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Exploring 1,2-Hydrogen Shift in Silicon Nanoparticles: Reaction Kinetics from Quantum
Chemical Calculations and Derivation of Transition State Group Additivity Database
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Accurate rate coefficients for 35 1,2-hydrogen shift reactions for hydrides containing up to 10 silicon atoms
have been calculated using G3//B3LYP. The overall reactions exhibit two distinct barriers. Overcoming the
first barrier results in the formation of a hydrogen-bridged intermediate species from a substituted silylene
and is characterized by a low activation energy. Passing over the second barrier converts this stable intermediate
into the double-bonded silene. Values for the single event Arrhenius pre-exponential factor, A, and the activation
energy, E,, were calculated from the G3//B3LYP rate coefficients, and a group additivity scheme was developed
to predict A and E,. The values predicted by group additivity are more accurate than structure/reactivity
relationships currently used in the literature, which rely on a representative A value and the Evans—Polanyi
correlation to predict E,. The structural factors that have the most pronounced effect on A and E, were

considered, and the presence of rings was shown to influence these values strongly.

Introduction

Chemical vapor deposition (CVD) is an important method
by which semiconductors are fabricated industrially. Pyrolysis
of the feed gas, typically SiH, or Si,Hg, is the standard protocol
to create polycrystalline silicon, but the performance of micro-
electronics created via this process can be compromised by
polymerization of silicon hydrides in the gas phase.! Nanopar-
ticles that are formed deposit on the growing semiconductor
surface, leading to point defects. Optimizing reactor design and
process conditions plays a key role in the control of nanoparticle
formation. For instance, the kinetics of 1,2-hydrogen shift
(Figure 1), which is a key reaction class in silane pyrolysis,
has been shown to be highly sensitive to variations in temper-
ature, pressure, and bath gas.>® A clear understanding of the
routes to nanoparticle formation will also allow for the control
of technologies where nanoparticles are intentionally formed.*?
These technologies create tailored nanoparticles for optoelec-
tronic and biophotonic applications® in which the size and
crystallinity of the particles play an integral role.

The 1,2-hydrogen shift reaction for silicon hydrides is a route
by which unstable substituted silylenes with a divalent center
can be stabilized by the formation of a silene with a x bond.”
Stabilization of a divalent silicon center was first experimentally
validated by the synthesis of a Si=Si bond by West and Fink?
in 1981. Others have since studied and confirmed the importance
of this reaction pathway theoretically>"~'® and experimentally'’~??
for the isomerization of silylsilylene to disilene. Interest in
m-bonded silicon atoms extends beyond Si—H systems to
chlorosilicon hydrides,"> organosilicon species,”®> and even
interstellar systems.?* Nonetheless, detailed exploration of the
1,2-hydrogen shift reaction of substituted silylenes has not been
extended beyond species with two silicon atoms, and it is
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precisely this information that is necessary to describe nano-
particle growth kinetics.

Recently, automated network generation techniques® 3! have
emerged that allow the kinetics of silicon nanoparticle formation
to be described at the mechanistic level.® Rate coefficients must
be estimated for every elementary step comprising the mecha-
nistic model, and kinetic correlations are used to make this
tractable. One common method for predicting E, is the
Evans—Polanyi correlation®? depicted in eq 1, where Ey and y
are parameters that are determined from linear regression against
experimental or theoretical values and are constant for a given
reaction class. For the 1,2-hydrogen shift reaction, Evans—Polanyi
parameters of E, = 7.5 kcal mol~!, ¥ = 0 (substituted silylene
to silene), y = 1 (silene to substituted silylene),>!* and a single
event value of A = 1 x 103 s7! have been used.! However, it
has not been demonstrated that these literature values are
accurate for an isomerization reaction involving a larger number
of silicon atoms and a variety of substituents near the reactive
center.

E, = E, + yAHy,, (1)

An alternative approach for estimating kinetic parameters is
transition state group additivity (TSGA). Inspired by the
pioneering group additivity methods developed by Benson for
thermochemical property estimation,*® which have been suc-
cessfully applied over a wide range of temperatures to silicon
hydrides for S, C,, and AH; by Wong et al.,** Sumathi et al.>~’
first applied group additivity to the thermodynamic properties
of the transition state for rate coefficient prediction of hydrogen
abstraction reactions. Saeys et al.®®3° and Sabbe et al.** then
improved the method for reaction classes governing hydrocarbon
chemistry by allowing group additivity to calculate the differ-
ences in properties between the transition state and the reactant.
The basic method treats reactions for which predictions of
kinetic parameters are desired as perturbations to a reference
reaction. This approach builds on the work by Willems and
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Figure 1. Reference reaction for the 1,2-hydrogen shift.
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Froment,*'*> who predicted pre-exponential factors and activa-
tion energies on the basis of structural deviations of the reactants
from a reference reaction using a combination of transition state
theory, statistical thermodynamics, and group additivity for
thermodynamic properties to describe the steam cracking of
hydrocarbons. However, no quantum chemical calculations were
used to explicitly calculate A and E, for each single event. Saeys
et al.’®%* extended their approach to the prediction of activation
energies for hydrogen abstraction and radical addition/f-scission
reactions based on explicit transition state geometries calculated
using quantum chemistry (CBS-QB3). Sabbe and co-workers*
then extended the transition state group additivity method to
the prediction of pre-exponential factors for radical addition/
[-scission reactions using CBS-QB3, as well. Truong and
co-workers*** adopted a similar approach for predicting rate
coefficients of hydrogen abstraction reactions that they termed
reaction class transition state theory, which relies on a
reference reaction, the reaction energy, and the differential
barrier height.

