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The reaction of digermane Ge,H¢ with atomic H has been studied theoretically. The detailed mechanism
has been revealed for the first time. This reaction involves not only abstraction but also substitution. The
calculation shows that there are two transition states for the substitution reaction: (1) frontside attack of the
Ge-Ge bond by the hydrogen atom and (2) backside attack of the GeH; group by the hydrogen atom along
the Ge-Ge axis, forming a transition state structure with Cs, symmetry. Changes of geometries, generalized
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normal-mode vibrational frequencies, and potential energies along the reaction path for each channel are
discussed and compared. On the basis of the ab initio data, the rate constants of each channel have been
deduced by canonical variational transition state theory (CVT) with the small-curvature tunneling (SCT)
correction method over the temperature range of 200-3000 K. The theoretical results have been compared with
available experimental data. The kinetics calculations show that the variational effect is small for all the
channels and in the lower temperature range, the small-curvature tunneling effect is important for the
abstraction channel and the substitution channel with backside attack. At lower temperatures, the major
product channel is direct hydrogen abstraction leading to Ge,Hs and H,, whereas the substitution reaction
with frontside attack becomes the dominant channel at higher temperatures. The substitution reaction with
backside attack is a minor channel over the whole studied temperature range.

Digermane Ge,Hg is a common precursor used in chemical
vapor deposition (CVD)'™ to produce semiconductor devices.
The reaction with atomic hydrogen, the simplest free-
radical species, is of particular interest: kinetics parameters
for the H-atom reaction are desirable not only to provide
an uncomplicated probe of chemical reactivity but also to
throw light on the mechanism of CVD processes. However,
despite its importance, studies of the kinetics have been very
limited. Only one experimental study is on record. Austin
and Lampe’ measured relative rate constant in competitive
experiments at 305 K in a static system, in which H atoms
were produced by Hg-sensitized photolysis of H,, and the
rate of loss of Ge,Hg was compared with that of C,H, by
means of time-of-flight mass spectrometry. To the best of
our knowledge, little theoretical attention has been paid to this
reaction.

In this paper, we present a theoretical study on the reaction
of atomic H with Ge,Hg . First we have examined the reaction
mechanism at high levels of ab initio molecular orbital theory.
In a second step, we have carried out the kinetics calculations
for this reaction. The important features of this study are the
following: (1) ab initio calculations have been performed for
stationary points and for some additional points along the
minimum energy paths (MEP) to obtain potential energy
information; (2) the nature of the kinetics has been studied
over the temperature range from 200 to 3000 K using interpo-
lated canonical variational transition state theory (CVT)®®
and the centrifugal-dominant, small-curvature tunneling
approximation (SCT),’ including information at the reactants,
products, transition states, and additional points along the
minimum energy path; (3) the calculated rate constants are
compared with the limited experimental data and (4) the
branching ratios are discussed.
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Computational methods

Ab initio calculations have been carried out using Gaussian 94
programs.'® In the entire paper, UMP2 and UQCISD(T)
denote the unrestricted versions of MP2 and QCISD(T),
respectively. The geometries of the reactant, transition states
and products have been optimized at the MP2/6-311G(d)
level. The vibrational frequencies have been calculated at the
same level in order to determine the nature of the stationary
points, the zero-point energy (ZPE), and the thermal contribu-
tions to the free energy of activation. Each transition state was
verified to connect the designated reactants and products by
performing an intrinsic reaction coordinate (IRC) analysis.
At the MP2/6-311G(d) level, the minimum energy paths
(MEP) were constructed for both abstraction and substitution
channels independently, starting from the respective saddle
point geometries and going downhill to both the asymptotic
reactant and product channels with a gradient step size of
0.02 amu'/? bohr. Along these MEPs the reaction coordinate,
s, is defined as the signed distance from the saddle point, with
s > 0 referring to the product side. In addition, for 30 non-
stationary points near the transition state along the MEP, 15
points on the reactant side and 15 points on the product side,
we computed the gradients and Hessians at the MP2/6-
311G(d) level, avoiding all the time undesirable reorientations
of molecular geometries.

