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The thermal decomposition of Ga(CH3)3 has been studied both experimentally in shock-heated gases and
theoretically within an ab-initio framework. Experiments for pressures ranging from 0.3 to 4 bar were performed
in a shock tube equipped with atomic resonance absorption spectroscopy (ARAS) for Ga atoms at 403.3 nm.
Time-resolved measurements of Ga atom concentrations were conducted behind incident waves as well as
behind reflected shock waves at temperatures between 1210 and 1630 K. The temporal variation in Ga-atom
concentration was described by a reaction mechanism involving the successive abstraction of methyl radicals
from Ga(CH3)3 (R1), Ga(CH3)2 (R2), and GaCH3 (R3), respectively, where the last reaction is the rate-
limiting step leading to Ga-atom formation. The rate constant of this reaction (R3) was deduced from a
simulation of the measured Ga-atom concentration profiles using thermochemical data from ab-initio
calculations for the reactions R1 and R2 as input. The Rice-Ramsperger-Kassel-Marcus (RRKM) method
including variational transition state theory was applied for reaction R3 assuming a loose transition state.
Structural parameters and vibrational frequencies of the reactant and transition state required for the RRKM
calculations were obtained from first-principles simulations. The energy barrier E3

0 of reaction R3, which is
the most sensitive parameter in the calculation, was adjusted until the RRKM rate constant matched the
experimental one and was found to be E3

0 ) 288 kJ/mol. This value is in a good agreement with the
corresponding ab-initio value of 266 kJ/mol. The rate constant of reaction R3 was found to be k3/(cm3 mol-1

s-1) ) 2.34 × 1011 exp[-23330(K/T)].

I. Introduction

Gallium nitride (GaN) and monoclinic gallium oxide (�-
Ga2O3) possess the widest band gaps among semiconducting
materials that exhibit luminescence and are therefore potential
candidates for applications in optoelectronic devices1–3 as well
as high-temperature gas sensors.4 When thin films with uniform
thickness of fine particles are needed, GaN and Ga2O3 are often
produced in high-temperature gas-phase processes, e.g., chemical
vapor deposition (CVD), high-temperature flow reactors, and
flames.5 Here, trimethylgallium Ga(CH3)3 has recently become
the most commonly used precursor material. For well-controlled
gas-phase synthesis, precise knowledge of the kinetics of the
elementary gas-phase reactions is required. In our institute, the
gas-phase reactions of some metal chlorides were previously
studied.6–9 This series is now continued by the thermal
decomposition of Ga(CH3)3.

Pioneering work on the thermal decomposition of trimeth-
ylgallium was carried out by Jacko and Price,10 who postulated
a mechanism described by a successive homolytic cleavage of
the Ga-C bond. The reactions involved are, therefore,

Ga(CH3)3 f Ga(CH3)2 + CH3 (R1)

Ga(CH3)2 f GaCH3 + CH3 (R2)

GaCH3 (+M) f Ga + CH3 (+M) (R3)

It should be noted, however, that the third methyl radical was
not cleaved during their experiments. The energy barrier E3

0 )
324 kJ/mol for reaction R3 was determined by assuming that
the activation energies for reactions R1 and R2 approximately
equal the respective bond strengths. A slight pressure depen-
dence was found for the rate constants below 30 mbar. In an
effort to determine the rate constant of the thermal decomposi-
tion of Ga(CH3)3, DenBaars et al.11 studied the decomposition
kinetics of trimethylgallium in a H2 flow by infrared-absorption
spectroscopy. They obtained a lower activation energy Ea,3 )
240-260 kJ/mol than Jacko and Price, assuming a homogeneous
unimolecular process for the decomposition of Ga(CH3)3. This
activation energy was interpreted as an approximate dissociative
bond energy, E1

0, for the first methyl group of Ga(CH3)3. In
contrast to the work of Jacko and Price, three methane molecules
for each Ga(CH3)3 molecule were observed at higher temper-
atures, implying the cleavage of the methyl radical from GaCH3.
These findings are at odds with the assumption that the third
step is heterogeneous, especially since there is evidence that
GaCH3 tends to react on the substrate surface.10,12 By applying
atomic resonance absorption spectroscopy, Haigh and O’Brien12

could not detect Ga atoms and concluded that the pyrolysis of
GaCH3 does not proceed in the gas phase toward producing
Ga atoms. Shock-tube studies are, however, not affected by this
process.

