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Tetraethoxysilane (TEOS) is used as a precursor in the industrial production of silica nanoparticles using
thermal decomposition methods such as flame spray pyrolysis (FSP). Despite the industrial importance of
this process, the current kinetic model of high-temperature decomposition of TEOS to produce intermediate
silicon species and eventually form amorphous silica (a-Si0,) nanoparticles remains inadequate. This is partly
due to the fact only a small proportion of the possible species is considered. This work presents the
thermochemistry of practically all of the species that can exist in the early stages of the reaction mechanism.
In order to ensure that all possible species are considered, the process is automated by considering all species
that can be formed from the reactions that are deemed reasonable in the standard ethanol combustion model
in the literature. Thermochemical data for 180 species (over 160 of which have not appeared in the literature
before) are calculated using density functional theory with two different hybrid functionals, B3LYP and B97-
1. The standard enthalpy of formation (A¢H59g15x) values for these species are calculated using isodesmic
reactions. It is observed that internal rotation may be important because the barriers to rotation are reasonably
low. Comparisons are then made between the rigid rotor harmonic oscillator approximation (RRHO) and the
RRHO with some of the vibrational modes treated as hindered rotors. It is found that full treatment of the
hindered rotors makes a significant difference to the thermochemistry and thus has an impact on equilibrium
concentrations and kinetics in this system. For this reason, all of the species are treated using the hindered
rotor approximation where appropriate. Finally, equilibrium calculations are performed to identify the
intermediates that are likely to be most prevalent in the high-temperature industrial process. Particularly,
Si(OH)4, SiH(OH)s, SiH,(OH),, SiH3(OH), Si(OH);(OCHs;), Si(OH),(OCHj;),, the silicon dimers (CHj)s-
Si0Si(CHj3); and SiH30SiHj3, and the smaller hydrocarbon species CHy, CO,, C,Hy, and C,Hg are highlighted
as the important species.

Si(OC,Hy), — SiO + Products (1)

2(silica nanoparticles)

Silica nanoparticles are widely used as a support for functional

materials. Silica is inherently thermally stable, which makes it
useful as a substrate for active substances such as expensive
metals and polymers. Silica nanoparticles have traditionally been
used in ceramics, catalysis, chromatography, and chemome-
chanical polishing.! Recently, there has been increased interest
in potential applications of silica nanoparticles in the biomedical
sector, for drug delivery and biosensing applications.? The
combustion synthesis of silica nanoparticles with tetraethox-
ysilane as a precursor is a well-established industrial process.
It is well-known that the properties of silica nanoparticles depend
on particle size and primary particle size distribution.? In order
to control particle size and to understand high-purity material
synthesis processes such as chemical vapor deposition (CVD),
a detailed kinetic model of the TEOS decomposition mechanism
is required. In the system studied in this work, TEOS undergoes
thermal decomposition at high temperatures (1100—1500 K)
and at atmospheric pressure to produce silica nanoparticles. The
overall stoichiometry for this decomposition process is
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Previous attempts to understand this process have been made
by Chu et al.* and Herzler et al.,> who describe the formation of
silicon dioxide molecules based on unimolecular reactions of
tetraethoxysilane and its sequential products. Chu et al.* suggested
a six-center molecular decomposition process of the ethoxy groups
to be responsible for the major decomposition of TEOS, with the
generation of one ethylene and one ethanol per two decompositions
of an ethoxy group from a TEOS molecule. Later, Herzler et al.’
studied the decomposition of TEOS and other molecules in a single-
pulse shock tube experiment in a temperature range between 1160
and 1285 K and at a pressure of about 150 kPa (1.5 bar); the
product yield studies suggested a different decomposition mech-
anism than that of Chu et al.;* a more complicated four-center 1,2-
elimination reaction was considered as an alternative tetraethox-
ysilane decomposition reaction. Though the kinetics proposed by
Herzler et al.’ adequately describes the primary irreversible
reactions of the system, it fails to explain the absence of any silicon
compound detection in the experiment. An accurate kinetic model
is a necessary requirement of any model of the particulate processes
involved in the formation of SiO, nanoparticles.®°

The aim of this work is to provide the thermochemical
properties for the set of all possible closed-shell and radical
silicon species generated from the decomposition of TEOS. The
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thermodynamic properties of some of such chemical species
involving Si—O—C—H bonds were calculated by Ho and
Melius'® from MP4 calculations with bond additivity corrections
(BAC). However, complete analysis of the TEOS system leads
us to believe that more species than those provided by Ho and
Melius'® might be involved in the reaction mechanism.

In order to produce an exhaustive pool of species that are likely
to participate in the course of TEOS decomposition, consideration
of all possible species has been automated using a script written
in Perl. Thermodynamic properties have been determined using
density functional theory (DFT) and principles of statistical
mechanics. Equilibrium calculations can then be performed as a
first attempt to identify the important species in the reaction
mechanism and to characterize the nucleation process.