Although the geometrical parameters and the frequencies of
various species can be determined satisfactorily at the MP2/6-
311G(d) level, the energies obtained at this level may not be
accurate enough for the subsequent kinetics calculation.
Therefore, a higher level, QCISD(T), and a more flexible basis
set, 6-311+G(3df,2p), were employed to calculate the energies
of various species.
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The initial information obtained from our ab initio calcula-
tions allowed us to calculate the variational rate constants
including the tunneling effect. The canonical variational theory
(CVT)®® rate constant for temperature T is given by:

KVY(T) = min KST(T, 5) (1)

with

okgT QFT(T,s) o Viee(s) kn T

KT == )

2)
where kST(T.s) is the generalized transition state theory rate
constant at the dividing surface s, ¢ is the symmetry factor
accounting for the possibility of more than one symmetry-
related reaction path, kg is Boltzmann’s constant, / is Planck’s
constant, ®®(7T) is the reactant partition function per unit
volume, excluding symmetry numbers for rotation, and
0°Y(T.s) is the partition function of a generalized transition
state at s with a local zero of energy at Vygp(s) and with all
rotational symmetry numbers set to unity. The tunneling con-
tribution has been included by using the centrifugal-dominant
small-curvature semiclassical adiabatic ground state (CD-
SCSAG) method.” All the kinetics calculations have been
carried out using the POLYRATE 7.8 program.!' The inter-
polated variational transition state theory by mapping
(IVTST-M) was chosen.!? The rotational partition functions
were calculated classically and the vibrational modes were
treated as quantum-mechanical separable harmonic oscillators.

Results and discussion

The optimized geometries of the reactant, transition states, and
products are shown in Fig. 1. The transition state of the
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Fig. 1 MP2/6-311G(d) optimized geometries for the stationary
points. Distances are in angstroms and an%les are in degrees. The

values in parentheses are experimental data.'*®> The values marked
with asterisks are the calculated results at the QCISD/6-311G(d) level.
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Table 1 Vibrational frequencies (in cm™") for the reactant and pro-
ducts involved in the reaction of H with Ge,Hg at the MP2/6-
311G(d) level. The values in italics are the experimental data'>!”?

Species  Frequencies
Ge,Hg 2141, 2141, 2138, 2133, 2133, 2131, 889, 889, 884, 884,
843, 764, 567, 567, 361, 360, 267, 116
2091, 2091, 2077, 2073, 2073, 2068, 880, 880, 879, 879,
832, 756, 562, 562, 370, 370, 268, 146
Ge,Hs 2145, 2142, 2122, 2119, 2101, 884, 882, 862, 789, 573, 552,
395, 371, 262, 112
GeH,y 2161, 2156, 2156, 2156, 924, 924, 826, 826, 826
2114, 2114, 2114, 2106, 946, 946, 834, 834, 834
GeH, 2144, 2143, 2118, 861, 861, 710
H, 4380

4404

abstraction channel is denoted as TS;, while the transition
states of the substitution channels for frontside and backside
attack are denoted as TS,, and TS,; . The vibrational frequen-
cies of the reactant, products, and transition states are listed in
Tables 1 and 2. The potential barrier AE™> and the reaction
enthalpy AH calculated are summarized in Table 3. Fig. 2
shows the classical potential energy (Vygep) and vibrationally
adiabatic potential energy (V,°) curves as functions of dis-
tance along the reaction coordinate s at the QCISD(T)/6-
311+ G(3df,2p)//MP2/6-311G(d) level for each channel.
Change curves of generalized normal-mode vibrational

Table 2 Vibrational frequencies (in cm™") for the transition states
involved in the reaction of H with Ge,Hg at the MP2/6-311G(d) level

Species Frequencies

TS, 2142, 2139, 2134, 2128, 2119, 1114, 966, 930, 885, 885,
860, 787, 606, 586, 427, 399, 291, 265, 171, 91, 1609i

TS,, 2154, 2146, 2135, 2125, 2110, 1817, 1157, 956, 889, 869,
864, 807, 757, 658, 647, 448, 410, 222, 179, 42, 330i

TS5, 2133, 2133, 2125, 2125, 2118, 2077, 1010, 877, 877, 860,

860, 770, 732, 732, 420, 420, 248, 248, 225, 128, 872i

“ The lowest frequency vibration of the transition state is considered
as an internal rotation.

