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Systematic theoretical studies of the [XMYH], inorganic rings and clusters (M = Al, Ga, In; Y = N, P, As; X = H,
F, Cl, Br, I; n = 1-6) have been carried out using hybrid Hartree—Fock density functional theory. A consistent set
of the structural and thermodynamic properties has been obtained. The stability of the MY bond decreases in the
order Al > Ga = In; N > P > As. Terminal groups X have a minor influence on the subsequent elimination
enthalpies of the clusters. In the case of X = H, hydrogen elimination makes formation of the [HMYH]s oligomers
from MH3 and YH; thermodynamically favorable; while in the case of halide substituents, formation of [XMYH]s is
thermodynamically unfavorable, except for the system with the strongest MY bond (AIN). Substitution of the acidic
hydrogen by X is favorable energetically for all [HMYH]s clusters, but is complicated by the processes of cluster
destruction to form the [X,MYHj], dimers. The high stability of the [HMNH]s clusters makes them attractive single-
source precursors for the production of 13—15 composites.

Introduction alloy is producedélfrom trimethylgallium (TMG), trimethyl-
aluminum (TMA), trimethylindium (TMI) and ammonia:
Group 13-15 binary materials (GaAs, GaN, etc.) play

important roles in modern microelectronics. They serve as
light-emitting diodes, high electron mobility transistors, and XAlMe; + yGaMe, + (1 = x = y)InMe, + NH, =
advanced ceramic materials. The usual method for their ALGgIn,_, N + 3CH, (3)
production is chemical vapor deposition (CVD) from orga-

nometaliic (1) or inorganic (2) precursdrs. However, the stoichiometry control of the product formed

B in reaction 3 is still a challenging task. To achieve stoichi-
GaMey(g) + AsHy(g) = GaAs(sy+ 3CH,(g) (1) ometry control, the exploitation of single-source precursors
_ (SSP) is very promising. Several experimental stidfes

AICI4(g) + NH(g) = AIN(s) + 3HCI(9) 2) suggest that rings and clusters may be formed directly in
the gas phase in the course of CVD of binary nitrides:

Very promising are 1315 composite materials (alloys),
which contain different metal and pnictogen atoms. Such (2) Den Baars, S. P.; Keller, Semicond. Semimet998 50, 11.

; ; (i i (3) (a) Egashira, Y.; Kim, H. J.; Komiyama, B. Am. Ceram. S0d.994
mixed qlloys may be in principle produced by codeposition 77, 2009. (b) Kim. H. J.- Egashira. - Komiyama. Hppl. Phys.
of the different source molecules. For example&aing N Lett. 1991 59, 2521. (c) Kim, H. J.; Egashira, Y.; Komiyama, H.

Chem. Vap. Depositioh992 1, 20.

(4) Thon, A.; Kuech, T. FAppl. Phys. Lett1996 69, 55.
* Author to whom correspondence should be addressed. E-mail: alex- (5) (a) Demchuk, A.; Porter, J.; Koplitz, B. Phys. Chem. A998 102

tim@AT11692.spb.edu. 8841. (b) Demchuk, A.; Simpson, S.; Koplitz, Broc—Electrochem.
TE-mail: hfs@uga.edu. So0c.2001, 2001-13, 389.
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Properties of Group 13 Imidometallanes

R;M + NH; = R;MNH, = Ga; Y= N, P, As) was considered in a recent stdélfhe
chemistry of boron analogues will not be discussed in the
present report. The high stability of the aromatic borazine
[HBNH] 3 and its derivatives makes formation of the cluster
species in boron-containing systems highly unfavorable, as

indicated by the high endothermicity of the borazine dimer-

Thus, inorganic ring and cluster compounds appear to peization? Boron-containing alloys are less important for
natural precursors. There have been both succésafal practical applications due to the large difference in the lattice
unsuccessflattempts to use ring and cluster compounds Parameters of binary compounds of boron and its heavier
as SSP. Experimentally known amido compounds are limited 2n&logues. _ ,
to the monomers, dimers, and trimers only. This small variety 1 D€ role of the partners MY and the substituents (terminal

obviously limits their use as SSP for the mixed metal alloys, 970ups) X in the formation of [XMYH] is not fully
because only 1:1 and 1:2 M‘Matios are possible in understood. The thermodynamic properties and stabilities of

principle. In contrast, imido compounds [RMYJRpossess such complexes in the gas phase are l_mkno_wn. In_ the_ present
a much greater variety of oligomers. The existence of theseeport resglts of s_yst_ematlc computational investigations of
compounds in the solid state is well documerfted.The [XMYH]  inorganic rings and clusters (M Al, Ga, In; Y
oligomerization degree in such compounds is controlled by = N P, As; X=H, F, CI, Br, I n = 1—6) are summarized.

the bulkiness of the terminal ligands R,Rhe more bulky ~ Some of our preliminary results on the stability of dimétic
ligands result in lower degrees of oligomerization. Imido and trimeric/tetramerfé compounds have appeared in con-
compounds witm = 2, 3, 4, 5, 6, 7, 8, 10, 15, 16 are known ference proceedings. The present report makes it possible
experimentally’23Imido compounds have several advantages to discuss trends with respect to cluster size (oligomerization
compared to amido compounds: they offer a larger variety degreen), and the influence of the metal, pnictogen atoms,
of MIM' metal ratios; they possess half as many terminal and terminal groups X on the structures and stability of

Y IR,MNH,l,, +HR=

“amido” (m= 2, 3)

Y IRMNH], +
“imido” (n = 2—6)
2HR=MN + 3HR (4)

groups, and, starting from hexamers, they exhibit structuresclUsters.

that are very similar to the solid-state structures of-18

materials. With the goal to use imido compounds and their

heavier analogues [RMYR as SSP, knowledge of their gas-

Computational Details
Density functional theory in the form of the hybrid B3LYP

phase stability becomes essential. Despite extensive studiefinctionaf® was used together with the basis sets of Hay and

in the condensed phase, the gas-phase chemistry of thes
compounds is not at all well documented. Previous theoretical
studied* 16 of the group 13 pnictidometallanes were mostly

concentrated on the [HMYH]rings, which are inorganic

adt?® augmented by d and p polarization functions (denoted later
as LANL2DZ(d,p)). The following orbital exponents were used:
p exponent for H (1.0) and d exponents for Al (0.4), Ga (0.16), In
(0.16), N (0.8), P (0.5), As (0.25), F (0.8), CI (0.56), Br (0.25),
and | (0.15). The Gaussian 94 suite of progréimsas used

analogues of benzene. The potential of cyclic dimeric amidq throughout. All structures were fully optimized with subsequent
compounds as SSP have been explored theoretically by Ni,vibrational analyses and correspond to minima on the potential