The TSGA method possesses several advantages that should
interest kineticists seeking parameters for the 1,2-hydrogen shift
reaction in silicon hydrides. This method requires a number of
parameters similar to that of the Evans—Polanyi correlation,
but (1) allows one to gain insight into the changes in the reactive
center during reaction, (2) implements multiple values of A for
each reaction class, and (3) circumvents the need to calculate
accurate standard enthalpies and Gibbs free energies of reaction
as required for the Evans—Polanyi correlation and reverse rate
coefficient, respectively. The structure of the reactant(s) and
product(s) for a given reaction class is sufficient to allow
accurate kinetic parameter estimation.

This paper presents the first extension of the TSGA approach
to silicon hydride chemistry and specifically examines the 1,2-
hydrogen shift reaction for molecules containing up to 10 silicon
atoms. All elementary steps studied involved monofunctional
compounds; that is, molecules containing either a 7 bond or
divalent center, but not both. Species containing rings with up
to 6 silicon atoms were considered. The composite method of
G3//B3LYP* was used to calculate the electronic energy, and
then statistical thermodynamics was applied to all reactants and
transition states to incorporate temperature effects. Single event
rate coefficients at 1 atm and 298—1500 K were calculated using
transition state theory (TST), and then activation energies, E,,
and single event pre-exponential factors, A, were regressed. A
training set of E, and A values was used to regress transition
state group additivity (TSGA) values. These group additivity
parameters were then validated against reactions not used in
the training set. Last, a comparison of the rate coefficients
predicted by the Evans—Polanyi correlation and those calculated
using G3//B3LYP and TSGA was performed.

Computational Methodology

Quantum Chemical Calculations, Transition State Theory,
and Statistical Thermodynamics. Quantum chemical calcula-
tions were performed with Gaussian 03% for all the reactions
summarized in Tables 1 (training set) and 2 (validation set).
All electronic energies for substituted silylenes, silenes, transition
states, and intermediates were calculated using the G3//B3LYP
method,* which uses B3LYP geometries and higher-level
corrections based on single point energies. Geometries and
harmonic frequencies of the lowest energy conformers were
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TABLE 2: Validation Set Reactions
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determined at the B3LYP/6-31G(d) level. The harmonic fre-
quencies and zero point energy were scaled by factors of 0.96
and 0.98, respectively, to account for anharmonicity in the
normal vibrational modes as suggested by Scott and Radom.*’
The Cartesian coordinates and frequencies for all species can
be found in the Supporting Information.

Using conventional statistical thermodynamics, partition
functions based on the harmonic oscillator and rigid rotor
approximations were used to calculate thermodynamic and
kinetic properties as a function of temperature. Attempts were
made to quantify anharmonic effects using the one-dimensional
hindered rotor approximation. However, one-dimensional scans
about the transitional bond (Figure 1) present in substituted
silylenes resulted in the formation of stable species that were
actually distinct isomers. For example, rotation about the reactive
center for H3SiH,SiH,SiSi:SiH; <> H;SiH,SiHSi=SiHSiH;
resulted in formation of 1,3- or 1,4-bridged intermediates (Figure
2). Katzer et al.*® examined anharmonic effects and suggest the
formation of a weak dative bond between the divalent silicon
atom of a substituted silylene and its neighbor (Figure 3), which
raises the barrier of rotation for systems containing rigid bi-
and polycyclic character and, thus, decreases contributions of

Figure 2. B3LYP/6-31G(d) optimized geometries of intermediate
formed from the internal rotation of the reactive center for reaction
30: (a) 1,3-bridged and (b) 1,4-bridged species.
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1-D hindered rotations. However, for situations in which one
internal rotation is lost during reaction, such as would take place
for 1,2-hydrogen shift, the effect on AGgy, is very small over
the temperature range of this study.*” Thus, no one-dimensional
hindered rotation corrections were applied for the 1,2-hydrogen
shift reactions in this study.

On the basis of studies of dihydrogen reacting with silicon-
derived radicals, Crosby and Kurtz® suggest that the MPW1K
functional provides superior prediction of kinetics compared to
B3LYP. Interestingly, calculations using MPW1K/6-31++4G**
found transition states for both barriers that lead to a common
stable intermediate but only saddle points for silylsilylene and
disilene. To benchmark the G3//B3LYP method used in this
theoretical study, Weizmann-1 calculations®’ were performed
and found to be in excellent agreement with the G3//B3LYP
results. For example, values for the rate coefficient for the
isomerization of silylsilylene to disilene were within a factor
of 1.30 over the 750—1200 K range. In addition, G3//B3LYP
was a reasonable choice because the TSGA database is intended
to be used in conjunction with an existing G3//B3LYP database
developed by our group** for the estimation of silicon hydride
thermochemical properties.