Table 3 The energy barriers AE™> (in kcal mol™") and the reaction
enthalpies AH (in kcal mol™") calculated at the MP2/6-311G(d) opti-
mized geometry for each channel involved in the reaction of H with
Ge,Hg at various levels.” The values in italics are the energy barriers
and the reaction enthalpies with the ZPE correction

Levels AE™! AE™= AE™S» AH,  AH,
MP2/6-311G(d) 837 1586 1538 —17.00 —10.08
7.97 17.55 16.68 —1620 —7.82
PMP2/6-311G(d) 6.40 1322 1231 —17.49 —10.39
6.00 14.91 13.61 —16.69 —8.13
MP2/6-311 + G(3df,2p) 522 993 11.65 —20.34 —14.64
4.82 1162 12.92 —19.54 —12.38
PMP2/6-311+ G(3df,2p) 324 724 857 —2092 —15.03
2.84 893 987 —20.12 —12.77
QCISD(T)/6-31+ G(3df.2p) 2.17 542 722 —22.62 —17.36
1.77 711 852 —21.82 —15.10
QCISD(T)/6-31 + G(3df.2p)* 2.41 586 7.56 —22.64 —17.33

@ AETS! AETS: AE™S® are the energy barriers of the abstraction chan-
nel and the substitution channels with frontside attack and backside
attack. AH; and AH, are the reaction enthalpies of the abstraction
and the substitution channels, respectively. ° At the QCISD/6-
311G(d) optimized-geometry.
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Fig. 2 The classical potential energy (Vygp) and vibrationally adia-
batic potential energy (7,5) curves as a function of s at the
QCISD(T)/6-311 + G(3df,2p)//MP2/6-311G(d) level for all the
channels.

frequencies with the reaction coordinate s are shown in Fig. 3
for the abstraction channel. The calculated TST, CVT, and
CVT/SCT rate constants are presented in Fig. 4 over the
temperature range of 200-3000 K for all the channels. The
CVT/SCT rate constants and the branching ratios for each
channel are summarized in Table 4.

Reaction mechanism

Geometry and frequency. The reactant digermane has two
geometries: the staggered and the eclipsed. The energy of the
eclipsed is higher than that of the staggered.

To clarify the general reliability of the theoretical calcula-
tions, it is useful to compare the predicated chemical properties
with experimental data. As shown in Fig. 1, the geometric
parameters of Ge,Hg, GeH4 and H, are in good agreement

View Online
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Fig. 3 Changes of the generalized normal-mode vibrational frequen-
cies as a function of s at the MP2/6-311G(d) level for the abstraction
channel.
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Fig. 4 Rate constants as a function of the reciprocal of the tempera-
ture (7")over the range of 200-3000 K for the all the channels.
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Table4 The CVT/SCT rate constants and the branching ratios for all
the channels involved in the reaction of Ge,Hg with H over the tem-
perature range of 200-3000 K (in cm® molecule™" s~

T/K ki ka o k ki/k  ko/k
200 5.17B-12 2.01E-16 1.18E-20 5.17E-12 1.00  0.00
298  9.00E-12 5.44E-14 345E-17 9.05E-12  1.00  0.00
300 9.10E-12  5.97E-14 340E-17 9.15E-12 099 0.0l
305 9.30E-12  7.47E-14 520E-17 941E-12 099 0.0l
400  1.50E-11  8.53E-13  2.00E-15 1.58E-11 095  0.05
450 1.87B-11 2.36E-12  9.18E-15 2.11E-11  0.89 0.11
500 230E-11 5.40E-12 297E-14 2.84E-11 081  0.19
550 2.77E-11  1.07E-11  8.37E-14 3.85E-11 072 0.8
600 3.32B-11  1.90E-11  1.78E-13  5.23E-11  0.63  0.37
700 4.59E-11 4.20E-11  6.59E-13  8.85E-11 052  0.48
800 G.I2E-11 8.68E-11  1.85E-12 1.50E-10 041  0.59