York, Bartolotti, Wells, and Yang’ Other investigations are
limited to case studies of AIRE2° GaN?2% and AIP?
Dimerization of inorganic benzenes [HMYHIM = B, Al,

(7) (a) Sauls, F. C.; Interrante, L. \Coord. Chem. Re 1993 128 193.
(b) Koyama, S.; Sugahara, Y.; Kuroda, K.Am. Ceram. SoQ00Q
83, 2436. (c) Campbell, J. P.; Hwang, J.-W.; Young, V. G.; Von
Dreele, R. B.; Cramer, C. J.; Gladfelter, W. I. Am. Chem. Soc.
1998 120, 521.
(8) Cowley, A. H.; Jones, R. APolyhedron1994 13, 1149.
(9) Veith, M. Chem. Re. 199Q 90, 3.
(10) Chemistry of Aluminum, Gallium, Indium and ThalliuBowns, A.
J., Ed.; Chapman & Hall: New York, 1993.
(11) Coordination Chemistry of AluminunRobinson, G. H., Ed.; VCH
Publishers: New York, 1993.
(12) Comprehensgie Organometallic Chemistry;IHousecroft, C. E., Ed.;
Pergamon: London, 1995; Vol. 1.
(13) Supramolecular Organometallic Chemist#yaiduc, I., Eldemann, F.
T., Eds.; Wiley VCH: New York, 1999.
(14) Matsunaga, N.; Gordon, M. 3. Am. Chem. S0d.994 116, 11407.
(15) Jemmis, E. D.; Kiran, Blnorg. Chem.1998 37, 2110.
(16) Fink, W. H.; Richards, J. Gl. Am. Chem. S0d.99], 113 3393.
(17) Ni, H.; York, D. M.; Bartolotti, L.; Wells, R. L.; Yang, WJ. Am.
Chem. Soc1996 118 5732.
(18) Timoshkin, A. Y.; Bettinger, H. F.; Schaefer, H.Jz.Am. Chem. Soc.
1997, 119, 5668.
(19) Xu, X.-H.; Wu, H.-S.; Zhang, F.-Q.; Zhang, C.-J.; Jin, Z.zHMol.
Struct.2001, 542, 239.
(20) Wu, H.; Zhang, C.; Xu, X.; Zhang, F.; Zhang, Qhin. Sci. Bull.
2001, 46, 1507.
(21) Timoshkin, A. Y.; Bettinger, H. F.; Schaefer, H. F.Phys. Chem. A
2001, 105, 3249.

energy surfaces (PES). The Gibbs energy at a given temperature
was evaluated using standard values of the enthalpy and entropy
according to the equatioNG°t = AH%;95 — TAS 595

As shown previously, the B3LYP/LANL2DZ(d,p) method gives
a good description of the gas-phase thermochemistry of the
X3MYH 3 donor-acceptor compoundd.In the recent case study
of ClIGaNH oligomerg? the mean difference between the pvVDZ

(22) Timoshkin, A. Y.; Bettinger, H. F.; Schaefer, H.Irorg. Chem2002
41, 738.

(23) Kovacs, A.lnorg. Chem.2002 41, 3067.

(24) (a) Davy, R. D.; Schaefer, H. B. Phys. Chem. A997, 101, 5707.

(b) Davy, R. D.; Schaefer, H. B. Phys. Chem. A997, 101, 3135.

(25) Timoshkin, A. Y.; Frenking, Glnorg. Chem.2003 42, 60.

(26) Timoshkin A. Y.Phosphorus, Sulfur Silicon Relat. Eleg001,168
275.

(27) Timoshkin A. Y.Proc—Electrochem. So2001 2001-13, 25.

(28) (a) Becke, A. DJ. Chem. Phys1993 98, 5648. (b) Lee, C.; Yang
W.; Parr, R. GPhys. Re. B 1988 37, 785.

(29) (a) Hay, P. J.; Wadt, W. R. Chem. Physl1985 82, 270. (b) Wadt,
W. R.; Hay P. JJ. Chem. Physl985 82, 284. (c) Hay, P. J.; Wadt
W. R.J. Chem. Physl1985 82, 299.

(30) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson,
B. G.; Robb, M. A,; Cheeseman, J. R.; Keith, T.; Petersson, G. A.;
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G,; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen,
W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.;
Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.;
Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, GAUSSIAN
94, revision C.3; Gaussian, Inc.: Pittsburgh, PA, 1995.
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Table 1. Comparison of the EnergiesEy (kJ mot?) (T = 0 K) of the Monomer species [XMYH] have been studied only as
Selected Reactions Predicted at Different Levels of Theory starting points for the oligomerization reactions. Only singlet
level of theory electronic states have been considered here. Highly unsatur-
B3LYP/ CCSD(T)/ CCSD(T)/ ated metal and pnictogen centers preclude the existence of
process LANL2DZ(d,p)* cc-pVTZ  cc-pVT2Z these compounds in the gas phase, due to highly favorable
HaAINH3 = AlH3 + NH3 —122.9 —129.4 1294 oligomerization reactions.
:i'\“”'\lNHHfl/:[m\l‘,:'HLZHZ 3aa I o ‘Dimers [XMYH] ; are produced by the head-to tai
Y,[HAINH] » = H[HAINH] 5 —59.4 —60.7 —60.8 dimerization of the XMYH monomers. They are planar in
Y3[HAINH] 3 = Y/4[HAINH] 4 —58.4 —66.5 the case of Y= N (D2, point group, Figure 1b), and adopt
HsAIPHs = AlH3 + PHs —527 —61.2 —61.4 pyramidal geometries around the pnictogen centers in the
:i\AHIDPHHS—T/l—[lIﬁ,IAPIPHHT 2H; _i??.g _118812.13 _1é32é,0 cases Y.= P, As. In the Iatf[er. cases two types of ilso'mers
1/2[HAIPH]22= 1/3[HA|2PH]3 S 358 : are possible: (_aﬂ;zU_symmetnoms(Y—H groups are p(_)lntlng
Yy[HAIPH] 3 = Y[HAIPH] 4 —28.8 ~39.3 in the same direction with respect to the¥4 ring, Figure
a At B3LYP/LANL2DZ(d,p) optimized geometrie$.At CCSD(T)/cc- 1d); and (D)Can Sy.mmemdrar.]s in which the ¥~H groups
pVTZ optimized geometries. are orientated differently with respect to the,¥4 core
(Figure 1c). Both isomers are minima on the PES. For all
and LANL2DZ(d,p) basis sets is 20 kJ méland 5 J mot! K~1in investigated compounds th&, isomer is the most stable;

standard enthalpies and entropies, respectively. In order to furtherhowever, the mean energy difference betw&€nand Cy,
test the reliability of the B3LYP/LANL2DZ(d,p) level of theory  structures is only 5 kJ mot (at most 15 kJ mok). In several
(as one of the referees suggested), high-level ab initio computationscgses we encountered a situation whereGpestructure of
have been performed for the selected molecules<(Kl, Y = N, the dimer is not a minimum on the PES. Further lowering
P). Single-point energy computations at B3LYP/LANL2DZ(d.p) ¢ the symmetry (tc- point aroun) r ;

