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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 sn¥eli,f silicon hydrides. A series of
calculations using G3//B3LYP was carried out on small to mediunsif) 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 siliebydrogen 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 and it has been shown that accurate prediction requires going

Particulate contamination is a leading source of yield loss Well beyond HartreeFock level of theory to include higher-
during semiconductor processing, and particles formed by order treatments of electron correlatib8everal very high-level
homogeneous clustering reactions within process equipment arénethods with extrapolation, including coupled cluster theory
an important and growing source of this contamination. Chemi- With single, double, and noniterative triple excitations [CCSD-
cal vapor deposition (CVD) processes using silane {5&$ (T)] and quadratic configuration interaction methods with single,
the precursor are widely used, and particle nucleation in thesedouble, and noniterative triple excitations [QCISD(T)], have
processes can limit film growth rates and reactor productivity. been studied using very large basis sets to accurately predict
On the other hand, intentional synthesis of silicon nanoparticles thermochemical properties of molecufes.However, these
with controlled size and morphology may be of great interest methods are computationally expensive and therefore limited
due to the unique optical and electronic properties of nano- to small molecules. As an alternative, composite methods
structured silicon. Detailed kinetic modeling can play a critical comprised of moderate-level calculations with medium-sized
role in deVeIOping a fundamental Understanding of this pal’ticle basis sets can be imp|emented and parametrized to approach
clustering chemistry and therefore in controlling particle the accuracy of more expensive calculations. The Gaussian-
nuc!e_atlon. Knowledge of the t_hermoch_emlstry and reactivity (Gn) seried14 and complete basis set (CBS) farifly'8 are
of silicon—hydrogen molecules is essential to the development 4 of the most popular methods in this category. These methods
of detailed chemical klne'glc models of the particle nucleation apply molecule-independent empirical parameters, which are
process. However, experimental measurements of these therﬁt according to a test set of relatively small molecules. The

moc_hemlcal properties are usually expensive e dn_‘flcult. In thermochemical properties calculated from these methods agree
addition, the sheer number of relevant chemical species makes

. . : . very well with experimental data. For example, the average
construction of a database by experiment infeasible. Therefore’absolute deviations between experimental and calculated en-
it is highly desirable to use computational chemistry as an P

alternative thalpies of formation of 148 molecules in the G2/97 test set
Calculation of molecular thermochemical data using ab initio Were 0-94 and 1.19 kcal/mol for G3 theory and the CBS-QB3

quantum chemistry calculations has been performed extensively Method, respectively. In addition, the performance of these
‘ calculations can be further enhanced by using bond additivity
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from these calculations are an excellent surrogate when experi-TABLE 1: Comparison of Experimental Heats of Formation
mental measurements are not available. of Small Silicon Hydride Species to the Results from Various

. . . uantum Chemical Methods
While composite methods reduce the computational burden, Q

they are still prohibitive for large molecules. A companion deviation from experiments
approach for estimating thermochemical properties is to use a expth aheo%’(;;f:ﬁ;;'mem)

group additivity scheme. Benson’s group additivity appréach AHP g

has been widely used to predict the thermochemistry of organic __Species  (kcal/mol) G2 G3/B3LYP CBS-Q CBS-QB3
molecules. In this approach, a molecule is divided into groups H. 0.00 -1.08 -042 114 -1.14
defined by a non-hydrogen atom and the atoms to which it is SiHa 8.20+0.74 -155 -077 -2.08 -—283

bonded, and the estimated thermochemical value of the molecule SiHz(singlet) 65.200.50 —2.20  —191  —1.69 —2.51

. I :SiH; (triplet) 86.66+ 0.72 —0.29  —1.67 —-1.34 —-1.97

is calculated as the sum of_the contn_butlons of these groups. j sisin, 1905+ 031 —1.56 —099 —207 —346

Since only the smallest silicon hydrides have experimental :SjHSiH, 75.05+1.91 -1.98 —-199 —159 -3.16
thermochemical data available, group additivity is an attractive H,Si=SiH, = 65.73+0.96 0.23 0.04 —0.05 -1.56
approach to estimate the properties of large species that are als$lsSiSiH;SiHs 28.90+1.00 —2.27  -2.09  -2.95 -4.97
inaccessible to quantum chemical calculations. However, only ° 1.39 1.23 1.61 2.70

a limited set of group additivity values (GAVs) for silicon 2The experimental data are taken from Katzer € &lAbsolute
hydrides is available. Swihart and Girshigkave tabulated the  average deviation (AAD).