1000 9.95E-11 2.53E-10 6.26E-12  3.58E-10 028  0.72

1200 1.48E-10 540E-10 1.77E-11  7.06E-10 021  0.79

1400  2.07B-10  9.61E-10 3.46E-11 1.20E-9  0.17 0.83

1600 2.77E-10 1.53E-9  S5.87E-11  1.86E-9  0.15 0.85

2000 447E-10 3.08E-9  1.30E-10 3.66E-9  0.12  0.88

2400 6.56E-10 5.15E-9  232E-10  6.04E-9 0.1  0.89

2800 9.01E-10 7.73E9  3.63E-10  9.00E9  0.10  0.90

3000 1.04E9  9.20E-9  4.39E-10 1.07E-8 0.0 0.90

with the available experimental values. In order to further
check the reliability of the MP2-computed geometry, we per-
formed the QCISD calculation with the 6-311G(d) basis set
(computationally more expensive) for the transition states.
The optimized geometrical parameters are also shown in
Fig. 1. Compared with the results calculated at the MP2/6-
311G(d) level, it can be seen that extension of the calculation
level to QCISD does not cause observable change. As can be
seen from Table 2, the vibrational frequencies of Ge,Hg,
GeH, and H, agree well with the experimentally observed
fundamentals, and the maximum relative error is less than
3%. This good agreement gives us confidence that the MP2/
6-311G(d) theory level is adequate to optimize the geometries
and calculate the frequencies.

As mentioned above, two primary processes have been iden-
tified in the reaction of atomic H with Ge,Hg: abstraction

H;Ge-GeH; + H — H3Ge—GeH, + H;
and substitution
H;Ge—GeH; + H — H3Ge + GeHy

The transition state of the abstraction channel is denoted as
TS, ; its geometrical structure is shown in Fig. 1. The incoming
H atom attacks one H of Ge,Hg with a slightly bent orienta-
tion angle of 177.9°. At the MP2/6-311G(d) level, the forming
Hs-Hy bond of 1.163 A is 57.8% longer than the equilibrium
value of 0.737 A in H,, while the breaking Ge,—H; bond is
stretched by 7.3%. The transition state TS; is reactant-like.
Therefore, the hydrogen abstraction reaction from Ge,Hg by
H will proceed via an early transition state. This rather early
character of the transition state TS; is in accordance with
the low reaction barrier and the high exothermicity of this
abstraction reaction, in keeping with Hammond’s postulate.
The transition state was identified with one negative eigenvalue
of the Hessian matrix and, therefore, one imaginary frequency.
Since the imaginary frequency governs the width of the classi-
cal potential energy barrier along the MEP, it plays an impor-
tant role in the tunneling calculations, especially when the
imaginary frequency is large, and the associated eigenvector
has a large component of hydrogenic motion. For the abstrac-
tion channel, the imaginary frequency is 16091, so we expect
that the tunneling effect should be important for the calcula-
tion of the rate constant. The transition state TS; has C;
symmetry.
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Since atomic hydrogen has both nucleophilic and electrophi-
lic character, there are two transition state structures for the
substitution reaction: (1) a frontside attack on the Ge-Ge
bond by the H atom and (2) a backside attack of the GeH;
group. The transition states for frontside attack and backside
attack are denoted as TS,, and TS;,, respectively, and their
geometrical parameters are shown in Fig. 1. At the MP2/6-
311G(d) level, the structure of the transition state TS,, shows
the incoming H atom is more closely associated with Ge; . This
results in a strong five-coordinate environment around Ge,
while Ge, remains primarily four-coordinate. The breaking
Ge~Ge; bond is 0.153 A longer than the corresponding value
in digermane. The forming Ge;—Hy bond of 1.724 A is 11.8%
longer than the equilibrium value in GeHy . The hydrogen (H3)
that is trans to_the incoming hydrogen Ho has a longer bond
length (1.594 A) to Ge; than the other two hydrogens (Hs
and Hg). The transition state TS,, has one and only one ima-
ginary frequency. Direct inspection of the transition state
low-frequency mode indicates that the mode of the lowest fre-
quency (42 cm™') is a hindered internal rotation instead of a
small-amplitude vibration. This mode was removed from the
vibrational partition function for the transition state and the
corresponding hindered rotor partition function Qur(7), cal-
culated by the method devised by Truhlar,'® was included in
the expression for the rate constants. The transition state
TS,, has C; symmetry.