There are also controversies concerning the effect of the
carrier gas on the reaction rate.13–15 In an effort to assess the
role of the carrier gas on the decomposition rate of Ga(CH3)3,
Larsen et al.16 studied the effect of carrier gases such as He
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and N2 and scavengers such as toluene. They concluded that
toluene acts as an inhibitor and prevents further reaction of the
CH3 groups. In He or N2 atmosphere, however, the methyl
groups interact with the parent molecule leading to CH4.

Several groups have performed first-principles simulations
in order to investigate the elementary processes involved in the
thermal decomposition of Ga(CH3)3. In an early study, Oikawa
et al.17 calculated the rate constant of reaction R1 within the
framework of the Hartree-Fock (HF) approximation. The
critical bond length of the dissociating Ga-C bond in the transi-
tion state was determined to be 4.39 Å using the method
proposed by Hase.18 The resulting rate constant of k(T)/s-1 )
1016.33 exp[-(260/(kJ/mol))/2.303RT] roughly reproduces the
experimental value of Jacko and Price.10 The Ga-C bond
strengths in Ga(CH3)3, Ga(CH3)2, and GaCH3 were computed
by Edwards and Jones19 within HF as well as second-order
perturbation theory to account for correlation effects. The
authors obtained, in agreement with the experimental findings,
the weakest bond in Ga(CH3)2. In addition, also in agreement
with the estimate of Jacko et al., they found the bond in GaCH3

being significantly stronger (HF, 96 kJ/mol; MP2, 46 kJ/mol)
than in Ga(CH3)3. In contrast to that, from a detailed analysis
using a variety of different ab-initio methods, Trachtman et al.
found the Ga-C bond to be the strongest in Ga(CH3)3, followed
by GaCH3 and Ga(CH3)2.20 However, in all three studies it
remains unclear to some extent whether the results can be
considered converged with respect to the size of the one-electron
basis. More recent investigations have mainly been concerned
with the parent molecule, Ga(CH3)3, and the first decomposition
step: By employing several ab-initio schemes including density
functional theory (DFT), Maung21 and Pelekh and Carr22 report
equilibrium structures and energies of Ga(CH3)3, while Jensen23

has computed the vibrational spectrum and found reasonable
agreement with corresponding experimental data. Schmid and
Basting have investigated the kinetics of reaction R1 within
variational transition-state theory;24 ground-state geometries of
the species involved in reactions R1–R3 calculated within a
hybrid-DFT method have recently been presented as part of
more general surveys.25,26

The present study sheds light onto the kinetics of the thermal
decomposition of Ga(CH3)3, which is regarded as an important
route toward the synthesis of gallium-containing materials such
as Ga2O3 and GaN, but has been discussed controversially in
the literature. In a separate paper, the results of this study were
taken into account to study the high-temperature kinetics of the
reaction of Ga atoms with NH3.27

The best description of the Ga-concentration profiles obtained
in the thermal decomposition of Ga(CH3)3 in shock-tube
experiments by means of atomic resonance absorption spec-
troscopy (ARAS) was achieved by fitting the profiles using

values for the energy barriers of reactions R1 and R2 calculated
from first principles. This procedure yields the rate constant of
reaction R3, which turns out to be the rate-limiting step. Pre-
exponential factors for the reactions R1 and R3 were taken from
similar reactions. Furthermore, the T- and the p-dependencies
of the rate constant k3 were well-described with the Rice-
Ramsberger-Kassel-Marcus (RRKM) method by using ab-
initio data for the geometries of GaCH3 in the ground and the
transition states. The fitting parameter from the calculation was
the energy barrier E3

0, which is in good agreement with the
corresponding ab-initio value.