> . esulted in the nonplanar
optimized geometries have been performed at the CCSD(T) level (butterf?;/ distorl}':e(d) ?i‘r)]g Wi?h inst)quivalent MY distanE):es.

of theory?? with the cc-pVTZ basis s&t as implemented in the Th lati ! fth truct | hiah
MOLPRO packagé* In the case of small molecules, geometry € relative energies or these structures were always nigher

optimizations at the CCSD(T)/cc-pVTZ level of theory have been COMpared to theC,, symmetric isomer. Therefore, it is
also performed. Due to the high memory requirements, even the concluded that, among the cyclic structures with the/
smallest hexamer cluster [HAINKI{552 basis functions) could not ~ core, theC,, symmetriccis-isomers are the global minima
be treated at the CCSD(T)/cc-pVTZ level of theory, and therefore on PES.
only oligomers withn up to four have been considered. There is  Trimers [XMYH] s. In agreement with previous theoreti-
satisfactory agreement between the B3LYP and CCSD(T) results cgf4.15.25results the nitrogen-containing inorganic benzenes
(Table 1). The mean difference for the reaction energies is 7.2 kJ gre planar D, point group, Figure 1e) while the P, As
{Egl_;i(nn;?pr:;?*tlscfchr(?r@Bé ’\F‘)‘\’/tizthaetnt:rzi‘i“:e;‘:”fheeb%t‘é"fsgl compounds adopt pyramidal geometries. In the present work
LANL2DZ(d,p) geometries and at CCSD(T)/cc-pVTZ optimized we have considered onfys, SymmetrICCIS-lsome'rs in which
geometries is very small<(0.5 kJ mot?), suggesting that the all the M__X and Y—H bonds are Orqered in the same
B3LYP/LANL2DZ(d,p) geometries are reliable. manner with respect to the M3 core (Figure _1f), because _
these isomers were found to be more stable in recent studies
Results and Discussion of inorganic benzen€e&.It should be noted that the open
structure of the trimers (planar in the case ofQy, cisoid
for P, As) kinetically favors their dimerization. In fact, only
four trimer compounds with bulky substituents RRave
been synthesized so far, although many more hexamers are
experimentally known.

Tetramers [XMYH] 4. TheseTy symmetric species (Figure
1g) are the simplest clusters in which both metal and
pnictogen centers have coordination number 4. As expected,
increasing the coordination number elongates theYM

I. Structures of Compounds. A. Structural Features.
Figure 1 presents general structures for the [XMYH]
compoundsr{= 1—6) studied in the present work. The most
important structural parameters are summarized in the
Supporting Information (Tables t$S). Vibrational fre-
quencies and IR intensities for all compounds studied are
also provided (Tables #S12S). Later in the text we will
briefly discuss important individual structural features of the
oligomer compounds.

distances.
(31) Timoshkin, A. Y.; Suvorov, A. V.; Bettinger, H. F.; Schaefer, H. F. Pentamers [XMYH]s can be formally obtained by adding
J. Am. Chem. S0d.999 121, 5687. one XMYH unit to the tetramer. They adopt ti@& point
(32) (a) Hampel, C.; Peterson, K.; Werner, HEhem. Phys. Lettl992 o . . . .
190, 1 (b) Deegan, M. J. O.; Knowles, P.Ghem. Phys. Lett1994, group for Y= N (Figure 1h), but pyramidalization of the
227, 321. pnictogen centers for Y= P, As leads to asymmetric

(33) @ SSQQ:QSI - o0, Chem. ';,hhy)fslfggaggélfggé (b)Woon, . molecules (Figure 1i). Pentamers have one M and one Y

(34) MOLPRO, a package of ab initio programs designed by H.-J. Wemer center with low coordination number 3 and are expected to
and P. J. Knowles, version 2002.1, R, D. Amos, A. Bernhardsson, A. pe |ess stable compared to species with coordination number
Berning, P. Celani, D. L. Cooper, M. J. O. Deegan, A. J. Dobbyn, F. . . .

Eckert, C. Hampel, G. Hetzer, P. J. Knowles, T. Korona, R. Lindh, 4. Initial results on hydrogen-substituted species (Table 13S)

ﬁ- ij LI(I?Vd, S.PJ. ytthlphplas, FP-_?- Magby,R W. rz\ﬂfye’a Ms't;' l\l/IJura, indeed show that their conversion into hexamers is thermo-
. ICKIass, . almierl, . zer, . aunurt, . uu. H . :

Schumann, H. Stoll, A. J. Stone, R. Tarroni, T. Thorsteinsson, and dynamlcallly favorable. .Thereere' halide substituted pen-

H.-J. Werner. tamers will not be considered in the present report.
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Properties of Group 13 Imidometallanes

Figure 1. Structures of the investigated compounds: (a) XMYH monomers; [XMMtithers ofDan, (b), Can (€), andCy, (d) symmetry; [XMYHE trimers
of Dap (e) andCs, (f) symmetry; [XMYH], tetramers (g); [HMYH] pentamers oCs (h) andC; (i) symmetry; [XMYH]s hexamers (j).

2.5
E [XAIPH], e .
>I-' 2.4 g/ ———————————— "—""m—w“m"mmo
2.2 1 /u’(/ 2g
g ACI
2.1 1 :
T
19 P
" o
1.7 X/ [XAlNH]”
16 5
15 . | | | | |
0 1 2 s ; : 6

Oligomerization Degee A

Figure 2. Trends in the M-Y distancer(M—Y), A, as a function of the
oligomerization degrea for the [XAIYH],, (Y = N, P) species. Predicted
results are from the B3LYP/LANL2DZ(d,p) level of theory. Experimental

2.3 1

2.2 4

2.1 A

r(M-N)
N
o

O Ga-N

1.9 O Expt Ga-N

1.8 1

1.7 T T |
1.7 1.8 1.9 20

r(AIN)

Figure 3. Relationships between the theoreticatAN and Ga-N/In—N
bond distances for oligomer compounds. Experimental values are also shown

bond distances are average values from all experimentally known com- for comparison. All distances are in A.

pounds [RAIYR], of the samen. Lines are drawn only to guide the eye.