This work also examines the effect that internal rotors have
on the thermochemistry of silicon molecules using a one-
dimensional hindered rotor approximation. The torsional barriers
of CHj rotors in many silicon compounds were found to be
similar irrespective of the chemical environment of the rotor.
The classical hindered rotor partition function has been used to
treat all of the CH; and SiH; rotors in the high-temperature
regime. The calculated thermodynamic properties of some
reference species, such as Si(OH);(OC,Hs), SiH;(OC,Hs),
Si(OH)3;(OCHj3), Si(OH),(OCHsj),, Si'(OH),(OCHj;), and Si-
(OH)3(OC'Hy), are in good agreement with those computed by
Ho and Melius,'® which were later revised with hindered rotor
corrections by Sandia National Laboratory.

Methods Section

Automatic Molecular Structure Generation. In the absence
of an accurate mechanism describing the decomposition of
TEOS, we hypothesize that each of the four ethoxy functional
groups (OCH,CHs;) attached to the Si atom can break down
into smaller species in the same way as for the ethanol reactions
as proposed by Marinov et al.!' For the automatic generation
of silicon species generated from decomposed TEOS, each of
the four ethoxy branches is systematically changed in order to
produce every possible permutation of ligands. Some of these
species have been previously studied by Ho et al.'® using MP2/
MP4 and BAC, who manually worked their way through
possible geometries. The branches can be in a number of
different states; for completeness, we consider all possible
branch types. It is anticipated that a large number of these
species will be unrealistic or extremely short-lived. The automa-
tion makes this possible and indeed desirable since we can be
confident that no important species will be neglected. Any
irrelevant species may then be weeded out by observing the
equilibrium composition. Some species did not converge under
the automated quantum calculations. These were then rerun
using a larger number of iterations or by changing the starting
geometries until they could be made to converge. The branch
ends that are considered are

« Step 1: Radical species. Radicals are produced by removing
either the H atom on the carbon end, the CH;, the CH,CHj, or
the OCH,CHj; on each of the ethoxy branches independently,
giving a set of 256 species in the preliminary step. Due to the
tetragonal symmetry of the molecule, a number of the species
generated are not unique. In order to remove the duplicates, an
International Chemical Identifier (InChl) name, which can
uniquely identify molecules of the same connectivity, is assigned
to each species. Duplicate species can then be automatically
removed from the set by simply comparing the InChl names
using a simple Python script. Unfortunately, InChl strings cannot
distinguish between left- and right-handed chiral molecules;
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therefore, a small number of unique species will be removed.
Thermodynamic properties of chiral species are considered to
be identical to those of its original. The OpenBabel'>!® software
package is used to convert the molecular connectivity to an
InChl name. This procedure results in 64 unique radical species.

* Step 2: Hydrogen additions. A radical species generated
in the first step may contain one to four radical sites. Molecules
with more than one radical site are deemed highly unstable and
are not considered in the present work. Therefore, the radical
sites are replaced by hydrogen atoms to form nonradical and
single-radical site species. A nonradical species is obtained if
all radical sites are replaced by hydrogen atoms. Equally, it is
possible to leave any one of the radical sites unchanged to form
a single-radical site species. Again, duplicates are removed using
InChI names.

» Step 3: Species with C=C double bonds. The species
generated in step 1 can have an OCH,CH, branch replaced by
an OCH=CH, branch. This is easily done by removing the
hydrogens that are connected to the terminal and penultimate
carbon atoms; the subsequent electronic minimization will then
find that the lowest-energy state is that with a double bond and
correct the bond lengths. For species with more than one OCH,
CH, branch, all possible combinations of replacements are
applied. Hydrogen addition and duplication removal steps are
also performed on this new set.

The total number of silicon species is the sum of those
produced by steps 1—3, including all single-radical site species
and TEOS. The above steps are implemented in a Perl script,
generating a total of 180 possible silicon species. A number of
the species generated are shown in Figure 1.

Quantum Calculations. Quantum calculations are performed
on the 180 generated species with DFT functionals using the
Gaussian 03 software package.'* Geometries are optimized and
harmonic frequencies calculated using B3LYP'S and B97-1'¢
functionals. The basis set used for all reported calculations is
6-3114+G(d,p), which assumes Slater-type orbitals.'"* The
6-3114+G(d,p) consists of the 6-311G basis set!” for first-row
atoms, the McLean-Chandler (12s,9p) (621111,52111) basis
sets!® for second-row atoms, and additional extra valence
functionals, polarization functionals, and diffuse functionals for
second-row atoms. This basis set contains at least triple-£ basis
sets for second-row atoms, as recommended by McLean et al.'®
This 6-3114+G(d,p) basis set should be large enough for the
basis set truncation error to be smaller than the inherent errors
of the DFT functional itself.! Table 1 shows literature values
for the enthalpy of formation, which will be used in correcting
errors in the DFT calculations using the method of isodesmic
reactions as described by West et al.?®

Tight convergence criterion is used for the self-consistent field
calculations, and orbital symmetry constraints are lifted for all
species. The pruned (99,590) integral grid is used, as recom-
mended,'* for molecules containing many tetrahedral centers and
for increasing the numerical accuracies of very low frequency
modes. However, the lowest-energy conformers of many silicon
species are still very difficult to determine because of the existence
of the many local minima around tetrahedral centers on the potential
energy surface. Thus, the geometry of TEOS, which is used as the
starting point for smaller silicon species, is carefully optimized to
achieve the lowest-energy structure.

