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Abstract

This study presents a detailed methodology to verify and correct the chemical consistency of any
reaction model based on collision limit violations (CLV) analyses, thermochemical data calcu-
lations, and reaction rates reffiting. As a study case, an a priori well validated reaction model
representative of silane chemistry is selected to highlight the benefit of this methodology. In the
final mechanism, 30 new thermochemical data obtained using a high theory composite method
(G4//B3LYP/6-311++G(3df,2p)) are corrected, as well as 13 reaction rates initially above the
collision limits. In addition to the suppression of unphysically high reaction rates, the collision
limit violation analyses allow to identify and correct important inconsistencies of the initial re-
action model such as species mislabeling or discontinuities in some thermodynamic data, which
are not easily detectable without an extensive review of each submodels. The novelties of the
present work include (i) the discussion of the CLV uncertainty, (ii) the use of this uncertainty
to identify CLVs, and (iii) the establishment of the relationship between high CLV values and
species mislabeling. As a results of this study case on a specific mechanism, this work also pro-
vides a more consistent reaction model for silane chemistry, relevant for both high temperature
combustion and flame relevant conditions, as well as a large number of ab initio calculation re-
sults, relevant to the SixHyOz chemical system. Based on the present analyses, the predictions
of the final reaction model are mainly improved for silane pyrolysis, while the benefits are more
limited for silane oxidation.

Keywords: Chemical Kinetics, Silane Reaction Model, Collision Limit Violation, Electronic
Structure Calculations

Nomenclature

Na Avogadro number, molecules·mol−1

R Perfect gas constant, J·mol−1·K−1

T Temperature, K
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k Any bimolecular rate constant, m3·mol−1·s−1

A Pre-exponential factor, m3·mol−1·s−1 or s−1 (for bimolecular and unimolecular reaction,
respectively)

n temperature dependent coefficient, -

EA Activation energy, J/mol

µ Reduced mass defined as µ =
mi×m j

mi+m j
, kg

x Number of silicon atoms, Si atom(s)

y Number of hydrogen atoms, H atom(s)

z Number of oxygen atoms, O atom(s)

σi Lennard-Jones diameter of the species i, m

MWi Molecular weight of the species i, kg·mol−1

εi

kB
Lennard-Jones potential well depth of the species i over the Boltzmann constant (kB), K

∆ f H298K The formation enthalpy at 298 K, kJ·mol−1

CP Heat capacity at a specific temperature T , J·mol−1·K−1

HT Enthalpy at a specific temperature T , J·mol−1

S T Entropy at a specific temperature T , J·mol−1·K−1

Especies Sum of electronic energy and thermal enthalpy correction value (from electronic struc-
ture calculations) for a given species, hartree

kcoll Value of the collision limit, m3·mol−1·s−1

σi j Collision diameter of the i j molecule pair defined as the arithmetic mean of the collision
diameters of species i and j, m

Ω(1,1)∗ Reduced collision integral, -

T ∗ Reduced temperature defined as T ∗ = (kB × T )/εi j, -

δkcoll Upper and lower uncertainty enveloppe of the collision limit, -

δσi Upper and lower uncertainty enveloppe of the σi transport parameter, -

δεi/kB Upper and lower uncertainty enveloppe of the εi/kB transport parameter, -

k f Forward rate constant, m3·mol−1·s−1 (if bimolecular)

kb Backward rate constant, m3·mol−1·s−1 (if bimolecular)

∆G Gibbs free energy change for a given reaction, J·mol−1
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Keq Equilibrium constant, -

EFX Error Factor on parameter X which can be either σi j or Ω(1,1)∗ , -

Xi j,T,ab Value of the parameter X obtained for a given i j molecule pair, at a given temperature
T , and for a given error combination ab, m or K

Xi j,T,re f Reference value (no uncertainty) of the parameter X obtained for a given i j molecule
pair, at a given temperature T , m or K

K∗ Normalized reaction rate defined as K∗ = k/kcoll, -

1. Introduction

Detailed reaction models are used in a large variety of research fields such as biology[1, 2],
chemical synthesis [3], atmospheric chemistry[4], autoxidation[5, 6, 7], and plasma chemistry[8,
9, 10, 11]. Their usage is particularly preeminent in combustion science[12, 13, 14] and aims at
gaining insight into the combustion chemistry of a large variety of fuels [15, 16, 17, 18, 19, 20,
21, 22, 23] or specific chemical families[24, 25, 26, 27, 28, 29] over a wide range of operating
conditions, to reach the sought after high efficient and clean combustion. Due to their poten-
tially large size and previous computational limitations, detailed mechanisms were historically
restricted to 0D and 1D simulations, whereas nowadays, they are increasingly used in compu-
tational fluid dynamics simulations to reproduce complex combustion systems[30, 31, 32], in
risk assessment studies[33, 34, 35], and detonations studies[36, 37, 38, 39, 40]. In such multidi-
mensional calculations, non-physical chemical rates above the collision limits are an important
parameter that can affect the calculation time-stepping and the overall computational time. In
addition to its detrimental impact on computational efficiency, the use of such fast reaction rates
could lead to non-physical model predictions.
Recently, Chen et al.[14] performed collision limit violation (CLV) analyses on 20 reaction
models published in Combustion and Flame and identified the existence of a significant num-
ber of reaction rates above collision limits in 15 of the tested models. Based on this method-
ology, Yalamanchi et al.[41] implemented a collision limit violations tool inside the KAUST
CloudFlame[42] and demonstrated its performances on AramcoMech2.0[41]. Although the stud-
ies of Chen et al. [14] and Yalamanchi et al. [41] demonstrate the relevance of CLV utilities to
identify the non-physical rate constant in detailed reaction models, they do not provide a well
define procedure to correct these inconsistencies. It is also noted that in the previous literature
on CLV, the uncertainty on the collision limit were not discussed.

The present study aims at developing a well defined procedure to correct the rate constants
which are above the collision limit, as well as providing more information on the detection of
inconsistencies, such as species mislabeling, in detailed reaction models using CLV analyses. For
these purposes, an a priori well validated [43, 44, 45] reaction model describing the pyrolysis of
silane and its oxidation by oxygen and nitrous oxide is employed as a test case. The manuscript is
organized as follows: (i) firstly, the modeling utilities are presented; and (ii) secondly, the results
are presented and discussed.
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2. Modeling utilities

2.1. Reaction model
The reaction model selected in the present study is the mechanism from Mével et al. [43]

which was developed to describe silane pyrolysis and oxidation. It is based on different mecha-
nisms available in the literature [46, 47, 48, 49] and contains the excited hydroxyl radical (OH?)
submodel proposed by Hall et al. [50]. Mével’s mechanism is composed of 92 species and 448
reactions including the chemistry for silane and disilane pyrolysis, hydrogen and silane oxida-
tion by oxygen and nitrous oxide, and includes SiO(s) and SiO2(s) particle formation reactions.
Based on our preliminary studies[44, 45], this model is an a priori well validated mechanism,
which can reproduce the pyrolysis and combustion properties of silane with good accuracy.