In the following section, we describe details of the ab-initio
calculations and present results for the molecules involved in
reactions R1–R3, in particular the strengths of the dissociating
Ga-C bonds. Afterwards, the experimental setup is presented,
and the results of the Ga-atom concentration profile measure-
ments as well as the kinetic modelling is discussed. Results of
the RRKM simulations for reaction R3 are presented in section
IV, followed by concluding remarks in the last section.

II. Ab Initio Simulations

Computational Method. We have optimized the geometries
of the species involved in the thermal decomposition of
Ga(CH3)3 in the framework of spin-polarized DFT using plane
waves as basis functions as well as several localized basis sets.
In all calculations, we have neglected relativistic effects, which
are considered to only have a small influence on the geometries,
and a negligible effect on the energetics. For the relaxed
structures, harmonic vibrational frequencies were computed in
order to verify that they form true minima on the respective
potential-energy surface.

The plane-wave calculations were performed both by treating
the Ga 3d electrons as core states and by explicitly including
them in the valence shell. For the C atoms, the 2s and 2p
electrons were treated as valence states. The remaining electrons
together with the nuclei were described by the projector-
augmented wave (PAW)28 method as implemented in the Vienna
ab-Initio Simulation Package (VASP).29,30 The cut-off energy
for the basis set was kept fixed at 500 eV, and all systems were
placed in cubic supercells of 15 Å length, which proved to be
sufficient to ensure that the interaction between the considered
molecule and its periodic images is negligible. Exchange and
correlation were described by the functional proposed by
Perdew, Burke, and Ernzerhof,31 denoted as PBE.

These simulations using localized basis sets of different size
(the largest being the aug-cc-pVQZ basis of quadruple-� quality)
were carried out with the Gaussian03 program package.32 For
the numerical integrations, the ”ultrafine” grid was used
throughout, which includes 99 radial shells and 590 angular
points per shell. In addition to the PBE functional, the hybrid
B3LYP method was employed, which consists of the three-
parameter exchange functional proposed by Becke,33 where part
of the DFT exchange energy is replaced by the corresponding
HF term and the correlation functional of Lee, Yang, and Parr.34

To obtain a measure for the uncertainty inherent to the DFT
calculations, we have investigated the different molecular species
also within coupled cluster theory with single and double
excitations (CCSD).35 However, while we could treat GaCH3

as well as the CH3 radical using a large quadruple-� basis, we
were limited to considerably smaller basis sets in the case of
Ga(CH3)2 and Ga(CH3)3 due to the high computational demands
of that method.

Results of ab-Initio Simulations. The ground-state structures
obtained for the relaxed species did not depend on the employed

Figure 1. Optimized geometries of the different molecular species
involved in the thermal decomposition of Ga(CH3)3.
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computational scheme. In particular, the molecular symmetry
is C3h for Ga(CH3)3, C2V for Ga(CH3)2, and C3V for GaCH3 and
CH3, which is in agreement with results from previous studies
(for a discussion on the effect of the nearly free-rotating methyl
groups, see ref 19). The corresponding arrangements of the
atoms are depicted in Figure 1. For Ga(CH3)3 and Ga(CH3)2,
there are two different kinds of hydrogen atoms, which are not
equivalent by symmetry: While the atoms denoted as Ha lie in
the plane spanned by the Ga and C atoms, the Hb atoms do not,
resulting in slightly different bond lengths and angles.

Optimized values for characteristic interatomic distances are
compiled in Table 1. It is observed that the C-H bond lengths
are affected only slightly by the chosen level of theory, with
differences below 0.02 Å. In contrast to that, the calculated
Ga-C distances are subject to considerably larger variation.
Here, best agreement with the experimental value36 for Ga(CH3)3

is obtained by the PBE/PAW calculations and a plane-wave
basis set. However, explicitly treating the Ga 3d electrons as
valence states is clearly necessary in order to get converged
values. Corresponding results are then very similar to the all-
electron PBE data obtained with localized basis sets. With
respect to the latter, no significant differences (<0.003 Å) are
observed between values computed by using a triple-� and a
quadruple-� basis, so we consider the aug-cc-pVQZ results to
be sufficiently converged. The Ga-C distances obtained with
the 6-31+G(d) basis are systematically smaller and may be taken
as a measure for the incompleteness of that basis. For all species,
the C-H distances obtained from the B3LYP approach are
smaller than the PBE values and are, in the case of GaCH3,
closer to the experimental data.36 At the same time, however,
the Ga-C bond lengths are slightly increased.