A comparative study of the DFT functionals, B3LYP and
B97-1, enables us to check the validity of the calculations from
agreement between the two functionals; any remaining errors
must then be due to inherent problems with DFT. In the case
of B3LYP, the exchange—correlation energy functional in the
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Figure 1. Molecular geometries after optimization with B97-1/6-3114G(d,p); bond lengths are in Angstréms, and unlabeled atoms are carbon.
The bold wedged bonds and the hashed wedged bonds indicate bonds coming out of the plane and going into the plane, respectively.

DFT calculation uses the approximation of Lee—Yang—Parr.?!
The B97-1 hybrid functional'®?? is a combination of a nine-
term continuum expansion and a fraction of exact orbital
exchange, whose optimal expansion parameters are determined
through a fit to molecular thermochemical data.> Boese'’
recommends B97-1 as the best choice for DFT calculations.

Internal Rotors. The largest contributions to the absolute
entropy and other thermodynamic properties are from the low-
frequency vibrational modes. In silicon species, several of the
low-frequency modes correspond to internal rotors where the
potential energy surface is better described by a sinusoidal
internal rotation potential rather than a harmonic vibrational
potential. Treating internal rotation properly becomes especially
important for creating accurate thermochemistry data. In this
work, CHj3 and SiHj; rotors are of interest because the rotational
symmetries of these rotors allow the torsional potential barriers,
V(¢), to be described by single cosine functions

VO
V(g) = (I = cos(ng)) @)

where ¢ is the dihedral angle of the torsion motion and 7 is the
symmetry number of the rotor for the number of indistinguish-

able minima on the potential surface of the rotor, that is, three
for CH; and SiH;. For a more complicated potential such as
for nonsymmetrical tops, the m term truncated Fourier expansion

may be used to represent the potential.>*

The methods used to obtain high-accuracy torsional barriers
and reduced moments of inertia have been discussed by several
researchers.?*~2% The dihedral angle of the rotor is rotated from
0 to 360° at 12° intervals. This dihedral angle is constrained,
allowing the rest of molecular structure parameters to be fully
relaxed. The differences between the total energy of each
conformation and that of the most stable optimized structure
define the potential energy as a function of the dihedral angle.
The results of calculations at the B3LYP/6-311+G(d,p) and
B97-1/6-3114+G(d,p) levels are shown in Table 2 and Figure
2. The entire molecule is allowed to relax at each angle of
rotation (while constraining that angle) because the torsional
barrier is coupled to the rotor’s chemical environment.

In the present work, the internal rotors of all silicon species
are treated using the popular 1-D hindered rotor (1-DHR)
approximation.?*?’ The hindered rotor form of the Schrédinger
equation (eq 3) is based on the assumption that the solution of
the hindered internal rotor is separable from those of other rotors
and any overall rotation.



9044 J. Phys. Chem. A, Vol. 113, No. 31, 2009

—dy

3, g T V@ O =0 3)

For molecules with multiple rotors, the torsional potential
and the reduced moment of inertia of a particular rotor require
consideration of coupling to other rotors in the molecule. Pitzer
et al.?® have shown that these couplings can be accounted for
using Pitzer’s formulas to calculate the reduced moment of
inertia. The current conventional notation for these formulas
was introduced by East et al.” for ease of understanding. The
reduced moments of inertia, /;, are computed using Pitzer’s
formulas about the axis that passes through the centers of mass
of both the rotating group and the rest of the molecule, ¥,

The vibrational frequencies and internal rotation axes that
correspond to the internal rotations are identified by looking at
the motions of all atoms according to the RRHO. This is done
by looking for a large dihedral angle movement of the rotating
group while bond stretching, bending, and out-of-plane bending
motions of the rest of the molecule remain almost stationary.
The partition functions of those corresponding frequencies are
then replaced by the internal rotor partition function. Solving
the rotational Schrodinger equation numerically for energy levels
involves computing complicated numerical solutions. Instead,
we used the classical approximation to the hindrance partition
function, eq 4

Phadungsukanan et al.

class hin 1 2'7[[ka 12 27/ —y(1—cos n
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McClurg et al.*® have shown that this partition function
performs remarkably well in the high-temperature limit like
those conditions that occur in the industrial reactor. This is
because the number of accessible quantum states becomes very
large at high temperature and begins to approximate a con-
tinuum. The summation over all of the energy states in the
partition function can then be approximated by the integral over
phase space. The treatment of rotor—rotor coupling of the
hindered potential surface was illustrated by East et al.”” These
cross-term potentials are less than 0.01 kcal/mol, and we have
neglected them in species with multiple internal rotors, that is,
species with multiple methyl groups.