Donovan et al. [51] provided transport properties for a limited number of silicon species and
thus, it was required to extend the transport database of the original model. The transport prop-
erties are calculated using empirical formula, see Equation 1 and Equation 2, implemented in
the FlameMaster package [52]. These empirical formula are preferred to the correlation based
on critical properties[53], as the critical properties are not available for most of the silicon-
containing molecules. It is noted that, as discussed in [41], the critical properties could have
been estimated through empirical correlations. However, by doing so, the calculated transport
properties would have been estimated using two correlations instead of one as proposed here.

σi = 1.234 × MW0.33
i (1)

kB

εi
=

1
37.15 × MW0.58

i

(2)

where σi is the collision diameter of Lennard-Jones potential of the species i; MWi is the molec-
ular weight of the species i ; kB/εi is the ratio of a Boltzmann constant to the well depth of the
Lennard-Jones potential of the species i. It must be noted that the reciproqual of this kB/εi ratio
is used in the transport file in Chemkin.

2.2. Electronic structure and thermochemical data calculation
All the electronic structure calculations are performed using the Gaussian 09 (G09)[54] soft-

ware. These calculations are carried out using different theory levels (B3LYP, MP2, and G4),
several basis sets (from 6-31G(d,p) up to 6-311G(3df,2p)) in order to evaluate results accuracy
and to identify the best compromise between computational time and accuracy. It is noted that,
G4 calculations, referred to as G4//B3LYP/6-311++G(3df,2p) or G4, are performed only on
pre-optimized structure obtained with B3LYP/6-311++G(3df,2p) in order to save computational
time. For each structure, a large number of initial geometries and electronic states are used as
guesses to identify the (global) lowest energy structure.
The formation enthalpy at 298 K (∆ f H298K) is calculated with the atomization energy method
based on a theoretical thermodynamic cycle, similarly to the one used for hydrocarbons[55, 7].
From this thermodynamic cycle, a general expression of the ∆ f H298K can be obtained for any sili-
con containing molecule (S ixHyOz) as a function of a limited number of parameters, as presented
in Equation 3:

∆ f HS ixHyOz,(g),298K = x × ∆ f HS i(g),298K + y × ∆ f HH(g),298K

+ z × ∆ f HO(g),298K + 627.51
[
ES ixHyOz,(g) − xES i(g) − yEH(g) − zEO(g)

]
(3)
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where, x, y, and z correspond to the number of silicon, hydrogen, and oxygen atoms in the
molecule of interest, respectively; ∆ f HS ixHyOz,(g),298K , ∆ f HS i(g),298K , ∆ f HH(g),298K , and ∆ f HO(g),298K

correspond to the formation enthalpy of the molecule of interest (S ixHyOz), silicon atom, hy-
drogen atom, and oxygen atom, respectively; ES ixHyOz,(g) , ES i(g) , EH(g) , and EO(g) correspond to the
calculated energies (in hartree) of the molecule of interest (S ixHyOz), silicon atom, hydrogen
atom, and the oxygen atom at a specific theory level, respectively.

Although other calculation methods are commonly used to minimize calculation uncertain-
ties, such as the corrected atomization energy coefficient[56], bond additivity corrections (BAC)[57,
58, 59], or the so-called isodesmic/homodesmotic methods[59, 60], the atomization energy method
is preferred in the present study. In fact, these error cancellation methods need a large set
of experimental data to be accurately parametrized whereas only a limited number of exper-
imental data are available and for a very limited number of silicon-containing molecules, es-
pecially for the oxygenated silicon-species. For each energy calculation, the appropriated fre-
quency scaling factor for each theory level was taken from the Computational Chemistry Com-
parison and Benchmark DataBase (CCCBDB)[61]. Harmonic vibrational analysis[62, 63] is
conducted to identify internal, hindered, and free rotors in the molecule to accurately calculate
energies[64, 65, 66].

The 14-coefficient NASA polynomials are generated by combining the ∆ f H298K and the
temperature-tabulated heat capacity (CP,T ), entropy (S T )) and enthalpy change (HT − H298K)
into the FITDAT program[67]. All the NASA polynomials obtained with the G4 theory level are
provided as a supplementary material.

2.3. Collision limit analysis and reaction rate correction

All the CLV analyses presented in the present work are performed using the collision limit
violation utility implemented into the web-based interface of KAUST CloudFlame[42, 41].
As previously given in [14, 41], the collision limit (kcoll) is calculated using

kcoll =

√
8πkBT
µ

σ2
i j Ω(1,1)∗Na (4)

where kB, T , µ, σi j, Na, and Ω(1,1)∗ are respectively the Boltzmann constant, the temperature, the
reduced mass, the collision diameter1, the Avogadro number, and the reduced collision integral
that can be calculated using Equation 5 from [68]:

Ω(1,1)∗ = 1.16145 × T ∗−0.14874 + 0.52487 × e−0.7732×T ∗ + 2.16178 × e−2.437887×T ∗ (5)

where T ∗ is the reduced temperature, calculated from the Boltzmann constant (kB), the temper-
ature (T ), and the well depth of the Lennard-Jones potential εi j

2, using the following equation:
T ∗ = (kB × T )/εi j.

1σi j corresponds to the arithmetic mean of the collision diameters of species i and j
2εi j corresponds to the geometric mean of the Lennard-Jones well depth parameter of species i and j
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2.4. Methodology to correct the mechanism

In the present work, CLVs are identified based on the actual collision limit, see Equation 4,
and its uncertainty (δkcoll ). Thus, only the reactions above an effective collision limit (defined as
k/kcoll > δkcoll ) within a specific temperature range are considered above the collision limit. For a
forward reaction (k f ) with a given (forward) collision limit (k f ,coll), the ratio k f /k f ,coll is evaluated
over a large temperature range, while the corresponding ratio (kb/kb,coll) is used for a backward
reaction (kb) with a given (backward) collision limit (kb,coll). Further explanations on the δkcoll

calculation and its value are given in the result section.
As discussed in [14, 41], the origin of a CLV may differ for a forward or a backward reac-
tion. This difference is due to the contribution of the Gibbs free energy change (∆G) in the
backward rate constant calculation (∆G = −RT ln

(
k f /kb

)
), which means that incorrect thermo-

chemical data can induce backward collision limit violation, even if the forward rate constant
is correct. Thus, two correction procedures were considered to correct forward and backward
CLVs, as summarized in Figure 1. For any temperature at which a forward CLV was observed
(k f /k f ,coll > δkcoll ), a new forward rate constant (k f ,new) was determined from the collision limit
value. For a backward CLV (kb/kb,coll > δkcoll ), the thermochemical data of the species in-
volved in the reaction was systematically corrected first. Then, if the backward CLV was still
present after the thermochemical data correction, a new forward rate constant (k f ,new) was deter-
mined for the corresponding temperatures from the backward collision limit value (kb,coll) and
the equilibrium constant (KEq): k f ,new = KEq × kb,coll. As KEq is fixed by the thermodynamic
(KEq = exp (−∆G/RT )) and is displayed in the output of the CLV utility, a new rate constant
matching the collision limit is easily accessible. The new rate constants were determined by
fitting both the initial (k f or kb for temperature without CLVs) and the new rates (k f ,new for tem-
perature with CLVs) on the 200 - 3000 K temperature range, as summarized in Table 1. Crucially,
the new rate constants were set at the collision limit (k f ,coll or kb,coll) and not the effective col-
lision limit to ensure that the fitted rate constant remains strictly below the effective collision
limit on the overall temperature range. The extended temperature range (±100 K compared to
the CLV analyses) is selected to enable the (potential) extrapolation of the rates outside of the
300 - 2900 K temperature range.

