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Abstract

We have discussed the gas-phase parasitic reactions in M(CH3)3/H2/NH3 systems following the elimination of methane by
carrying out ab initio quantum chemical calculations, where M denotes Al, Ga, or In. It is clearly shown that the Al source gases
enhance reactivity, and the adduct-derived chain compounds grow successively with high exothermicity. We have concluded that
the strong Al–N coordination interaction contributes remarkably to the stabilization of the reaction system. In the presence of
excess ammonia, we have proved that potential energy barrier of the methane elimination is reduced considerably. The methane
elimination by reaction of carrier H2 gas with M(CH3)3 is also exothermic. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Wide-band-gap GaN and related nitrides have at-
tracted much attention because of their application for
blue light-emitting diodes and lasers [1,2]. Rapid pro-
gress in the metal–organic vapor phase epitaxy
(MOVPE) technology makes it possible to fabricate
highly efficient GaN and InGaN devices in atmospheric
pressure [1–8].

However, the epitaxial growth of devise-quality III–
V nitrides is further complicated by the severe interac-
tion of precursors in gas phase. Particularly in the case
of AlGaN alloys in atmospheric-pressure MOVPE, in
contrast to GaN and InGaN, the growth of AlGaN
layers is inhibited by gas-phase reactions among precur-
sors leading to adduct formation, called ‘parasitic reac-
tions’ [3–5]. Recently, Matsumoto et al. suppressed
convection using a three-layered laminar flow reactor
and succeeded to reduce parasitic reactions among
trimethylaluminum (TMA), trimethylgallium (TMG),
and ammonia [3]. This shows that the advanced control

and knowledge of gas-phase reaction is very important,
but it is difficult to resolve gas-phase reaction mecha-
nism by observation especially in atmospheric pressure.

For high-temperature gas-phase reactions between
TMG and ammonia, Thon and Kuech studied the
reaction mechanism by means of in situ mass spec-
troscopy in an isothermal flow tube reactor for TMG/
H2/ND3 system [4]. They clarified that the main
gas-phase species is [(CH3)2GaNH2]x resulting from the
very fast adduct formation by elimination of a methane
molecule, which is observed only as a form of CH3D.
On the contrary, no CH3D molecule is observed in
TMG/D2/NH3 system. They concluded that all gas-
phase elimination of methane results from an in-
tramolecular reaction of TMG·NH3 complex or
between the adduct-derived species and the excess am-
monia. However, it is presumed that the CH3D
molecule could be also detected through other inter-
molecular reactions between two of the ammonia com-
plexes, between the precursor and the complex, between
the adduct-derived compounds, and so on.

In TMA/H2/NH3 and TMG/H2/NH3 systems, several
theoretical studies for diffusion of system based on the
simulations by means of the reactor model have been
performed [9,10].We have reported the detailed reaction
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mechanism of the parasitic reactions between TMA,
TMG, and ammonia by quantum chemical approach
[11–13]. In this paper, we have investigated many
sorts of the gas-phase reactions in M(CH3)3/H2/NH3

systems following the elimination of methane, above
all in the presence of excess ammonia, where M de-
notes Al, Ga, or In for TMA, TMG, or
trimethylindium (TMI) respectively, by carrying out ab
initio quantum chemical calculations. We shall eluci-
date the detailed energetics and the possible reaction
mechanisms of the parasitic processes and verify that
the epitaxial growth rate of AlGaN device abruptly
starts to drop in atmospheric-pressure MOVPE.

2. Computational methods and basis sets

Ab initio quantum chemical calculations were per-
formed with the GAUSSIAN-94 program package [14].
The geometries of model reaction species and transi-
tion states (TSs) for the methane elimination were
optimized by the analytical energy gradient method at
the Lee–Yang–Parr gradient-corrected correlation
functional [15] with the Becke’s three hybrid parame-
ters (B3LYP) [16], using double zeta basis set with the
Hay–Wadt’s effective core potential (ECP) [17,18] on
the metal atoms and the Dunning–Huzinaga’s full
double-zeta gaussian basis set [19] on the other atoms,
called LanL2DZ basis set. Except for hydrogen atom,
the Huzinaga’s polarization functions [20] were added
to the basis set (LanL2DZ*). The Mulliken population
analysis was carried out by means of the Kohn–Sham
(KS) orbitals [21]. The bond order BAB between atom
A and atom B is given by [22–25]:BAB=
�m�A�n�B(PS)mn(PS)nmwhere P is the density matrix
and S is the overlap matrix, respectively.

