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Particulate contamination formed by homogeneous clustering reactions of silicon hydrides within silicon
chemical vapor deposition processes is an important source of yield loss during semiconductor processing.
On the other hand, intentional synthesis of silicon nanoparticles may be of great interest because of the unique
optical and electronic properties of nanostructured silicon. Kinetic modeling can play an important role in
developing a fundamental understanding of the particle clustering chemistry, and knowledge of the
thermochemistry and reactivity of these silicon hydrides is necessary if a mechanistic kinetic model is to be
constructed. Experimental measurements of thermochemical properties are usually expensive and difficult,
and it is desirable to use computational quantum chemistry as an alternative. In this work, several theoretical
methods were used to calculate thermochemical properties of silicon hydrides. Among the methods used,
Gaussian-3 theory (G3) using the geometries from B3LYP density functional theory (B3LYP/6-31G(d)), referred
to as G3//B3LYP, showed the most promising results with an average absolute deviation of 1.23 kcal/mol
from experimental data for standard enthalpies of formation of small (<Si4) silicon hydrides. A series of
calculations using G3//B3LYP was carried out on small to medium (<Si8) silicon hydrides to obtain
thermochemical properties, and a bond additivity correction was incorporated to obtain more accurate
thermochemical properties. A group additivity scheme was fit to these corrected values, allowing accurate
estimation of the thermochemical properties of arbitrary silicon-hydrogen clusters. This generalization of
the results is essential, since the many thousands of possible isomers of these molecules cannot be treated
quantum chemically at even the least expensive levels of theory.

Introduction

Particulate contamination is a leading source of yield loss
during semiconductor processing, and particles formed by
homogeneous clustering reactions within process equipment are
an important and growing source of this contamination. Chemi-
cal vapor deposition (CVD) processes using silane (SiH4) as
the precursor are widely used, and particle nucleation in these
processes can limit film growth rates and reactor productivity.
On the other hand, intentional synthesis of silicon nanoparticles
with controlled size and morphology may be of great interest
due to the unique optical and electronic properties of nano-
structured silicon. Detailed kinetic modeling can play a critical
role in developing a fundamental understanding of this particle
clustering chemistry and therefore in controlling particle
nucleation. Knowledge of the thermochemistry and reactivity
of silicon-hydrogen molecules is essential to the development
of detailed chemical kinetic models of the particle nucleation
process. However, experimental measurements of these ther-
mochemical properties are usually expensive and difficult. In
addition, the sheer number of relevant chemical species makes
construction of a database by experiment infeasible. Therefore,
it is highly desirable to use computational chemistry as an
alternative.

Calculation of molecular thermochemical data using ab initio
quantum chemistry calculations has been performed extensively,

and it has been shown that accurate prediction requires going
well beyond Hartree-Fock level of theory to include higher-
order treatments of electron correlation.1 Several very high-level
methods with extrapolation, including coupled cluster theory
with single, double, and noniterative triple excitations [CCSD-
(T)] and quadratic configuration interaction methods with single,
double, and noniterative triple excitations [QCISD(T)], have
been studied using very large basis sets to accurately predict
thermochemical properties of molecules.2,3 However, these
methods are computationally expensive and therefore limited
to small molecules. As an alternative, composite methods
comprised of moderate-level calculations with medium-sized
basis sets can be implemented and parametrized to approach
the accuracy of more expensive calculations. The Gaussian-n
(Gn) series4-14 and complete basis set (CBS) family15-18 are
two of the most popular methods in this category. These methods
apply molecule-independent empirical parameters, which are
fit according to a test set of relatively small molecules. The
thermochemical properties calculated from these methods agree
very well with experimental data. For example, the average
absolute deviations between experimental and calculated en-
thalpies of formation of 148 molecules in the G2/97 test set
were 0.94 and 1.19 kcal/mol for G3 theory and the CBS-QB3
method, respectively. In addition, the performance of these
calculations can be further enhanced by using bond additivity
corrections19 or constructing isodesmic,20 homodesmotic,21 and
bond separation reactions22 when dealing with larger com-
pounds.23 Therefore, the thermochemical properties estimated
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from these calculations are an excellent surrogate when experi-
mental measurements are not available.

While composite methods reduce the computational burden,
they are still prohibitive for large molecules. A companion
approach for estimating thermochemical properties is to use a
group additivity scheme. Benson’s group additivity approach24

has been widely used to predict the thermochemistry of organic
molecules. In this approach, a molecule is divided into groups
defined by a non-hydrogen atom and the atoms to which it is
bonded, and the estimated thermochemical value of the molecule
is calculated as the sum of the contributions of these groups.
Since only the smallest silicon hydrides have experimental
thermochemical data available, group additivity is an attractive
approach to estimate the properties of large species that are also
inaccessible to quantum chemical calculations. However, only
a limited set of group additivity values (GAVs) for silicon
hydrides is available. Swihart and Girshick25 have tabulated the
GAVs for silicon hydrides on the basis of the extensive ab initio
calculations of Katzer et al.26 These groups encompass silanes
(saturated), silenes (one double silicon-silicon bond), silylenes
(one silicon center with a pair of nonbonded electrons), and
some cyclic molecules. These GAVs, however, are not exhaus-
tive and most notably can only be applied to molecules with a
single functionality, that is, a double bond or a silylene center.
The GAVs required for molecules with multiple functionalities
are not available, and augmentation of this set of GAVs is
needed to enable the study of the reaction kinetics of systems
consisting of more complicated molecules.