Any
reaction with

CLVs?

No

Consistent reaction
model

Initial CLV
analysis

Yes
Forward or
backward

CLVs?
Backward

Forward

Consistent reaction
model

Check/Correct
the thermo

Backward
CLVs still
present?

No

Consistent reaction
model

Refit at the
collision limit

Yes

Refit at the
collision limit

Consistent reaction
model

Figure 1: Representation of the overall correction procedure with a decision diagram.
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Table 1: Summary of the data used as an input of the fitting algorithm on the overall temperature range (200 - 3000 K).
k/kcoll corresponds to a reaction rate (k) normalized by its collision limit value (kcoll), either for a forward or a backward
reaction. k f , k f ,coll, kb,coll, and KEq correspond to the initial reaction rate, the forward collision limit, the backward
collision limit, and the equilibrium constant.

Conditions Forward CLV Backward CLV
For temperature, where k/kcoll ≤ 1 k f k f
For temperature, where k/kcoll > 1 k f ,new = k f ,coll k f ,new = KEq × kb,coll

3. Results and Discussions

3.1. Transport properties calculations

As discussed in Section 2.1, missing transport properties are calculated using empirical for-
mulas from FlameMaster (see Equation 1 and Equation 2). To justify this choice, the valid-
ity of these relationships is demonstrated subsequently for hydrocarbons and silicon-containing
molecules. To the best of our knowledge, no transport property databases are available to perform
an extensive validation of these empirical formula. As a consequence, transport properties in-
cluded in reference reaction models are used as validation targets. Figure 2 and Figure 3 compare
the estimated transport properties (σi and εi/kB) with the transport properties used in the JetSurf
model [69] (for hydrocarbons) and Mével’s reaction model [43] (for Si-containing molecules),
respectively. For hydrocarbons (Figure 2), the empirical formula reproduces σi and εi/kB within
a factor of 1.7 an 2.4, respectively. For all the molecules tested, the error corresponds to a mean
absolute error (MAE) of 32 pm and 47 K, on σi and εi/kB, respectively. For the Si-containing
molecules (Figure 3), σi is predicted within a factor 1.4, while εi/kB is predicted within a factor
of 2.7, for all the molecules tested. This scatter corresponds to a MAE of 60 pm and 101 K on
σi and εi/kB, respectively.

It is noted that a larger scatter is observed (i) for molecules which contain oxygen atom,
and (ii) for the Si-containing molecules. These findings tend to indicate that these empirical
formulas are better suited to estimate the transport properties of non-oxygenated hydrocarbons
rather than the properties of molecules of the SixHyOz chemical system. Nevertheless, improving
the performance of these empirical formula, specifically for Si-containing molecules, is beyond
the scope of the present study. It is concluded that (i) the overall performances of the formula are
satisfactory, and that (ii) more transport data for Si-containing molecules are required to confirm
the origin of the discrepancy and improve the empirical formula.

Note that the error factors previously mentioned are obtained without considering a number
of well characterized small species. For these small molecules, such as He, Ar, N2, O2, H2, H,
O, C, OH, H2O, CO2, CO, reliable transport data are available and the empirical correlations are
not applicable.

To simplify later discussions, the error factors identified for both empirical relations will be
referred to as the uncertainties on σi (δσi ) and εi/kB (δεi/kB ) in the next sections.

3.2. Important parameters for the collision limit calculations

3.2.1. Effect of temperature
As the collision limits and the rate constants are both temperature-dependent, each CLV

analysis must be associated with a specific temperature range over which the reaction model
is analyzed. In the present study, we have considered three ranges of temperature. The first
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Figure 2: Comparison of the estimated transport properties with data from the JetSurf [69] relevant to hydrocarbon
species. The estimated optical diameter (σi) and the Lennard-Jones potential well depth (εi/kB) were calculated by using
Eq.1 and 2, respectively.
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Figure 3: Comparison of the estimated transport properties with data from Mével’s reaction model [43] for silicon-
containing species. The estimated optical diameter (σi) and the Lennard-Jones potential well depth (εi/kB) were calcu-
lated by using Eq.1 and 2, respectively.

temperature range, 200 - 3500 K, include the ignition temperature of silane3 as well as the high-
est SiH4-Air adiabatic flame temperature simulated at atmospheric condition, i.e. near 3500 K.
This adiabatic flame temperature is obtained from equilibrium calculations, performed for a wide
range of equivalence ratios (φ = 0.5 − 1.5) and initial temperatures (T = 300 − 2500K) at atmo-
spheric conditions. The second temperature range, 800 - 2900 K, corresponds to the conditions
used for the model validation in our previous studies [44, 45]. The third temperature range, 300 -
2900 K, extends the second temperature range to be representative of silane-nitrous oxide flame
conditions, from room temperature to the adiabatic flame temperature [70]. For clarity, the in-
terpretation of the results are given in term of K∗, which is calculated only for each temperature
interval (every 100 K) where K∗ > 1 and is defined as K∗ = k/kcoll.

Table 2 summarizes the effect of temperature on the CLV results, by presenting the aver-
age and maximum values of K∗ (respectively K∗avg. and K∗max) and the number of reactions for

3silane is a pyrophoric gas and has an ignition temperature below 219 K
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a) 2D map representation b) 3D representation

Figure 4: Evolution of K∗ as a function of temperature for all the reactions found with K∗ > 1 at any temperature in the
range 200 - 3500 K. 37 reactions are reported on these figures (instead of 36 as presented in Table 2), due to the reaction
Si + SiH2 = H + Si2H that is displayed twice to present both its forward and backward K∗ values.

which K∗ > 1. From this table, two main conclusions can be drawn: (i) the wider is the tem-
perature range the more reactions with K∗ > 1 are found. This is in agreement with the results
presented by Chen et al. [14]; (ii) the average and the maximum values of K∗, for conditions
with K∗ > 1, are several order of magnitude different between the different temperature ranges,
which indicates that the highest CLV values are on the temperature range extrema for the present
conditions and mainly at low temperature.