Hexamer [XMYH] s compounds are formed by the fusion of the oligomerization degree, but this change is not
of two trimers. They are the largest species studied in the monotonic. The MY bonds in the trimers are shorter

present work (for all X). These species possBss point

group (Figure 1j).

B. Trends in Structural Parameters. Figure 2 presents
in a schematic way trends in the AN and AP bond
distances as a function of the oligomerization degrddean
experimental values of the AN and Al-P bond distances

compared to those in the dimers and tetramers. This may be
rationalized in terms of the strain of the four-membered ring.
It seems likely that the large charge separation and shorter
M---M and Y---Y distances in the dimers are responsible
for such high reorganization energies. As a result, theYM
distances in the trimers are 0:60.02 A shorter compared

are also shown in Figure 2 for comparison. Trends for the to those in the dimers. The MY distances for the four-
all other [XMYH], species are qualitatively the same. In  membered rings in hexamers are also always longer com-
general, the MY bond distance increases with the increasepared to those in the six-membered rings. Note that if the

Inorganic Chemistry, Vol. 43, No. 10, 2004 3083
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Table 2. Relative Energies of the Planar Structures e H, and [HMYH], 35 Relative to the Corresponding Minima on the PES in kJ thol
(B3LYP/LANL2DZ(d,p) Level of Theory) and Inversion Barriers of ¥H

HoMYH [HMYH] 22 [HMYH] 3° [HMYH] ¢
Al Ga In Al Ga In Al Ga In Al Ga In YH
N 0 0 0 0 0 0 0 0 0 0 0 0 29.6
P 38.6 46.9 52.2 73.2 91.0 85.7 49.0 81.4 93.5 17.1 25.6 30.8 148.8

As 56.2 62.7 68.1 108.2 122.7 119.9 96.3 119.3 136.0 30.9 37.6 64.1 192.4

aEnergy of theD,, symmetric structure compared @, symmetric.” Energy of theDz, symmetric structure compared @, symmetric.c Energy of the
Cs symmetric structure compared @ symmetric.9 B3LYP/6-31G* level of theory, ref 15.

distances in the four- and six-membered-ring compounds areinversion barriers of PHand AsH (149 and 192 kJ mol,
considered separately, the trend¥ € (2) < (4) < (6) and respectively) compared to only 30 kJ mbfor NHs.
(3) < (6) are obtained for the four- and six-membered cycles, Let us carefully consider the case of X H. Relative
respectively (Figure 2). As may be seen from Figure 2, the energies of the planar structures with respect to the pyramidal
Al—N and AI-P distances exhibit a similar trend with the are given in Table 2. As may be seen, increasing the number
increase of the oligomerization degree. Substitution of Al of the metal centers (connected to Y) significantly decreases
by Ga and In leads to the same picture. Moreover, there isthe barrier to “planarization”. Thus, all species with=YN
a good correlation between AN bond distances and G& are planar. The relationship between the number of metal
(In—N) distances (Figure 3) for cyclic and cage species: atoms bonded to Y and the “planarization” energy E (per
one Y center) is shown in Figure 4. The mean values are
r(Ga—N) = 1.1313(Al—-N) — 0.2025; R =0.995 plotted in Figure 4, and the error bars represent the range of
energies for the different metal atoms. In general, increasin
r(In—N) = 1.1754(AI-N) — 0.1153; R’ =0.996 the r?umber of metal centers bonded tg Y decreases thge

Although the experimental distances are somewhat higherPyramidalization energy. Thus, nitrogen, with its small
compared to the predicted ones, a good correlation also holddnversion energy in Nkl becomes planar in all compounds
for the experimental AtN and Ga-N bond distances in ~ when H is substituted by the metal. For ¥ P, As

compounds bearing identical terminal groups (Figure 3):  stabilization is not sufficient to favor planar structures, but
significantly (by 106-150 kJ mot?) lowers the barrier for

r(Ga—N)g,, = 1.1875 (Al —N),,, — 0.2928; R =0.994 “planarization”.
Il. Thermodynamics. A. Subsequent Oligomerization
(Such pairs are available for the tetramers [MeMN-t-Bu]  Enthalpies. Subsequent oligomerization enthalpies are pre-
(M = Al¥2and M= G&*) and [MeMN(GFs)] (M = AI***  gented in Table 3. Note that for the nitrogen- and aluminum-

and M = G&%) and the hexamer [MeMN(4ElF]s containing molecules all oligomerization enthalpies are
for M = Al, Ga?® For dimeric cycles, values of MN negative, indicating the high favorability of the oligomer-
bond distances in CH{MesSi)oN} AIN(u-AICp*) (u-Al{N- ization processes. Note also that the change of X leads to
(SiMes)2})NAICP.* (Cp* = 5'-CsMes)*® and ['-CsMes- small changes in oligomerization enthalpies. The enthalpy
GaNXyl],* have been chosen.) of the dimer-trimer reorganization is interesting, since in

Note that the GaN bond is always longer compared t0  thjs reaction all bonds are formally preserved and all atoms
Al—N. This fact reflects the weaker bond|ng in the case of have similar coordination environments (p|anar fOFYI\l,

Ga, which has also been found for the-G1—N—H pyramidal for Y= P, As). The reorganization energies
systemg? Correlation between the AlY and Ga-Y/In—Y . L
bond distances is also observed for % P, As (see IIXMYH] , = /5[ XMYH] 5

Supporting Information figure), but in this case the correla- 4. strongly exothermic<53—72 kJ mot? for Y = N;
tion is less perfect, reflecting the fact that that the nature of _33_39 kJ mot! for Y = P: —29-34 kJ moti for Y =

M plays some role in the pyramidalization of the Y center. as) suggesting high ring strain in the four-membered cycles.
Since the theoretically observed trends are the same for all