3. Results and discussion

3.1. Electronic process in coordination interaction

M(CH3)3 molecule (1; each one respectively denotes
1a, 1g, and 1i for M=Al, Ga, and In, and so forth)
makes a very stable complex with ammonia,
(CH3)3M·NH3 (2), due to the M–N coordinate bond
as you know:

M(CH3)3 (1)+NH3� (CH3)3M·NH3 (2) (1)

On the other hand, TMA monomers are known to
form stable Al2(CH3)6 dimers which have a four-mem-
bered ring stabilized by intermolecular Al–C interac-
tion [26,27], as follows:

2Al(CH3)3 (1a)� [Al(CH3)3]2 (2)

in contrast to TMG and TMI. Certainly, the stabiliza-
tion energy for dimerization of two of monomer 1 is
−10.15, −0.07, and −1.45 kcal mol−1 for TMA,
TMG, and TMI, respectively, per one dimer forma-
tion, in our calculation at the B3LYP/LanL2DZ*
level. In the dimer form, the Al�C bonds are length-
ened by ca. 0.19 A, as compared with those of the
monomer, and therefore it is expected easily that the
weak Al–C bond in dimer would accept a part in the
high reactivity of methane elimination by ammonia.
However, we confirmed that TMA dimer dissociates
immediately to two monomers as an ammonia
molecule approaches, and then one of them makes the
complex 2a:

[Al(CH3)3]2+NH3

0Al(CH3)3 (1a)+ (CH3)3Al·NH3 (2a) (3)

Fig. 1 is a molecular orbital (MO) energy correla-
tion diagram for the formation of the complex 2 from
1 and ammonia at the RHF/LanL2DZ* level. It
means that the NH3 lone pair HOMO and M(CH3)3

MOs including HOMO and LUMO fabricate hybrid
orbitals and that the (CH3)3M·NH3 system gains large
stabilization energy. According to this interaction ex-
plained by using MOs, charge transfer occurs from
NH3 to 1. As shown in Table 1, both of the stabiliza-
tion energy of complex formation and the M�N bond
order is the largest in the TMA+NH3 system, but the
quantities of charge transfer from ammonia to TMA
and to TMG are almost equal to each other in terms
of the Mulliken population analysis. We found that
each of TMA monomer, the Al(CH3)3 part and the
NH3 part in complex 2a is polarized more remarkably
than the corresponding TMG monomer and parts in
complex 2g, from the results of atomic charges as
listed in Table 1. Therefore it is considered that the
difference in the M–N bonding energies between 2a
and 2g is caused by the dipole–dipole interaction be-
tween 1 and ammonia. In the TMI+NH3 system, the
largest polarization of the same kind is observed, but
the stabilization energy of complex formation is small
because the charge transfer from ammonia to TMI is
poor.

Here, we shall investigate the electronic processes of
the formation of coordinate bond between 1 and am-
monia in terms of the regional density functional the-
ory [28–34]. Fig. 2(a) shows electron acceptor region
P in the box and an electron donor region Q which
we set up. The regional electron number of the region,
NP, was computed by means of the analytical integra-
tion algorithm [34]. As shown in Fig. 2(b), change of
NP along the reaction coordinate indicates that charge
transfer acceptabilities of TMA and TMG are almost
equal, and that of TMI is inferior to others.
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3.2. Elimination of methane by unimolecular mechanism

As mentioned in introduction, Thon and Kuech re-
ported that the elimination of a single CH3D molecule
by an immediate reaction between TMG and ND3

occurs in TMG/H2/ND3 system [4]. We have investi-
gated the reaction mechanism of the methane elimina-
tion by the intramolecular reaction of the complexes 2,
called unimolecular mechanism:

M(CH3)3 (1)+NH3� (CH3)3M·NH3 (2)

(CH3)3M·NH3 (2)� [TS1]‡�M(CH3)2NH2 (3)+CH4

(4a)

nM(CH3)2NH2 (3)� [M(CH3)2NH2]n (4b)

As shown in Table 2, the elimination of methane
(reaction 4a) is an exothermic reaction, leading to an
amide compound, M(CH3)2NH2 (3). Fig. 3 and Table 3
show optimized structure and the geometrical parame-
ters of TS1, respectively. The amide adduct 3 is strik-
ingly stabilized by dimerization, trimerization, and
more, leading to [M(CH3)2NH2]n (reaction 4b) with a
ring form or a chain form, as shown in Table 4. As
discussed below, 3 also makes stable complex with 1 or

ammonia, without potential energy barrier. Note that
the activation energy of TS1a is about half of the
others, TS1g and TS1i. Judging from bond orders in
TS1, it is considered that the difference in the activa-
tion energies would be caused by each strength of the
M–N interaction. Fig. 4 shows the 17th KS orbitals of
TS1 which are respectively concerned with the progress
of the CH4 elimination most dominantly in each sys-
tem. The thickness of in-phase lobe along N···H···C is
largest, and simultaneously, lobe of N also spreads out
toward M most extensively in the TMA+NH3 system.
This appearance implies that the M–N interaction in
TS1 is certainly most strong in the TMA+NH3 sys-
tem, and the difference in the strength of the M–N
interaction would affect the activation energy as same
as the formation energy of the complex 2.

3.3. Elimination of methane by bimolecular mechanism

Furthermore, we have discussed intermolecular reac-
tions in M(CH3)3/H2/NH3 system. Due to the collision
of species, intermolecular reactions bring about the
energy transfer from transition energies of each species
to the internal energy of reaction system, and the

Fig. 1. Molecular orbital energy correlation diagram for the formation of the complex (CH3)3M·NH3 (2) from TMA/TMG/TMI (1) and NH3.
Attached orbital energies are in the units of eV, at the RHF/LanL2DZ* level.
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Table 1
Stabilization energy (kcal mol−1) and Mulliken population analysis
of (CH3)3M·NH3 complex formation

M

GaAl In

Stabilization energy −23.17 −18.92 −18.22
(kcal mol−1)

0.287Bond order of M�N in 2 0.1940.337

0.179Mulliken charge transfer 0.179 0.128
for NH3 [ 1 in 2

Atomic charge in 1
M 0.962 0.869 1.054

−1.006−1.024 −1.084C
0.233Axial-H 0.238 0.243
0.235Equatorial-H 0.239 0.245

(−0.290) (−0.352)(−0.321)(CH3 part)

Atomic charge in NH3

−0.898−0.898 −0.898N
0.299 0.299H 0.299

Atomic charge in 2
M 0.8781.008 1.112

−1.017−1.048 −1.103C
0.230Axial-H 0.234 0.238
0.211Equatorial-H 0.216 0.225

(−0.352)(−0.396) (−0.414)(CH3 part)
N −0.925−0.943 −0.966

0.368 0.3650.374Amino-H

Table 2
Relative energies (kcal mol−1) of CH4 elimination by unimolecular
mechanism in M(CH3)3–NH3 system with results of population anal-
ysis for (CH3)3M·NH3 complex

M

Al Ga In

0 01+NH3 0
−23.17 −18.922 −18.22

13.967.37TS1 14.83
−22.62 −19.093+CH4 −27.02

Fig. 3. B3LYP/LanL2DZ* optimized structure of TS1 with M=Al
(TS1a). All bond lengths are in A, .

reaction often becomes easy to proceed. Here, we shall
discuss the reaction mechanism of the methane elimina-
tion between the complex 2 and another M%(CH3)3

molecule (1%), called bimolecular mechanism:

M(CH3)3 (1)+NH3� (CH3)3M·NH3 (2)