Table 2: Summary of the collision limit analyses on the initial mechanism for three different temperature ranges.
200 - 3500 K 300 - 2900 K 800 - 2900 K

K∗avg. ∼ 10103 ∼ 1067 ∼ 1022

K∗max ∼ 10106 ∼ 1070 ∼ 1025

Number of reactions (K∗ > 1) 36 30 26

To illustrate the larger discrepancies in the low temperature range, Figure 4 presents the K∗

evolution as a function of the temperature for all the reactions identified with a K∗ > 1 at any
temperature in the range [200 - 3500 K]. These values are plotted in a 2D map (in Figure 4a)
and in a 3D representation (in Figure 4b) to highlight the main findings. In these figures, three
different criteria are considered: (i) K∗ < 1 for which the reactions are below the collision limit
values (represented in green); (ii) 1 < K∗ < δkcoll for which the reactions are above the collision
limit but below the effective collision limit K∗ < δkcoll (represented in black); (iii) K∗ > δkcoll for
which the reactions are above the effective collision limit (represented in red).
Except a specific subset of reactions (index=14-20), several criteria apply for a given reaction
depending on the considered temperature range. This confirms the importance of defining a rel-
evant temperature range for each CLV analysis. However, a relevant temperature range must not
be confused with an excessively wide temperature range (for instance from 1 to 5000 K), for
which the results will not be meaningful either, as: (i) NASA polynomial are rarely defined from
1 K to 298 K and some are limited to 3000 K or even lower temperature; (ii) Arrhenius formalism
is most likely not relevant to represent the kinetics over such a wide temperature range; (iii) when
using a reaction model for gas phase kinetics, many reactions would have no physical meaning
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under such extreme conditions as most of the species will be in non-gaseous state (T < 300 K)
or in temperature range where plasma chemistry may become dominant (T� 3000 K).
In the present study, the most severe CLVs, (K∗ > δkcoll ), can be identified by performing CLV
analyses on the two temperature extrema only. This behavior may be reaction-model-dependent
and it must be taken with care when analyzing different reaction models than the one currently
employed.

Figure 4b emphasizes the amplitude of the K∗ variations presented in Figure 4a. This figure
shows that the highest CLVs (K∗ � 1010)) are exclusively located on the low temperature end
side. This finding confirms the previous discussions made for the results shown in Table 2,
indicating that the CLVs are more likely to be found in the low temperature range, due to (i)
the extrapolation of a rate constant measured at high temperature, (ii) rate constants measured
or calculated over a narrow temperature range, and (iii) inconsistent thermochemical data that
induces CLVs for the backward rates.

For clarity, the next CLV results will focus on the temperature range used for validation in
our previous studies, from 300 - 2900 K, which is more relevant for the present reaction model.
More, this temperature range is in agreement with the previous comments regarding the selection
of a relevant temperature range.

3.2.2. Effect of the transport data on the collision limit calculation
From Equation 4, it is clear that the accuracy of the transport data is the main source of

uncertainty in the CLV calculation, as the reduced mass is accurately known and all the other
terms are constants. However, as discussed in [41], most of the transport parameters used in
reaction models are estimated (i) from group additivity methods, (ii) from analogy with similar
molecules, (iii) from empirical correlations[53], and (iv) in a few cases computed from numerical
methods [71, 72]. Thus, the uncertainty on the CLV calculation (δkcoll ) must be addressed based on
the uncertainties of the terms σi j and εi j/kB (embedded in the σi j

2 and Ω(1,1)∗ terms, respectively
in Equation 4). While the uncertainty of δσ2

i j
for different δσi and i j pairs can be easily obtained,

the uncertainty of δΩ(1,1)∗ for different δεi/kB and i j pairs is less trivial to calculate because δΩ(1,1)∗

is both temperature- and i j-pair-dependent. Thus, the uncertainty on kcoll (δkcoll ) was obtained
from a brute force sensitivity analysis on kcoll, which identifies a lower and upper value of kcoll

with respect to a base value. This lower and upper limit on kcoll were determined as a function
of different i j molecule pairs (from small to large molecules4), error combinations on i and j
transport properties, at different temperatures, and for different δσi and δεi/kB values.

Due to the number of dimensions in this calculation and the need to obtain the most conser-
vative δkcoll value, only the highest absolute variations of σ2

i j and Ω(1,1)∗ are considered to identify
the upper and lower limit values of kcoll. The variations of δσ2

i j
and δΩ(1,1)∗ were obtained from

error factor (EF) calculations, as presented in Equation 6 and Equation 7:

For Xi j,T,ab > Xi j,T,re f : EFXi j,T,ab =
Xi j,T,ab

Xi j,T,re f
(6)

For Xi j,T,ab < Xi j,T,re f : EFXi j,T,ab = −
Xi j,T,re f

Xi j,T,ab
(7)

4σi and εi/kB ranges were defined using the Equation 1 and Equation 2, considering molecules with a molecular
weight from 20 to 460 g/mol
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where EFXi j,T,ab corresponds to the EF of a given parameter X, calculated for a temperature (T ),
for a given i j pair, and for a given error combination ab; Xi j,T,ab corresponds to the calculated
parameter (σ2

i j or Ω(1,1)∗ ) at T for a given i j pair and for a given error combination ab. Xi j,T,ab was
obtained considering δσi for X = σ2

i j and δεi/kB for X = Ω(1,1)∗ . The value of Xi j,T,ab was compared
to a reference Xi j,T,re f , calculated with no uncertainty. ab stands for the error combination asso-
ciated on i and j transport parameters, which can be both overestimated, underestimated, equals
to the reference value, or any possible mixed combination within these three states.

An example of the EFσ2
i j

and EFΩ(1,1)∗ variations obtained with different i j molecule pairs
are presented in Figure 5a and 5b, respectively. These variations were obtained using δσi =

1.4, δεi/kB = 2.7 (representative of the values observed for the transport properties included in
Mével’s reaction model, see section 3.1), and at 2000 K for both overestimated i and j transport
parameters. In Figure 5a, EFσ2

i j
has a constant value of 1.96 for any i j pairs, while in Figure 5b,

EFΩ(1,1)∗ increases with the εi/kB and ε j/kB values from 1.2 to 1.6. These EFσ2
i j

and EFΩ(1,1)∗

variations were obtained for a specific condition and other trends and values were obtained for
different conditions, i.e. different temperature, i j pair, and error combination. For a single pair

a) EFσ2
i j

evolution with σi and σ j b) EFΩ(1,1)∗ evolution with δεi/kB and δε j/kB

Figure 5: Evolution of |EFσ2
i j
| and |EFΩ(1,1)∗ | with different i j pairs. Results in a) are temperature independent, while b)

has been obtained at 2000 K,. Results in a) and b) are respectively obtained using δσi = 1.4 and δεi/kB = 2.7.