With respect to the CCSD calculations, we note that a
double-� basis is not sufficient to describe the geometries of
the Ga-containing species accurately. This becomes especially
evident in the case of the Ga(CH3)2 molecule, where a huge
drop of nearly 0.1 Å in Ga-C distance occurs when changing
from 6-31G+ to cc-pVTZ. For GaCH3, where we were able to
perform calculations with substantially larger basis sets, there
is still some variation in the Ga-C bond length even at the
cc-pVQZ level. However, as this variation is likely to be present
also for the larger species, it seems reasonable to assume that
associated errors cancel (at least in part) when relative energies,
i.e., bond strengths, are computed. When we compare the DFT
results for GaCH3 with the outcome of the corresponding CCSD
calculations, we note that there are considerable discrepancies
especially in the Ga-C distances, the PBE and B3LYP bond
lengths being substantially larger. Nevertheless, the same
argument as above leads to the conjecture that calculated energy
differences will be considerably more accurate.

This is indeed the case, as the bond strengths of Ga(CH3)3,
Ga(CH3)2, and GaCH3 calculated as total energy differences
(including zero-point corrections) between reactants and prod-
ucts of reactions R1–R3 listed in Table 2. In all cases, the Ga-C
bond is strongest in Ga(CH3)3, followed by GaCH3 and
Ga(CH3)2. This agrees well with the findings of Trachtman et
al.20 but is in contrast to the results of Edwards and Jones,19

who obtained the opposite order for the bond strength in
Ga(CH3)3 and GaCH3, maybe due to insufficiencies in their
computational scheme.

When comparing the CCSD results for GaCH3, one observes
that all values are very similar. The addition of diffuse functions
to the cc-pVTZ basis slightly increases the energy barrier, which
is again lowered when the size of the basis set is further
increased to quadruple-� quality. Nevertheless, even the 6-31+G
value is not off by too much. In addition, also the two values
computed for Ga(CH3)2 are nearly identical, despite the
pronounced differences in the underlying geometries. Among
the DFT results, the PBE functional seems to perform best, while
B3LYP yields bond strengths that are slightly too small. The
PBE/aug-cc-pVQZ value for GaCH3 of 266 kJ/mol is only 6
kJ/mol larger than the CCSD benchmark valuesa difference
that will presumably even be reduced when further increasing
the basis in the CCSD calculation by adding diffuse functions
to the quadruple-� basis. Therefore, we have opted to use the
PBE/aug-cc-pVQZ results of the energy barriers, structures, and
vibratin frequencies as input for the modeling of the experi-

TABLE 1: Optimized Values of Selected Interatomic Distances (Å) in the Relaxed Species, Obtained with Different
Combinations of ab Initio Methods and Basis Setsa

Ga(CH3)3 Ga(CH3)2 GaCH3

GasC CsHa CsHb GasC CsHa CsHb GasC CsH CH3CsH

PBE/PAW, 3e- 1.999 1.097 1.100 2.030 1.095 1.101 2.066 1.103 1.087
PAW, 13e- 1.978 1.098 1.101 2.010 1.095 1.101 2.049 1.103
PBE/6-31+G(d) 1.983 1.103 1.106 2.000 1.101 1.107 2.023 1.109 1.091

aug-cc-pVTZ 1.989 1.097 1.101 2.015 1.095 1.101 2.051 1.103 1.086
aug-cc-pVQZ 1.986 1.097 1.100 2.012 1.095 1.101 2.047 1.103 1.086

B3LYP/6-31+G(d) 1.984 1.095 1.099 2.004 1.093 1.099 2.025 1.101 1.083
aug-cc-pVTZ 1.991 1.089 1.092 2.020 1.087 1.093 2.054 1.095 1.078
aug-cc-pVQZ 1.988 1.089 1.092 2.017 1.087 1.092 2.050 1.094 1.077

CCSD/6-31+G(d) 1.995 1.098 1.100 2.083 1.095 1.101 2.028 1.102 1.084
cc-pVTZ s s s 1.990 1.087 1.093 2.023 1.095 1.078
aug-cc-pVTZ s s s s s s 2.018 1.095 1.078
cc-pVQZ s s s s s s 2.011 1.094 1.078

experiment 1.967 1.082 1.082

a Experimental values from ref 36 are added for comparison. For the definition of Ha and Hb, see Figure 1.