In this work, several different theoretical methods were used
to calculate thermochemical properties of silicon-hydrogen
molecules, and the predicted values from these methods were
compared to available experimental data. Among the methods
used, Gaussian-3 theory using the geometries from B3LYP/
6-31G(d) density functional theory, referred to as G3//B3LYP,13

showed the most accurate results with an average absolute
deviation of 1.23 kcal/mol from experimental data for standard
enthalpies of formation of small (<Si4) silicon hydrides. A series
of calculations using G3//B3LYP was carried out on 135 small
to medium (<Si8) silicon-hydrogen molecules to obtain ther-
mochemical properties such as standard enthalpy of formation,
standard entropy, and heat capacities for a range of temperatures.
Empirical bond additivity corrections were incorporated, and a
group additivity scheme was then fit to the corrected values,
allowing accurate estimation of the thermochemical properties
of arbitrary silicon-hydrogen clusters. This generalization of
the results is essential, since the many thousands of possible
isomers of these molecules cannot be treated quantum chemi-
cally at even the least expensive levels of theory.

Computational Methods

The ab initio molecular orbital calculations were carried out
using Gaussian 98.27 Four different methods, G2, G3//B3LYP,
CBS-Q, and CBS-QB3, were evaluated for their accuracy in
predicting thermochemical properties of small silicon-hydrogen
molecules with experimental data available. This molecule set
is summarized in Table 1. Gaussian-2 (G2) theory is a composite
method in which a sequence of ab initio molecular orbital
calculations is performed to approximate the results of QCISD-
(T)/6-311+G(3df,2p) calculations for a given species.6 Geom-
etries of the molecules are optimized using Møller-Plesset
perturbation theory to the second order with the 6-31G(d) basis
set [MP2/6-31G(d)], and a series of single point calculations is
carried out to correct the MP2 energy. Zero-point energies (ZPE)

are evaluated at the Hartree-Fock level with the 6-31G(d) basis
set [HF/6-31G(d)] using the vibrational frequencies scaled by
0.8929, and a two-parameter empirical high-level correction
(HLC) is introduced to overcome remaining deficiencies.
Gaussian-3 theory using the geometries from B3LYP density
functional theory with the 6-31G(d) basis set (G3//B3LYP) is
a composite method similar to G2.13 In this method, both
geometries and zero-point energies are evaluated at the B3LYP/
6-31G(d) level. The vibrational frequencies are scaled by 0.96,
and a four-parameter HLC is included. The complete basis set
(CBS) series is comprised of extrapolation procedures to
determine the projected second-order (MP2) energy in the limit
of a complete basis set. The CBS-Q method evaluates zero-
point energies at the HF/6-31G(d′) level with the frequencies
scaled by 0.918 44, and molecular geometries are optimized at
the MP2/6-31G(d′) level.16 CBS-QB3 is a modification of the
CBS-Q method that uses B3LYP/6-311G(2d,d,p) geometries and
zero-point energies, which are based on vibrational frequencies
scaled by 0.99.18 Both CBS methods perform a sequence of
calculations with a variety of basis sets to evaluate the
contributions of higher-order correlation, and several empirical
corrections similar to the high-level corrections in Gaussian-n
methods are also included in the resulting energies. Spin-orbit
corrections, which are included inherently in the G3//B3LYP
and CBS-QB3 methods, are added for the G2 and CBS-Q
methods when dealing with atomic species. In this work, we
chose two density functional theory (DFT)-based methods, G3//
B3LYP and CBS-QB3, because they are widely known to give
better frequency estimations than Hartree-Fock calculations and
are also computationally inexpensive relative to MP2. In
addition, DFT calculations can help avoid the problems of spin
contamination or restricted (RHF) to unrestricted Hartree-Fock
(UHF) instability that plague Hartree-Fock calculations on
restricted open-shell species such as silylene molecules.

The heat of formation of a given molecule SixHy can be
calculated from its atomization energy using the following
equation:

where the heats of formation of atomic silicon and hydrogen
are the experimental values obtained from the JANAF tables28

(∆H°f,298(Si) ) 107.55 kcal/mol,∆H°f,298(H) ) 52.10 kcal/mol)
and ∆H°a,298(SixHy) is the atomization energy defined as the

TABLE 1: Comparison of Experimental Heats of Formation
of Small Silicon Hydride Species to the Results from Various
Quantum Chemical Methods

deviation from experiments
(theory- experiment)

(kcal/mol)

species

exptla

∆H°f,298
(kcal/mol) G2 G3//B3LYP CBS-Q CBS-QB3

H2 0.00 -1.08 -0.42 -1.14 -1.14
SiH4 8.20( 0.74 -1.55 -0.77 -2.08 -2.83
:SiH2 (singlet) 65.20( 0.50 -2.20 -1.91 -1.69 -2.51
:SiH2 (triplet) 86.66( 0.72 -0.29 -1.67 -1.34 -1.97
H3SiSiH3 19.05( 0.31 -1.56 -0.99 -2.07 -3.46
:SiHSiH3 75.05( 1.91 -1.98 -1.99 -1.59 -3.16
H2SidSiH2 65.73( 0.96 0.23 0.04 -0.05 -1.56
H3SiSiH2SiH3 28.90( 1.00 -2.27 -2.09 -2.95 -4.97
AAD b 1.39 1.23 1.61 2.70

a The experimental data are taken from Katzer et al.26 b Absolute
average deviation (AAD).