of δσi and δεi/kB values, the highest absolute value of EFσ2
i j

and EFΩ(1,1)∗ (|EFσ2
i j
| and |EFΩ(1,1)∗ |,

respectively), obtained for all conditions (temperature, i j pairs, and error combinations) was
used to define δσ2

i j
and δΩ(1,1)∗ , respectively. Then, the global δkcoll was determined by applying the

same methodology to other δσi and δεi/kB values. Figure 6a presents the corresponding δkcoll values
obtained for a limited δσi and δεi/kB range, whose upper limit corresponds to two times δσi and
δεi/kB identified for the species included in Mével’s reaction model. From this figure, a δkcoll = 3.3
was identified for the species in Mével’s reaction model, using δσi = 1.4 and δεi/kB = 2.7, while
a larger value was obtained for hydrocarbons δkcoll = 4.5, using δσi = 1.7 and δεi/kB = 2.4.
The apparent lower uncertainty on SixHyOz chemical system seems due to the limited number
of species used in the validation set of the empirical formula (see Section 3.1), as σi j and εi j/kB

have lower MAE in the case of hydrocarbon (see Section 3.1). In order to have a non-chemical-
system-dependent δkcoll value, a more conservative value of δkcoll = 4.8 was employed. This value
was obtained considering the highest values observed for both δσi (1.7) and δεi/kB (2.7) from
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a) Limited δσi and δεi/kB variations b) Large δσi and δεi/kB variations

Figure 6: δkcoll evolution as a function of limited (a) and large (b) δσi and δεi/kB variations.

hydrocarbons and Si-containing molecules, respectively. In addition, Figure 6b emphasizes the
effect of large values δσi and δεi/kB on the δkcoll results. From these large δσi and δεi/kB variations
up to 10, it can be concluded that, first, δkcoll remains low compared to the high CLVs observed
in Section 3.2.1 and second, these high CLVs must be corrected, regardless of the accuracy of
the transport properties. Moreover, Figure 6b evidences that the δkcoll results are mainly driven
by δσi values rather than by δεi/kB . This strong correlation between δkcoll and δσi is due to the
quadratic relation between δσ2

i j
and δσi , which controls the value of δkcoll in most conditions. To

confirm this, Figure 7a presents the variation of δσ2
i j

as a function of δσi (δσ2
i j

calculation is not
temperature dependent), while Figure 7b presents the variation of δΩ(1,1)∗ as a function of δεi/kB

and temperature.

a) Relation between δσ2
i j

and δσi b) δΩ(1,1)∗ evolution with εi/kB and T

Figure 7: δσ2
i j

(in a)) and δΩ(1,1)∗ (in b)) evolution with respect to δσi (in a)) and both εi/kB and the temperature (in b)).

The present δkcoll calculation was obtained considering the most conservative conditions:
largest |EFσ2

i j
| and |EFΩ(1,1)∗ | obtained for all i j molecule pairs within the complete temperature

range and for all possible error combinations. In fact, the uncertainty on the collision limit of
12



some reactions may be lower when: (i) no species with estimated, possibly inaccurate, transport
properties are involved; (ii) only one species in the reaction has estimated transport properties;
(iii) the errors cancel out inside the δσi or δεi/kB calculations, or when both terms are combined.
More information on these specific cases are available in supplementary material.

3.3. Modification of the silane reaction model

3.3.1. Collision limit analysis on the initial mechanism
From the analysis performed over the temperature range 300 - 2900 K, the reactions above

the collision limit can be classified as followed: 9 reactions with K∗max > 106, 12 reactions with
K∗max < 10, and 9 reactions for which 10 < K∗max < 106. In general, the CLVs identified for
forward reaction rates are low (< 10) and the high CLV values are obtained for backward reac-
tion rates only. As discussed in [14, 41], the reactions with high CLVs tend to indicate species
mislabeling or inconsistent thermochemical data, while all moderate K∗ values (10 < K∗ < 1010

and K∗ < 10) can have several origins. For example, they can be due to inconsistent thermo-
chemical data, a wrong experimental fit of the reaction rate, inaccurate calculation methods for
specific rate constant calculation [73, 74, 75, 76], or the extrapolation of a reaction obtained over
a narrow temperature range. In the case of silane mechanisms, it must be noted that some rate
constants were manually set at an estimated value of the collision limit[77]. This could explain
most of the small collision limit violations (K∗max < 10).
Due to the large number of backward reaction rates above the collision limit, most of the ther-
mochemical data for Si-containing species declared in the mechanisms were recalculated. This
exhaustive calculation procedure enables (i) to benchmark the different calculation methods with
literature data, (ii) to address the possible errors in the thermochemistry that may cause CLVs,
and (iii) to improve the overall thermochemical data used in the mechanism.

3.3.2. Thermochemical data calculation
The formation enthalpies ∆ f H298K of 30 species, calculated at different theory levels, were

compared with different values from the literature. They are summarized in Table 3. The litera-
ture data were classified according to their origin: experimental measurements, calculated data,
values from databases [78, 79, 80, 81], and values from reaction models [43, 44, 46, 48, 82].
Some noteworthy points about the results from Table 3 are: (i) for each species and for both ex-
perimental and numerical data, the data found in the literature are averaged before being reported
in Table 3. The experimental and the calculated data sets are respectively composed of 81 and
435 data in total. (ii) Data from databases and kinetic mechanisms were not counted as part of
the experimental or the literature data to avoid double counting; (iii) Only the structures present
in the initial reaction model from Mével [43] are reported in Table 3. Other electronic states and
local minimum geometries, not relevant for the present mechanism correction, are available in
the supplementary material; (iv) The accuracy of the different theory levels and basis sets was
assessed on a restricted set of molecules (referred to as validation set in Table 3), for which at
least two concordant experimental data are available; (v) Up to now, the Si-containing molecules
data available in Burcat’s database [79] are not updated with their latest published results from
Burcat [83]. Thus, the results from [83] were considered in the literature data calculation; (vi)
Although the RMG database was recently developed for Si-containing molecules [82], the web-
interface of RMG [84] is still under development and cannot be used to calculate thermochemical
data for Si-containing molecules, as silicon atoms are identified as carbon atoms. However, Slak-
man’s model [82] is based on the updated database and is a good indicator of the accuracy of the
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RMG database.
Due to the different methods used in previous studies to compute or measure ∆ f H298K , a large
scatter is found for some species, up to 20 and 40 kJ/mol for the experimental and calculated
data sets, respectively. Even with such a large uncertainty, Figure 8a shows that the G4 methods
has the lowest error among all the theory levels tested and that it has a satisfactory mean absolute
error on both the validation set (6.7 and 4.3 kJ/mol on the experimental and calculated data sets,
respectively) and the overall data (6.3 and 5.5 kJ/mol on the experimental and calculated data
sets, respectively). In these calculations, the values from Gronert [85] were omitted due to their
high uncertainty. They were also excluded from the results presented in Figure 8. The accuracy
of the present G4 calculations is satisfactory considering the limited number of the data available
in the literature and the accuracy of the atomization energy method to calculate the formation
enthalpy. The decrease of the mean absolute error presently observed with an increasing basis
set is in agreement with previous observations for silicon-containing molecules [86].