(CH3)3M·NH3 (2)+M%(CH3)3 (1%)� [TS2]‡

� (CH3)3

M·NH2M%(CH3)2

(4)+CH4 (5a)

Fig. 2. (a) Regional partitioning and (b) regional electron number NP in 1+NH3 system. P and Q denote an electron acceptor region and an
electron donor region, respectively.
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Fig. 4. Contour maps of 17th KS orbital of TS1 in a mirror plane of Cs symmetry, containing metal, nitrogen, and eliminating carbon: (a) TS1a, (b) TS1g, and (c) TS1i. Solid lines denote positive
values and dashed lines denote negative values.
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(CH3)3M·NH2M%(CH3)2 (4)+NH3

� (CH3)3M·NH2M%(CH3)2·NH3 (5) (5b)

(CH3)3M·NH2M%(CH3)2·NH3 (5)+M%%(CH3)3 (1%%)

� [TS3]‡� (CH3)3M·NH2M%(CH3)2·NH2M%%(CH3)2 (6)

+CH4 (5c)

where M% and M%% denote Al, Ga, or In, similarly as M.
Fig. 5 and Table 5 respectively show optimized struc-
tures and the geometrical parameters of TS2 and TS3.
In reaction 5a, the eliminating methane molecule con-
sists of a methyl group in 1% and a hydrogen atom at-
tached to nitrogen in the complex 2. As shown in Fig.
5(a) and the upper half of Table 5, geometry of TS2 in a
NH3M%(CH3)3 part is quite similar to that of TS1. The
activation energies of TS2 are reduced as compared with
those of TS1, as it can be verified by comparing Table 2
with Table 6. It is considered that the additional interac-
tion between M(CH3)3 and NH3 as well as the regular
M%–N interaction of TS1 in the unimolecular mecha-
nism stabilizes the system. This explanation is supported
by an observation that activation energies are remark-
ably reduced when M=Al, which makes a stronger M–
N orbital interaction.

After the elimination of a methane molecule, the re-
mainder of the products make a four-membered ring
compound or a MNM% chain compound (CH3)3M·
NH2M%(CH3)2 (4). These compounds correspond to the
complexes of the amide adduct 3% with 1, as mentioned
in the previous section. In particular, the chain com-
pound makes a stable complex with NH3,
(CH3)3M·NH2M%(CH3)2·NH3 (5), again by a strong M%–
N orbital interaction (reaction 5b), and the elimination
of a methane molecule by bimolecular mechanism with
another M%%(CH3)3 molecule (1%%) would take place, lead-
ing to a MNM%NM%% compound 6 (reaction 5c). As
shown in Fig. 5(b) and the lower half of Table 5, geome-
try of TS3 in a M%�NH3M%%(CH3)3 part is also quite sim-
ilar to that of TS2 in a M�NH3M%(CH3)3 part. The
activation energies of TS3 are remarkably close to those
of corresponding TS2 if one notes that M% and M%% in
TS3 respectively correspond to M and M% in TS2, as
listed in Table 6. It means that the kind of M in TS3
hardly depends on the activation energy. Therefore, it is
clarified that the activation energy of the bimolecular
mechanism is dominated only by two of the M–N or-
bital interactions in the local part where the elimination
of a methane molecule occurs, even if the chain com-
pound is lengthened. Similarly as 4, the chain form of 6
makes a stable complex with NH3 again, and the
MNMNMN… chain grows succeedingly with high
exothermicity.

TMG and TMI are somewhat hard to react with the
chain compound as compared with TMA, above all when
Ga�N�Ga, Ga�N�In, and In�N�In bonds are fabri-
cated. On the contrary, the energetics of the bimolecular
mechanism is reduced considerably when the system

Table 3
Bond lengths (A, ) and bond orders a in TS1

M�N H�C C�MM N�H

1.955 (0.649) 1.336 (0.314)Al 1.443 (0.408) 2.245 (0.448)
Ga 1.440 (0.410)1.993 (0.603) 1.331 (0.317) 2.307 (0.416)

2.500 (0.349)2.165 (0.492)In 1.445 (0.433)1.326 (0.333)

a Values in parenthesis.