Thermochemistry Calculation and Equilibrium Composi-
tion. The standard enthalpy of formation at 0 K, A¢H§, can be
determined by subtracting the energy of the species from the
energy of its elements in their standard states as calculated from
a DFT calculation. However, there are large errors associated
with total electronic energies from DFT, and this method leads
to poor values of AHgx. Here, A¢HGk is calculated using the
method of isodesmic reactions as used by West et al. for titanium
oxychloride species.” In an isodesmic reaction, the type of
bonds formed in the products are the same as those which are
broken in the reactants. An isodesmic reaction is chosen to relate

TABLE 1: Literature Standard Enthalpy of Formation, A¢H5g 15k, and Calculated Electronic Energies at B97-1/6-311+G(d,p)

and B3LYP/6-311+G(d,p) versus MP4(SDTQ)

electronic energies (hartrees)

species A¢H593 15k (kcal/mol) ref MP4(SDTQ)* B97-1 B3LYP
CH, 388.28 +5.77 Melius* —39.037812 —39.135089 —39.166080
C'H; 146.02 + 4.94 Melius?? —39.714719 —39.832163 —39.855167
CH, —74.89 £ 4.18 Allendorf* —40.388610 —40.511179 —40.533927
CH,=CH, 51.46 £ 4.18 Allendorf* —78.353058 —178.581437 —78.615513
CH;C'H, 120.50 £ 5.40 Melius?? —78.914811 —179.148310 —179.185020
CH;CH; —87.03 £4.31 Sandia“ —79.584024 —79.819722 —79.856544
C'H,OH —20.50 £+ 4.48 Melius* —114.751281 —115.060771 —115.102488
O=CHCH; —161.50 +4.39 Allendorf* —153.417858 —153.829593 —153.882147
CH;CH,0O* —2.09 +4.44 Melius* —153.945992 —154.367095 —154.251414
CH;0CH; —183.26 £ 6.23 Melius* —154.598322 —155.019655 —155.077044
C,Hs0OH —238.91 +4.23 Melius* —154.614399 —155.038409 —155.094967
(CH;CH,)O(CH,CH3) —252.67 +2.01 Pedley® —233.648699 —233.734152
O'H 38.95 £ 4.23 NIST-JANAF —75.735621 —75.762337
H,O —241.84 +£4.18 Cox* —76.230814 —76.431169 —76.458464
0O=CH, —108.37 £ 4.18 Melius* —114.206279 —114.503529 —114.541756
SiH;(0") 20.08 £ 4.81 Allendorf* —365.768988 —366.434921 —366.514635
SiH;(OC,Hs) —276.56 = 4.18 Ho'® —444.840821 —445.735503 —445.845053
SiH(OH); —981.57 + 6.90 Allendorf® —516.665457 —517.700877 —517.822827
Si'(OH),(OCH3) —740.99 +4.23 Ho'* —555.187981 —556.334721 —556.470223
Si(O")(OH); —1033.87 + 13.6 Allendorf® —591.080624 —592.290404 —592.431993
Si(OH),4 —1342.23 £13.9 Allendorf® —591.772791 —592.988897 —593.131180
Si'(OH)(OCHs;), —706.68 + 4.35 Ho'® —594.368887 —595.625923 —595.776426
Si(O0")(OH),(OCH3;) —996.21 + 14.5 Ho'* —630.260421 —631.581849 —631.733105
Si(OH)3(OC’H,) —1112.94 + 17.0 Ho'® —630.290120 —631.615044 —631.771792
Si(OH)3(OCHs3) —1305.41 + 144 Ho'® —630.952798 —632.279815 —632.437066
(SiH3)O(SiH3) —331.79 + 8.16 Sandia“ —656.686243 —657.833237 —657.967161
Si(OH),(OCHs;), —1259.38 £ 15.3 Ho'* —670.129440 —671.567103 —671.739213
Si(OH)3;(OC,Hs) —1340.97 £ 13.3 Ho'? —670.157286 —671.595554 —671.766701
O=Si'OH —310.03 £ 6.74 Allendorf® —439.690209 —440.527830 —440.623471
O=SiH(O")(OH) —489.95 + 20.9 Allendorf® —514.734582 —515.760450 —515.877357
O=SiH(OH)(OCHs;) —772.78 + 26.8 Ho'? —555.187981 —555.746704 —555.879357
O=SiH(OCH3;), —735.55+273 Ho'* —593.790890 —595.038242 —595.186008

“ Online gas-phase resources provided by HiTempThermo, Sandia National Laboratories.
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TABLE 2: Torsional Barriers of CH; and SiH; Rotors Calculated Using the B3LYP/6-311+G(d,p) and B97-1/6-311+G(d,p)
Levels of Theory and the Reduced Moment of Inertia Calculated Using Pitzer’s Formula

barriers (kJ/mol)

I, (amu Bohr?)

species rotor” B97-1 B3LYP lit. Im 1en I6m
C,HsOH CH; 13.14 13.22 12.85%0—14.31¢ 10.35 9.40 9.40
SiH,(OH)(OCHs;) CH; 1.76 1.80 - 11.42 11.22 10.87
SiH(OH),(OCHs;) CH; 1.92 2.01 - 11.42 11.23 11.01
Si(OH)3;(OCHs3) CH; 1.88 1.97 1.88¢ 11.44 11.32 11.20
SiH3(OCHj3) CH; 2.89 2.80 - 11.42 10.90 9.60
SiH; 4.90 4.69 - 21.25 17.25 13.80