As seen in Figure 8a, the results in Table 3 confirm that all the G4 calculations are in overall
agreement with the literature data (from experiments, calculations, databases, or reaction mod-
els). The large discrepancy with the experimental data observed for both H2SiO and HSiOH, is
likely due to the lack of data for these species (only one available from Gronert et al. [85]). In
addition, the thermochemical data used in all the presented reaction models have a MAE above
8 kJ/mol and 6 kJ/mol, respectively when considering the experimental and the calculated data
sets. This is illustrated in Figure 8b. The highest discrepancies are reached for Petersen and
Babushok reaction models with a MAE above 14 kJ/mol on the calculated data set. From Ta-
ble 3, most of these discrepancies are due to Si2H2, H3SiOOH, and H3SiOO thermochemical
data, which are not in agreement with other literature data. Furthermore, the new G4 ther-
mochemical data are, on average, at least 2.1 kJ more accurate than the thermochemical data
available in reference reaction models, as presented in Figure 8b. Finally, the fair agreement of
Mével’s reaction model with the new G4 thermochemical data, mainly on the calculated data set,
tends to indicate the absence of mislabeling issues in Mével’s reaction model.

However, it must be noted that among most of the 9 reactions with high CLV (K∗ >> 106)
reported in Section 3.3.1, “HSIO(OH)” and “SIOOH” are involved. In fact, the reactions involv-
ing these species contain a mislabeling error between HSiO(OH) and HSiOOH, on the one hand,
and a mislabeling error between SiO(OH) and SiOOH, on the other hand. Some of these misla-
beling issues are also present in the reaction model of Petersen, which was presented in [44, 45].
According to our analyses, these errors likely arise from merging different sub-mechanisms from
Babushock [46] and Miller [48]. In fact, HSiO(OH) and Si(O)OH are respectively declared as
“HSIOOH” and “SIOOH” in Babushock [46], while in Miller [48], they are respectively declared
as HSIO(OH) and HOSIO. In addition, both “HSIOOH” and “SIOOH”, which respectively refer
to HSi – OOH and Si – OOH, also exist in Miller’s models. During the mechanism merging step,
some reactions were not properly updated and the mislabeling was introduced with non-physical
reactions, such as HSi –– O(OH) = Si – OOH + H instead of HSi(O)OH = HO – Si –– O + H. After
the correction of these mislabeling issues, most of the reactions from Babushock were removed
from the present reaction model to avoid duplicates, as these reactions was readily accessible
(from the initial sub-bloc of Miller). Based on our analyses, a value of K∗ >>> 1020, over a
large temperature range and not located at the temperature extrema only, seems to characterize
the reactions containing species mislabeling.
In addition to these mislabeling issues, the present CLV analyses enabled to correct two ther-
modynamic discontinuities present in Si10O10 and Si2H species. Crucially, only Si2H was di-
rectly reported from CLV analyses. The thermodynamic discontinuity on Si10O10 was identified
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indirectly by performing additional verifications in the clustering submodel, due to the CLVs
observed in the reaction: Si5O5 = Si4O4 + SiO. As indicated in Si10O10’s and Si2H’s thermo-
chemical data headers, these issues were probably introduced in the literature since Zachariah’s
reaction model [87] and were carried on in several subsequent reaction models. The discontinu-
ity for Si2H is present in [46, 43, 44, 45] but not present in [48, 82], as this species is not included
in these models. The discontinuity for Si10O10 is present in [48, 43] but not in [46, 82, 44, 45],
as this species is not included in these models. The discontinuity for Si2H was removed by up-
dating its thermochemical properties with the newly calculated one, while the one for Si10O10
was removed by analogy of the thermochemistry change between Si6O6 and Si9O9. Further
explanations on the Si10O10 correction are available in the supplementary material.

All these observations confirm the previous statements of Chen [14] and Yalamanchi [41],
claiming that CLVs can be effectively used to identify different type of inconsistencies (either
high reaction rates, species mislabeling, or even species with thermodynamic discontinuities as
presented in this work) in validated reaction models available in literature.

In addition to the results presented in Table 3, the thermodynamic properties of a second set
of molecules, not present initially in the mechanism and thus not relevant to correct the present
reaction model, was also calculated at the G4 theory level to complement the literature on high
theory level calculation for Si-containing molecules with different electronic states and local ge-
ometry minimums. These calculations strengthen the present validation of the G4 theory level
and could be used in a later study to investigate new reaction pathways, currently not repre-
sented in Mével’s reaction model. These reaction pathways includes notably species relevant to
HO – SiH2 – OH, Si(OH)4, SiH3 – OOH to Si – OOH, or SiH3 – OH to Si – OH sub-mechanism.
As such reaction pathway investigation is out of the scope of the present study, optimized struc-
tures and thermochemical data were included in the supplementary material for later studies.
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Figure 8: Comparison of the mean absolute error (MAE) on the ∆ f H298K on both experimental and calculated data sets
for different theory levels (in a) and reaction models (in b). In a), only the validation set (from Table 3) was used to
compare the different theory levels, except for G4(all data), for which all the species were used for comparison. In b), all
the molecules from Table 3 were used.
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Table 3: Formation enthalpies ∆ f H298K (in kJ) calculated in the present
study at different theory levels, compared with the data available in the
literature. Data exp. and data calc. stand for an average value of the
experimental and the calculated ∆ f H298K from the literature. Database
values fom NIST [78], Burcat [79], Chemkin [80] and the Handbook’s
databases [81] are respectively denoted by a, b, c, and d. Si(T) is used as a
reference compound to calculate the ∆ f H298K . *: these values have a sin-
gle experimental data[85]. MP2, BLYP/631, BLYP/6311 and G4 stands
for MP2/6-31G(2df,p), BLYP/631(2df,p), B3LYP/6-311++G(3df,2p),
and G4, respectively. Additional results, not relevant for correcting the
mechanism of Mével, are available in the supplementary material.

Species
name

Data
exp.

Data
calc.