Table 4
Dimerization and trimerization energies of amide adduct
M(CH3)2NH2 (kcal mol−1)

M

Ga InAl

Ring form
2M(CH3)2NH2� −44.91−51.96 −49.85

[M(CH3)2NH2]2
−71.13−82.43 −77.383M(CH3)2NH2�

[M(CH3)2NH2]3

Chain form
2M(CH3)2NH2� −13.44 −10.23 −14.33

[M(CH3)2NH2]2
−33.44−52.22 −38.393M(CH3)2NH2�

[M(CH3)2NH2]3

Fig. 5. B3LYP/LanL2DZ* optimized structures of (a) TS2 with
M=M%=Al and (b) TS3 with M=M%=M%%=Al.
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Table 5
Bond lengths in TS2 and TS3 (A, )

TS2 M M% M%–N N–H H–C C–M% M–N

Al 2.143 1.276 1.494 2.137 2.300Al
Al 2.026 1.294Ga 1.479 2.183 2.719

Ga 2.253 1.315Al 1.456 2.176 2.204
Ga Ga 2.104 1.292 1.473 2.214 2.577

Ga 2.100 1.291In 1.471 2.220 2.738

In 2.280 1.289 1.480 2.409Ga 2.593
In 2.279 1.286 1.479In 2.413 2.749

TS3 M M% M%% M%%–N N–H H–C C–M%% M%–N

Al Al 2.266Al 1.305 1.468 2.123 2.176
Al Al 2.254 1.302Ga 1.470 2.124 2.184
Ga Al 2.065 1.276 1.492Al 2.167 2.662
Ga Al 2.043 1.283Ga 1.486 2.178 2.758

Al Al Ga 2.362 1.346 1.433 2.169 2.133
Al Ga 2.349 1.342Ga 1.435 2.169 2.141

Al Ga Ga 2.300 1.324 1.446 2.177 2.248
Ga Ga Ga 2.284 1.319 1.450 2.178 2.263

Ga Ga 2.306 1.323In 1.447 2.173 2.223
Ga In Ga 2.194 1.286 1.470 2.196 2.578

In Ga 2.194 1.286 1.470In 2.196 2.567

Ga In 2.517 1.324Ga 1.447 2.368 2.219
In Ga In 2.513 1.323 1.447 2.368 2.218

In In 2.439 1.293 1.467 2.380 2.483Ga
In In 2.438 1.292 1.467 2.380In 2.480

Table 6
Relative energies of CH4 elimination by bimolecular mechanism for the first and second steps (kcal mol−1)

1+1%+NH3 4+CH42+1% TS2First step a M M%

0 −23.17 2.97 −45.09Al Al
0 −18.92 4.85Ga Al −40.65

−41.910 −23.17 8.40Al Ga
0 −18.92 11.54Ga Ga −37.41

10.90−18.220 −36.78GaIn

−37.9110.78−18.920InGa
0 −18.22 10.04In In −36.69

M%% 4+1%+NH3 5+1% TS3Second step b M 6+CH4M%
3.18 −45.50−23.530Al AlAl

Al Al 0 −23.15 3.57 −45.10Ga
Al 0 −19.72 6.12Al Ga −41.37

−44.786.18−19.320Ga AlGa

Ga 0 −23.53 7.73Al −42.83Al
0 −23.15 8.17 −42.29Ga Al Ga

Ga 0 −19.72 11.39Al Ga −41.87
11.78 −37.97−19.32GaGa 0Ga

Ga 0 −19.36 6.14In Ga −38.08
Ga 0 −18.79 11.33Ga In −37.23

−37.4511.12−18.980In GaIn

0 −19.32 10.29 −38.93Ga Ga In
−39.0310.29−19.360Ga InIn

In 0 −18.79 10.05Ga In −37.56
In 0 −18.98 9.81In In −37.77

a Reactions 1 and 5a.
b Reactions 5b and 5c.
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Fig. 6. B3LYP/LanL2DZ* optimized structure of TS4 with M=Al.
All bond lengths are in A, ngstroms.

contains Al more plentifully. It indicates that the para-
sitic reaction is sensitive to quantity of Al. Due to the
successive reactions of (A) complex formation with am-
monia and (B) elimination of methane by the bimolecu-
lar mechanism, the chain structure of AlGaN aggregates
would be propagated with low potential energy barrier.