∆H°f,298(SixHy) ) [x∆H°f,298(Si) + y∆H°f,298(H)] -
∆H°a,298(SixHy) (1)
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TABLE 2: Electronic Energy ( Eel), Enthalpy at 298 K (H298), Standard Heats of Formation Using Atomization Energies
[∆H°f,298(AE)] and Standard Heats of Formation Using Bond Additivity Corrections [∆H°f,298(BAC)] of 135 Silicon Hydrides
from G3//B3LYP Calculations Compared with the Values Taken from Katzer et al.26
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enthalpy change upon decomposition of a molecule into its
component atoms, which can be evaluated as

whereH298(Si) andH298(H) are the enthalpies of atomic silicon
and hydrogen at 298 K, respectively, andH298(SixHy) is the
enthalpy of SixHy at the same temperature. These enthalpies can
be calculated as the sum of the electronic energies (Eel), zero-
point energies (ZPE), and thermal corrections (Evib

298, Etran
298, and

Erot
298) from 0 to 298 K as follows:

All of the quantities on the right-hand side of eq 3 are obtained
from the quantum chemical calculations, and the heat of
formation of SixHy is then calculated.

In this work, the standard entropy and the heat capacities of
the molecules were estimated from the vibrational frequencies
obtained from quantum chemical calculations, scaled by ap-
propriate scaling factors suggested by Scott and Radom.29 The
rigid-rotor, harmonic-oscillator approximation was used for all
molecules. Symmetry corrections were included in standard
entropy values, but they were removed before fitting the group
additivity values as suggested by Benson.24

Results and Discussion

I. Thermochemical Properties Calculated from Quantum
Chemistry. Heats of formation of eight small (<Si4) silicon
hydrides with experimental data available were estimated from

the four different methods mentioned above, and the deviations
between the predicted and experimental values are listed in Table
1. Among the methods used, G3//B3LYP was the most accurate
with an average absolute deviation of 1.23 kcal/mol from
experimental measurements. In addition, G3//B3LYP had the
smallest maximum absolute deviation of 2.09 kcal/mol. Note
that the average uncertainty in the experimental measurements
is 0.77 kcal/mol, and thus it may contribute significantly to the
deviations observed between the experimental and calculated
results. The performance of G3//B3LYP is consistent with results
in the literature, where G3//B3LYP has the smallest average
absolute deviation of 0.93 kcal/mol, compared to 1.56 kcal/
mol for G2, 1.54 kcal/mol for CBS-Q, and 1.26 kcal/mol for
CBS-QB3, when heats of formation of 148 molecules in the
G2/97 test set were evaluated.1 We also investigated the
efficiencies of these methods using four saturated silicon-
hydrogen molecules of different size, and the run time for each
method was normalized to the CBS-Q run time for a given
molecule. As shown in Figure 1, CBS-Q is the least expensive
method and CBS-QB3 is the most expensive method for Si1-
Si3 and comparable to the most expensive method, G2, for Si4.
G3//B3LYP takes about twice as long as G2 to run for silane
(SiH4) and about 1.5 times longer than G2 for disilane (Si2H6).
However, G2 becomes more expensive than G3//B3LYP for
the larger molecules, where G3//B3LYP only takes 0.99 of the
G2 run time for trisilane (Si3H8) and 0.75 of the G2 run time
for tetrasilane (Si4H10). The normalized G2 run time goes up
with increasing molecule size, while the normalized run time
for the other methods remains essentially the same. This is
because the longest single-point calculation in G2 theory is at

TABLE 2 (Continued)

∆H°a,298(SixHy) ) [xH298(Si) + yH298(H)] - H298(SixHy) (2)

H298 ) Eel + ZPE+ Evib
298 + Etran

298 + Erot
298 + ∆PV (3)
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TABLE 3: Thermochemical Properties Including Standard Entropies (S298) and Heat Capacities (Cp) at Various Temperatures
of 135 Silicon Hydrides Calculated from G3//B3LYP Calculations
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the MP4 level [MP4/6-311G(2df,p)], which has higher scaling
than the most computationally expensive steps in the other three
methods, which are at the MP2 level of theory.

On the basis of its superior accuracy and its relative efficiency,
we chose G3//B3LYP to evaluate the thermochemistry of silicon
hydrides that have no experimental thermochemical data avail-
able. A total of 135 molecules up to a moderate size (<Si8)
were investigated. The ground state for all molecules is reported
as the singlet state. This assumption was supported by the
calculations performed by Katzer et al.26 and our own selected
B3LYP/6-31G(d) calculations of species containing multiple
adjacent silylene atoms such as HSi:Si:H and HSi:Si:Si:H for
which the singlet state was lower in energy than the triplet state.
The electronic energies, the enthalpies at 298 K, and the heats
of formation derived from the G3//B3LYP calculations for all
of these molecules are listed in Table 2, along with the ab initio
values with empirical corrections reported by Katzer et al.,26

and the standard entropies and heat capacities at different
temperatures from the G3//B3LYP calculations are summarized
in Table 3. The standard entropy values are based on the
B3LYP/6-31G(d) vibrational frequencies scaled by 1.0015 as
suggested by Scott and Radom.29 On the basis of the values
suggested by Scott and Radom for estimating the entropies at
different temperatures using B3LYP/6-31G(d) frequencies, we
also extrapolated a temperature dependence of the scaling factor
as shown in Table 4. This extrapolation was then used to
calculate the heat capacities at different temperatures. To our
knowledge, no scaling factors for the temperature range of
interest for the heat capacities have been reported.