For the substitution reaction with backside attack, the
attacking H atom interacts with a germanium center along
the Ge-Ge axis, forming a transition state with high symmetry
Cs, . For the transition state TS,y of the backside attack reac-
tion, the MP2 structure has a strong five-coordinate environ-
ment around Ge; and a nearly tetrahedral geometry around
Ge,. The geometric parameters for the local environment
around Ge, have not significantly changed from the corre-
sponding values in digermane. The breaking Ge~Ge, bond
is 0.124 A longer than the equilibrium value in Ge,Hg, while
the forming Ge;—Hy bond is stretched by 17.8%. The transition
state TS,, has one and only one imaginary frequency. The
value of the imaginary frequency is large, which implies that
the quantum tunneling effect may be significant and may play
an important role in the calculation of the rate constant.

In order to further confirm that these transition states
connect the designated reactants and products, the intrinsic
reaction coordinate (IRC) has been calculated at the MP2/6-
311G(d) level from the transition state to the reactants and
the products. For the abstraction channel, the breaking Ge;—
H; bond remains insensitive up to s = —0.5 amu'/? bohr and
then increases smoothly. Meanwhile, the forming H;—Hy bond
shortens rapidly from reactants and reaches the equilibrium
bond length in H, at s = 0.7 amu'/? bohr. Other bond lengths
are almost unchanged during the reaction process. Therefore,
the geometric change mainly takes place in the region from
s = —0.5 to s = 0.7 amu'/? bohr for the abstraction channel.
For the substitution channels with frontside attack and back-
side attack, the change curves of the bond lengths with the
reaction coordinate s are very similar. First, while the lengths
of the breaking bond Ge;—Ge, and the forming bond Ge;—Hy
change strongly in the course of the reaction, the other bond
lengths do not change. Second, the geometrical changes take
place over a wider range, from s = —3.5 to s = 3.0 amu'/?
bohr for frontside attack and from s = —1.5 to s = 2.0 amu'/?
bohr for backside attack.

Energy. Table 3 summarizes uncorrected and zero-point-
corrected barrier heights AE™ and reaction enthalpies AH
relative to the reactants at the MP2/6-311G(d)-optimized
geometries for each channel involved in the reaction of H with
Ge2H6 .

With respect to the potential barrier, the values obtained at
the MP2 and QCISD(T) levels show great discrepancies for the
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same channel. The potential barriers obtained from the MP2
energies are found to be more than 1.5 kcal mol~! higher than
those obtained from the corresponding PMP2 energies (annihi-
lated spin contamination) for all the channels. The effect of the
basis set on the potential barrier can be observed from our
MP2 result with two different basis sets, namely 6-311G(d)
and 6-311 + G(3df,2p). The barrier heights without ZPE cor-
rection decrease by 3.15, 5.93 and 3.73 kcal mol™! with the
increase in basis sets at the MP2 level for the abstraction chan-
nel and substitution channels with frontside attack and back-
side attack, respectively. As we raise the calculation levels
[MP2 — QCISD(T)], the barrier height is lowered drastically.
We take the QCISD(T)/6-311 + G(3df,2p) level as the most
reliable level.

Because of the absence of experimental standard heats of
formation for the present reaction system, it is difficult to make
a conclusive comparison on the reaction enthalpy. Spin con-
tamination in the product radicals is much less compared to
that observed in TSs: the values of (Sz) for Ge,Hs and GeH;
do not exceed 0.757, while the values of (SZ) are in the range
of 0.779-0.804 for the transition states of the abstraction and
substitution channels. Thus, the differences between the MP2
and PMP?2 values for the reaction enthalpy are much less sig-
nificant than those for the potential barrier.

At the QCISD/6-311G(d)-optimized geometry, we calcu-
lated the potential barriers and the reaction enthalpies at the
QCISD(T)/6-311 + G(3df,2p) level. As seen from Table 3,
the potential barriers at the QCISD(T)/6-311 + G(3df,2p)//
MP2/6-311G(d) level agree with the potential barriers at
the QCISD(T)/6-311 + G(3df,2p)//QCISD/6-311G(d) level
within 0.42 kcal mol™' for all channels. The reaction enthalpies
are almost equal at the QCISD(T)/6-311 4+ G(3df,2p)//MP2/
6-311G(d) and QCISD(T)/6-311+ G(3df,2p)//QCISD/6-
311G(d) levels. Although the QCISD/6-311G(d) level can
result in better geometrical parameters, it needs greater com-
puting condition and it is very time consuming to optimize
the geometries and calculate the frequencies for the reaction
of Ge,Hg with atomic H. Therefore, in this paper, we chose
the potential barriers and the reaction enthalpies calculated
at the QCISD(T)/6-311+ G(3df,2p)//MP2/6-311G(d) level
for the following kinetics calculations. At the QCISD(T)/6-
311+ G(3df,2p)//MP2/6-311G(d) level, the abstraction reac-
tion has the smallest potential barrier of 2.17 kcal mol™'.
The barrier height without ZPE correction for frontside attack
is 3.10 kcal mol™" lower than that for backside attack. This
means that the substitution reaction will occur mainly by
frontside attack.

