kcal/mol at HF/LANL2DZ (0.0, 16.7/ Figure 4. Both data calculated at HF/LANL2DZ and B3LYP/
Ca,, 84.4C5, and 134.7%, kcal/mol at B3LYP/LANL2DZp!// LANL2DZp//LANL2DZ show the same trend and pattern,
HF/LANL2DZ and 0.0T,, 11.0Cs,, 80.9C3, and 125.4%, kcal/ although they differ quantitatively. With increased cluster size,
mol at B3LYP/cc-PVDZ)! The energy differences among the ©One can see clearly that the difference betw&&n andAEq:+1

five most stable (AIN); isomers are smaller than 7 kcal/mol ~decreases rapidly. This change is mainly attributed to the
(0.0/Can, 41Ty, 5.8(Cs, 5.9/C,, and 6.4% kcal/mol) at HF/ reduced angle strain with increased cage size as pointed out by
LANL2DZ. For the small monocyclic structures € 2, 4, and ~ Z1€gler Itis to note that monocyclic (AIN)(n = 2-5) have

6), the most stable forms in this paper agree well with the results ONlY bivalent bonds, whereas all other cluster are trivalent.
at highly correlated levels of theo#§18 It is also easily and clearly seen that the binding energies

per AIN of some clustersn(= 12 and 16, Table 2) are larger
than those of their neighbors, and the largest difference is found
for (AIN) 12 by 5.9 and 3.0 kcal/mol at B3LYP/LANL2DZp//
LANL2DZ (7.9 vs 4.1 kcal/mol at HF/LANL2DZ; 5.9 vs 3.2

. . . kcal/mol at B3LYP/6-31G*, and 5.9 vs 3.4 kcal/mol at B3LYP/
the triplet state over the singlet stéleandE, is the energy Of. 6-311G*//B3LYP/6-31G*, respectively, indicating that larger
the bulky cluster. The same method has been used to estimalgy,qis set does change the relative energies), revealing the special

the most stable isomer and the effect of cage size on the bindinggiapijiny The same trend has been found for the structural related
energy of (BN) clustergd® and (MeAlO), cages® (BN), clusters?

The stability of the most stable (AlNklusters is tested by
using the monomer binding energik,), as defined in eq 1,
in which Eap is the energy of AIN monomer in the more stable
triplet state (both HF/LANL2DZ and B3LYP/LANL2DZp favor

For checking the relative stability of individual cages, we
AE, = Epy — (U)E, 1) usedA2E, from eq 2, whereEn+1, En—1, andE, are the energies
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TABLE 1: Relationship between Symmetry and Size of (AIN) Cluster Isomers

symm relation n

Ty n = 4k? n=4,16, 36, 64...

Th n=12k? n=12, 48, 108...

T n=4(1+ 6Kk n=28, 52, 76...

D3 n=18k? n=18,72...

Daqy n = 6k? n==6, 24, 54...

Can n=3+ 6k 12+ 12k n=9, 15, 21, 24, 27, 33, 36, 39, 45, 48...

Cs, n=13+ 3k n=13,16, 27, 30, 40, 45, 51, 54...

S n=6 -+ 6k n=18, 24, 30, 36, 42, 48, 54, 60...

Cs n=7+ 3k, 24+ 6k n=10,16, 19, 22, 25, 27, 28, 30, 31, 34, 36...

Con n=06+ 4k, 28+ 4k n=10, 14, 18, 22, 26, 30, 32, 34, 38, 40, 42, 44...

Co n=12+ 12k n= 24, 36, 48

S n=8+ 4k n=12,16, 20, 24, 28, 32, 36, 40, 44...

C, n=18+ 2k n=18, 20, 22, 24, 28, 30, 32, 34, 36, 38, 42, 44...

Cs n=9+ 3k, 15+ 3k, 19+ 6k n=11, 14,17, 18, 21, 23, 24, 25, 26, 27, 29, 30, 31, 32, 33, 35, 37, 38...

