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It is widely thought that the oligomer compounds [RMYR], (M-
group 13, Y-group 15 element) should obey the isolated square
rule found for the boron—nitrogen cages. In contrast to these
expectations, the needle-shaped oligomers, which violate this rule,
are more stable compared to the cage (fullerene-like) oligomers
for all MY pairs (M = B, Al, Ga, In; Y = N, P, As). The stability
of the needle-shaped clusters improves with increasing oligomer-
ization degree. Thus, the isolated square rule, which is analogous
to the isolated pentagon rule widely applied for fullerenes, should
not serve as the basis for searches for the most stable structures
of the inorganic oligomers. Generation of the needle-shaped
oligomers from the group 13 and 15 hydrides is thermodynamically
favorable. A synthesis of novel inorganic polymers, formed by fusion
of trimeric MsY5 rings, is expected to be viable.

Group 13-15 binary pnictidometallanes [RMYR are

stable than those with shared square faces. The isoelectronic
methylaluminumoxane (MAO) [MeAlQ]oligomers were
found to obey such a rufeand analogous structures have
been considered in previous theoretical studies of [HMYH]
oligomers>®

However, the widely used analogy between boron and its
heavier analogues may be misleading. For example, dimer-
ization of borazine to formDsy symmetric [HBNH} is
strongly (by 290 kJ mott) endothermic, while dimerization
of alumazene and gallazene to fobg symmetric [HAINH]
and [HGaNH} is very exothermic (by 460 and 320 kJ ml
respectively). Thus, structures observed for the boron
nitrogen chemistry may not be the best choices for the
heavier analogues of boron.

The isolated square rule is partially justified by the
following argument. In order to obtain a closed cage, an
[HMYH] , structure should possess exactly six square (S)
and fi — 4) hexagonal (H) faces, whereis the oligomer-

promising precursors to 13L5 binary materials, which play ization degree. As increases, the probability that an atom
an important role in modern microelectronics. While com- is bound to three square faces becomes very small. So does
pounds with small oligomerization degrees= 1—8) are the probability that an atom is bound to two square faces
well-known and structurally characterizéthe chemistry and ~ and one hexagonal faéélhis trend is of course true if one
structures of the higher oligomers remain almost unexplored. expands the structure in all dimensions, forming cages.
It is widely assumed that [RMYR](M-group 13, Y-group However, one can imagine a series of a needle-shaped
15 element) oligomer compounds should obey the “isolated structures, obtained by the expansion in one dimension
square rule? found for the valence-isoelectronic boren  (analogous to nanotubes). The simplest possibility would be
nitrogen cages. This rule is analogous to the “isolated adding trimeric MY rings together and capping them on
pentagon rule® widely applied for fullerenes, and the rule both sides. The well-known [RMYR cubanes are ex-
states that structures with isolated square faces are moreamples of the first member of this series, followed by the
structurally characterized heptanfeend the proposet;®
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but yet unknown, needle-shape oligomers witls 10, 13, Needle-shaped
16, and so forth. In a recent case study of [HGaN{r]=
7—16) oligomers? we showed that the needle-shaped
oligomers, which violate the isolated square rule, are more
stable than the cage (fullerene-like) oligomers. It was also
found that the stability of the needle-shaped clusters is
enhanced by increasing degrees of oligomerization.

This surprising discovery prompted us to investigate if the
situation holds only for GaN imidogallanes or may be
generalized for the other group 435 oligomers. To our c) 26612 G d)
knowledge, such needle-shaped clusters have been not $

m

06128 ©
studied theoretically. We report here relative energies of
needle-shaped and cage oligomers [HMYKY = B, Al, =16 @
Ga, In; Y=N, P, As;n =10, 13, 16). We also considered
the feasibility of the formation of such structures from group e) 26618  Cs 00248 |
13 and 15 hydrides:

Figure 1. Structures of the needle-shaped (a, c, €) and cage (b, d, f)
[HMYH] » isomers. The four integers below the structures are the numbers

H;M + YH;— l/n[HMYH] .t 2H, Q) of atoms in the 3S, 25 H, 2H + S, and 3H positions, respectively.
Since our primary goal is the description of the large
cluster compounds, consisting of-464 atoms, the present
theoretical approach is based on density functional theory
in the form of the hybrid 3-parameter B3LYP functioHal 2S+H 2H+S

conjoined with an effective core potential (ECP) LANL2DZ  Figure 2. Schematlc view of an atom in the 3S, 28H, 2H+ S, and 3H
basis set2 augemented by d and p polarization functidhs. ~ Positions, respectively.