TABLE 2: Zero-Point Corrected Bond Strengths E0

(kJ/mol) of Ga(CH3)3, Ga(CH3)2, and GaCH3

(CH3)2GasCH3 CH3GasCH3 CH3sGa

PBE/PAW, 3e- 324 151 256
PAW, 13e- 329 153 258
PBE/6-31+G(d) 320 168 289

aug-cc-pVTZ 300 145 266
aug-cc-pVQZ 301 145 266

B3LYP/6-31+G(d) 305 141 270
aug-cc-pVTZ 285 119 247
aug-cc-pVQZ 286 119 247

CCSD/6-31+G(d) 315 135 247
cc-pVTZ s 138 257
aug-cc-pVTZ s s 270
cc-pVQZ s s 260
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mentally measured Ga-atom concentration profiles as well as
the RRKM calculations.

III. Experimental Section

The experiments were carried out in a conventional stainless-
steel pressure-driven diaphragm shock tube with an internal
diameter of 80 mm. It is divided by a thin aluminum diaphragm
into a driver section of 3.5 m and a driven section of 5.7 m in
length. The internal surface has been honed and electropolished
for ultrahigh-vacuum (UHV) purposes. The driven section was
pumped down to pressures below 2 × 10-8 mbar by a turbo
molecular pump. Gas mixtures were prepared manometrically
in a stainless steel UHV storage cylinder, which also was
evacuated using a separate turbo molecular pumping unit. The
shock speed was measured over three intervals using four
piezoelectric pressure gauges (PCB 113A27). The data were
recorded with a time resolution of 100 ns. The temperature and
pressure behind the reflected shock wave were computed from
the measured incident shock speed and the speed attenuation
using a one-dimensional shock model (shock tube code of the
CHEMKIN Package37). The estimated uncertainty in reflected
shock temperature is less than (15 K in the temperature and
time range of our measurements. The experimental setup used
is depicted in Figure 2.

Concentrations of ground-state Ga(2P0
1/2) atoms were moni-

tored by time-resolved atomic resonance absorption spectros-

copy (ARAS). A gallium hollow-cathode lamp (Heraeus)
operated by a pulsed (5 ms) power source, a 0.25 m Jarrel-Ash
monochromator, and a UV-vis photomultiplier (Hamamatsu
Photonics 1P28) were arranged to measure light attenuation by
Ga atoms at λ ) 403.299 nm at a position of 10 mm upstream
of the end wall. For the quantitative determination of the Ga-
atom concentrations, the ARAS technique requires calibration
due to the unknown spectral profiles of these absorption lines.
Therefore, a series of shock-wave experiments with known
concentrations of Ga(CH3)3 (1-10 ppm) were performed at
temperatures above 1200 K with typical fractional absorptions
Aλ ranging from 0.2 to 0.8. At these conditions, the Ga-atom
concentration is equal to the initial Ga(CH3)3 concentration. It
is reached after reaction times of a few microseconds. The result
of the calibration can be interpreted with the Beer-Lambert
law:

AGa ) 1- exp(-lσ403.29[Ga])

where l ) 7.9 cm is the absorption path length. The atom
absorption cross-section was σ403.299 ) 2.93 × 10-15 cm2. A
temperature dependence of the calibration was not found in the
1290-2320 K range.

The kinetic experiments were performed in the present study
at 0.3, 1.7, and 3.4 bar at various temperatures following the
variation of the gallium concentration by ARAS. The experi-
ments at 0.3 bar were performed behind incident waves. The
purpose of this set of experiments was the determination of the
pressure dependence of the rate constants of reaction R3.