Datab. [78,
80, 79, 81] Mével [43]

PeOx [44,
45]

Babu. [46] Miller [48] Slak. [82] MP2
BLYP/

631
BLYP/

6311
G4

Validation set (calculation method benchmarking)
Si(T) − 450 450b, 450.6c 450.7 450.7 450.7 450.7 − 450 450 450 450
SiH 368.4 374.9 376.7a, 383.7c 383.7 383.7 383.7 383.7 − 402.6 362.3 363.6 367.8
SiH2(S) 275.1 269.8 271.1c 271.2 271.2 271.2 271.2 263 325.4 262.4 266 265.2
SiH3 197.1 197.6 198.4b, 198.4c 198.4 198.4 198.4 198.4 192 256.2 182.7 190.8 197.7
SiH4 34.1 30.8 34.3a, 34.7b 33.9 33.9 33.9 33.9 23.3 113.3 20 31.1 31.4

33.8c, 34.3d

H2SiSiH2 262.9 275.7 − 263 262.8 262.8 263 270.1 378.5 281.2 291.6 275
H3SiSiH(S) 295.8 312.2 − 313.7 310.5 310.5 313.7 303 411.5 305.8 316.5 305.1
Si2H6 78.4 79.2 80.3b, 79.9c 80.2 79.9 79.9 80.2 66.8 204.1 69.2 86.5 74.9

80.3d

SI3H8 114.6 115.7 120.9c, 120.9d 120.9 120.9 120.9 − 126.4 286.5 115.1 138.8 111.2
SiO −99 −96.8 −100.4a,−99.6d −111.8 −101.2 −101.2 −111.8 − −105.4 −73.8 −80.9 −98
SiO2 −300.2 −293.6 −305.4a,−322d −282 −307.2 −307.2 −282 − −313.3 −245.2 −254.4 −276.3
G4 theory level only
Si2(T) 575.9 601.2 589.9a, 610c 610.1 590 590 610.1 585.2 − − − 582.5

594d
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Table 3 – Continued from previous page
Si2H2 384.5 399.3 400.1c 400.1 349.4 349.4 400.1 − − − − 386.2
HOSiOH − −494.3 − −493 −493 −493 −482.8 − − − − −498.9
H2SiO −150.6* −101.4 − −98.3 −91.2 −91.2 −98.3 − − − − −98.6
HSiO − 28.9 − 29.7 29.1 29.1 29.7 − − − − 30.3
H3SiOH − −282 − −275.2 −282 −282 −275.2 − − − − −281.2
H3SiO − 2.1 − 20.1 16.5 16.5 20.1 − − − − −2.3
Hsi(O)OH − −461.7 − −467.4 −471.5 −471.5 −467.4 − − − − −466.6
H3SiOOH − −169.8 − −160.7 −259.4 −259.4 −160.7 − − − − −170.9
H3SiOO − −5.2 − 8.7 −100.4 −100.4 8.7 − − − − −12.9
Si2H − 498.7 − 490.9 490.9 490.9 − − − − − 494.4
Si3H2 − 510.9 − − − − − 514.6 − − − 506.3
H2SiOH − −114.3 − −100.7 −109.1 − −100.7 − − − − −111.8
HSiOH −150.6* −96.9 − −85.7 −91.2 − −85.7 − − − − −100.5
HSiO2 − −156 − −151 − − −151 − − − − −166.2
HOSiO − −309.8 − −312.6 −314 − −312.6 − − − − −314.5
OSiOH − −489.9 − −489.5 − − −489.8 − − − − −511.5
H2SiOOH − 1.9 − 15.3 − − 15.3 − − − − −0.4
OSiH2O − −118.9 − −102.7 − − −102.7 − − − − −123.1
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3.3.3. Correction of the reaction rates and final mechanism presentation
The thermochemical data of the 30 species presented in Table 3 were updated in the initial

mechanism and then a new CLV analysis was conducted to identify the remaining reactions
to correct. Table 4 summarizes all the reactions identified above the effective collision limit
(collision limit including the uncertainty δkcoll ) within the 300 - 2900 K temperature range in both
the initial and intermediate (initial model with the updated thermochemisty) reaction model.
Crucially, the CLVs from set 1 were corrected after the thermochemistry update and the removal
of the reaction duplicates. The CLVs from set 2 were corrected after both the thermochemistry
update and the new reaction rate determination. As presented in the methodology section (see
section 2.4), these new rate constants were obtained from fitting the collision limit and initial rate
constants values, for conditions where the reaction rates are above or under the collision limit,
respectively.

Table 4: Summary of the CLV corrections. Values are not in SI to be consistent with the units in the reaction model. *:
due to the presence of both unimolecular and bimolecular reactions, the units of the pre-exponential factor can be s−1

or cm3·mol−1·s−1, respectively. CLV column gives the direction of the CLV with the initial parameters, which can be
either forward ( f ) or backward (b). Reactions with identical initial and updated parameters corresponds to the reactions
corrected after thermochemistry update only. Reaction with no updated parameters corresponds to reactions removed
from the final mechanism, due to duplicates.

CLV
dir.

Initial parameters Updated parameters
Reaction A n EA A n EA

[*] [-] [kcal/mol] [*] [-] [kcal/mol]

Set 1: CLVs corrected with thermochemistry update only

b H2 + Si = H + SiH 1.5 · 1015 0 31.8 1.5 · 1015 0 31.8
b Si + SiH2 = H + Si2H 5 · 1014 0 0 5 · 1014 0 0
b HSiO(OH) = H + SiOOH 5 · 1014 0 90 − − −

b HSiO(OH) + OH = H2O + SiOOH 3 · 1012 0 2 − − −

b HSiO(OH) + O = OH + SiOOH 3 · 1012 0 2 − − −

b HSiO(OH) + SiH3 = SiH4 + SiOOH 3 · 1012 0 9 3 · 1012 0 9
b HSiO(OH) + SiH2 = SiH3 + SiOOH 3 · 1012 0 20 3 · 1012 0 20
b SiOH = H + SiO 2 · 1020 −1.2 21.46 − − −

b H2SiOH + O2 = HSiOOH + OH 1 · 1013 0 7 1 · 1013 0 7

Set 2: CLVs corrected with thermochemistry update and reaction rate refitting

b SiH + SiH4 = SiH3 + SiH2 1.6 · 1014 0 0 2.29 · 1025 −2.8 17.99
b SiH + H2 = SiH2 + H 4.8 · 1014 0 23.65 2.54 · 1013 0.46 27.5
b Si2H6 = SiH2 + SiH4 5.2 · 1010 0 33.48 2.51 · 1036 −6.94 56.6
b SiH + SiH4 = H2SiSiH2 + H 1.6 · 1014 0 0 9.02 · 109 1.68 21.88
b HSiO(OH) = HOSiO + H 6 · 1015 0 85 2.9 · 1019 −0.99 88.58
b Si(OH)2 = H + HOSiO 6 · 1015 0 85 1.27 · 1016 0.02 95.62
b Si(OH)2 = SiO + H2O 1.5 · 1031 −4.4 41.71 1.09 · 1020 −1.37 38.19
b H2SiO + O2 = HSiO + HO2 4 · 1014 0 29.5 1.16 · 1020 −1.46 34.93
b H + H3SiOH = H3SiO + H2 2.2 · 107 1.9 8.88 1.22 · 1013 0.31 12.81
b HSiO = SiO + H 2 · 1020 −1.2 21.45 2.76 · 1014 −0.02 21.09
b SiO + OH = SiO2 + H 1.8 · 1010 0.78 1.22 7.6 · 107 0.93 0
b Si5O5 = Si4O4 + SiO 2.73 · 1014 0 51.02 5.07 · 1024 −3.1 56.72
b HOSiO2 = OH + SiO2(s) 5 · 1014 0 6 8.67 · 1032 −5.6 11.66