Kinetics calculations

Reaction path properties. The minimum energy path (MEP)
was calculated at the MP2/6-311G(d) level by the IRC defini-
tion, and the energies of the MEP were refined by the
QCISD(T)//MP2 method. For all channels the maximum
position of the classical potential energy curve Vygp at the
QCISD(T)//MP2 level corresponds to the saddle point struc-
ture at the MP2/6-311G(d) level. Therefore, shifting of the
maximum position of the Vygp curve caused by the computa-
tional technique is avoided.!® The changes of the classical
potential energy Vygp and the ground-state vibrational adia-
batic potential energy V,© with the reaction coordinate s are
shown in Fig. 2(a—c) for all the channels. The classical poten-
tial energy Vyvep curve has a narrow shape for the abstraction
channel. Therefore, it is expected that the tunneling effect will
play an important role in the calculation of the rate constants.
Meanwhile, the Vygp curve has the widest shape for the sub-
stitution reaction via frontside attack, so the tunneling effect
may be unimportant here. The Vygp and VS curves are simi-
lar in shape, and their maximum positions are almost the same
at the QCISD(T)//MP2 level for all the channels. This means
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that the variational effect will be small for both abstraction and
substitution channels. The zero-point energy, ZPE, which is
the difference of ¥, and Vygp, is also shown in Fig. 3. The
zero-point energy curve is almost unchanged as s varies. In
order to analyze this behavior in greater detail, we show the
variation of the generalized normal mode vibrational frequen-
cies in Fig. 3 for the abstraction channel.

In the negative limit of s, the frequencies are associated with
the reactants, while in the positive limit of s, the frequencies are
associated with the products. For the abstraction channel, the
frequency of the vibrational mode 6 (reactive mode), which
connects the Ge-H stretching vibration in Ge,Hg with the
H-H stretching vibration of H,, drops dramatically from
s =—1.0to s = 1.0 amu'/? bohr. This behavior is typical of
hydrogen transfer reactions.?®? If changes in other frequen-
cies were small, this drop could cause a considerable fall in
the zero-point energy near the transition state. The two lowest
harmonic vibrational frequencies (modes 19 and 20, transi-
tional modes) along the reaction path correspond to the trans-
formation of free rotations or free translations of the reactants
into real vibrational motions in the global system. Their fre-
quencies tend asymptotically to zero at the reactant and pro-
duct limits, and they reach their maximum in the saddle
point zone. Therefore, in the saddle point region, the behavior
of these transitional modes compensates the fall in the zero-
point energy caused by the reactive mode. As a result, the
zero-point energy curve shows little variation with s. For the
substitution channels with frontside and backside attack,
the frequency of the mode related to the breaking/forming
bonds drops (reactive mode) dramatically near the saddle
point. However, this drop is compensated by the transitional
modes. Therefore, the zero-point energy curve for the substi-
tution channels is also almost unchanged as s varies.

Rate constants. The canonical variational transition state
theory (CVT) with a small-curvature tunneling correction
(SCT), which has been successfully performed for several ana-
logous reactions,>> % is an efficient method to calculate rate
constants. In this paper, we used this method to calculate the
rate constants for all the channels involved in the reaction of
H atom with Ge,Hg over a wide temperature range, from
200 to 3000 K. The calculated CVT/SCT rate constants are
shown in Fig. 4(a—c). For the purpose of comparison, the con-
ventional transition state theory (TST) rate constants and the
variational transition state theory (CVT) rate constants with-
out the tunneling correction are also shown in Fig. 4(a—c). Sev-
eral important features of the calculated rate constants are the
following:

(1) For both abstraction and substitution channels, the TST
and the CVT rate constants are almost the same over the entire
studied temperature range, which enables us to conclude that
the variational effect is small for the calculation of the rate
constant.