TABLE 2: Energies (kcal/mol) of the Most Stable (AIN), Cages

(AIN) //sym AE2 AEp (AIN) //sym AE2 AZEp
(AIN) /D, 36.6 (79.4) 33.9(38.5) (AINYC3 113.4 (150.5) 10.0 (15.9)
(AIN)3/D3n 26.1(80.2) —53.3 (-27.9) (AIN)YC, 113.5 (150.1) —11.1(17.4)
(AIN) 4/Dan 47.6 (94.5) 7.3(7.2) (AINYS 114.5 (151.1) -1.0(-3.5)
(AIN) 5/Dsp 57.5(100.2) —8.0 (—35.0) (AIN)s/Cs 115.5 (152.4) 9.0 (14.5)
(AIN) ¢/D3g 66.8 (115.7) 22.4(38.8) (AINYCa, 115.8 (152.4) —6.2 (-11.5)
(AIN)7/Cs, 67.1(115.7) —50.9 (-39.6) (AIN)7/C3, 116.5 (153.3) —9.5(7.1)
(AIN) /S, 80.0 (125.6) 17.1(12.8) (AINYT 117.8 (153.6) 21.8¢2.1)
(AIN) o/Can 86.2 (130.4) 20.4 (16.5) (AINYCs 117.5 (154.1) —3.7 (1.5)
(AIN) 10/C3 87.2 (131.0) —32.9 (-24.7) (AIN)/C, 117.5 (154.4) —21.2 (-10.1)
(AIN) 1/Cs 93.9 (136.0) —13.9 (-10.5) (AIN)1/Cs 118.9 (155.3) 21.7
(AIN) 1/ Ty 101.8 (141.9) 70.4 (51.8) (AINYC, 118.9 -75
(AIN) 19/C, 97.7 (138.9) —54.2 (-39.9) (AIN)/Cs 119.2 -10.0
(AIN) 14/Cs 101.9 (142.0) —6.5 (—4.4) (AIN)34/C3 120.2 9.3
(AIN) 15/Can 106.4 (145.3) 14.5 (8.9) (AINYCs 120.6 -2.3
(AIN) 16/ Ty 108.5 (147.1) 26.8 (22.8) (AINY Ty 121.0 -2.8
(AIN) 17/Cs 107.3 (146.0) —31.5(24.2) (AIN)37/Cs 121.6 10.6
(AIN) 1¢/Ss 109.6 (147.7) 27.1(17.9) (AINYC, 121.7 -55
(AIN) 10/C3 108.9 (147.3) —19.2 (-13.4) (AIN)o/Cy 121.9 -2.6
(AIN) 20/C; 110.2 (148.3) —10.0 (-3.2) (AIN)40/C3 122.3 0.0
(AIN) 24/Csn 112.3 (149.5) 9.1 (0.7) (AINYCy 122.7

aBinding energy from eq 1 at HF/LANL2DZ (the B3LYP/LANL2DZp//HF/LANL2DZ values are in parenthesdisproportionation energy
from eq 2 at HF/LANL2DZ (the B3LYP/LANL2DZp values are in parentheses).
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Figure 4. Binding energy AE,, square for HF/LANL2DZ and filled |
circle for B3LYP/LANL2DZp//LANL2DZ) per AIN unit as a function 0 10
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of (AIN)n+1, (AIN)n-1, and (AIN). Because eq 2 can be Figure 5. Disproportionation energy\?E,, square for HF/LANL2DZ
considered as disproportionation reaction of a molecule into two and filled circle for B3LYP/LANL2DZp//LANL2DZ) as a function of
fragments, the calculated reaction energ§H,) can reveal the  the cage sizen.

relative stability of the cluster; that is, a positive value

(endothermic) indicates the enhanced stability toward fragmen- Note that HF/LANL2DZ and B3LYP/LANL2DZp//LANL2DZ
tation, whereas a negative value (exothermic) shows the trendv@lueés have the same trend and pattern:

of instability. The same method has been used to estimated the
stability of large (BH)2~ (n = 13—17) cages? As given in
Table 2 and shown in Figure 5, the relationship betw&éf,
andn turns out alternatively in increased cages size. It is to Forn < 20, (AIN), clusters with even numberad(n = 4, 6,

AZEn =(Ei t B D2 E, (2)
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8, 12, 16, and 18) are more stable than the odd numbered cluster$vang, X. D.; Jiang, W.; Norton, M. G.; Hipps, K. Whin Solid Films

with the exception oh = 10 and 14, as well as 9 and 15 at
both HF/LANI2DZ and B3LYP/LANL2DZp//LANL2DZ. In
addition to the torsional strain, one factor for this relationship
might be the separation of the dixrings, for example, (AIN)
has six separatefl, whereas (AIN); and (AIN);3 have only
two separated, and twof,—f; annelated rings. The exception
for n = 10/14 and 9/15 is probably due to the shortetr-Al
distances of the six-membered rings for (AIN(3.017, 3.108,
and 3. 170 A) than for (AINY(3.066, 3.122, and 3.210 A). The
shortest At-Al distance of the six-membered rings in (AlY)
of 2.956 A is shorter than that (3.060 A) in (AIN) This
stability relationship is also found for large (BNyages it =
10-30)28

The large disproportionation energy of 51.8 kcal/mol
at B3LYP/LANL2DZp//LANL2DZ (70.4 kcal/mol at HF/
LANL2DZ) identifies (AIN)i2 as the most stable cluster (the
disproportionation energy of (AINYTq is 52.9 at B3LYP/6-
31G* and 54.7 at B3LYP/6-311G*//B3LYP/6-31G*, and there-
fore, the LANL2DZp basis set is reasonable for AIN cages),
and this is much larger than those for= 6 (38.8 vs 22.4 kcal/
mol), 8 (12.8 vs 17.1 kcal/mol), 9 (16.5 vs 20.4 kcal/mol), 16
(22.8 vs 26.8 kcal/mol), and 18 (17.9 vs 27.1 kcal/mol). The
predicted high stability for (AIN), is supported by the calculated
atomization energyf It is interesting to note that (BN has
also been identified as the most stable c&f&To compare
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