3.4. Effect of excess ammonia

In this section, we discuss the reaction mechanism of
1 in the presence of excess ammonia. Under this condi-
tion, 1 makes a stable complex due to the coordination
bond with two ammonia molecules, H3N·(CH3)3M·NH3

(7), without potential energy barrier as follows:

M(CH3)3 (1)+NH3� (CH3)3M·NH3 (2)

(CH3)3M·NH3 (2)+NH3�H3N·M(CH3)3·NH3 (7) (6)

Fig. 7. Potential energy diagram for the elimination of methane in (a) TMA/NH3, (b) TMG/NH3, and (c) TMI/NH3 system for the unimolecular
mechanism at the B3LYP/LanL2DZ* level. All results are in kcal mol−1.
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Fig. 8. B3LYP/LanL2DZ* optimized structure of TS5 with M=
M%=Al. All bond lengths are in A, ngstroms.

cies, where the relative energies are standardized by set-
ting the energy of the M(CH3)3+2NH3 system to zero.
It is found that potential energy barrier is reduced
through TS4 in the presence of excess ammonia for each
of 1+2NH3 system. In particular, potential energy bar-
rier for TMA is reduced to 4.67 kcal mol−1. Accord-
ingly, it is considered that the gas-phase reaction of
TMA proceeds rapidly in the presence of excess ammo-
nia. Since the stabilization energy of the coordination by
a second ammonia molecule (reaction 4) is relatively
small, the main stream of reaction 5 would be the inter-
molecular reaction between the complex 2 and an am-
monia molecule with the effective energy transfer due to
the collision.

The elimination of a methane molecule by the bi-
molecular mechanism in the previous section does not
occur in the presence of excess ammonia because 1%,
1%%,…, respectively, have formed a complex with ammo-
nia immediately. Therefore, we shall discuss here the in-
termolecular reaction between two complexes 2 and 2% as
follows:

(CH3)3M·NH3 (2)+ (CH3)3M%(CH3)3 (2%)� [TS5]‡

� (CH3)3M·NH2M%(CH3)2·NH3 (5)+CH4 (8)

Optimized geometry of TS5 is shown in Fig. 8. The
product of reaction 8 is identical with the complex ob-
tained in reaction 5b. Fig. 9 shows the potential energy
diagram in the M(CH3)3/NH3 system for the bimolecular
mechanism, which is redefined as a mechanism of the
methane elimination from two M(CH3)3 precursor-
derived species, where the relative energies are standard-
ized by setting the energy of the M(CH3)3+M%-
(CH3)3+2NH3 system to zero. Relative energies of TS5
in the presence of excess ammonia are lower than those
of TS2. Accordingly, the parasitic reaction should pro-
ceed rapidly in the presence of excess ammonia.

Furthermore, we have discussed the unimolecular
mechanism between the amide adduct 3 and excess am-
monia:

M(CH3)2NH2 (3)+NH3�H3N·M(CH3)2NH2 (8) (9)

H3N·M(CH3)2NH2 (8)� [TS6]‡

�MCH3(NH2)2 (9)+CH4 (10)

H3N·M(CH3)2NH2 (8)+NH3� [TS7]‡

�H3N·MCH3(NH2)2 (10)+CH4 (11)

Relative energies for each state are listed in Table 7.
As compared with Fig. 7, potential energy barriers are
relatively higher than corresponding barriers of the
M(CH3)3/NH3 system, but the elimination of methane
can occur in particular for M=Al.