(2) For the abstraction channel, in the temperature range of
200-550 K, the CVT rate constants are much smaller than
those from the CVT/SCT calculation. For example, at 298
K, the CVT rate constant is 2.81 x 1072 cm® molecule ™" s7!,
while the CVT/SCT rate constant is 8.99 x 107'? cm?
molecule ! s™!. The latter is 3.2 times larger than the former.
The difference between the CVT and the CVT/SCT rate con-
stants decreases with increase in temperature. At temperatures
above 1000 K, the CVT/SCT rate constants asymptotically
apporach the CVT rate constants, which means that only in
the lower temperature range does the small-curvature tunnel-
ing correction play an important role in the calculation of
the rate constant. For the substitution channel via frontside
attack, the CVT/SCT rate constants are very close to the
CVT rate constants over the whole studied temperature range,
which means that the small-curvature tunneling correction is
unimportant for this channel. For the substitution channel
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via backside attack, in the temperature range of 200-1000 K,
the CVT rate constants are smaller than the CVT/SCT ones.
When the temperature is higher than 1000 K, the CVT and
CVT/SCT rate constants are almost the same. This means
the tunneling effect can be neglected in the higher temperature
range for the substitution channel with backside attack.

(3) At 305 K, the total CVT/SCT rate constant, which is the
sum of the CVT/SCT rate constants for all the channels, is
9.40 x 10~'2 cm® molecule ™' s~!, which is in good agreement
with the experimental value of 1.6 x 107" cm® molecule™!
s~!. Both the TST and the CVT methods without the tunneling
effect correction underestimate the rate constants. Therefore,
the CVT/SCT rate constants are taken as the accurate ones
for each channel.

(4) In order to provide clear information about the branch-
ing ratio, we have listed the CVT/SCT rate constants and the
branching ratios of each channel in Table 4. The CVT/SCT
rate constants of the abstraction channel are noted as k; , while
the rate constants of the substitution reaction with frontside
and backside attack are noted as k», and ky,. The total rate
constants of the substitution reaction are noted as k,, where
k> = koo + koy . The overall rate constants are noted as k, with
k = k| + k,. The branching ratios of the abstraction reaction
and the substitution reaction are noted as k/k and k,/k.

As seen from Table 4, hydrogen abstraction is the fastest
reaction channel in the temperature range of 200-700 K. How-
ever, as the temperature increases, the substitution reaction
via frontside attack becomes a competitive reaction channel.
When the temperature is higher than 1000 K, the substitution
reaction with frontside attack becomes the dominant channel.
Due to its having the highest barrier height, the contribution of
the substitution reaction with backside attack is minor over the
whole studied temperature range. In the lower temperature
range, the rate constant ky, is so small that it can be neglected,
namely k, = ko, + ko, = ks, . For example, at 1000 K the sub-
stitution reaction with frontside attack is about 40 times faster
than the substitution reaction with backside attack. When
T>2000 K, the rate constant k»;, is not longer negligible and
will make some contribution to the branching ratioand
to the overall rate constants. For example, at 7 = 2400 K,
kop/k = 0.4.

Conclusions

In this paper, we have studied the reaction of H with Ge,Hg
using ab initio electronic structure theory and canonical varia-
tional transition state theory (CVT) with small-curvature tun-
neling (SCT). The reaction mechanism and rate constants were
reported over the temperature range of 200-3000 K. Several
major conclusions can be drawn from this calculation. (1) At
the lower temperatures, hydrogen abstraction is the major
channel. With increasing temperature, the substitution reac-
tion with frontside attack becomes the dominant channel.
Due to its having the highest barrier height, the substitution
reaction with backside attack is a minor channel. (2) The var-
iational effect is small for both abstraction and substitution
channels. (3) In the lower temperature range, the small-curva-
ture tunneling contribution plays an important role for the
abstraction channel and the substitution channel with backside
attack. (4) At 305 K, the CVT/SCT overall rate constant is in
good agreement with the experimental value. Both the TST
method and the CVT method without tunneling underestimate
the rate constants.
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