Y with different X, we conclude that the MY bonds exhibit (35) (a) Harlan, C. J.; Bot, S. G.; Barron, A. B. Chem. Soc., Dalton

similar trends for all substituents. ;.r\[%]r; lAQIEIZ’ Sil'ré%ga"?zef Grg - ousen RoDs Weideinz)
C. Pyramidalization of the Pnictogen CentersAs shown (36) (a) Belgardt, T.; Waezsada, S. D.; Roesky, H. W.; Gomitzka, H.:

above, the P and As centers adopt a pyramidal structure in ~ Haming, L.; Stalke, D.Inorg. Chem.1994 33, 6247. (b) Belgardt,

R . T.; Roesky, H. W.; Noltemeyer, M.; Schmidt, H.-@ngew. Chem.
compounds where they have coordination number 3. The 1993 105y1101;Angew, Chgm” Int. Ed. Englo93 32?1056_

results obtained in the present study allow us to compare(37) Schnitter, C.; Waezsada, S. D.; Roesky, H. W.; Teichert, MnUso

cJalioati : : ; ; ; I.; Parisini, E.Organometallics1997, 16, 1197.
the _ pyramidalization energies in different _coordlnatlon (38) Schulz, S.: Hamig, L.; Herbst-rmer, R.: Roesky, H. W.: Sheldrick,
environments of the pnictogen center: from simple;\tél G. M.; Angew. Chenil994 106, 1052;Angew. Chem., Int. Ed. Engl.

i 1994 33, 969.
XoMYH> and [XMYH] 35 compounds. Planar nirogen and (39) Jutzi, P.; Neumann, B.; Reumann, G.; Stammler, HO&anome-

pyramidal P, As centers have been predicted earlier for tallics 1999 18, 2037.

XoMYH 2,204 [XMYH] ,,26 and [HMYH]35'®252’compounds. (40) Timoshkin, A. Y.; Suvorov, A. V.; Schaefer, H. Eh. Obshch. Khim.

. . P THT 2001, 71, 10; Russ. J. Gen. Cherg001, 71, 8.
The distortion of the P, As centers (pyramidalization) was (41) Himmel, H.-J.; Downs, A. J.. Green. T. Nhorg. Chem.2001, 40,

attributed by Jemmis and Kir&hto the much higher 396.
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Table 3. Standard Enthalpies (kJ md) of Subsequent Oligomerization Reactions, Reported per Mole of Monotei{XMYH] n-1 = Y [XMYH] 2

Y =N Y=P Y =As
M X n=2 n=3 n=4 n=6° n=2 n=3 n=4 n=¢° n=2 n=3 n=4 n=¢°
Al H —281.7 —58.1 —57.5 —23.4 —165.5 —32.8 —28.5 —21.3 —151.6 —29.4 —15.0 —20.4
—169
F —320.3 —64.6 —63.3 —28.9 —206.9 —34.5 —24.9 =231 —210.4 —30.5 —8.2 —-22.3
Cl —311.9 —63.6 —61.0 —26.9 —172.9 —33.6 —25.6 —22.1 —178.5 —29.6 —9.5 —21.3
-300 —63 —5n —26¢
Br —305.0 —62.5 —59.1 —25.9 —167.8 —33.0 —24.2 —-21.9 —169.5 —29.1 —8.5 =211
| —298.6 —61.7 —57.7 —24.8 —163.2 —32.7 —23.8 —21.7 —155.3 —28.8 —8.5 —20.9
Ga H —227.5 —60.6 —37.6 —21.3 —165.8 —34.9 —9.6 —-19.2 —168.2 —31.8 04 -—195
—207 —5% —41° —20°
CHjs —202 —55° —42 —1%
F —247.1 —-71.5 —38.0 —29.3 —154.6 —38.8 1.6 —21.4 —-132.1 —34.3 154 -—21.7
Cl —245.6 —69.1 —36.8 —26.7 —-136.5 —36.9 -0.2 —20.4 —129.4 322 126 —20.8
—221 —68 —42 —26
Br —240.7 —67.7 —36.1 —25.6 —134.5 —36.0 —-0.2 —20.1 —-127.1 —31.6 123 —20.6
| —236.8 —65.8 —36.0 —24.1 —135.2 349 -1.0 —-19.7 —124.4  -30.6 11.0 -—20.2
In H —212.8 —-52.5 —57.2 —-17.8 —150.1 —34.7 —-20.8 —-16.4 —155.4 —-31.6 —-7.5 —-17.1
F —217.6 —63.9 -57.7 —25.6 —156.6 —38.2 —9.5 —19.6 —161.9 —33.1 6.7 —-19.7
Cl —220.3 —63.4 —56.0 —24.2 —132.8 —-37.5 —-9.9 —18.9 —140.2 —32.1 5.8 —19.2
Br —217.4 —61.8 —55.0 —23.1 —131.2 -36.4 —-95 —18.6 —132.2 313 57 —19.0
| —215.2 —60.3 —54.2 —22.1 —127.1 —35.5 —9.7 —18.3 —124.8 —30.6 51 —18.7

a All results are at the B3LYP/LANL2DY(d,p) level of theory, if not otherwise indicatedalues are given for the reacti6h[XMYH] 4 = Y[XMYH] 6.
¢ DZP/CCSD level of theory, obtained from results given in ref 2B3LYP/DZP level of theory, ref 18 B3LYP/pVDZ level of theory, ref 21f B3LYP/
pVDZ level of theory, ref 22.

200 1 B. Formation of Oligomers from MX; and YH3. The
thermodynamic parameters for formation of the hexamer
clusters from MX and YH; are given in Table 4. Values
obtained with full-electron basis sets are also shown for
comparison. For X= CI both the reaction enthalpies and
entropies predicted with the DZP (all electron) and LANL-
2DZ(d,p) basis sets are in good agreement, whereas in the
case X= H the difference between standard enthalpies of
reactions is more pronounced. The Gibbs energies of two
processes, namely, dissociation of the addu¥XH; =
X3M + YH3 (denoted later as diss) and formation of hexamer
compound XMYH3; = YXMYH] ¢ + 2HX (denoted as
elim+hex) are compared in Figar5 a and Figure 5b, for
the temperatures 500 and 1000 K, respectively. Only for the
hydrogen-containing compounds is formation of the hexamer
species in the gas phase favorable thermodynamically
0 ] ) (AGelimthex < ), These energies are also smaller compared
Metal substituents M to dissociation of the adduct. Note the difference between
Figure 4. Mean values of the reorganization energy of MRrsus the the nitrogen and P, As-containing compounds: P, As-
number of metal substituents M. Error bars represent the range of valuescontaining adducts are thermodynamically unstable already
of the reorganization energy for different metal centers. at 500 K (AGdiSSsoo < 0), while the N-containing adducts
are stableAGYs% > 0). Thus, cleavage of the MY bonds
proceeds easily for the P, As-containing adducts. For halide
substituents elimination reactions are endothermic and even
more unfavorable compared to dissociation of the adduct (the
exception is the+Al—N—H system, where these energies
are close). Therefore, in contrast to the hydrides, for halide
substituents the hexamer species are not the thermodynami-
cally most stable products in the gas phase.
The present results allow us to compare the energetics of
e elimination of the first and the second HX molecules
from the donor-acceptor complexesKIYH 3. Results are
- — — shown in Figure 6. Gibbs energies at 1000 K have been
(“42) S?’;ng';ﬁfsgfwﬁfg(z%hgﬁebri%(r)ngggdzrggg)'jﬂglﬁ’ﬂgnggy compared for the HX elimination reactions with formation
crystal structure is available. of the dimeric amido XMYH ], and imido [XMYH] rings.