GAVs for silicon hydrides on the basis of the extensive ab initio

calculations of Katzer et & These groups encompass silanes are evaluated at the HartreBock level with the 6-31G(d) basis
(saturated), silenes (one double siliegilicon bond), silylenes  set [HF/6-31G(d)] using the vibrational frequencies scaled by
(one silicon center with a pair of nonbonded electrons), and 0.8929, and a two-parameter empirical high-level correction
some cyclic molecules. These GAVs, however, are not exhaus-(HLC) is introduced to overcome remaining deficiencies.
tive and most notably can only be applied to molecules with a Gaussian-3 theory using the geometries from B3LYP density
single functionality, that is, a double bond or a silylene center. functional theory with the 6-31G(d) basis set (G3//B3LYP) is
The GAVs required for molecules with multiple functionalities a composite method similar to G2.In this method, both
are not available, and augmentation of this set of GAVs is geometries and zero-point energies are evaluated at the B3LYP/
needed to enable the study of the reaction kinetics of systems6-31G(d) level. The vibrational frequencies are scaled by 0.96,
consisting of more complicated molecules. and a four-parameter HLC is included. The complete basis set

In this work, several different theoretical methods were used (CBS) series is comprised of extrapolation procedures to
to calculate thermochemical properties of siliediydrogen  determine the projected second-order (MP2) energy in the limit
molecules, and the predicted values from these methods weredf a complete basis set. The CBS-Q method evaluates zero-
compared to available experimental data. Among the methodspoint energies at the HF/6-31G)devel with the frequencies
used, Gaussian-3 theory using the geometries from B3LYP/ scaled by 0.918 44, and molecular geometries are optimized at
6-31G(d) density functional theory, referred to as G3//B3L2YP, the MP2/6-31G(f) level* CBS-QB3 is a modification of the
showed the most accurate results with an average absoluteCBS-Q method that uses B3LYP/6-311G(2d,d,p) geometries and
deviation of 1.23 kcal/mol from experimental data for standard zero-point energies, which are based on vibrational frequencies
enthalpies of formation of smalk(Siy) silicon hydrides. A series  scaled by 0.992 Both CBS methods perform a sequence of
of calculations using G3//B3LYP was carried out on 135 small calculations with a variety of basis sets to evaluate the
to medium &Sig) silicon—hydrogen molecules to obtain ther-  contributions of higher-order correlation, and several empirical
mochemical properties such as standard enthalpy of formation,corrections similar to the high-level corrections in Gaussian-
standard entropy, and heat capacities for a range of temperaturesnethods are also included in the resulting energies.-Sqibit
Empirical bond additivity corrections were incorporated, and a corrections, which are included inherently in the G3//B3LYP
group additivity scheme was then fit to the corrected values, and CBS-QB3 methods, are added for the G2 and CBS-Q
allowing accurate estimation of the thermochemical properties methods when dealing with atomic species. In this work, we
of arbitrary silicon-hydrogen clusters. This generalization of chose two density functional theory (DFT)-based methods, G3//
the results is essential, since the many thousands of possiblB3LYP and CBS-QB3, because they are widely known to give
isomers of these molecules cannot be treated quantum chemibetter frequency estimations than Hartré®ck calculations and

cally at even the least expensive levels of theory. are also computationally inexpensive relative to MP2. In
addition, DFT calculations can help avoid the problems of spin
Computational Methods contamination or restricted (RHF) to unrestricted Hartreeck