SiH;(OC,Hs) CH; 13.31 13.22 17.20° 11.40 11.37 11.35
SiH; 4.81 4.90 4.90¢ 20.72 16.98 13.43

Si(OC,Hs), CHY" 13.31 13.22 - 11.36 11.34 11.33
CHY 13.31 13.22 11.36 11.34 11.33

CHY 13.31 13.22 11.36 11.34 11.33

CHYY 13.31 13.22 11.36 11.34 11.33

Si(OC,Hs),* CH{? 13.31 13.22 - 11.42 11.34 11.33
Si(OCH3)4 CHY" 1.84 1.92 - 11.42 11.40 11.36
CHY 1.88 1.97 11.42 11.40 11.36

CHY 1.88 1.97 11.42 11.40 11.36

CHYY 1.84 1.92 11.42 11.40 11.36

Si(OCH3)4* CH{? 1.92 2.01 - 11.44 11.39 11.36

@Online gas-phase resources provided by HiTempThermo, Sandia National Laboratories. ” (j): Torsional barrier of the rotor j in the
molecule. Numbering of the rotor is arbitrary. (i,j): Torsional barrier of the rotor j while keeping rotor i at its maximum.

the species with unknown enthalpy to species with similar bonds,
whose enthalpies are known in the literature. In this work, we
have tried to relate all of the species using isodesmic reactions
to known species from the literature, shown in Table 1. For
this method to be applicable, it is important to have a large
pool of species with accurate known enthalpies in order to be
able to find isodesmic reactions for most of the unknown species.
Ho, Allendorf, and Melius have performed ab initio electronic
structure calculations and bond additivity corrections (BAC)
with MP2/MP4 calculations to calculate the enthalpy of forma-
tion of some species containing Si—O—H and Si—O—C—H
bonds. The enthalpy of formation as calculated by Ho et al.
agrees, within 0.05 J/mol, with data obtained from the NIST
database for the few small species where experimental values
are available,® providing evidence for the validity of values
calculated by Ho et al. As there are only a few experimental
values available for species that include Si, we extended the
experimental values using the thermochemistry calculated by
Ho and Melius as a starting point.'® Table 1 lists AgH30g 5 for
all species known in the literature and compares their electronic
energies resulting from highly accurate MP4 calculations against
the values calculated in the current work.

Analysis of equilibrium enables us to identify important
intermediate species that play an important role in the reaction
mechanism. In the current work, equilibrium concentrations are
calculated using the open source software Cantera.’® The
thermochemistry data for each species are represented in
standardized form as a NASA polynomial®” which is compatible
with the Cantera®® and CHEMKIN™ reaction modeling codes.
Using these fitted polynomials for C,(T), H°(T), and S°(T), the
equilibrium composition is calculated as a function of temperature.

Results and Discussion

Thermodynamic properties for smaller silicon species have
been previously computed using MP2/MP4 calculations with
bond additivity corrections (BAC) by Ho et al.,'” and these
results compare well with our calculated values as listed in Table
3. The intermediate results such as the optimized structures,
vibrational frequencies, torsional barriers, and rotational con-
stants of all species, which are required for calculating the ideal

gas thermodynamic properties, such as § and C,, are also
included as Supporting Information.

Geometries and Frequencies. The molecular geometries of
all of the molecules have been optimized at the B3LYP/6-
3114+G(d,p) and B97-1/6-311+G(d,p) levels of theory, and their
bond lengths and torsional angles were calculated. The resultant
optimized structures of some important species are shown in
Figure 1. For this work, the thermodynamic properties of all
species are reported for the lowest-energy structures.

The geometry optimization routine is followed by frequency
analysis. The vibrational frequencies for the complete species
set as computed by the frequency analysis in Gaussian 03 using
the B97-1/6-311+G(d,p) and B3LYP/6-311+G(d,p) levels are
provided in the Supporting Information.

Internal Rotors. The calculated torsional barrier heights of
CHj; and SiHj rotors of C,HsOH (trans-ethanol), SiH,(OH)-
(OCHj3), SiH(OH),(OCHz), Si(OH);(OCH3;), SiH3(OCH3;), SiH;3-
(OC,Hs), Si(OCHj3)y4, and Si(OC,Hs), are shown in Table 2.
Figure 2 shows the barrier as a function of the dihedral angle
at every 12° interval. All potentials are almost symmetric with
three-fold barrier symmetry and perfectly fit to a single cosine
function given in eq 2. The barrier heights of C=C in ethanol
at the B97-1/6-311+G(d,p) and B3LYP/6-3114+G(d,p) levels
of theory are 13.14 and 13.22 kJ/mol, respectively. These results
are comparable to 13.93 and 15.15 kJ/mol from experiment,***°
with small underestimation as reported by Viruela et al.*! that
DFT calculations underestimate the torsional barrier in most
cases. The above data show the barrier heights for the methyl
rotors as 13.22 and 13.30 kcal/mol for B97-1 and B3LYP,
respectively, in any ethoxyl group of TEOS. These are similar
to those of ethanol calculated at the same level of theory. The
same barrier heights are observed for methyl rotors in any silicon
species containing any number of ethoxyl groups. This is mostly
because the electronic structures of ethanol and the ethoxyl
group will be very similar. For the methyl rotor about the C—O
bond, we find that the barrier heights of SiH;(OCH;) are 2.89
and 2.81 kJ/mol with B97-1/6-311+G(d,p) and B3LYP/6-
311+G(d,p), respectively, while the barriers for other silicon
species containing more than one oxygen atom, regardless of
the functional group attached to the other oxygens, are around
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TABLE 3: Ideal Gas Thermodynamic Properties of Some Silicon Species Compared to Ho and Melius’s'” BAC-MP4