The thermochemical properties of cyclopentasilane (48) and
cyclopentasilylene (59) were corrected slightly from the values
calculated from G3//B3LYP theory. As suggested by Katzer et
al.,30,31both molecules have one very low-frequency vibrational
mode, which is best treated as a pseudorotation, as is done for
cyclopentane (C5H10).32,33 This treatment lowers the heat of
formation and heat capacity byRT/2 and R/2, respectively,
where R is the universal gas constant andT is the absolute
temperature. It also lowers the standard entropy at 298 K by
4.419 cal/(mol K) for cyclopentasilane and 0.358 cal/(mol K)
for cyclopentasilylene, as reported by Katzer.34

It is widely known that constructing isodesmic reactions can
improve predictions of heats of formation using quantum
chemical calculations. In this approach, a hypothetical reaction
is chosen with the same number of chemical bonds of each type
on both sides of the reaction. The reaction is comprised of
reference molecules, that is, those species with experimental

TABLE 3 (Continued)

Figure 1. Comparison of the efficiencies of various quantum chemical
methods applied to small silicon hydrides. Run time shown was
normalized by the CBS-Q run time for each molecule size. Actual run
time increases with increasing molecule size for all four methods.

TABLE 4: The Scaling Factors Used to Estimate Standard
Entropies and Heat Capacities at Different Temperatures
Based on B3LYP/6-31G(d) Frequencies

temperature (K) 298 300 400 500 600 800 1000 1500
scaling factora 1.002 1.001 0.998 0.994 0.991 0.984 0.977 0.960

a Values were extrapolated from Scott and Radom,29 where the
scaling factors of 1.0015 at 298 K, 0.9957 at 450 K, and 0.9910 at 600
K are suggested.
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TABLE 5: Comparison of Heats of Formation Calculated Using Atomization Energies (AE), Bond Additivity Corrections
(BAC), and Homodesmotic Reactions (HR) from G3//B3LYP
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heats of formation available, and the target molecule, and the
heat of reaction is evaluated using quantum chemical calcula-
tions. This heat of reaction and the experimental heats of
formation for the reference molecules are then used to calculate
the heat of formation of the target molecule. Raghavachari et
al.22 recently investigated the concept of bond separation
reactions, which are isodesmic reactions consisting of the
smallest possible reference molecules, and they showed that
more accurate predictions were obtained using this approach
for G2 theory than were calculated using atomization energies.
Sumathi and Green23 further suggested that using homodesmotic
reactions, which conserve different types of bond environments
between each pair of atoms, provides even better accuracy than
bond separation reactions or atomization energies. We therefore
constructed homodesmotic reactions for the molecules examined
in this study at the G3//B3LYP level of theory using the
compounds listed in Table 1 as the reference molecules, and
the heats of formation calculated from this approach are
tabulated in Table 5. Note that some of the 135 molecules are
missing from this table since the reference molecule set is not
sufficiently comprehensive to permit formulation of homodes-
motic reactions. In particular, some of the bond types, such as
:Si-Si: or dSi-Si bonds, are not present in the reference
molecules. In addition, most molecules in Table 5 have more
than one homodesmotic reaction that was constructed. The heat
of formation values calculated from these reactions had an
average deviation of 1.86 kcal/mol and a maximum deviation
of 6.10 kcal/mol, in large part due to the experimental
uncertainties in the reference molecules as reported in Table 1.
Because it is necessary to have a uniform set of thermochemical

values from which the group additivity values can be regressed,
an alternative approach that is applicable to select representative
values when using homodesmotic reactions was sought.

Petersson et al.19 proposed the concept of an isodesmic bond
additivity correction (BAC) scheme based on the spirit of
isodesmic reactions. In this approach, a set of reference
molecules with experimental data available is compared to
theoretical values, and the BAC parameters of different bond
types are calculated by fitting to the experimental data. The
heats of formation can be approximated as

where BACi is the BAC parameter of a certain bond typei,
and the heats of formation estimated from BACs,∆H°f,298-
(BAC), can be defined as the heats of formation calculated on
the basis of atomization energies,∆H°f,298(calc), corrected by
the summation of the BACi parameters multiplied by the num-
ber of the bonds of that type (Ni). Although experimental
uncertainties still affect this approach, representative values of
the heats of formation obtained from homodesmotic reactions
were chosen, and a single set of thermochemical values was

TABLE 5 (Continued)

TABLE 6: The Bond Additivity Correction (BAC)
Parameters of Various Bond Types for G3//B3LYP
Calculations

bond type H-H Si-H, dSi-H :Si-H Si-Si :Si-Si SidSi

BAC values
(kcal/mol)

0.42 0.16 0.95 0.35 0.57 -0.66

∆H°f,298(BAC) ) ∆H°f,298(calc)+ ∑
i

NiBACi (4)