Reorganization energy, kJ mol™
)
3

[4))
o
P

For Y = As the trimer-tetramer reorganization enthalpy

is endothermic (unfavorable) in the case of Ga, In compounds
with halide substituents. The value for=XH is only slightly
favorable in the case of In. Thus, a substantially lower
stability of the tetramer species in the case of As is expected.
This conclusion dovetails with available experimental re-
sults: among the structurally characterized tetramers (more
than 20) As-containing cubes are still unknown. Attempts
at their synthesis resulted in hexamer species, which are more,
stable thermodynamicalfit.
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Table 4. Thermodynamic Characteristics of Selected Gas Phase Reactions Predicted at the B3LYP/LANL2DZ(d,p) Level of Theory (Standard
Enthalpies in kJ mol', Standard Entropies in J mdlK 1

MX3+ YH3 = 1/6[XMYH] 6 + HX = l/e[XMYH] 6—
Ye[XMYH] 6 + 2HX Yo[X MYH o], MX + YirY m+ YoHz2

Y M X AH®208 AS’298 AH®298 AS’298 AH®298 AS’208
N Al H —259.1 —63.3 53.5 —47.2 449.8 272.8
F 100.8 —-33.4 —153.4 —69.2 383.9 278.3

cl 18.4 (27.9) —22.2 (-24.2) ~105.2 (-106.7) ~70.6 (-68.9) 386.1 279.1

Br 10.0 —22.8 —96.3 —70.2 376.8 279.0

| —15.7 —-23.9 —78.8 —69.7 3725 278.8

Ga H ~171.0 -137.7) —62.7 (-62.2) 16.7 7.5) —47.4 (-47.6) 317.8 273.2
F 715 —23.8 —-131.2 —68.8 233.6 277.9

Cl 39.3 (56.9) —42.6 (-22.0) ~108.3 (116.6) ~69.1 (-70.2) 235.2 298.7

Br 52.8 —-22.7 —108.7 —69.2 227.7 278.6
| 49.0 —23.9 —100.6 —68.5 226.5 278.4
In H —147.7 —61.2 5.6 —46.1 234.5 269.4
F 88.0 —-24.1 —133.2 —65.0 155.3 272.7

Cl 70.4 ~2238 ~122.1 ~65.9 152.1 2732

Br 98.7 —221 ~131.2 ~66.2 147.6 272.9

| 102.7 -233 ~128.2 —65.1 146.5 2726

P Al H —125.2 —55.7 30.5 —-39.2 294.1 221.8
F 252.1 —25.0 —167.6 —66.6 210.8 226.4

Cl 166.4 —-14.1 —-119.9 —67.1 216.3 227.6

Br 154.8 —-14.4 —-112.1 —67.0 210.2 227.2

| 125.5 —-15.4 —95.7 —68.2 209.5 226.9

Ga H —98.6 —54.9 21.4 —41.1 223.6 222.0
F 158.9 ~145 ~115.1 ~65.7 124.4 2252
cl 125.1 ~13.9 ~94.0 ~66.6 127.6 226.6
Br 1332 ~136 ~95.6 ~66.3 125.5 226.1
| 126.7 ~14.8 -89.2 ~66.9 127.0 225.9
In H ~117.6 ~53.2 34.1 ~43.0 182.6 218.0
F 127.1 ~15.1 ~95.9 ~63.0 94.4 220.3

cl 109.4 ~14.2 -85.9 ~64.3 91.3 221.2

Br 135.6 ~13.4 ~95.8 ~64.9 88.9 220.8

| 138.2 ~14.4 ~94.0 ~64.2 89.2 220.3
As Al H —-127.1 —54.2 39.1 —40.0 253.7 219.6
F 251.5 —22.9 —158.5 —67.0 169.1 223.7
Cl 165.7 —-12.2 —-110.8 —68.9 174.8 225.1
Br 153.5 —-12.6 —-102.9 —68.1 169.2 224.7
| 123.8 —-13.7 —86.5 —68.9 168.9 224.5
Ga H —-108.4 —-53.9 34.0 —42.3 191.2 220.3
F 150.5 —-12.8 —101.4 —65.6 90.6 222.8

Cl 115.9 —-12.6 —80.2 —67.0 94.6 224.6

Br 123.6 —-12.4 —81.9 —66.6 92.9 224.3

| 116.3 —-13.6 —75.6 —67.2 95.1 224.0
In H —-135.1 —-51.8 49.8 —-43.1 157.9 215.9
F 110.8 —-12.7 —78.8 —62.4 68.4 217.2

Cl 92.0 —-12.3 —69.1 —64.3 66.5 218.7

Br 118.1 -11.6 —79.2 —64.9 64.1 218.3

| 120.1 —-12.7 =775 —64.7 65.0 217.9

aForY =N, m=2; forY =P, Asm=4.°B3LYP/DZP level of theory, ref 18 B3LYP/pVDZ level of theory, ref 219 B3LYP/pVDZ level of theory,
ref 22.
There is a good correlation between the Gibbs energies ofestimations of molecular weights of species responsible for
these two reactions with coefficients close to 2. Elimination growth of AIN nanoparticles from AlGland NH; (450 and
reactions are exothermic for X H, while for halide 460 amu at 973 and 1023 K, respectivélyare in good
substituents they are endothermic. Elimination in the case agreement with the molecular weight of [CIAINHjexamer
of Y = N is the most endothermic, reflecting the higher (465 amu).