Calculations
C, (J/mol)
species con.” A¢H508 15k (kJ/mol) S98.15x (J/mol) 300 500 800 1000 1500 2000
SiH3(0O") TVR 249.61 51.92 68.35 83.20 89.47 98.15 102.08
lit. 20.08 +4.81 256.56 52.52 68.77 83.73 89.97 98.50 102.31
SiH,4 TVR 48.80 & 10.07 204.56 42.89 58.82 76.13 83.93 95.05 100.17
lit. 3431 £4.18 204.59 43.45 59.90 77.56 85.28 95.98 100.79
0=Si(O")(OH) TVR 293.80 70.56 84.28 92.93 95.91 100.43 102.98
lit. + IR —489.95 4+ 20.92 297.31 70.50 83.27 90.57 93.12 97.14 99.43
Si(O*)(OH)3 TVR 333.18 107.11 132.03 147.25 152.97 162.95 169.27
lit. + IR —1033.87 + 13.60 342.75 104.94 125.19 137.76 142.91 152.29 158.18
Si(OH)3(OC'H,) TVR 373.32 136.93 171.95 197.46 208.00 225.87 236.44
lit. + IR —1112.94 + 16.99 384.64 136.85 169.46 192.30 201.61 216.84 242.99
Si(OH)4 TVR 335.04 114.63 143.95 162.07 169.08 181.75 189.94
lit. + IR —1342.23 + 13.85 342.54 115.77 138.13 151.25 156.96 168.18 175.54
Si(OH)3(OC,Hs) TVR 395.51 145.95 199.11 245.73 265.83 298.15 31591
IR 8.11 9.65 9.47 7.74 6.82 5.55 4.99
TVR + IR 403.62 155.60 208.58 253.47 272.65 303.70 320.90
TVR + f; 406.78 153.92 207.30 253.99 274.11 306.45 324.21
lit. + IR —1340.97 + 13.26 412.54 152.74 202.47 247.76 267.35 298.44 315.06
SiH3(OC,Hs) TVR 310.63 81.37 125.81 172.70 193.62 224.94 240.38
IR 17.85 19.46 18.54 14.85 13.10 10.76 9.77
TVR + IR 328.48 100.83 144.35 187.55 206.72 235.70 250.15
TVR + f; 330.60 96.79 141.99 189.16 210.14 241.51 256.98
lit. + IR —276.56 +4.18 334.26 97.55 140.09 184.75 204.43 233.38 247.38
Si(OH)3(OCHj3) TVR 361.74 125.52 165.03 198.22 212.43 235.73 24891
IR 14.72 5.32 4.61 4.34 4.27 4.21 4.19
TVR + IR 376.46 130.84 169.63 202.56 216.71 239.94 253.10
TVR + f; 377.44 133.71 173.30 206.52 220.74 244.04 257.22
lit. + IR —1305.41 + 14.39 382.42 130.73 165.69 196.03 209.71 232.14 243.98
0=Si(OCHs), TVR 347.72 99.19 137.53 179.36 198.10 226.74 241.26
IR 29.61 10.15 9.01 8.59 8.49 8.39 8.36
TVR + IR 377.33 109.34 146.54 187.95 206.60 235.14 249.62
TVR + f; 378.83 115.58 154.07 195.96 214.71 243.36 257.89
lit. + IR —735.55 £27.32 378.32 109.72 148.94 190.54 208.82 235.49 247.90
0=Si(OH)(OCH;) TVR 320.20 87.20 115.86 142.99 154.67 172.80 182.36
IR 14.81 5.06 4.50 4.29 4.25 4.20 4.18
TVR + IR 335.01 92.27 120.36 147.29 158.92 177.00 186.54
TVR + f; 335.96 95.40 124.13 151.29 162.98 181.11 190.67
lit. + IR —772.78 +26.82 335.43 93.09 120.36 149.91 160.46 175.54 182.91
Si(OH),(OCHj3), TVR 397.20 137.06 186.40 234.56 255.95 289.85 307.97
IR 30.11 9.44 8.73 8.48 8.42 8.36 8.34
TVR + IR 427.31 146.50 195.14 243.04 264.37 298.21 316.31
TVR + f; 429.52 153.48 202.96 251.16 272.56 306.47 324.60
lit. + IR —1259.38 + 15.31 430.12 145.35 189.61 235.40 256.29 289.28 306.62
Si*(OH),(OCH3) TVR 343.25 102.72 133.41 160.96 173.06 192.80 203.76
IR 14.80 5.04 4.49 4.29 4.24 4.20 4.18
TVR + IR 358.05 107.76 137.90 165.25 177.30 196.99 207.94
TVR + f; 359.45 110.93 141.68 169.26 181.37 201.11 212.07
lit. + IR —740.99 +4.23 367.61 106.73 132.24 156.93 168.36 187.11 197.37
Si*(OH)(OCHj;), TVR 370.01 112.96 154.17 197.00 216.34 246.75 262.71
IR 30.10 9.44 8.73 8.48 8.42 8.36 8.34
TVR + IR 400.12 122.40 162.91 205.48 224.76 255.11 271.05
TVR + f; 402.03 129.38 170.72 213.60 232.95 263.37 279.34
lit. + IR —706.68 +4.35 409.11 124.93 161.93 200.88 218.81 246.97 261.55