(UHF) instability that plague Hartreg~ock calculations on

The ab initio molecular orbital calculations were carried out restricted open-shell species such as silylene molecules.
using Gaussian 98.Four different methods, G2, G3//B3LYP, The heat of formation of a given molecule,i3j can be
CBS-Q, and CBS-QB3, were evaluated for their accuracy in cajculated from its atomization energy using the following
predicting thermochemical properties of small siliedtydrogen equation:
molecules with experimental data available. This molecule set
is summarized in Table 1. Gaussian-2 (G2) theory is a composite 4 | o ; _ o ; o _
method in which a sequence of ab initio molecular orbital AH7205(SikHy) = [XAH750¢(S) + YAHF 204(H)] .
calculations is performed to approximate the results of QCISD- AH;,29€(S'xHy) (1)
(T)/6-3114-G(3df,2p) calculations for a given specfe&eom-
etries of the molecules are optimized using MgliBtesset where the heats of formation of atomic silicon and hydrogen
perturbation theory to the second order with the 6-31G(d) basis are the experimental values obtained from the JANAF tables
set [MP2/6-31G(d)], and a series of single point calculations is (AH,4¢(Si) = 107.55 kcal/molAH? »g¢(H) = 52.10 kcal/mol)
carried out to correct the MP2 energy. Zero-point energies (ZPE) and AHZ ,o{SixHy) is the atomization energy defined as the
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TABLE 2: Electronic Energy (Eg), Enthalpy at 298 K (H2°8), Standard Heats of Formation Using Atomization Energies
[AH?,0g(AE)] and Standard Heats of Formation Using Bond Additivity Corrections [AH?,45(BAC)] of 135 Silicon Hydrides

from 'G3//B3LYP Calculations Compared with the Values Taken from Katzer et alz®

Species E, T AH 295 AHY 295 AH 395
. ‘ (AE) (BAC) (Katzer)
Structure # (Hartree) (Hartree) (kcal/mol)  (kealmol)  (kcal/mol)
H, ) 1.167475 1164170 204 0.0 0.0
Si, -Shy
SiH, @ 291771258 291707211 74 81 82
SiH, 3 290458501 -290.454686 633 652 65.2
H,Si=Si: @) -579.784725  -579.779785 105.3 105.0 108.8
H,SiSiH; ) 582251907 -582.245826 18.1 193 19.1
H,SiSi:H ©) -581.000538  -580.994669 73.1 75.1 76.2
H,Si=SiH, ) 581.011805  -581.006288 65.8 65.7 67.2
HSi:Si:H ®) -579.779893  -579.774655 108.5 111.0 111.0
Sis
N © 872796072 -872.787429 26.8 28.8 28.8
PN (10)  -871.560745  -871.552760 715 72.1 74.6
PN (1) -871.546867  -871.538688 80.3 82.4 86.2
RS (12)  -871.546688  -871.538482 80.4 83.1 86.1
/\ (13)  -871.574714  -871.567282 624 64.3 673
Pas (14)  -870326131  -870.318807 115.7 117.0 ;
AN (15)  -870332297  -870.324737 112.0 1145 :
S (16)  -870335466  -870.328255 109.7 110.1 ;
A (17)  -870347140  -870.340463 102.1 104.2 115.5
A (18)  -870345874  -870.339181 102.9 103.5 112.0
N (19)  -869.112992  -869.106020 146.6 149.6 ;
A (20)  -869.152278  -869.146519 1212 123.0 ;
St
AN @1)  -1163340732  -1163.329489 353 37.9 383
)\ (22)  -1163343582  -1163.332093 33.6 36.2 37.5
] @23)  -1162.153423  -1162.144152 49.0 516 553
A (4)  -1162.124672  -1162.114619 67.5 702 74.1
Y (25)  -1162.093434  -1162.082648 87.6 90.3 96.4
P (26)  -1162.091508  -1162.080706 88.8 9.1 95.5
)\ @7)  -1162.096321  -1162.085363 85.9 89.2 922
O~ (28)  -1162.106043  -1162.095477 79.5 80.8 84.5
<> (29)  -1160.909930  -1160.901079 98.9 101.7 108.8
—<] (30)  -1160.896579  -1160.887302 107.5 110.3 1212
H G1)  -1160.929882  -1160.921292 86.2 87.5 95.6
N (32)  -1160.879165  -1160.869123 119.0 1222 :
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TABLE 2 (Continued)