To emphasize the effect of the δkcoll on the results, both the effective collision limit (which
considers δkcoll ) and the coarse collision limit (referred to as collision limit, which neglects δkcoll )
are represented in Figure 9 and Table 5.
Figure 9 compares different initial and final rate constants for reactions presenting initially CLVs,
using respectively the old and the new thermochemistry. In this figure, both the collision limit
(coll.lim, for which δkcoll was neglected) and the effective collision limit (e.coll.lim., for which
δkcoll was considered) of each rates are plotted for comparison. Figures 9a and 9b present the
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two limiting type of corrections that were performed in the present study. In Figure 9a, the old
reaction rate was several order of magnitude above the collision limit over a wide temperature
range, while in Figure 9b, the old reaction rate was less than one order of magnitude above the
effective collision limit and on a limited temperature range. Finally, Figures 9c and 9d illustrate
the effect of the thermodynamic discontinuity for both Si2H and Si10O10, discussed in Section 3.3.2.
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Figure 9: Examples comparing the old (black solid lines) and the new reaction rates (red solid lines) with respect to both
the collision limit (coll.lim., blue solid lines) and the effective collision limit (E.coll.lim, blue dashed lines).

A final CLV analysis was performed on the final mechanism (after both thermochemistry
and rate constant updates) to highlight the overall improvement of the mechanism, within the
300 - 2900 K temperature range. Table 5 demonstrates this overall improvement with a drastic
decrease of (i) K∗avg. from 1067 to 1.6, (ii) K∗max (from 1069 to 3.2), and (iii) the number of reactions
above the effective collision limit. Comparing the intermediate and the initial mechanism, it must
be noted that correcting the thermochemistry permitted to reduce by nearly 30% the number
of reactions above the effective collision limit. The 13 CLVs corrected from the intermediate
reaction model are reported in Table 4 (set 2). Crucially, the initial number of reactions above
the effective collision limit (19) differs with the total number of CLVs (22) reported in Table 4.
This difference is due to three additional CLVs that appeared in the intermediate reaction model
after the thermochemistry update.
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The final mechanism contains 86 species and 425 reactions. The number of reactions was
significantly reduced compared to the initial mechanism. This is mainly because of mislabeling
correction which enabled to remove (i) species for which no reaction was included in the model,
and (ii) duplicated reactions.

Table 5: Summary of the collision limit analysis results between 300 - 2900 K on the initial, intermediate, and final
mechanisms. Number of reactions stands for the number of reactions above the effective collision limit (K∗ > δkcoll ).

Initial Intermediate mechanism Final mechanism
mechanism (thermo update only) (thermo & kinetic update)

K∗avg. ∼ 2 × 1067 ∼ 2 × 1013 1.6
K∗max ∼ 9 × 1069 ∼ 1 × 1016 3.2
# of rxn (K∗ > 1) 30 25 24
# of rxn (K∗ > δkcoll ) 19 13 0

4. Reaction model comparison on literature data

Figure 10 compares the performance of the initial and the final mechanism on several val-
idation cases relevant to the pyrolysis and oxidation of silane, extracted from our preliminary
studies [44, 45]. From these four validation cases, the corrected reaction model (Final) has a
better agreement with the experimental data as compared to the initial reaction model (Initial)
in most of the conditions. The reaction model improvements are clear for silane pyrolysis (Fig-
ures 10a and 10b) with a better prediction of the amplitude of the experimental signal. For silane
oxidation, limited (Figure 10c) to nearly no effects (Figure 10d) of the corrections are observed
in most of the conditions tested. These results tend to indicate that the corrected reactions were
mainly not important for the silane oxidation conditions presented in [45]. Stronger effects of the
corrections are expected for silane oxidation at high equivalence ratios and less diluted condi-
tions. More detailed comparison will be provided in future studies [88, 89], which will include:
(i) an exhaustive validation dataset (near 300 experimental conditions relevant for the pyrolysis
and oxidation of silane), (ii) quantitative analyses of the models performance, and (iii) a com-
parison of both reaction models with other reference models from the literature relevant to silane
kinetics.

While Figure 10’s results present an overall improvement with the final reaction model, a
decrease of the overall performance may occur with other reaction models for different chemical
systems. In fact, the present methodology only ensure the chemical consistency of reaction
models. This methodology should not be confused with an optimization procedure [92], which
minimizes the error and leads systematically to a better agreement with the experimental data.

5. Conclusions

This work presents a detailed methodology to verify and correct the chemical consistency
of any reaction model based on collision limit violations (CLV) analyses, thermochemical data
calculations, and reaction rates reffiting. Using an a priori well validated reaction model for silane
chemistry, the benefit of this methodology was demonstrated and an updated reaction model
was proposed. In the final reaction model, 30 new thermochemical data were updated at the
G4//B3LYP/6-311++G(3df,2p) theory level and 13 reactions initially above the collision limit, 3
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Figure 10: Selected validation cases comparing the performance of the initial and the final reaction model. Mole fraction
balance is the argon.

species mislabeling and 2 species with thermodynamic discontinuities were corrected. The exis-
tence of part of these issues in other reference reaction models in the literature was also reported.
In the final mechanism, all the reactions are now below the collision limit over an extended range
of temperature (300 - 2900 K), relevant to both high-temperature chemistry and flame relevant
conditions for silane. In addition to this corrected reaction model, the present work confirmed
the previous work of Chen [14] and Yalamanchi [41], evidencing the relevance of CLV analyses
to identify inconsistencies in reaction models and the effect of the selected temperature range on
its results. The most significant novelties of this work are that it: (i) proposes a simple method-
ology to correct chemical inconsistency in any reaction model, based on an online utility inside
KAUST CloudFlame; (ii) evidences that species mislabeling are usually characterized by a high
value of K∗ (K∗ >>> 1020) over a large temperature range; (iii) sheds light on the uncertainties of
the CLV calculations and proposes a conservative uncertainty value, δkcoll = 4.8, for any chemical
system, based on the accuracy of the transport properties; (iv) confirms that CLVs analyses can
be also performed on mechanisms with no or missing transport data, as performed in this study;
(v) highlights the need of accurate thermochemical data in reaction models, as near 30% of the
CLVs from the initial mechanism were corrected after simply updating of the thermochemical

21



data; (vi) provides a large number of ab initio calculation results, relevant to SixHyOz chemical
system. Moreover, the new thermochemical data are on average 2.1 kJ/mol more accurate than
the ones used in the reference reaction models, available in the literature, for silane chemistry. A
brief qualitative comparison between the final and initial reaction models highlighted the benefit
of the methodology on silane pyrolysis and oxidation. Compared to the initial model, the final
reaction model better predicts the silane pyrolysis, while the effects of the corrections are limited
on the tested conditions for silane oxidation. Future work will assess quantitative comparisons
of the performance of these two mechanisms on large validation sets and they will be compared
to other reference reaction models from the literature.
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