Transition states were found using the potential energy surface
interpolation method QST3. The imaginary frequency of each

Wiberg
Bond Index
0 (degrees)  si,-Si,
107 1.00
85 1.01
60 1.11

Figure 3. B3LYP/6-31G(d) bond orders (Si;—Si3) for the substituted
silylene of reaction 33 as a function of the Sis—Si;—Sig bond an-
gle 6.
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Figure 4. Second transition state of 1,2-hydrogen shift reaction where
the dashed box is the reactive center. X and Y are primary contributions.
N and M are secondary interactions.

transition state was animated, and intrinsic reaction coordinate
following was carried out to confirm that the normal vibrational
mode pertained to the reaction coordinate of interest. Conven-
tional TST3 was then used to calculate rate coefficients
according to the macroscopic formulation in eq 2 at 1 atm
assuming an ideal gas,

—AH~
RT

kTST(T) = ndl} = ngAA exp(%) exp( ) )

where A, defined in eq 3,

Adamczyk et al.

kB T( Vm()) —An

A = «(T) 3

3)

is the single event rate coefficient; k(7 is the Wigner tunnelling
correction® at temperature T; kg is Boltzmann’s constant; £ is
Planck’s constant; V,,° is the standard molar volume; R is the
ideal gas constant; AS¥ is the entropy of activation; AH™ is the
enthalpy of activation; An is the change in the number of moles
going from the reactant to the transition state (i.e., zero in both
directions for isomerization); and ny4 is the reaction path
degeneracy, or number of single events. AH* and AS* are
calculated using standard formulae.>

The single event parameters of the Arrhenius relationship, A
and E,, were obtained by fitting In k versus T~! over the
temperature range 298—1500 K. This procedure was performed
automatically using the CalcK script developed by our group.>*
Arrhenius behavior was obeyed well; for example, reaction 1
had a linear regression coefficient equal to 1.

TSGA Model and Application to 1,2-Hydrogen Shift
Reactions. Transition state group additivity was adapted to
describe E, and A of the 1,2-hydrogen shift reaction for each
single event, as shown in eqs 4, 5, and 6 according to the
labeling in Figure 4. E, and A are calculated on the basis of
deviations from a reference reaction. The deviations are
categorized as those due to the two silicon atoms central to the

TABLE 3: Single Event Arrhenius Parameters, Zero Point Energy Corrected Barriers, and Standard Enthalpies of Reaction

for the First Barrier”

silylene to intermediate

intermediate to silylene

reaction E,, kcal mol™! log A E,, kcal mol™! AH,, 8, kcal mol™! E,, kcal mol™! log A E,, kcal mol !

1 1.5 11.9 1.4 —0.1 1.1 13.1 1.6
2 2.3 12.1 2.3 0.9 1.0 13.1 1.5
3 2.8 12.2 2.9 14 1.0 13.0 1.5
4 0.7 12.3 0.7 —0.5 0.9 13.1 1.3
5 2.5 11.9 2.6 1.1 1.1 13.0 1.5
6 1.4 12.1 1.6 0.3 0.9 12.9 1.3
7 21.4 13.6 22.2 19.7 1.8 12.9 2.4
8 6.6 12.9 7.1 49 1.7 13.0 2.3
9 3.5 114 3.6 1.7 1.5 13.0 2.0
10 49 12.2 5.1 3.6 1.1 12.8 1.6
11 5.5 12.7 5.7 2.2 3.1 13.2 3.6
12 0.7 13.2 1.0 —2.0 2.5 13.6 3.1
13 —0.5 12.5 —0.4 —1.7 0.9 12.9 1.3
14 4.1 12.6 4.4 29 1.1 13.0 1.5
15 4.0 13.0 43 0.3 3.5 13.0 4.1
16 2.4 13.0 2.8 —0.5 2.7 13.3 3.3
17 —0.6 12.1 —0.5 —-1.9 1.1 12.8 1.5
18 4.5 12.7 4.9 3.3 1.1 13.0 1.5
19 23.8 13.8 24.7 21.8 22 12.9 2.8
20 0.3 12.6 0.5 —1.2 1.3 13.0 1.7
21 X X X X X X X

22 3.6 11.6 3.9 2.8 0.7 12.7 1.0
23 3.0 114 3.2 2.8 0.1 12.4 0.3
24 X X X X X X X

25 21.2 14.2 22.0 20.6 09 12.7 1.3
26 2.6 12.5 3.0 0.7 19 12.9 23
27 6.9 12.6 7.2 2.8 3.9 13.3 4.6
28 33 12.4 3.5 3.1 0.0 12.7 0.4
29 22 12.2 2.3 0.7 1.2 13.1 1.6
30 1.4 12.1 1.6 0.1 1.1 13.0 1.5
31 23.0 13.5 23.7 20.5 2.7 12.9 3.3
32 1.2 11.6 1.2 —0.3 1.1 12.9 1.6
33 2.6 12.3 2.7 0.9 1.4 13.4 19
34 3.2 12.2 3.4 2.7 0.3 12.8 0.7
35 2.8 11.7 29 2.5 0.2 12.5 0.4

“The X indicates that the path was not mapped completely. A has units of s~

1
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reaction and primary (X, Y) and secondary (N, M) contributions,
where secondary contributions are grouped together as next-
nearest neighbors (NNN).

2 2
E,=E“+ Y AGAV,’Si) + Y AGAV,’x) +

i=1 i=1

AGAV,"(Y,) + D, ANNN, (4)
J

2
log(A) = log™(A) + D, AGAV, 3, (Si) +

=1
g 0 0 0
D AGAV, 1, (X) + AGAV, ., (Y}) + D ANNN 1,
i=1 J
(5)

where AGAV? is defined in eq 6:

AGAV® = GAV(TS) — GAV(reactants) —
GAV(reference) (6)

The use of a reference reaction allows E, and A to be captured
as structural deviations. Moreover, TSGA prediction accuracy
can be improved easily in the future by recalculating E, and A
for only the reference reaction, and most of the temperature
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dependence of the Arrhenius parameters is accounted for by
the reference reaction, whereas the group additivity values are
largely temperature independent. This approach also reduces
the combinatorial explosion that plagues previous approaches
using supergroups when more structurally diverse reactants are
included. The silylsilylene—disilene isomerization was chosen
as the reference reaction because it is the simplest reaction in
the class, and the structure of the reactive center does not deviate
considerably from the other reactions in the training set.