Species E, 1 AHY 295 AHY 298 AHY 298
Structure # (Hartree) (Hartree) (kc(:l/]zol) (k(c]zﬁn(i()) ) (1(35:/2; (r))l)
AP (33)  -1160.880713  -1160.870909 117.8 118.8 -
/\/ (34)  -1160.885663  -1160.875534 1149 117.6 -
P (35)  -1160.871847  -1160.861858 123.5 123.5 -
S (36)  -1160.873728  -1160.863648 1224 123.8 ;
)L @37)  -1160.889511  -1160.879675 112.3 113.3 -
A (38)  -1160.899152  -1160.889748 106.0 107.3 116.9
A (39  -1160.892124  -1160.882550 110.5 111.9 121.1
A (40)  -1159.697281  -1159.688495 129.7 132.4 -
N 1) -1159.670232  -1159.661344 146.7 149.9 -
@ 42)  -1159.719182  -1159.711361 115.4 116.8 -
Sis
>< (43)  -1453.894433  -1453.879934 385 41.7 45.0
/k/ (44)  -1453.888771  -1453.874726 41.7 45.0 46.9
P VN (45)  -1453.885744  -1453.871814 43.6 46.8 47.7
A/ (46)  -1452.669882  -1452.657167 75.7 79.0 83.5
<>— @7 -1452.701784  -1452.689680 553 58.6 63.2
Q 48)  -1452.715110  -1452.703418 46.3 49.7 52.9
K (49)  -1452.677903  -1452.665079 70.7 74.0 79.9
A (50)  -1452.675118  -1452.662362 72.4 75.7 80.7
AN (51)  -1452.636454  -1452.623049 97.1 101.0 105.5
PN (52)  -1452.638695  -1452.625312 95.7 99.0 106.2
NS (53)  -1452.640536  -1452.627225 94.5 97.8 106.5
)\/: (54)  -1452.639943  -1452.626392 95.0 98.9 104.8
)\__/ (55)  -1452.643068  -1452.629418 93.1 96.5 103.2
/“K/ (56)  -1452.641757  -1452.628186 93.9 97.8 103.5
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TABLE 2 (Continued)

Species Ey o AHf 108 AHY 295 AHY 395
AE) (BAC) (Katzer)

H (
Structure # (Hartree) (Hartree)  \ calimol)  (kealmol) (keal/mol)
P72 VN (57) -1452.650906  -1452.637686 87.9 89.8 93.8
/Y (58)  -1452.653849  -1452.640445 86.2 88.1 922

59) -1451.471304  -1451.460092 96.4 99.9 107.5

I>< (60) -1451.444485  -1451.432035 1143 117.8 126.5

(61)  -1451.481583  -1451.470200 90.4 924 101.6
AN (62)  -1451.424319  -1451.411635 127.1 131.0 -
AN (63)  -1451.425704  -1451.413233 126.1 127.8 .
AN (64)  -1451.432532  -1451.419980 121.9 1252 -

<>_ (65) -1451.460524  -1451.448904 103.7 107.2 116.2

A/ (66) -1451.442649 -1451.430708 115.2 118.6 131.1
NN

< (67)  -1451.421040  -1451.408464 129.1 1312 -
I/Y (68)  -1451.425147  -1451.412406 126.7 129.3 -
)T\/ (69)  -1451.435271  -1451.422832 120.1 121.8 -
PV N (70)  -1451.415760  -1451.403168 1324 133.1 -
@ (71)  -1451.488928  -1451.477888 85.6 87.5 94.5
/\/\ (72)  -1450.217505  -1450.205914 153.6 156.6 -
:Q: (73) -1450.230086  -1450.219295 145.2 148.8 -
>Q (74)  -1450251303  -1450.239899 132.3 135.6 -
NN (75)  -1450.197747  -1450.185918 166.2 167.5 -