Thermochemistry of Silicon-Hydrogen Compounds J. Phys. Chem. A, Vol. 108, No. 5, 2004891



generalized. On the basis of this approach, we estimated six
BAC parameters of various bond types from a comparison of
the experimental data of seven molecules listed in Table 1
(all molecules listed except triplet SiH2) with the values of
G3//B3LYP calculations, and the results are tabulated in Table
6. We categorized the bonds into six different types according
to the optimized geometries of these seven molecules from
G3//B3LYP calculations, in which the silylene atoms (with two
nonbonded electrons) behave differently than saturated silicon
atoms or silicon atoms attached to double bonds. For example,
the bond length of :Si-H bonds of 1.53 Å is longer than both
Si-H anddSi-H bond lengths of 1.49 Å, and the bond length
of :Si-Si bonds of 2.40 Å is also different from both Si-Si
and dSi-Si bond lengths of 2.35 Å. We further used these
BAC parameters to calculate the heats of formation of the
molecules in Table 5 using eq 4. These heats of formation are
compared to the values estimated from atomization energies and
homodesmotic reactions in Table 5. As shown in the table, the
heats of formation using BACs are in good agreement with the
values from homodesmotic reactions, and the agreement be-
tween the BAC values and the values from all of the homodes-
motic reactions can also be observed from the parity plot in
Figure 2. To apply the BAC parameters to the molecules for
which homodesmotic reactions could not be constructed, we
approximated the values for the bonds missing from the
reference molecules, that is, :Si-Si:, dSi-Si, and :SidSi bonds
as :Si-Si, Si-Si, and SidSi bonds, respectively. The resulting
heats of formation using this approach are listed along with the
heats of formation obtained from atomization energies in Table
2. The heats of formation obtained using the BAC parameters
thus formed the comprehensive set of values for all 135
molecules. Subsequently, the values for all 135 molecules with
the exception of the first four molecules in Table 2 that cannot
be divided into groups were used to develop the group additivity
scheme.

II. Group Additivity Scheme Generalized from Thermo-
chemical Properties.To develop the group additivity scheme
for silicon-hydrogen molecules, we first defined four different
kinds of silicon atoms. We use SiA to denote silicon atoms
attached to a double bond, SiB for silicon atoms with two
nonbonded electrons, SiAB for silicon atoms attached to a double
bond and with two nonbonded electrons, and simply Si for
silicon atoms without any functionality. The maximum possible
number of combinations of these four atom types resulted in
62 different groups. Ring corrections also need to be applied to

cyclic molecules, and among the 131 molecules that we
examined, 19 ring corrections were defined. Therefore, there
are a total of 81 groups, including 62 linear groups and 19 ring
corrections, as tabulated in Table 7. For the linear groups, the
first element in the notation represents the central atom, and
the following elements denote the neighboring atoms. For the
groups with SiAB as the central atom, a SiA atom is always
attached to a SiAB. Therefore, the notation starting with SiAB
represents the composite structure of :SidSi with the two
remaining neighbors of the SiA atom to be specified. In the
process of defining the groups in the molecules that we
examined, it became apparent that not all of the 62 groups were
present in the 131 species used to develop the group additivity
scheme, and some of the groups were missing. Molecules
containing these missing groups were provided as input to the
quantum chemical calculations, but no compounds containing
these groups with stable geometries were identified after
numerous attempts. Structures initially specified with these
groups formed cyclic or bridging structures upon geometry
optimization, thus altering the constituent groups of the mol-
ecule. In addition, two SiA-containing groups, Si/Si/SiA3 and
Si/SiA4, could not be obtained because the smallest molecules
containing these groups, Si8H12 and Si9H12, were too large to
be handled with present computational resources. There were a
total of 18 missing groups, and they are labeled “NA” in Table
7. Since there were 131 molecules containing 63 groups (62
linear groups+ 19 ring corrections- 18 missing groups),
obtaining the GAVs is conceptually equivalent to solving 131

Figure 2. Comparison between the heats of formation obtained from
atomization energies and those from homodesmotic reactions.

Figure 3. Parity plot of heats of formation predicted from group
additivity versus quantum chemical values from G3//B3LYP: (a)
specified exactly; (b) over-specified.
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linear algebraic equations containing 63 unknown variables.
Although there are more molecules (131 equations) than groups
(63 variables), a significant number of the equations are linearly
dependent on others, and the number of linearly independent
equations is much smaller than 131. This can be verified by
analyzing a matrix of 131 rows (compounds) and 63 columns
(their constituent groups), where theij entries in the matrix are
the number of groups of typej that moleculei contains. The
rank of this matrix was 58. This indicates that the number of
linearly independent equations is less than the number of
variables by five, and five degrees of freedom must be specified
to obtain a set of unique solutions. This issue of linear
dependence is not unique to silicon hydride molecules but would
also be observed in other systems, including carbon-hydrogen
molecules. Further analysis revealed that a subset of the 63

groups had values that were exactly specified. By eliminating
linearly dependent equations, we found that the GAVs for 10
out of the 44 linear groups (62 linear groups- 18 missing
groups) and 16 out of the 19 ring corrections could be exactly
calculated. However, the remaining 37 groups, including 34
linear groups and 3 ring corrections, are linearly dependent on
other groups, and only 32 linearly independent equations were
found. It was not possible to specify additional linearly
independent equations by adding molecules to the calculation
set, as all molecules conceived simply added more linearly
dependent equations.