A more simplified formulation of TSGA was also explored.
As shown in eqs 7 and 8, it was possible to include only primary
contributions. This approximation was used successfully in
hydrocarbon chemistry.3740

2
E, = EX'+ D AGAV,‘(Si) )

i=1

2
log(A) = log™(A) + Y, AGAV, 1 (Si) (8)

i=1

The primary silicon atoms were differentiated according
to the number of Si and H atoms to which they were attached.
The five primary contributions to the reactive center used in
TSGA were (1) Si;—(H)s, (2) Si;—(Si)(H),, (3) Si;—(Si)(H),
(4) Si,—(H), and (5) Si,—(Si). When the reactive centers were
part of a ring (endocyclic) or adjacent to a ring (exocyclic),

TABLE 4: Single Event Arrhenius Parameters, Zero Point Energy Corrected Barriers, and Standard Enthalpies of Reaction

for the Second Barrier”

intermediate to silene

silene to intermediate

reaction Eo, kcal mol™! log A E,, kcal mol™! AH,.*8, kcal mol™! Ey, kcal mol™! log A E,, kcal mol ~!
1 6.7 13.3 7.2 =72 14.1 12.9 14.2
6.8 13.3 7.3 —9.9 16.9 12.9 17.1
3 7.1 13.3 7.6 —11.8 19.1 12.9 19.4
4 4.9 13.5 5.3 —8.3 134 13.0 13.5
5 4.6 13.3 5.0 —13.3 18.0 12.5 18.4
6 4.9 13.4 5.2 —11.0 16.0 12.9 16.2
7 6.4 13.7 7.1 —13.4 19.8 13.7 20.5
8 6.5 13.3 7.0 —11.6 18.1 13.2 18.6
9 6.9 13.3 7.4 —11.8 18.8 13.1 19.2
10 6.4 13.2 6.9 —12.2 18.7 13.1 19.1
11 5.9 13.5 6.8 —14 7.5 13.1 8.0
12 7.9 13.4 8.5 —10.7 18.6 13.1 19.2
13 6.3 13.3 6.8 —9.5 16.0 12.5 16.3
14 4.5 13.2 4.9 —11.6 16.3 13.0 16.5
15 5.8 13.5 6.6 —-1.9 7.9 12.8 8.4
16 7.6 13.3 8.2 —12.9 20.5 13.2 21.1
17 6.1 13.1 6.6 —11.9 18.1 12.6 18.6
18 4.6 13.2 5.0 —14.1 18.7 13.0 19.2
19 5.9 13.5 6.5 —12.5 18.5 13.6 19.0
20 7.5 13.3 8.1 —12.5 20.1 13.1 20.7
21 X X X X X X X
22 4.8 12.9 5.1 —12.3 17.1 12.3 17.5
23 4.2 124 44 —12.9 17.0 124 17.4
24 X X X X X X X
25 4.8 13.7 5.3 —12.6 17.4 13.8 18.1
26 34 13.0 3.8 —12.3 15.9 12.0 16.2
27 2.3 13.2 2.9 0.8 1.7 12.7 2.0
28 2.7 12.8 3.1 —11.8 14.6 12.3 14.9
29 6.8 13.4 7.3 -9.9 16.9 13.1 17.2
30 49 13.4 5.3 —10.7 15.9 12.7 16.1
31 5.1 13.5 5.7 —11.5 16.8 13.4 17.2
32 6.7 13.3 7.3 9.0 16.0 13.1 16.2
33 6.8 13.5 7.4 —11.1 18.2 12.5 18.5
34 4.2 13.2 4.5 —13.2 17.5 12.7 17.8
35 4.5 13.0 4.7 —10.6 15.1 12.5 15.3

“The X indicates that the path was not mapped completely. A has units of s,

1
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(b) (5) 1578

Figure 5. B3LYP/6-31G(d) optimized geometries of the lowest energy conformer of the second transition state for key reactions: (a) no silyl
groups, (b) one silyl group on Sij, (c) one silyl group on Si, (d) two silyl groups on Si,, (e) two silyl groups on Si; and one on Si», (f) endocyclic
isomerization for three-membered ring, and (g) exocyclic isomerization for three-membered ring. Si; and Si, notation corresponds to that in Figure

4. Part (a) is the reference reaction.

additional terms were included to account for structural devia-
tions. When a molecule contained a single ring, inclusion of
ring corrections was straightforward. However, when multiple
rings were present for a given silicon hydride, two rules were
followed: (1) in the case of fused polycyclic systems, the ring
contribution nearest to the reactive center (exo- or endocyclic)
was used, and (2) in molecules with two nonfused rings about
the reactive center, the smaller ring correction was used because
the effect on the reactive center for the more sterically strained

ring dominates the structural changes of the silicon hydride.
For example, in Table 2, the polycyclic species in reaction 27
(bicyclo-[3.1.0]hexa-6-silylene to bicyclo[3.1.0]hexa-6-silene)
was assigned only one endocyclic three-membered ring cor-
rection, and the two nonfused rings in reactions 24 and 25 were
assigned only one exocyclic, three-membered ring correction.
This strategy reduces the number of parameters needed in
estimation of E, and A while still capturing the data accu-
rately.
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TABLE 5: (a) TSGA Parameters for Prediction of E, at Different Levels of Statistical Significance; (b) Statistical Analysis for