A (76) -1450.259024  -1450.247588 127.5 129.6 -
A/ 77 -1450.251475  -1450.240362 132.0 134.1 -

(78) -1450.270471  -1450.259788 119.8 121.9 -

<>; (79) -1450.271631  -1450.260927 119.1 121.2 -

(80) -1450.269252  -1450.258614 120.6 122.7 -
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TABLE 2 (Continued)

Species E, T AHY 205 AHY 20 AHY 595

(AE) (BAC) (Katzer)
it d (Hartree) (Hartree) - aVmol)  (kealimol)  (keal/mol)

VAN (81)  -1450.198353  -1450.186423 165.9 166.6 -

Q (82)  -1450.261239  -1450.250899 125.4 127.5 -
Sig
/F/ (83)  -1744.440455  -1744.42333 46.1 50.0 -
\%\ (84)  -1743205715  -1743.189295 90.4 93.0 -
O (85)  -1743.266882  -1743.252867 50.5 544 -
>—< (86)  -1743.206613  -1743.190458 89.6 922 -
/\)\ (87)  -1743.203847  -1743.187631 91.4 94.0 -
<>< (88)  -1743253946  -1743.238896 592 632 -
/A< (89)  -1741.996465  -1741.981323 118.3 1224 -
K (90)  -1741.990262  -1741.975198 122.1 126.2 -
\G 1)  -1742.019683  -1742.005587 103.0 107.1 -
)L/\ (92)  -1741.980438  -1741.965326 128.3 130.6 -
\Q (93)  -1742.034029  -1742.020347 93.8 96.4 -
/\__/g (94)  -1741.973798  -1741.958542 132.6 135.3 -
<> (95)  -1742.054050  -1742.040980 80.8 84.8 -
W (96)  -1741.965154  -1741.949717 138.1 139.4 -
O 97)  -1742.022780  -1742.009200 100.8 104.9 -
<>< (98)  -1742.012588  -1741.997960 107.8 111.9 -
);k (99)  -1742.033295  -1742.019037 94.6 972 -
\Q (100)  -1740.780631  -1740.766993 150.2 154.4 -
K (101)  -1740.798257  -1740.784283 139.3 1433 -
\)v/: (102)  -1740.749747  -1740.735070 170.2 1712 -
\G (103)  -1740.804893  -1740.791731 134.6 137.4 -
>® (104)  -1740.820791  -1740.807149 125.0 127.7 -
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TABLE 2 (Continued)

Species E. 7 AHY 205 AHY 59 AH 595

Structure # (Hartree) (Hartree) (kc(ﬁ/]zol) (kiliﬁn?il) a?ffﬂﬁ?n
:<> (105)  -1740.825773  -1740.813178 1212 125.3 -
\)L/ (106)  -1740.736290  -1740.721486 1787 1787 -
:\O (107)  -1740.811417  -1740.798532 130.4 132.7 -
‘& (108)  -1740.822099  -1740.808582 124.1 126.8 -
%?5 (109)  -1740.821244  -1740.807705 124.6 1274 -
O (110)  -1740.779037  -1740.765894 150.8 155.1 -
. :/:< (111)  -1740.750213  -1740.735643 169.8 170.8 .
:Q (112)  -1739.596493  -1739.584377 162.1 165.0 -
\Q (113)  -1739.572785  -1739.560103 1774 1803 -
:@ (114)  -1739.631919  -1739.619915 139.8 1427 -
N\- 7 (115)  -1739.577589  -1739.564801 1744 175.9 -

Siz
>——% (116)  -2034.989773  -2034.969834 51.8 564 -
\/¥/ (117)  -2034.986538  -2034.966834 53.7 582 -
)(\/ (118)  -2034.985654  -2034.965909 542 58.8 -
O (119)  -2033.809901  -2033.793220 60.0 64.6 -
§>< (120)  -2033.758967  -2033.739909 93.5 96.7 -
\/\\/ (121)  -2033.755887  -2033.736682 95.5 98.7 -
\></ (122)  -2032517403  -2032.498980 142.0 144.0 -
7z