stability of N—H bonds compared to-FH and As-H. C. Thermodynamics of Substitution Processes and
Data in Table 4 show that, for the case=H, formation Cage Degradation ReactionsThe high thermodynamic

of hexamers from Miland YH; is favored energetically but  fayorability of the formation of hydrogen-containing clusters

disfavored by entropy. Table 5 presents those temperaturespakes them promising starting points for the generation of

at which the equilibrium constant of the equation other clusters by substitution reactions. In fact, substitution

YHs = Y[HMYH] ¢ + 2H; equals 1. It can be seen that of the hydrogen atoms in [HMYR]s a well-known pathway

generation of the hexamer [HMYbILlusters is favorable o the condensed-phase synthesis of the substituted

up to very high £1800 K) temperatures. The high stability imidogallane$5243-45 HCI, HgC, and TiCk were used to

of the AlI=N-bonded species makes formation of hexamer

SPeC'eS in the ga_s phase exothermic for=X a”‘?' Only (43) Del Piero, G.; Perego, G.; Cucinella, S., Cesari, M. C.; Mazzel, A.
slightly endothermic for X= Cl, Br (Table 4). Experimental Organomet. Cheml977, 136, 13.
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Figure 5. Relationship between Gibbs energies (kJ mhpht 500 K (a) and 1000 K (b) for dissociation of the donacceptor complexessKIYH3; = MX3
+ YH3 (diss) and HX elimination with formation of the hexamer speciesMXH3z = Yg[XMYH] ¢ + 2HX (elim+hex).

obtain partially or fully chlorinated poli{-alkyliminoalanes})?
for example, the

Et,0
[HAINR] , + nHCl —— [CIAINR], + nH,

reaction was chosen as a model for the substitution processes

Y[HMYH] ¢ + HX = Y[XMYH] ¢ + H, (5)
This reaction is exothermic for X F—I, with enthalpies
ranging from—104 kJ mof* for [I[GaPH} to —200 kJ mot?

for [FAINH] ¢ (Table 6). The entropy factor slightly disfavors
this reaction, withAS’,95 ranging from—17.5 to— 22.5 J
mol~* K~ Therefore, it may be concluded that, in the
reaction of hydride clusters with hydrogen halides, formation
of the halide-substituted species is thermodynamically favor-
able. This follows from the higher metahalogen bond
energies compared to the analogous metgdrogen sys-
tems. Thus, substitution of H in simple MH species is also
very favorable thermodynamically. Predicted thermodynamic
parameters for the simple reaction MHHX = MX + H,

gaseous MX and MH species standard enthalpies of forma-
tion are known experimentalllf. Comparison (Table 7)
shows that the B3LYP/LANL2DZ(d,p) method performs
very well for these reaction entropies. For the standard
enthalpies, there is very good agreement for=XCl, Br;
enthalpies for X= F are underestimated and for=X1 are

overestimated.

A serious drawback to the substitution reactions is the
instability of the imido compounds with respect to the cage
degradation reactions. Thus, only five hydrogen atoms are
substituted easily in [HAINR]without cage degradatidhi.
Attempts to effect the full substitution resulted not only in
the expected product [CIAINRput also in mixtures of the
hexameric polyiminoalanes with different degrees of chlo-
rination, together with the chlorinated tetramers and pen-
tamers, and more simple species as,AMNHR], due to
degradation reactiorf§.An excess of the hydrogen halides
results in full degradation of the imido compounds:

Y [HMYH] , + 2HX = Y,[X,MYH,], + H, (6)

may be compared with experimental data, because for all This reaction may be considered as a two-step process: first

(44) Cucinella, S., Salvatori, T.; Busetto, C.; Cesari, M.Organomet.
Chem.1976 121, 137.

(45) Cucinella, S., Salvatori, T.; Busetto, C.; Mazzei, JA.Organomet.
Chem.1976 108 13.

the exothermic substitution to the correspondiggKMYH]

(46) Electronic databasehermal Constants of Substancesrsion 28.05.2003;
Yungman, V. S., Ed.; http://www.chem.msu.su/cgi-bin/tkv.pl?skow
welcome.html, accessed August 2003.
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Table 6. Thermodynamic Characteristics of the Substitution Reactions
Ye[HMYH] 6 + HX = Hz + Yg[XMYH] ¢ Predicted at the B3LYP/
LANL2DZ(d,p) Level of Theory (Standard Enthalpies and Gibbs
Energies in kJ mol', Standard Entropies in J mdIK 1)

Y =N Y=P Y=As
M X AH®9gs AS2s AH°23 AS28 AH%9gs AS29s

Al F —199.8 -—-21.6 -—-1825 -20.8 -—181.1 -—20.3
Cl -1534 -—-225 -—1394 —220 -—1382 -216
Br —1425 -222 -1316 -215 -—1310 -—-21.2
| —-1243 -216 -117.0 -20.8 -116.8 —20.5

Ga F —-1368 —-20.5 -121.9 -19.0 -—-1204 -—18.3

300 -

S
g
-
2
S
S
°v—l
Q
<

x Cl -118.0 -21.2 -106.5 -—-20.2 -—1059 -19.8
§ Br -—-117.0 -21.0 -109.0 -19.8 -—-108.9 -19.6
o | -109.6 —-20.5 -104.3 -19.2 -1050 -19.0
E In F —129.7 —-19.0 -1206 -—18.0 -—-1195 -17.0
§ ' cl -1219 -194 -113.0 -189 -—112.8 -183
W, 450 100 150 Br —1288 -19.3 -—1219 -186 —1219 -18.1
E | —125.8 -188 -—-120.3 -—-17.8 -—-121.0 -175
x ON  y=2.0074x + 81.405 Table 7. Comparison of the Experimental and Theoretical
R%=0.986 Thermodynamic Characteristics for the Model Gas Phase Reactions MH
+ HX = H; + MX (Standard Enthalpies in kJ md, Standard
gp Y= 18917x-99508 Entropies in J moi! K-1)2
R?=0.9815
AH%298 AS’208
AAs y=1£f678<9-:26-041 M X theory expt AAH®9¢ theory expt AAS° 0

Al F —255.9-250.7£ 7.9 —52 -16.1-15.6+0.05 -0.5
Cl —207.2—-211.7£10.7 44 -16.1-1594+0.06 —0.2
Br —205.6 —211.2+ 22.3 5.6 —16.1-16.1+0.11 0.1
I —191.7-220.4+ 22.3 28.7 —15.6 —15.6+0.40 0.0

GaF —211.1-1735+17.9 —37.6 —15.8-150+0.03 —-0.8
2300 Cl —192.6 -204.8+14.3 122 —155-158+0.05 0.3
XaMYH=",[X,MYH,]+HX Br —197.2—215.4+14.3 18.2 —156-16.0+0.06 0.4