Least Squares Regression of E, TSGA Parameters

E, (kcal mol™")

ring size
(a) primary contributions endocyclic silylene exocyclic silylene
parameter
reaction t-test o-level ~ Si;—(Si)(H),  Si;—(Si)H  Si,—(Si) 3 4 5 6 3 4 5 6
silylene to silene full 1.4 1.5 —2.5 1.9 .1 —-11 21 184 34 06 19
a=0.1 1.5 1.7 —2.6 1.9 X X 2.1 182 32 X 1.8
a=0.05 22 2.7 =27 X X X X 172 X X X
silene to silylene Full 3.0 4.9 -0.9 -9.1 28 0.1 05 14 -05 01 —=0.1
a=0.1 3.0 4.9 —0.6 -93 26 X X 1.4 X X X
a=0.05 3.0 4.9 —0.6 -93 26 X X 1.4 X X X
E,
(b) regression F-test
parameter
reaction t-test a-level R*-value F-value P-value
silylene to silene full 0.992 68 <0.001
a=0.1 0.981 59 <0.001
o =0.05 0.943 54 <0.001
silene to silylene full 0.996 123 <0.001
a=0.1 0.994 299 <0.001
o =0.05 0.994 299 <0.001

TABLE 6: (a) TSGA Parameters for Prediction of Log A at

Different Levels of Statistical Significance. A has Units of s7'; (b)

Statistical Analysis for Least Squares Regression of Log A TSGA Parameters

Log A
ring size
(a) primary contributions endocyclic silylene exocyclic silylene
parameter
reaction t-test a-level  Sij-(Si)(H),  Si;-(Si)H  Si»-(Si) 3 4 5 6 3 4 5 6
silylene to silene full 0.20 0.21 0.34 0.69 045 0.09 031 215 098 —048 040
a=0.1 X X 0.71 053 X X X 236 119 X X
a=0.05 X X 0.80 X X X X 236 119 X X
silene to silylene full —0.02 —0.11 —0.05 0.15 034 —024 022 094 041 034 0.31
a=0.1 X X X X X X X 0.83 X X X
a=0.05 X X X X X X X 083 X X X
Log A
(b) regression F-test
parameter
reaction t-test o-level R2-value F-value P-value
silylene to silene full 0.968 17 0.001
a=0.1 0.910 33 <0.001
a=0.05 0.882 35 <0.001
silene to silylene full 0.882 4 0.048
a=0.1 0.464 14 0.002
a=0.05 0.464 14 0.002

To develop the TSGA parameters, the training set shown in
Table 1 was used. The reactions are shown using notation
typically used for hydrocarbons, but each multivalent atom
depicted is a silicon atom, which contains the identical number
of valence electrons as carbon. The silicon hydrides in the
training set had a maximum of seven silicon atoms. In Table 1,
reactions 1—6 explore all possible acyclic primary contributions
to the reactive center. Reactions 7—10 explore exocyclic ring
contributions where the 1,2-hydrogen shift occurs adjacent to a
ring. Reactions 11—18 explore endocyclic ring contributions
(i.e., the 1,2-hydrogen shift occurs in a ring). Rings larger than
six silicon atoms were not examined because (1) larger systems
are computationally more intensive for quantum chemical
calculations and (2) polycrystalline silicon without defects will
assume a diamond cubic structure where six-membered rings

form a series of hexagonal channels, and larger ring sizes are
thermodynamically unfavored.*

The TSGA parameters were obtained using multiple linear
regression with the least-squares method for all training set
reactions. The overall model was deemed significant if the F-test
satisfied the 95% confidence level (i.e., the p-value was below
a = 0.05). The significance of each TSGA parameter of the
model was then determined with a 7-test at the 90% and 95%
confidence levels. All insignificant parameters were removed
from the model. Four 11-parameter databases were obtained
from 18 training set reactions: one each for E, and log A of the
forward and reverse steps of 1,2-hydrogen shift. The TSGA
parameter databases were then validated against 17 reactions
that were not included in the training set. These validation set
reactions are displayed in Table 2. The molecules comprising
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the validation set reactions are either polycyclic, contain multiple
nonfused rings, or explore large silicon hydrides containing up
to 10 silicon atoms.

Finally, the results of TSGA were compared with the
prediction of E, and A from the literature, which are based on
a representative value (A = 1 x 10" s™")! and the Evans—Polanyi
correlation (E, = Ey + y AHgu; Eo = 7.5 kcal mol™!; y = 0
for substituted silylene to silene isomerization; y = 1 for silene
to substituted silylene isomerization).>'?