The Gaussiati suite of programs was used throughout. This
level of theory was found to provide an adequate description
of the energetics of donetacceptor complexes of group 13
metal halides with ammonia (mean difference with respect
to experiment in dissociation energies 2 kcal mpt®
Preliminary results of this paper have been presented at th
36th ICCC meeting in Merida (July 200%8).

With an increase of the oligomerization degree, the number
of possible structural isomers increases dramatically. Since
the major goal of the present report is not a characterization
of all possible isomers, but an examination of the rivalry
between cage and needle-shaped structures, only two isomers
Sor the each oligomerization degree have been considered

(Figure 1).
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12141-12154. will classify isomers by the number of atoms in particular
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Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, a”O_' f (Figure 1) are 'expected to be preferred compared to
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Ayala, P. Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; €nergies of the isomers (Table 1) show the opposite trend.
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Table 1. Relative Energieg€™"'s (kJ mol?) of the Cage [HMYH},
Isomers with Respect to the Needle-Shaped Isomers and Energetics for

-

aB3LYP/LANL2DZ(d,p) level of theory. *+MH, + YH, K
Y, -

-5 H

the Generation of the Needle-Shaped Isomers According to Reaétion 1 Capping
n=10 n=13 n=16 +M:-IL+YH]
- Hy
compd Erel AE(;L) Erel AE(]_) Erel AE(l)
[HBNH],  -13.0 -1765 86.6 —1827 2000 —186.7 e
[HBPH], 3.7 —778 340 -—-87.1 55.1 —93.1
[HBASH], -0.2 —53.6 269 —62.6 30.1 —68.2
[HAINH] » —-09 -—2414 738 —246.3 84.7 —249.3 Cappine
[HAIPH] 6.8 —129.1 380 —1343 51.8 -137.6 ippe
[HAIASH] 45 —1342 301 -—-1394 37.8 —142.6 +MH, + YH,
[HGaNH], —-0.2 —-152.7 75.6 -—157.3 97.9 -160.2 5H,
[HGaPH} 8.7 —102.8 40.4 -108.0 589 -111.3 HMYH
[HGaAsH], 30 -1152 284 -1204 351 -1236 I
[HInNH] 1.7 -—1289 724 -—-132.9 88.3 —1354 o p
[HINPH], 46 —1205 321 —1249 342 -1276 e ey
[HInASH], 0.3 -1414 217 -1441 156 -1485 Capping /X ‘e.\
_ “‘vi" v, ¥ '-.."L .9

!e‘:'..

strained atoms remains constant, and the number of “relaxed”
atoms (in 3S positions) increases. Therefore, the needle-
shaped structures became more stable with respect to the
cage ones.

We also address the question of feasibility of formation
of needle-shaped structures. To this end, the energies of
formation from group 13 and 15 hydrides have been obtained
(Table 1). Process 1 is exothermic for all clusters. Despite

the fact that entropy disfavors formation of large clusters ""Open needles" S . (Closed needles'

Capping
—_—

+MH; + YH;
-5H,

+[HMYH,],
-3H,

(for GaN the reaction entropy for the process 1 varies from  [H,MYH,,[HMYH],, i [HMYH],
—75 (n = 10) to —84 (n = 16) J mol* K~1),'% the overall Figure 3. Proposed mechanistic pathway for the formation of needle-

standard Gibbs energies of the cluster formation are negativeshaped oligomer and polymer compounds.
(favorable) for all MY pairs. Thus, the formation of needle- _ _ _
shaped structures is clearly practical thermodynamically. ~ The generation of gas phase [HMYHiligomers is very

We propose the following mechanistic pathway for the favorable thermodynamically. Spontaneous growth of needle-
growth of needle structures, starting from the well-known shaped oligomers is expected under low-temperature condi-
trimeric [R:MYR',]5 cyclic compounds (Figure 3). tions for all 13-15 pairs. It is argued that their subsequent

Polymerization of the [EMYH 3]s units leads to “open  nucleation will lead to the formation of corresponding-13
needle” oligomers, which on each stage may be capped to15 nanoparticles. Synthesis of the needle-shaped inorganic
form “closed needles”. Such polymeric compounds representpanowires thus appears to be viable.
a viable alternative to 3-dimensional networks or coordina-
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