\L (123) 2032510933 -2032.492864 1459 147.8 -
©/ (124) 2032572420  -2032.555988 106.3 111.0 -
\n)\/ (125)  -2031.305963  -2031.288260 171.7 173.3 -

Wong et al.
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TABLE 2 (Continued)

Species E, T AHY 295 AHY 395 AHY 595
(AE) (BAC) (Katzer)
Structure # (Hartree) (Hartree) (kealmol)  (kcal/mol) (kcal/mol)
_<>< (126) 2031373683  -2031.357146 128.4 131.9 -
7
\/(/ (127) 2031286531  -2031.269042 183.7 184.3 -
N
\J\( (128) 2031289383  -2031.271829 182.0 182.6 -
“
(129) 2031275998  -2031.258547 190.3 190.9 -
A F
%>< (130) 2031373240 -2031.356621 128.8 1322 -
ﬁ (131) 2030131671  -2030.115938 177.2 179.3 -
:Q/ (132) 2030130962  -2030.115232 177.6 179.7 -
ﬁ/g (133) 2030121837  -2030.105749 183.6 185.7 -
>=<> (134) 2030123046 -2030.107574 182.4 185.1 -
w)\/ (135) 2030070427  -2030.053780 2162 218.5 -

enthalpy change upon decomposition of a molecule into its the four different methods mentioned above, and the deviations
component atoms, which can be evaluated as between the predicted and experimental values are listed in Table
1. Among the methods used, G3//B3LYP was the most accurate
AHZ 50 SiH,) = [XH?¥(Si) + yH? %(H)] — H298(SiXHy) (2) with an average absolute deviation of 1.23 kcal/mol from
experimental measurements. In addition, G3//B3LYP had the
whereH2°Si) andH??%(H) are the enthalpies of atomic silicon  smallest maximum absolute deviation of 2.09 kcal/mol. Note

and hydrogen at 298 K, respectively, aHé@®)SiH,) is the that the average uncertainty in the experimental measurements
enthalpy of SiH, at the same temperature. These enthalpies canis 0.77 kcal/mol, and thus it may contribute significantly to the
be calculated as the sum of the electronic enerdigy, ero- deviations observed between the experimental and calculated
point energies (ZPE), and thermal correctioB&, E2¢ and results. The performance of G3/B3LYP is consistent with results
EZ) from 0 to 298 K as follows: in the literature, where G3//B3LYP has the smallest average

absolute deviation of 0.93 kcal/mol, compared to 1.56 kcal/
H?®=E,_ + ZPE+ EXP+ E22 + E28+ APV (38)  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
All of the quantities on the right-hand side of eq 3 are obtained G2/97 test set were evaluatedNe also investigated the
from the quantum chemical calculations, and the heat of efficiencies of these methods using four saturated siticon
formation of SjHy is then calculated. hydrogen molecules of different size, and the run time for each
In this work, the standard entropy and the heat capacities of method was normalized to the CBS-Q run time for a given
the molecules were estimated from the vibrational frequencies molecule. As shown in Figure 1, CBS-Q is the least expensive
obtained from quantum chemical calculations, scaled by ap- method and CBS-QB3 is the most expensive method fpr Si
propriate scaling factors suggested by Scott and Raddrhe Si; and comparable to the most expensive method, G2, for Si
rigid-rotor, harmonic-oscillator approximation was used for all  G3//B3LYP takes about twice as long as G2 to run for silane
molecules. Symmetry corrections were included in standard (SjH,) and about 1.5 times longer than G2 for disilanekg).
entropy values, but they were removed before fitting the group However, G2 becomes more expensive than G3//B3LYP for
additivity values as suggested by Bensén. the larger molecules, where G3//B3LYP only takes 0.99 of the
G2 run time for trisilane (SHg) and 0.75 of the G2 run time
for tetrasilane (SHig). The normalized G2 run time goes up
I. Thermochemical Properties Calculated from Quantum with increasing molecule size, while the normalized run time
Chemistry. Heats of formation of eight small<(Sis) silicon for the other methods remains essentially the same. This is
hydrides with experimental data available were estimated from because the longest single-point calculation in G2 theory is at