Results and Discussion

Presence of Two Barriers. A total of 35 1,2-hydrogen shift
reactions were mapped using G3//B3LYP. Mapping of the 1,2-
hydrogen shift potential energy surface for all but two of the
reactions showed two distinct barriers linked by a common
intermediate, which is a stable 1,2-bridged species as depicted

in Figure 1 for silylsilylene-disilene isomerization. Interestingly,
the intermediate is not present at the HF/6-31G(d) level, but
when electron correlation is included (e.g., MP2/6-31G(d)), the
1,2-bridged intermediate is stabilized. Passage through a stable
intermediate by way of two barriers in series corroborates the
experimental work of McCarthy et al.'® As opposed to the 1,2-
hydrogen shift reaction in carbenes,*® 1,2-hydrogen bridging in
silicon hydrides is possible due to the larger molecular orbitals
present in the silicon atom. A summary of the zero-point
corrected energy barriers, the regressed A and E, values, and
the standard enthalpies of reaction for the formation of the
intermediate from a substituted silylene are summarized in
Table 3. The same information is tabulated in Table 4 for
the conversion of the 1,2-bridged intermediate to the silene.
Intrinsic reaction coordinate following shows the absence of
a stable intermediate for reactions 21 and 24. Wiberg bond
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index calculations®” show stronger dative bond formation
closest to a small ring substituent that stabilizes the divalent
center for these reactions.*®

The formation of the stable intermediate from the substituted
silylene is nearly always endothermic. The Hammond postulate
predicts a late transition state, that is, one that resembles the
product, and this is borne out by the fact that the transition state
for the first barrier resembles the stable intermediate. The standard
enthalpies of reaction were mildly exothermic for reactions in which
the divalent silicon atom was part of a four- or five-membered
ring. The heat of reaction never exceeds 5 kcal mol™!, except
when the substituted silylene has a three-membered ring
substitution. The presence of a three-membered ring substituent
induces standard enthalpies of reaction that range from 20 to
22 kcal mol~!. The associated barriers are also high, indicating
that the formation of an exocyclic &z bond is not favored, as
compared to formation of a four-membered ring from these

substituted silylenes. The formation of intermediates from
divalent silicon atoms in a five-membered ring was found to
have very small apparent negative activation energies.

The transformation of the intermediate to a silene is highly
exothermic, revealing that the intermediate is enthalpically uphill
from both the substituted silylene and the silene. The transition
state for the second barrier also resembles the stable intermediate
because in this case, it is an early transition state in the forward
direction. All the standard enthalpies of reaction are negative
except for the formation of the 7 bond of bicyclo[3.1.0]hexa-
6-silene in reaction 27, where the polycyclic nature of the
reactive center restricts the formation of a nonplanar frans-silene.
Reaction 18 displays the highest exothermicity, where an
endocyclic 7 bond in a six-membered ring is highly favorable
because the steric hindrance associated with substituents across
the reactive center is minimized.
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TABLE 7: Ratio of kS3B3YP and kTS6A of the Training Set
for the Substituted Silylene to Silene Isomerization Using the
Full Parameter Model

Adamczyk et al.

TABLE 9: Ratio of kS3B3YP and k"SGA of the Validation
Set for the Substituted Silylene to Silene Isomerization Using
the Full Parameter Model

ratio of kTS6A and kO¥/B3LYP

temperature (K)

ratio of kTS6A and kG¥/B3LYP

temperature (K)

reaction 298 750 1000 1200 reaction 750 1000 1200
1 1.00 1.00 1.00 1.00 19 2.47 1.90 1.67
2 0.50 0.67 0.70 0.72 20 1.32 1.36 1.38
3 1.26 0.76 0.70 0.67 21 1.40 0.95 0.78
4 0.63 0.51 0.49 0.48 22 4.19 3.33 2.96
5 2.90 2.56 2.51 2.49 23 27.43 22.23 20.02
6 0.54 0.77 0.82 0.84 24 245 2.54 2.58
7 1.00 1.00 1.00 1.00 25 1.05 0.80 0.70
8 1.00 1.00 1.00 1.00 26 0.28 0.37 0.42
9 1.00 1.00 1.00 1.00 27 1.44 2.13 2.60
10 1.00 1.00 1.00 1.00 28 0.74 1.02 1.21
11 9.21 3.09 2.58 2.36 29 0.35 0.38 0.39
12 0.45 0.78 0.86 0.90 30 0.82 0.89 0.92
13 1.07 0.78 0.74 0.72 31 1.31 1.48 1.56
14 0.83 1.04 1.07 1.09 32 0.57 0.72 0.82
15 0.11 0.32 0.39 0.42 33 0.51 0.55 0.56
16 2.24 1.28 1.17 1.12 34 2.12 1.71 1.54
17 0.94 1.28 1.35 1.39 35 5.26 4.22 3.78
18 1.20 0.97 0.93 0.92

TABLE 8: Ratio of kG¥/BLYP apd KTSCA of the Training Set
for the Silene to Substituted Silylene Isomerization Using the
Full Parameter Model

ratio of kTSGA and kG3/fB3LYP

temperature (K)

reaction 298 750 1000 1200
1 1.00 1.00 1.00 1.00
2 0.74 0.85 0.87 0.88
3 1.07 0.82 0.79 0.77
4 0.79 0.70 0.69 0.68
5 1.98 1.87 1.86 1.85
6 0.64 0.76 0.78 0.79
7 1.00 1.00 1.00 1.00
8 1.00 1.00 1.00 1.00
9 1.00 1.00 1.00 1.00
10 1.00 1.00 1.00 1.00
11 3.04 1.37 1.21 1.13
12 1.19 1.19 1.19 1.19
13 0.96 1.11 1.14 1.15
14 0.61 0.85 0.90 0.93
15 0.33 0.73 0.83 0.89
16 0.84 0.84 0.84 0.84
17 1.04 0.90 0.88 0.87
18 1.63 1.17 1.11 1.08