Test gas mixtures of Ga(CH3)3 highly diluted in argon (2-10
ppm) were prepared manometrically in a stainless-steel storage
cylinder. Argon used in the present study was of the highest
commercially available purity (g99.9999%). Ga(CH3)3 is liquid
at room temperature and is specified with a purity better than
99.5%.

Figure 2. Experimental setup.

TABLE 3: Experimental Conditions

experiment
sets

x(Ga(CH3)3)
in Ar/ppm T/K

total density/
(10-6 mol cm-3)

1 6-40 1330-1570 2.0-2.8
2 1-10 1210-1600 14.9-17.9
3 8 1368-1630 19.0-30.6
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There was an experimental difficulty that a small amount of
Ga(CH3)3 disappeared due to adsorption on the surface of the
stainless-steel storage vessel. Therefore, it was necessary to
correct the initial Ga(CH3)3 concentration from the steady-state
Ga-atom concentration obtained by ARAS. The corrected values
were taken to simulate the Ga-atom concentration profiles with
the CHEMKIN package.

IV. Results and Discussion

Table 3 shows an overview of the experimental conditions
of the measurements conducted in this study.

In a first series, Ga-atom concentration profiles were measured
behind reflected waves in mixtures containing Ga(CH3)3 highly
diluted in argon to avoid secondary reactions (experimental
numbers 1 and 2). The second series (Table 3, number 3) of
experiments was carried out behind incident waves to check
the pressure dependence of reaction R3. Figure 3 shows the
temporal variation of the Ga-atom concentrations at T ) 1465
K and a pressure of p ) 1.79 bar. At the arrival of the shock
wave (t ) 0) the signal rises rapidly and reaches the steady-
state concentration after 1 ms. The Ga-atom concentration
remained constant showing that consumption reactions with
respect to Ga atoms do not play a significant role on the time
scale of our experiments. At lower temperatures, the Ga-atom
concentration increases more slowly showing an induction time
of a few microseconds.

Figure 3. Typical measured concentration profiles of Ga atoms in a Ga(CH3)3-Ar mixture shock-heated to a temperature of 1465 K at pressure
of 1.79 bar. The gray line denotes the simulation based on the simplified reaction model consisting of reactions R1–R3 in Table 4.

TABLE 4: Reaction Mechanism for the Thermal
Decomposition of Trimethylgallium

k ) A exp(Ea/RT)
reactions A /s-1 Ea/R

Ga(CH3)3 f Ga(CH3)2 + CH3 1015.6 36464
Ga(CH3)2 f GaCH3 + CH3 1015.4 17474
GaCH3 + M f Ga + CH3 + M adjusted (see text)

Figure 4. Normalized sensitivity analysis of rate coefficients for Ga-
atom formation at 1465 K and 1.79 bar for Ga(CH3)3 f Ga(CH3)2 +
CH3 (R1), Ga(CH3)2f Ga(CH3) + CH3 (R2), and GaCH3 + Mf Ga
+ CH3 + M (R3).

Figure 5. Arrhenius plot of the first-order rate constant for reaction
R3 using the data of 1.7 (triangles) and 3.4 bar (squares). The solid
line shows the least-squares fit of the experimental data.
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A sensitivity analysis of the same experiment of Figure 3
was performed for the reactions R1–R3 as well as for reaction
R4 of Ga atoms with the parent molecule Ga(CH3)3.38 For this
purpose, CHEMKIN37 and SENKIN39 program codes were
utilized to identify the rate-limiting steps in the production of
Ga atoms. From Figure 4, it can be seen clearly that the Ga-
atom formation is insensitive to reactions R1 and R4. Reaction
R2 has a slight sensitivity at earlier times and could not be
measured in this study. Reactions R1 and R2 have no significant
influence. Therefore, reaction R3, which is the rate-determining
reaction step, was directly linked to the production of Ga atoms.
Additionally, it was not possible to fit the Ga-atom concentration
profiles at low as well as at high temperature by a global
mechanism assuming one-step reaction. Simulations with the
mechanism suggested by Jacko and Price10 resulted in reaction
rates that are too slow and could not reproduce the experimental
data.