Although five degrees of freedom must be specified, these
degrees of freedom cannot be specified randomly. By carefully
examining the equations and variables, we first set the values
of two undetermined ring corrections, C3BB and C6BB(1,3),

TABLE 7: The List of the Groups and Their Contribution to the Heats of Formation of Silicon -Hydrogen Molecules

Linear Groups

groupsb statusa
group contributionc

(kcal/mol) groupsb statusa
group contributionc

(kcal/mol)

Si/Si/H3 EVK 10.75 Si/SiA2/SiB2 NA -1.46
Si/SiA/H3 LDO 10.75 Si/SiA/SiB3 NA -1.46
Si/SiB/H3 LDO 10.75 Si/SiB4 NA -1.46
Si/Si2/H2 EVK 8.71 SiA/SiA/H2 EVK 33.54
Si/SiA2/H2 LDO 8.71 SiA/SiA/Si/H LDO 28.32
Si/SiB2/H2 LDO 8.71 SiA/SiA/SiA/H EVK 28.32
Si/Si/SiA/H2 LDO 8.71 SiA/SiA/SiB/H LDO 28.32
Si/Si/SiB/H2 LDO 8.71 SiA/SiAB/Si/H LDO 99.55
Si/SiA/SiB/H2 LDO 8.71 SiA/SiAB/SiA/H EVK 99.55
Si/Si3/H EVK 4.15 SiA/SiAB/SiB/H NA 99.55
Si/SiA3/H LDO 4.15 SiA/SiA/Si2 LDO 21.70
Si/SiB3/H NA 4.15 SiA/SiA/Si/SiA LDO 21.70
Si/Si/SiA2/H LDO 4.15 SiA/SiA/Si/SiB LDO 21.70
Si/Si/SiB2/H LDO 4.15 SiA/SiA/SiA2 EVK 21.70
Si/Si/SiA/SiB/H LDO 4.15 SiA/SiA/SiA/SiB LDO 21.70
Si/Si2/SiA/H LDO 4.15 SiA/SiA/SiB2 LDO 21.70
Si/Si2/SiB/H LDO 4.15 SiA/SiAB/Si2 LDO 91.74
Si/SiA2/SiB/H NA 4.15 SiA/SiAB/Si/SiA LDO 91.74
Si/SiA/SiB2/H NA 4.15 SiA/SiAB/Si/SiB NA 91.74
Si/Si4 EVK -1.46 SiA/SiAB/SiA2 NA 91.74
Si/Si3/SiA LDO -1.46 SiA/SiAB/SiA/SiB NA 91.74
Si/Si3/SiB LDO -1.46 SiA/SiAB/SiB2 NA 91.74
Si/Si2/SiA2 LDO -1.46 SiB/Si/H LDO 63.95
Si/Si2/SiA/SiB LDO -1.46 SiB/SiA/H LDO 55.15
Si/Si2/SiB2 LDO -1.46 SiB/SiB/H EVK 55.91
Si/Si/SiA3 NA -1.46 SiB/Si2 LDO 59.50
Si/Si/SiA2/SiB NA -1.46 SiB/Si/SiA LDO 51.04
Si/Si/SiA/SiB2 NA -1.46 SiB/Si/SiB LDO 47.29
Si/Si/SiB3 NA -1.46 SiB/SiA2 LDO 43.71
Si/SiA4 NA -1.46 SiB/SiA/SiB NA 39.81d

Si/SiA3/SiB NA -1.46 SiB/SiB2 EVK 35.90

Ring Corrections

groupsb statusa
group contributionc

(kcal/mol) groupsb statusa
group contributionc

(kcal/mol)

C3 EVK 37.35 C5B EVK 5.71
C3B EVK 27.52 C5A EVK 5.63
C3A EVK 38.79 C5BB(1,3) LDO 4.08
C3BB LDO 21.59 C5AB(1,2) EVK 2.41
C3AB EVK 21.59 C5AB(1,3) EVK 3.93
C4 EVK 17.13 C6 EVK 2.18
C4B EVK 15.46 C6B EVK 1.61
C4A EVK 13.28 C6BB(1,3) LDO 1.61
C4AB EVK 0.43 C7 EVK 3.67
C5 EVK 5.36