“TVR is the sum of contributions from translational, vibrational, and external rotation partition functions excluding the vibrational modes
which correspond to internal rotation. IR is the sum of contributions from internal rotation partition functions. f; is the sum of the contribution
from vibrational partition functions for the frequencies which corresponds to the internal rotation. lit. is the literature values from online
gas-phase resources provided by HiTempThermo, Sandia National Laboratories.

1.76—1.84 and 1.84—1.92 kJ/mol at the same calculation levels.
The reason for this difference is probably that the rotor interacts
with the adjacent oxygen atom. However, these methyl rotors
about the C—O bond are relatively, small and the free rotor
approximation may be sufficient, especially in the high-
temperature regime, for calculating the thermodynamic proper-
ties, that is, the estimated difference between free and classical
hindered rotor treatments on the values of C,, is less than 0.03
J/mol per CH;—O rotor for temperatures above 1000 K.

In this work, the difference between the torsional barriers as
calculated using the B3LYP and B97-1 functionals is less than
0.08 kJ/mol for the CHj; rotor and less than 0.3 kJ/mol for the
SiH; rotor. Further studies on coupling between rotors in TEOS
and TMOS are performed using both B3LYP and B97-1
functionals by calculating the torsional potential of one rotor
while keeping another methyl rotor at its highest-energy torsion.
The coupled torsional potential is only 0.0004 kJ/mol higher
for TEOS and is about 0.005 kJ/mol higher for TMOS. Given
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that these rotor—rotor potential couplings are very small,
neglecting these potential coupling terms in the partition function
for all species seems to be a reasonable choice. Instead, the
physical coupling will be taken into account by the effective
reduced moment of inertia calculated using Pitzer’s formula.
In Table 2, several levels of coupled reduced moments of inertia
for symmetrical tops are reported.

However, for a molecule containing the heavy Si atom, such
a high level n = 4 of accuracy does not yield a significant
improvement to the thermodynamic properties.

Thermochemistry Calculation. Table 3 contains the impor-
tant thermodynamic properties for a few important species in
the system, as calculated using the B97-1/6-311+G(d,p) fre-
quencies. Enthalpies of formation AH5ss sk calculated from
isodesmic reactions are also reported in Table 3. The enthalpies
in the NIST database are known experimentally with high
accuracy, and those by Ho et al. have been computed using
high-level MP4 quantum chemistry calculations. The values of
Ho et al. compare favorably to the NIST values for small SiH
species, within an accuracy range of £0.01 kJ/mol for S and
£0.3 J/mol for C,. There are no experimental values available
for the larger species, but it is natural to assume that errors will
increase, at least linearly, with size. For the complete list of
thermodynamic values for all species, please refer to the
Supporting Information.

Due to the large number of species that are available in the
literature, there are always a number of entirely isodesmic reactions
available for each species. The A¢H3g 15x values calculated using
isodesmic reactions therefore have an associated error range that
can be estimated by the spread of values generated using different
reactions. The standard deviation for all of the species that we
looked at was between 5 and 40 kJ/mol. The value for AiH59g5 15k
that we report is then the mean from all possible isodesmic
reactions. This error must be either due to inconsistency in the
A¢HS05 15x Values presented by Ho and Melius or due to inherent
errors in DFT. There is currently no way to determine exactly which
is more significant. However, given the strong agreement in other
systems with purely experimental values,? it is sensible to suppose
that there is some significant error associated with the values in
ref 10 as calculated using BAC.

Performing a brute force sensitivity analysis with respect to
the calculated A¢H59g 15k values, accounting for their respective
maximum errors, reveals they have little effect on the equilib-
rium composition, confirming that these errors are within the
acceptable range of accuracy required for postprocessing
calculations. This is expected since at high-temperature entropy
dominates the Gibbs energy.