To simulate the Ga-atom concentration time profiles, we
adopted a simplified mechanism by evaluating the rate constants
of reactions R1 and R2, keeping them constant, and fitting only
the last reaction step (R3). For the activation energies Ea,1 and
Ea,2, the PBE/aug-cc-pVQZ values for E0 (see Table 2) of 301
and 145 kJ/mol, respectively, were taken into account. The
preexponential A-factors, which are typically very high for loose
transition cases, were adopted from A-factors for similar reaction
types. Table 4 summarizes the simplified mechanism used in
this study.

Following this strategy, the Ga-concentration profiles were
well-reproduced by the simulation and the rate constant k3 was
evaluated. The Arrhenius plot obtained by this method is shown
in Figure 5. Because the results for the rate constants were
constant within the experimental errors when increasing the
pressure from 1.3 to 3.7 bar, both data sets were included in
order to determine the temperature dependence of the rate
constant. For two different initial concentrations of trimethyl-
gallium, k3 follows a single straight line in Figure 5, and the
temperature-dependent rate coefficient was determined to be

k3/(cm3 mol-1 s-1)) 2.34 × 1011 exp[-23330(K/T )]

On the basis of the low A-factor from the Arrhenius plot, we
can conclude that the reaction is in the fall-off region fairly
close to the low-pressure limit. The pressure dependence is,
however, weak.

V. RRKM Calculations

The experimental results of reaction R3 were fitted using
RRKM calculations based on the variational transition state
theory. Although detailed discussions of this theory are available
in the literature, it is important to discuss some aspects here.

The RRKM unimolecular rate coefficient k3
RRKM can be

expressed as follows:

kuni
RRKM ) lq

kBT

h

QR
q

QRQa
exp

(-∆E0

RT )∫0

∞ ∑ P(Eq) exp(-Eq ⁄ RT )

1+ kr /�ckd[M]
d(Eq

RT)
kr ) lq

QR
q

QR

∑ P(Eq)

hN(Eq+E0)

where lq is the reaction path degeneracy; kB and h are the
Boltzmann and Planck constants; QR, QR

q are partition functions
of the adiabatic rotations for the reactant and the transition state,
respectively. Q is the partition function of all active modes of
the reactant. E0 is the energy barrier of the reaction at 0 K. �c

is the collision efficiency and kd is the rate coefficient for
collisional deactivation; P(Eq) is the total number of energy
states of the transition state having energy Eq, and N(Eq + E0)
is the density of energy states for the reactant having energy E
) Eq + E0. Simple bond-breaking reactions such as those
depicted by R3 have so-called “loose” transition states due to
the long bond length in the transition state, which is two to
three times longer than the equilibrium bond length. These
reactions occur barrierlessly, and the critical energy barrier
equals to some extent the energy of the breaking bond.
Therefore, the task was to determine the location of the transition
state. This can be done by varying the reaction coordinate until
the minimum of the reaction rate is reached.40

The calculation is based on the Gorin40–44 model which is
mainly based on four assumptions: (a) The vibrational frequen-
cies of GaCH3 (the product in reaction R3) do not change in
the transition state. (b) The two external rotations with the largest
moments are treated as adiabatic (they are not contributing to
the thermal rate). (c) The residual external rotation and the 2
degrees of freedom representing the bending vibrations of the
CH fragment in GaCH3 are treated as completely free active
internal rotors with moments of inertia fixed at that for an
isolated CH3 product. (d) To search the structure of the transition
state, the potential energy along the reaction coordinate is
modeled with a Morse potential:

V(r))De[1- exp(-�(r- re))]
2

The Morse parameter � could be determined from the frequency
representing the Ga-C stretching vibration and the energy
barrier of the reaction, E0.

This approach is widely accepted as a standard model for
simple bond-fission reactions. The required geometry and
frequencies of GaCH3 were taken from the PBE/aug-cc-pVQT
calculation. The high-pressure-limit rate coefficients, k3

RRKM,∞,
were calculated as a function of the separation distance of the
Ga-C bond, rGa-C, to determine the structures of the transition
states.