Figure 5 shows the transition state geometries for the
transformation of the intermediate to a silene for several key
reactions. The structural changes upon addition of various
substituents to either side of the reactive center can be seen by
comparing these geometries. Similar to the singlet carbenes of
hydrocarbon chemistry, the presence of an sp>-hybridized
divalent silicon center strains the angle made by the two central
substituents. Endocyclic substituted silylenes reduce the central
bond angle even lower due to additional ring strain across the
reactive center (Figure 5f). Acyclic substituents do not change
the reactive center greatly (Figures 5a—d); however, when all
three substituents are a silyl group, the steric hindrance of these
groups plays a role in the 1,2-hydrogen shift reaction (Figure
5e). Exocyclic substituted silylenes introduce ring strain as well
(Figure 5g), but only on the donor silicon atom (i.e., the silicon
atom from which the migrating hydrogen atom is leaving),
which stabilizes the divalent silicon atom.*® The structure of

TABLE 10: Ratio of kS¥B3YP and kTSGA of the Validation
Set for the Silene to Substituted Silylene Isomerization Using
the Full Parameter Model

ratio of kTSGA and kG3/fB3LYP

temperature (K)

reaction 750 1000 1200
19 0.48 0.62 0.70
20 0.72 0.78 0.81
21 2.84 3.26 3.50
22 3.31 3.86 4.16
23 1.29 1.49 1.61
24 0.94 1.59 2.08
25 0.26 0.34 0.39
26 1.30 1.86 2.23
27 0.01 0.04 0.08
28 0.29 0.57 0.80
29 0.55 0.55 0.56
30 1.24 1.30 1.33
31 0.22 0.38 0.51
32 0.33 0.39 0.42
33 1.10 1.24 1.31
34 0.71 0.78 0.81
35 1.12 1.35 1.47

the reactive center changes the most with the addition of small
rings across or adjacent to the hydrogen migration.

While our calculations reveal that the 1,2-bridged intermediate
is clearly stable, it is unwieldy to have to track it explicitly in
mechanistic models because schemes for predicting the proper-
ties of these intermediates are not available. It is more
convenient to consolidate the two-step conversion of a substi-
tuted silylene to a silene and its reverse reaction into one overall
transformation. All of the combined reactions are exothermic
except for reactions containing silylenes substituted with a three-
membered ring and endocyclic substituted silylenes of polycyclic
nature or only three silicon atoms. The 1,2-hydrogen shift
reaction to form a silene is not favored for these silicon hydrides.
Prior to consolidation of the two-step conversion, the rate-
limiting step was first validated by monitoring the reaction
dynamics of an unfavored and a favored silene formation (i.e.,
reactions 7 and 18, respectively). Three microkinetic models
were created assuming (1) a full model, (2) that the second step
is rate-limiting, and (3) that the first step is rate-limiting. Model
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1 explicitly includes the kinetic parameters for both reaction
steps without assuming a rate-limiting step. The overall rate
coefficient for model 2 was calculated as k = K k,, where K| is
the equilibrium coefficient for the first step and k, is the rate
coefficient for the second step. Model 3 calculates the overall
rate coefficient as k = k;, where k; is the rate coefficient for the
first step. Over the temperature range of 750—1200 K, model 2
is superior in predicting the reaction dynamics of the full model
for both reactions 7 and 18. When the temperature is above
1385 K, model 3 marginally outperforms model 2 for reaction
7. Thus, the 1,2-hydrogen shift reaction was assumed to be rate-
limited by the second step over the temperature range of this
study. A summary of the zero-point corrected energy barriers,

the regressed E, and A values, the standard enthalpies of
reaction, and reaction path degeneracies for the formation of
the silene from a substituted silylene are summarized in the
Supporting Information.

TSGA Parameters. TSGA parameters were regressed from
the training set reactions of Table 1. The matrices used to derive
the TSGA parameters were constructed using a sum of the
primary contributions and the presence/absence of an endocyclic
or exocyclic ring correction. Table 5 summarizes the results of
various least-squares regressions for E,, and Table 6 summarizes
the same information for log A. The full parameter model
contains 11 parameters. The TSGA group values for the full
model are summarized in Tables 5a and 6a for E, and A,
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respectively. Parity plots depicting how well the full model
captures the training set values of k, E,, and A at 1000 K for
substituted silylene to silene isomerization and silene to
substituted silylene isomerization are shown in Figures 6a—c
and 7a—c, respectively. The values predicted by the kinetic
correlation in the literature are also provided for comparison.
It is clear from these plots that the ability of TSGA to capture
the k values at 1000 K is only slightly superior to that of the
literature correlations. However, the ability of TSGA to
capture E, and A is clearly superior. A performance summary
for the 1,2-hydrogen shift reaction for these reactions is provided
in Tables 7 and 8 for substituted silylene to silene and silene to
substituted silylene isomerizations, respectively. The G3//
B3LYP and TSGA rate coefficients for all training set reactions
can be found in the Supporting Information.