Results and Discussion
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TABLE 3: Thermochemical Properties Including Standard Entropies (S?%) and Heat Capacities Cp) at Various Temperatures
of 135 Silicon Hydrides Calculated from G3//B3LYP Calculations

Species g% C, (cal/(mol K))
Structure # (cal/(mol K)) 300 K 400 K 500 K 600 K 800 K 1000 K 1500 K
H, M 32.5 7.0 7.0 7.0 7.0 7.0 7.1 7.5
Si, -S>
SiH, @ 53.8 102 12.3 14.1 15.7 183 202 229
:SiH, 3 51.0 8.3 8.8 9.3 9.9 10.9 1.7 12.8
H,Si=Si: @ 63.1 13.0 14.0 14.8 15.5 16.6 174 186
H,SiSiH; ) 68.8 190 229 259 285 325 354 394
H,SiSi:H ©) 69.0 166 189 208 223 248 266  29.1
H,Si=SiH, %) 65.4 16.8 192 209 224 248 265 290
HSi:Si:H ©®) 64.1 13.7 14.6 15.2 15.8 16.8 17.6 187
Si;
PN ) 84.3 28.1 33.5 37.8 412 46.6 50.5 55.8
AN (10 80.8 253 294 324 349 387 415 454
Pa an 82.4 252 29.1 322 34.7 38.7 415 455
SN 12) 83.2 254 294 325 350 389 417 455
/\ 13) 76.3 253 296 326 351 389 416 455
7N 14) 78.2 223 25.0 26.9 28.5 30.9 32.7 35.1
AN as) 822 206 243 263 279 305 323 349
X 16) 78.8 212 240 261 278 304 323 349
A arn 73.9 204 243 264 280 306 324 350
/\ (18) 73.9 204 244 265 281 307 325 350
NG (19) 78.5 188 201 200 217 229 237 247
A 20) 70.3 174 192 203 211 224 233 245
Si4
NS @1 99.5 37.1 44.1 49.5 53.9 60.7 65.6 723
/L @2) 100.4 373 442 495 539 607 655 723
\:| @23 86.0 33.1 393 438 474 528 566 619
A Q249 91.2 341 399 442 476 529 566 619
AN @25) 98.3 34.1 396 439 474 527 566 619
AN ) 99.4 345 401 443 477 530 568 620
)\ @n 98.9 344 399 44 476 529 567 619
A~ (@8 96.0 344 400 442 476 529 566 619

29 84.8 30.0 34.7 38.1 40.7 44.7 47.6 51.5

[€2)) 84.3 29.5 34.5 37.9 40.6 44.6 47.5 514

<]' 30) 88.0 302 347 380 406 446 474 514

AN 32) 96.7 30.6 34.9 38.1 40.6 44.6 474 51.4
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TABLE 3 (Continued)

Species S8 C, (cal/(mol K))
Structure # (cal/(mol K)) 300K 400 K 500 K 600K 800K 1000K  1500K
N ) 93.9 30.3 34.7 379 405 445 47.4 514
/"\/ 34) 102.3 29.6 34.0 37.3 40.0 44.2 47.1 51.2