The geometry parameters at rGa-C ) 4.8 Å, where k3
RRKM,∞

exhibits the minimum value, were treated as the structure of
the transition state for reaction R3. These findings are depicted
in Figure 6. The high-pressure rate constant is normalized with

Figure 6. Variations of the RRKM high-pressure limit rate coefficients
for reaction R3 normalized to kmin

∞ as a function of the distance Ga-C
bond being cleaved. Squares, T ) 1500 K; triangles, T ) 1300 K.
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respect to the minimum high-pressure rate coefficient. Required
geometries of the reactants and transition states are listed in
Table 5.

The RRKM calculations were carried out using the UNIMOL
suite.40 Rate constants in the high-pressure limit were predicted
by an RRKM calculation, and the pressure dependence of
reaction R3 was obtained using a master-equation approach.
All required input parameters for the RRKM calculations are
as follows: vibrational frequencies, rotational constants for the
external (Bext) and internal (Bint) rotors, symmetry, degeneracy
factors (σ), and Morse parameter � (calculated from the reaction
coordinate frequency). The parameters are summarized in Table
5. Moments of inertia about the principal axis were calculated
using the GEOM program from the UNIMOL suite assuming
symmetric-top characteristics of the molecules. The two-
dimensional internal degree of freedom representing the CH-
bending vibrations is treated as free rotor. Additionally, the one-
dimensional rotor along the breaking Ga-C bond is treated as
active and is therefore able to exchange energy with vibrational
levels. For reaction R3, the energy barrier of the reaction, E0,
which is the most sensitive parameter in the calculations, was
adjusted until the RRKM rate coefficient matched our experi-
mental data. The average downward energy transferred per
collision, 〈∆E〉down, is also unknown. This value ranges from
400 to 800 cm-1 for usual thermal decompositions.46 In this

calculation, the value of (400 cm-1) was used. The value of
〈∆E〉down does not need to be estimated more precisely because
E0 is much more sensitive to the rate coefficient than to 〈∆E〉down

and an error due to 〈∆E〉down is cancelled. The solid lines in
Figure 7 show the RRKM results calculated with E0 ) 288 kJ/
mol for reaction R3. The fit to our experimental data is good.
Using the same energy barrier, the pressure dependence was
also fairly reproduced by the RRKM calculation within the
experimental errors.

VI. Conclusions

In a combined experimental and numerical effort including
ab-initio calculations, the kinetics of the thermal decomposition
of trimethylgallium were investigated. By analyzing the mea-
sured Ga-atom concentration profiles by means of ARAS, it
was found that for temperatures between 1210 and 1630 K and
pressures between 0.3 and 3.4 bar the decomposition occurs
via three consecutive reactions, namely, the successive cleavage
of the three Ga-C bonds. Of these, the last reaction (R3),
GaCH3 + M f Ga + CH3 + M, is the rate-determining step.
The corresponding rate constant k3sfor which so far no definite
information existed in the literatureswas deduced by fitting the
measured profiles with CHEMKIN assuming the consecutive
elimination steps. The only fit parameter was the last step (R3).
The required energy barriers for the other two reactions were
calculated from first principles. The rate constant k3/(cm3 mol-1

s-1) ) 2.34 × 1011 exp[-23330(K/T)] corresponds to an
activation energy Ea,3 of 194 kJ/mol and was found to be in the
fall-off regime close to the low-pressure regime.

Additionally, the rate constants of the last step were repro-
duced within the framework of the RRKM theory assuming a
loose transition state for the dissociation of GaCH3. The energy
barrier, E3

0, was varied until the rate constant k3 from the RRKM
matched the experimental one. Required structural parameters
for the RRKM calculation were obtained from the ab-initio
simulations. The resulting value of 288 kJ/mol is in good
agreement with the corresponding barrier computed on an ab-
initio basis. Here, DFT/PBE yields essentially the same energy
differences as CCSD theory. These results constitute the basis
for constructing a gas-phase mechanism for material synthesis
on the basis of Ga(CH3)3 decomposition.
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