For those species that do not have internal rotors, that is,
SiH, and SiH3(O"), Calculated C, values are extremely precise
compared to Ho and Melius’s MP4 calculations, with a small
underprediction of less than 0.6 J/mol. As soon as a species
contains a OH group (the unsymmetrical OH rotor is not treated
in this work), such as O=Si(O")(OH), Si(O")(OH)s, Si(OH),4,
and so forth, our predicted C;, is less than that of Ho and Melius
by 3.2 J/mol per OH group (at 2000 K). However, at temper-
atures around 300 K, the pure harmonic oscillator treatment
agrees very well with Ho and Melius in all cases. This
vibrational partition is a good approximation for the OH rotor
at low temperatures, but at temperatures above 1000 K, it begins
to break down.

For species such as O=Si(OCH3),, with a CH; rotor, the TVR
+ IR approximation values for C, are 0.5 J/mol closer to the
Ho and Melius ones than those using the TVR + f; approxima-
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Figure 2. Torsion barrier of the CH3 and SiH; rotors of C,HsOH (frans-
ethanol), SiH;0OCH3;, Si(OCH3),, and Si(OC,Hs)4 calculated at the B97-
1/6-311+G(d,p) and B3LYP/6-311+G(d,p) level of theories.
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Figure 3. Equilibrium plot showing the gas-phase TEOS system at 1
atm, starting from an initial concentration mixture of TEOS/Ar = 1
mol:1 mol.

tion. Treating the CHj3 group as a rotor improves the results
significantly.

Equilibrium Composition. Figure 3 shows the equilibrium
composition as a function of temperature. The initial gas mixture
used for these simulations comprises 50 mol % TEOS in argon
at an atmospheric pressure of 1.01 bar. For clarity, Figure 3 is
cut off at a reasonable concentration, removing a large number
of the species. A massive number of the species investigated
have extremely low concentrations. These may be important to
the kinetics as short-lived intermediates. The power of the
current methodology is that almost all possible species have
been considered, and we can be confident that these species
present in high concentration are the species that will be
important. Any system involving only manually generated
species always faces the risk of failing to spot important stable
species, something that becomes more of a certainty than a risk
in large complicated chemical systems such as this one.

The most populous species from Figure 3 are Si(OH),
SiH(OH);, SiH,(OH),, SiH3(OH), Si(OH);(OCHj3), Si(OH),-
(OCHy),, the silicon dimers (CH3);SiOSi(CH3); and SiH;0SiH;,
and the smaller hydrocarbon species CH4, CO,, C,H,, and C,Hg.
The hydrocarbon species considered are all those hydrocarbons
from the ethanol mechanism of Marinov et al.'' that contain
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fewer than two carbon atoms. As expected from basic thermo-
dynamical arguments, the concentrations of nonradical species
are almost univerally higher than those for radical species.
Though the silicon dimers were not generated automatically as
part of this work, they have also been added to the equilibrium
calculation, and they appear to be favored over other silicon
species, especially SiO, between 800 and 1500K. Gas-phase
SiO; molecules are present at very low concentrations in the
temperature range of 500—3500 K and have significant con-
centrations only at temperatures greater than 4000 K. The high
stability of Si dimers in the equilibrium mixture suggests that
silica nanoparticles are formed from aggregation of larger gas-
phase intermediate species and not directly from SiO, as has
been suggested.’ This observation can be validated against
experimental evidence where the occurrence of molecular SiO,
is rare.*? SiO, can only form under certain conditions and not
from direct combustion. The intermediate gas-phase silicon-
containing dimer species or larger silicon compounds could be
made from the silicon-containing radicals derived from those
in high concentration mentioned above. These will be necessary
for the development of a physically reasonable kinetic model.

The analysis of intermediate species in the system indicates the
rapid hydrolysis of the ethyl [—C,Hs] branches from TEOS,
confirming the domination of the ethanol mechanism in the Herzler
experiment.’ It can also be seen from the equilibrium calculations
that TEOS is highly unstable at high temperatures, with an
extremely low concentration of 107> at 1500 K and 1 atm pressure.
The equilibrium graph enables us to identify species that might
play an important role in the overall chemical mechanism.

Conclusion

An exhaustive list of 180 SiO,C;H; species involved in the
decomposition of TEOS is investigated using quantum chem-
istry. These calculations are used to obtain thermochemical data,
including standard entropies and enthalpies of formation. About
160 of these unique species have not been reported previously
in the literature. The presence of internal rotors in the TEOS
molecule has also been examined, and their impact on the
thermochemistry has been quantified. The new thermochemical
data have been utilized to derive equilibrium compositions
resulting from the gas-phase decomposition of TEOS at a
pressure of 1 atm over a temperature range of 0—2500 K.
Si(OH);, SiH(OH);, SiH,(OH),, SiH;3(OH), Si(OH);(OCHj,),
Si(OH),(OCHs;),, the silicon dimers (CH;);SiOSi(CH;3); and
SiH;0SiH;, and the smaller hydrocarbon species CHy, CO,,
C,H,, and C,H; are highlighted as the important species. The
short-lived radical species, while not present in significant
amounts at equilibrium, are likely to be important as intermedi-
ates in reactions. This detailed thermochemistry data, along with
the analysis of the equilibrium composition, provides a basis
for the development of a detailed kinetic model for the
decomposition of tetracthoxysilane. Furthermore, the methodol-
ogy development presented in this work is part of the movement
toward full automation of kinetic model development.
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