a NA (not available) denotes that groups are not present in the molecules used in the G3//B3LYP calculations. EVK (exact value known) denotes
that group values can be calculated exactly from the quantum chemical calculations. LDO (linearly dependent on others) denotes that group values
are linearly dependent on other groups.b The numbers in the parentheses for the ring corrections stand for the position of the functional groups. For
example, C5BB(1,3) represents the ring correction of the five-membered ring with two silylene atoms in the first and third positions.c Italicized
numbers are the projected values for the missing groups.d The projected SiB/SiA/SiB value was obtained by taking the average of the values of
SiB/SiA2 and SiB/SiB2 groups.
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Figure 4. Parity plots of standard entropy and heat capacities at different temperatures predicted from group additivity versus quantum chemical
values from G3//B3LYP: (a) standard entropy (S298); constant pressure heat capacity (Cp) at (b) 300, (c) 400, (d) 500, (e) 600, (f) 800, (g) 1000,
and (h) 1500 K.
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to be equal to two other structurally similar ring corrections,
C3AB and C6B, respectively, for which the values are already
exactly specified. The value of the ring correction C5BB(1,3)
can thus be determined, since it is dependent on these values.
We then assumed the values of Si/Si/H3, Si/SiA/H3, and Si/
SiB/H3 to be equal to one another. This assumption essentially
ignores the effect of the functionality of the neighboring silicon
atom on the central silicon atom with no functionality when it
has only one neighboring silicon atom. Thus, specification of
these two additional degrees of freedom allowed any group
containing only SiA or only SiB to be solved. Finally, we
specified the last degree of freedom by setting the value of the
undetermined group SiA/SiA/SiB/H to be equal to the value of
the determined group SiA/SiA/SiA/H. The remaining GAVs were
calculated after all five degrees of freedom were fixed, and the
group additivity scheme for silicon hydrides was thus con-
structed, with the exception of the missing groups. The GAVs
obtained from this approach can be found in the Supporting
Material, and excellent agreement was found between the heats
of formation calculated using the resulting GAVs using this
procedure and the values estimated from G3//B3LYP calcula-
tions, as shown in the parity plot in Figure 3a. The average
absolute deviation was 0.41 kcal/mol, and the corresponding
maximum deviation was 1.87 kcal/mol.

To project the values of the 18 missing groups, we proposed
an alternative way to solve the problem described above.
According to the GAVs that were obtained when the five

degrees of freedom were specified, we found that the GAVs
for the Si- and SiA-centered groups depend strongly on the
number of silicon atoms attached to the central atom, but they
are only weakly dependent on the functionalities of the
neighboring atoms. For example, the value of SiA/SiA/Si/H is
very close to the value of SiA/SiA/SiA/H, and the value of Si/
Si4 is comparable to the GAVs of Si/Si3/SiA and Si/Si3/SiB.
We therefore proposed to solve for the GAVs by setting the
GAVs to be equal for those groups having the same central
atoms and the same number of neighboring silicon atoms, with
the exception of SiB-centered groups. Thus, we over-specified
the problem because the number of specifications that we
imposed was larger than the number of degrees of freedom.
However, the GAVs estimated from this approach were not
substantially different from the GAVs obtained by specifying
the problem exactly. The parity plot shown in Figure 3b reveals
the excellent agreement between the values predicted from the
over-specified GAVs and the G3//B3LYP-derived heats of
formation. The average absolute deviation was 0.64 kcal/mol,
and the corresponding maximum deviation was 2.78 kcal/mol;
both of these are only slightly larger than the values when the
problem was specified exactly. The sum of squares increased
slightly from 41.58 kcal2/mol2 for the exactly specified case to
96.77 kcal2/mol2 for the over-specified approach.

Using these assumptions, we projected the GAVs of the Si-
and SiA-centered groups that were missing, and the results are
listed in italics in Table 7. The value of the only SiB-centered

TABLE 8: Summary of Group Additivity Values of Silicon -Hydrogen Molecules Generalized from G3//B3LYP Calculations

Cp (cal/(mol K))

groupsa
∆H°f,298

(kcal/mol)
S298

(cal/(mol K)) 300 K 400 K 500 K 600 K 800 K 1000 K 1500 K

Linear Groups
Si/SiX/H3 10.75 35.04 9.53 11.45 12.97 14.24 16.24 17.68 19.68
Si/SiX2/H2 8.71 14.86 9.03 10.64 11.80 12.72 14.11 15.09 16.44
Si/SiX3/H 4.15 -5.09 8.64 9.82 10.60 11.17 11.98 12.51 13.23
Si/SiX4 -1.46 -24.33 8.33 8.96 9.30 9.50 9.71 9.81 9.92
SiA/SiA/H2 33.54 32.69 8.44 9.62 10.51 11.24 12.41 13.29 14.53
SiA/SiA/SiX/H 28.32 13.45 7.52 8.41 9.00 9.44 10.10 10.57 11.22
SiA/SiAB/SiX/H 99.55 43.93 11.64 12.52 13.09 13.52 14.17 14.62 15.25
SiA/SiA/SiX2 21.70 -5.39 6.73 7.20 7.45 7.60 7.76 7.82 7.91
SiA/SiAB/SiX2 91.74 25.78 10.57 11.12 11.42 11.59 11.77 11.85 11.94
SiB/Si/H 63.95 33.84 6.86 7.33 7.69 8.01 8.53 8.90 9.42
SiB/SiA/H 55.15 31.22 6.43 7.04 7.48 7.84 8.41 8.81 9.35
SiB/SiB/H 55.91 32.85 6.84 7.29 7.63 7.92 8.41 8.79 9.34
SiB/Si2 59.50 13.41 5.95 6.07 6.10 6.11 6.11 6.07 6.05
SiB/Si/SiA 51.04 12.96 5.55 5.78 5.89 5.95 6.01 6.02 6.04
SiB/Si/SiB 47.29 14.28 5.25 5.53 5.68 5.76 5.85 5.88 5.94
SiB/SiA2 43.71 14.18 5.23 5.53 5.69 5.78 5.87 5.92 5.96
SiB/SiA/SiB 39.81 11.49 5.17 5.52 5.71 5.82 5.94 5.98 6.00
SiB/SiB2 35.90 8.81 5.10 5.50 5.73 5.87 6.00 6.04 6.04