Figure 6. Relationship between the Gibbs energies at 1000 K for I —191.0-2247+219 337 —153-15.9£0.06 0.6
elimination of 1 and 2 mol of HX from the donelacceptor complexes: In F —199.0—-136.2+17.8 —62.8 —15.7-14.44+0.05 -1.3

Abscissa: XMYH3 = 3[X;MYH3]; + HX. Ordinate: XMYHs3 = Cl —194.3-192.5+10.3 -1.8 -155-1544+0.05 -0.1
Y3 [XMYH] 2 + 2HX. Br —205.8 —215.7+ 14.2 9.9 —15.7 -15.94+0.09 0.2
I —203.9-230.4+14.2 26,5 —15.5 d d
Table 5. Values of the Temperature (K) at Which the Equilibrium
Constant for the Corresponding Process Equals 1 (B3LYP/LANL2DZ- 2 All results were obtained at the B3LYP/LANL2DZ(d,p) level of theory.
(d,p) Level of Theory) b Theoretical value minus experimental val@&xperimental values are
evaluated from the standard formation enthalpies and standard entropies
MH3z+ YH3 = Ye[HMYH] ¢ = taken from ref 469 Experimental value is not available.
YHMYH] 6 + 2H, MH + YnY m + YoHa?
M=A M=Ga M=In M=A M=Ga M=In process of degradation is disfavored by the entropy, the actual

¥= E z;g%% 2123% 22211% 1122% 11%)61% 8813 temperatures at which the equilibrium constant equals 1 are
Y—As 2350 2010 2610 1160 870 730 top high 1100 K). Degradation reactlons for the lower
oligomers are even more exothermic compared to hexamers.
“ForY=N,m=2/forY =P, Asm=4. It is concluded that in excess HX the substitution process
may lead to formation of saturated dimeric or (at low
temperatures) trimeric rings pKIYH ], 3 for all hydrogen
halides HX.
Note, however, that, in contrast to halide species, the
reaction with hydrogen (HX= H,) is endothermicExamina-
tion of the Ga-N oligomers showed that for the case=X
O?Hg the reaction

cluster (reaction) and second its reaction with excess HX:
Y IXMYH] ,, + HX = Y,[X,MYH ], 7

Thermodynamic parameters for reaction 7 in the case of
= 6 are given in Table 4. The dimeric speciesiR H ],
are considered as a major product, because the existence
trimers [X;MYH]; in the gas phase is disfavored by the
entropy. Indeed, it has been shown experimentally that
trimeric [Me,GaPi-Pr]; and [MelnP4-Pr]; are converted _ )
into corresponding dimers upon vacuum sublimafibAs is also endothermic and disfavored by entrébgonse-
may be seen from Table 4, for halides reaction 7 is highly duently, consideration of X= H may well reproduce
exothermic and leads to large negative Gibbs energies ingualitative trends in the behavior of organometallic species.

conjunction with their formation. Despite the fact that the [HMYH]n and [(CH)MYH], oligomers are predicted to be
unreactive toward the Hor CH,. Therefore, an excess of

(47) Cowley, A. H.J. Organomet. Cheni99Q 400, 71. H, or CH, does not affect the oligomer formation, while an

Y/ [CH,GaNH], + CH, = '/,[(CH,),GaNH],
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excess of HX precludes the equilibrium formation of of the structural parameters reveals common trends in the
hexamers due to cage degradation processes. M—Y bond distances for all species considered. Thermo-

Finally, the stability of hexamer compounds with respect dynamic analysis of the gas-phase reactions shows that
to the full cage degradation with formation of gaseous group formation of oligomers [XMYH} in the gas phase is
13 metal monohalides, hydrogen, and elemental pnictogenthermodynamically favorable for X H but unfavorable in

has been considered: the case of X= F—I. Therefore, direct synthesis of the
halide-containing imido compounds from MX@nd NH; is
YJIXMYH] g = MX + Y+ ,H, (8) not favorable. Substitution of the hydrogen atom in [HM¥H]

by reaction with HX is thermodynamically favorable, but is
(m = 2 in the case of nitrogen; for phosphorus and arsenic countered by the very favorable cage degradation reactions
m = 4). Results are summarized in Table 4. Process 8 is With formation of the [XMYH ]> amido dimers. In contrast
endothermic, but is very favorable in terms of entropy. {0 HX, processes of cage degradation are endothermic for
Hydrogen-containing clusters have the highest stability H2 and CH. Thus, imido compounds are stable toward the
toward cage degradation. For them, temperatures for which¢@ge destruction in hydrogen or methane atmospheres. The
the equilibrium constant for process 8 equals 1 are given in high stability of the hydrogen-containing hexamers makes
Table 5. The stability of clusters decreases in the order Al Synthesis of the mixed-metal/mixed-pnictogen hexamers very
> Ga> In; N > P> As. Under typical MOCVD conditions promising with respect to _future use as SSP for the
(900-1100 K) hexamer clusters in AN, Al—P, Al-As, production of 13-15 composites.
Ga—N, and GaP systems should have considerable con- Acknowledgment. A.Y.T. is grateful to the Alexander
centrations in the gas phase if thermodynamic equilibria were von Humboldt Foundation for a returning fellowship. Work
achieved. Their presence in the gas phase should not bén Russia was supported by the Ministry of Education of
neglected, especially when a detailed modeling of the CVD Russian Federation and the St. Petersburg Administration
process is undertaken. We conclude that hydrogen-containing{Grant PD03-1.3-117). Work at the University of Georgia
or organometallic hexamer clusters can be spontaneouslywas supported by NSF Grant CHE-0136186.
formed in the gas phase under CVD conditions, which makes  sypporting Information Available: Tables giving the most

them natural SSP for the production of-1B5 materials. important structural parameters of [XMY$pecies, theoretical
. harmonic vibrational frequencies and IR intencities for all studied
Conclusions compounds (B3LYP/LANL2DZ(d,p) level of theory, unscaled), and
Structural and thermodynamic parameters for the inorganic & figure presenting correlation between the-Xland Ga-Y/In—Y
heterocyclic compounds [XMYH](M = Al, Ga, In; Y = bond distances. This material is available free of charge via the

N, P, As: X=H, F, Cl, Br, I:n = 1—6) have been predicted ~'Mté"net at http://pubs.acs.org.
at the B3LYP/LANL2DZ(d,p) level of theory. Comparison 1C030266H
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