Two additional models were explored on the basis of
eliminating parameters from the full model that did not meet

the #-test statistic at the (1) 95% and (2) 90% confidence levels
for A and E, separately. According to the F-test, all of the
regressed models were statistically significant at the 95%
confidence level. The statistics for these two models are
summarized in Tables 5b and 6b for E, and A, respectively.
The TSGA parameters for E, are summarized in Table 5a, and
log A values are summarized in Table 6a. For the prediction of
E, using TSGA, corrections for endocyclic and exocyclic
substituted silylenes of three-, four-, and six-membered rings
as well as all primary contributions are statistically significant
at the 90% confidence level. For the prediction of log A using
TSGA, only parameters pertaining to exocyclic three- and four-
membered rings, three-membered endocyclic rings, and one
primary contribution are necessary for a statistically significant
model at the 90% confidence level. The number of parameters
is reduced further for A and E, at the 95% confidence level.
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However, as summarized in Tables 5b and 6b, the goodness of
fit is decreased in both cases as compared to the full parameter
model.

These more simplified models reveal that the reference
reaction captures the single event pre-exponential factor, A, for
the 1,2-hydrogen shift reaction relatively well and pinpoint the
more significant structural factors affecting the A value. In the
transformation of a substituted silylene to a silene, the most
significant deviations from the reference reaction arise when
substituted silylenes have substituents consisting of three- and
four-membered rings or when a silicon atom is added adjacent
to the divalent silicon atom. The transformation of a silene to
a substituted silylene is captured well by the reference reaction,
except when the substituted silylene has a three-membered ring
substituent. When any of these deviations from the reference
reaction is present, the pre-exponential factor increases as
compared to the value of the reference reaction.

These analyses also reveal that the E, values for substituted
silylenes undergoing the 1,2-hydrogen shift reaction are not
captured very well by the reference reaction alone. All three
TSGA parameters pertaining to the primary contributions to the
reactive center remain statistically significant at the 95%
confidence level. When transforming a substituted silylene to a
silene, addition of silicon atoms to the donor silicon atom always
increases E,. In contrast, addition of a silicon atom adjacent to
the divalent center decreases E,. Silylenes substituted with a
three-membered ring have an increased E, value compared to
the reference reaction. In the reverse direction, the primary
contributions and exocyclic substituted silylenes affect E, in the
same way as for the forward direction; however, endocyclic
substituted silylenes of three- and four-membered rings decrease
and increase E,, respectively.

Validation of TSGA Parameters. The TSGA parameters
were then tested by comparing the predictions from the TSGA
method against the G3//B3LYP values for the validation
reactions in Table 2. A performance summary for the 1,2-
hydrogen shift reaction for these reactions is provided in Tables
9 and 10 for substituted silylene to silene and silene to
substituted silylene isomerizations, respectively. The G3//
B3LYP and TSGA rate coefficients for all validation set
reactions can be found in the Supporting Information. For 15
validation set reactions in the temperature range of 750—1200
K, the TSGA and G3//B3LYP rate coefficients were within an
average factor of 2. Reactions 23 and 27 deviated more
significantly in the substituted silylene to silene and silene to
substituted silylene directions, respectively, but the predictions
were still within a factor of 25 at 1000 K.

It is interesting to examine how well the 1,2-hydrogen shift
reaction for polycyclic species is predicted by TSGA. For
systems containing large rings (e.g., reaction 28), the prediction
is very good. However, reactions involving polycyclics com-
posed of smaller rings (e.g., reaction 27) are predicted less well;
a o bond is not favored, and TSGA underpredicts the rate
coefficient for the transformation of the silene to a substituted
silylene. Acyclic species with tertiary silicon atoms (e.g.,
reaction 23) that sterically hinder the reactive center are also
not captured as well by TSGA; the rate coefficient for
transformation of the substituted silylene to a silene is
overpredicted.

Finally, the predictions of TSGA were compared with those
of the literature correlations for the reactions comprising the
validation set. Parity plots of the rate coefficients at 1000 K
and 1 atm, E, and A for both TSGA and the literature
correlations are provided in Figures 8a—c and 9a—c. The sum
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of squared errors between the rate coefficients predicted by
TSGA and the G3//B3LYP values is lower than that for the
literature correlations. However, the superiority of TSGA is even
more clearly demonstrated when the A and E, values are
examined individually. Thus, the predictive capability of TSGA
over a wide range of A and E, is preferred in the calculation of

rate coefficients for the 1,2-hydrogen shift reaction.

Conclusions

Rate coefficients and Arrhenius parameters for the 1,2-
hydrogen shift reaction have been calculated for 35 reactions
using G3//B3LYP, statistical thermodynamics, and conventional
transition state theory. The overall reaction of a substituted
silylene to silene was found to pass through a stable intermediate
that decomposes via an exothermic reaction for nearly all silicon
hydrides. The kinetic parameters for the two elementary steps
were calculated separately, the rate-determining step was
determined to be from the intermediate to the silene, and then
kinetic parameters for the overall reaction were calculated to
align better with mechanistic modeling efforts.

A group additivity model has been extended to single event
pre-exponential factors, A, and activation energies, E,, for the
1,2-hydrogen shift reactions of silicon hydrides. The 1,2-
hydrogen shift reaction was explored for acyclic, cyclic, and
polycyclic monofunctional silicon hydrides, and the structural
moieties around the reactive center that have the most dominant
influence on the kinetic parameters were identified. The TSGA
method outperforms the methods in the literature that are
currently used to estimate Arrhenius parameters for this class
of reactions. The mean absolute ratio of predicted rate coef-
ficients for a validation set of 17 reactions was lower for TSGA
than for current literature methods to predict rate coefficients
for 1,2-hydrogen shift.
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