Ring Corrections
C3 37.35 31.01 -2.22 -2.65 -3.00 -3.25 -3.55 -3.71 -3.86
C3B 27.52 31.64 -2.98 -3.30 -3.52 -3.67 -3.84 -3.89 -3.97
C3A 38.79 32.81 -2.74 -3.11 -3.35 -3.49 -3.66 -3.74 -3.86
C3BB, C3AB 21.59 30.18 -3.01 -3.34 -3.53 -3.66 -3.79 -3.86 -3.95
C4 17.13 26.57 -3.08 -3.26 -3.41 -3.53 -3.69 -3.76 -3.86
C4B 15.46 26.92 -3.19 -3.38 -3.54 -3.66 -3.79 -3.84 -3.93
C4A 13.28 27.14 -3.58 -3.63 -3.69 -3.74 -3.81 -3.84 -3.90
C4AB 0.43 25.68 -3.61 -3.71 -3.79 -3.86 -3.94 -3.96 -4.02
C5 5.36 23.12 -3.87 -3.89 -3.94 -3.99 -4.05 -4.08 -4.14
C5B 5.71 24.26 -3.72 -3.83 -3.93 -4.01 -4.11 -4.14 -4.24
C5A 5.63 26.45 -3.66 -3.72 -3.78 -3.82 -3.87 -3.88 -3.94
C5BB(1,3) 4.08 24.44 -3.33 -3.51 -3.64 -3.72 -3.83 -3.84 -3.96
C5AB(1,2) 2.41 24.37 -3.72 -3.73 -3.78 -3.82 -3.88 -3.89 -3.96
C5AB(1,3) 3.93 27.32 -3.35 -3.55 -3.68 -3.78 -3.89 -3.92 -4.01
C6 2.18 20.39 -3.78 -3.76 -3.77 -3.78 -3.79 -3.79 -3.84
C6B, C6BB(1,3) 1.61 21.86 -3.82 -3.82 -3.85 -3.88 -3.91 -3.80 -3.94
C7 3.67 20.49 -3.83 -3.80 -3.79 -3.78 -3.78 -3.77 -3.82

a SiX represents three possible types of silicon atoms, including Si, SiA, or SiB.
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group that was missing, SiB/SiA/SiB, was projected by taking
the average of the values of the SiB/SiA2 and SiB/SiB2 groups.
The resulting GAV of 39.81 kcal/mol for SiB/SiA/SiB appeared
to be reasonable, since its deviation from the value of the SiB/
Si/SiB group of 7.48 kcal/mol is comparable to the difference
between the values of the SiB/Si/SiA and SiB/SiA2 groups of
7.33 kcal/mol (both substituting one Si into SiA), and its
deviation from the value of the SiB/Si/SiA group of 11.23 kcal/
mol is comparable to the difference between the values of the
SiB/Si/SiB and SiB/SiB2 groups of 11.39 kcal/mol (both
substituting one Si into SiB). The same approaches were used
to generalize the GAVs for standard entropy and heat capacities
at different temperatures, and the parity plots in Figure 4
demonstrate the very good agreement between the values
generalized using the group additivity scheme and the ab initio
quantum chemical calculations. The summary of the GAVs of
various thermochemical properties generalized from G3//B3LYP
calculations using this approach is provided in Table 8. Overall,
the group contribution values for 35 groups were generalized
from 131 silicon-hydrogen molecules.

To verify the predictive capability of the GAVs, the method
of sensitivity analysis proposed by Mavrovouniotis35 was used.
In this approach, 10% of the molecules (13 molecules in this
work) were randomly taken out, and the GAVs were refitted
without them. The new GAVs were then used to predict the
thermochemical properties of the omitted molecules, and the
differences between these properties and the values predicted
from the old GAVs were calculated. The results of this analysis
are shown in Figure 5, where four different sensitivity analysis
runs were performed. As shown in the graph, 76.9% of the
molecules had absolute errors within 0.5 kcal/mol, and the
maximum deviation for all runs was 1.86 kcal/mol. This
demonstrated that the GAVs that we generalized from the
G3//B3LYP calculations are reliable, and the group additivity
scheme performs well for species that were not used during
regression.

Conclusions

Thermochemistry of silicon-hydrogen molecules predicted
from quantum chemical calculations was investigated in this
work. Among the methods that we studied, G3//B3LYP was
the most accurate with an average absolute deviation of 1.23
kcal/mol from the available experimental values when the heats
of formation of small (<Si4) silicon hydrides were estimated.

A total of 135 silicon-hydrogen (<Si8) compounds were then
investigated using the G3//B3LYP method, and their thermo-
chemical properties were calculated with bond additivity cor-
rections incorporated. A group additivity scheme based on the
values calculated from G3//B3LYP was developed, where the
GAVs of the Si- and SiA-centered groups with the same central
atoms and the same number of neighboring silicon atoms were
set equal. This generalization resulted in GAVs that extrapolated
well. Thermochemical properties calculated from these GAVs
agreed well with the theoretical predictions from G3//B3LYP.
Implementation of a group additivity approach is essential since
the many thousands of possible isomers of silicon-hydrogen
molecules cannot be treated quantum chemically at even the
least expensive levels of theory.
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