3.5. Reactions with carrier hydrogen gas

According to Thon and Kuech, none of hydrogen
atoms of eliminating methane originates from carrier H2

Table 7
Relative energies of CH4 elimination by unimolecular mechanism
from amide adduct M(CH3)2NH2 and NH3 (kcal mol−1)

M

Al Ga In

03+2NH3 0 0
−22.848+NH3 −18.41 −16.17

13.41TS6+NH3 18.02 19.05
−18.37 13.969+CH4+NH3 −23.10

3.11TS7 13.03 7.20
−31.24−38.3410+CH4 −47.56

Table 8
Relative energies of CH4 elimination by reaction between M(CH3)3

and carrier H2 gas (kcal mol−1)

M

Al Ga In

0 0 01+H2

(CH3)3M·H2 −0.55 −0.43 −0.54
TS8 33.9628.91 35.41
M(CH3)2H+CH4 −11.93−10.65−9.28

The elimination of a methane molecule can take place
in the presence of excess ammonia, by an intramolecular
reaction of the complex 7 or an intermolecular collision
between the complex 1 and an ammonia molecule:

H3N·M(CH3)3·NH3 (7) [or (CH3)3M·NH3 (2)+NH3]

� [TS4]‡�H3N·M(CH3)2NH2 (8)+CH4 (7)

As shown in Fig. 6, geometry of TS4 in the local part
where the elimination of a methane molecule occurs is
quite similar to that of TS1. The product 8 corresponds
to a complex of the amide adduct 3 in reaction 4a with
an ammonia. Fig. 7 shows the potential energy diagram
in the M(CH3)3/NH3 system for the unimolecular mech-
anism, which is redefined as a mechanism of the methane
elimination from one M(CH3)3 precursor-derived spe-



K. Nakamura et al. / Journal of Organometallic Chemistry 611 (2000) 514–524 523

Fig. 9. Potential energy diagram for the elimination of methane in M(CH3)3/M%(CH3)3/NH3 system for the bimolecular mechanism with M= (a)
Al, (b) Ga, and (c) In at the B3LYP/LanL2DZ* level. All results are in kcal mol−1.
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gas in TMG/H2/NH3 system [4]. We have discussed here
reaction between 1 and H2 gas leading to the elimination
of a methane molecule,

M(CH3)3 (1)+H2� [TS8]‡�M(CH3)2H+CH4 (12)

As shown in Table 8, reaction 12 is exothermic for
each 1+H2 system, and activation energy is not quite
high as compared with other chemical reactions in gen-
eral. However, reactivity of H2 gas is extremely reduced
in M(CH3)3/H2/NH3 system. We found the (CH3)3M·H2

complex, where the distance between M and the closer
atom of H2 is so long as 2.926, 3.027, and 3.127 A, for
TMA, TMG, and TMI, respectively. The stabilization
energy is infinitesimal because H2 molecule has no lone
pair and therefore cannot make a coordinate bond with
1. Therefore, H2 in the complex should be rapidly af-
fected by substitution of an ammonia molecule in
M(CH3)3/H2/NH3 system, and then H2 gas cannot ap-
proach to 1. Judging from potential energy barrier in re-
action 12, it is considered that the elimination of a
methane molecule can take place due to reaction 12 in
the absence of ammonia. In fact, it is indicated that CH4

molecule is produced at temperatures B500°C in TMG/
H2 system [4].

4. Conclusions

We have discussed the gas-phase parasitic reactions in
M(CH3)3/H2/NH3 systems following the elimination of
methane. It is clearly shown that the Al source gases en-
hance reactivity, and the adduct-derived chain com-
pounds grow successively with high exothermicity. We
have demonstrated that the strong Al–N coordination
interaction contributes remarkably to the stabilization of
the reaction system, by means of the detailed analysis of
the electronic process and the reaction mechanism.
Therefore, the fine control of the Al–N coordination in-
teraction would make possible it to control the parasitic
reactions; for example, the substitution of metal source
may have a possibility of inhibiting the parasitic reac-
tions, discussed in our previous paper [13]. In the pres-
ence of excess ammonia, we have proved that potential
energy barrier of the methane elimination is further re-
duced. The methane elimination by reaction of carrier
H2 gas with M(CH3)3 is exothermic, and it is probably
able to proceed in the absence of ammonia.
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