N 39 92.6 3.9 360 390 413 450 477 515

2N @36 95.6 310 352 383 408 448 475 514
J[\ 37 95.3 29.5 33.9 373 40.0 44.2 472 513
A 38) 91.1 29.8 34.4 37.8 40.4 445 47.4 51.4
A (39) 90.0 30.7 35.1 383 40.9 448 47.6 515
A (40) 90.1 26.1 293 31.6 33.5 36.2 382 40.9
N ) 88.9 26.7 29.8 32.0 33.8 36.5 38.4 41.0
<> 42) 80.4 26.0 29.5 31.9 33.7 36.4 383 40.9
Sis
>< “3) 116.7 46.6 54.8 613 66.5 74.7 80.7 88.7
)\/ 49 114.6 46.3 54.8 61.3 66.6 74.8 80.6 88.7
NN @) 115.7 46.2 54.8 61.4 66.7 74.9 80.7 88.7
A/ (46) 106.7 43.1 50.6 56.0 60.4 67.0 717 783
<>— ) 101.4 422 49.9 55.5 60.0 66.9 717 78.3
Q 48) 96.8 40.7 48.7 54.4 59.0 65.8 70.7 773
K 49) 105.8 42.9 50.3 557 60.1 66.8 71.6 783
A (50 106.0 99 50.3 55.8 60.1 66.9 71.6 78.3
AN 1 1135 435 50.7 56.1 60.5 67.2 71.9 78.5

(52) 113.5 43.1 50.3 55.7 60.1 66.9 71.7 78.3

(53) 112.6 43.0 50.2 55.6 60.0 66.8 71.6 78.3

(55) 114.5 432 50.3 55.6 60.0 66.8 71.6 78.3

(56) 113.9 435 50.6 55.9 60.3 67.0 71.8 78.4

PN
NN
/l\/: (54) 113.0 43.6 50.7 56.1 60.4 67.1 71.9 78.4
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TABLE 3 (Continued)

Wong et al.

Species Sl C, (cal/(mol K))
Structure # (cal/(mol K)) 300 K 400 K 500 K 600 K 800 K 1000 K 1500 K
AN 6 111.0 435 50.7 56.0 60.3 67.0 717 783
/Y (58) 111.0 43.6 50.7 56.0 60.3 67.0 717 783
@ (59) 96.1 37.8 442 48.8 52.4 57.9 61.7 66.9
|>< (60) 107.9 39.4 452 49.6 53.1 58.6 62.4 67.8
<>— 61) 100.0 382 44.7 493 53.0 58.5 62.4 67.8
AN () 111.4 39.7 45.6 49.9 53.4 58.8 62.6 67.9
Y S (%)) 109.5 393 453 49.7 532 58.7 62.5 67.8
AN (64 1143 38.5 44.6 49.1 52.7 58.3 62.2 67.7
0_ (65) 100.0 389 452 49.7 533 58.7 62.6 67.9
A/ (66) 102.9 39.3 453 49.8 533 58.7 62.5 67.8
AN (6D 109.1 40.0 45.8 50.1 53.5 58.8 62.6 67.9
:/\( (68) 109.3 39.8 45.6 49.9 534 58.8 62.6 67.9
)T\/ (69) 110.0 38.6 44.6 49.1 52.7 58.3 62.3 67.7
NN (T0) 107.6 40.8 46.6 50.7 54.0 59.1 62.8 67.9
@ (1) 98.0 384 45.0 49.6 532 58.7 62.5 67.8
/\/\ (72) 103.9 35.8 40.4 43.8 46.5 50.6 53.5 57.4
IO! 73) 95.7 35.7 40.6 44.0 46.7 50.8 53.6 57.5
><.]- (74) 103.3 34.7 39.4 43.0 45.8 50.0 53.0 57.2
NN (75) 106.0 361 407 440 466 506 534 574
A (76) 105.7 345 393 429 45.7 50.0 53.0 572
A/ an 102.5 35.0 39.9 434 46.1 50.3 532 573
:<% (78) 96.7 34.8 39.8 43.4 46.1 50.3 532 57.3
<>— 79 96.8 34.8 39.8 433 46.1 50.3 532 57.3
{> (80) 95.3 35.1 40.1 43.6 46.4 50.5 53.4 57.4
NN @81) 104.5 373 41.7 44.7 47.1 50.9 53.6 57.4
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TABLE 3 (Continued)

Species g8 C, (cal/(mol K))
Structure # (cal/(mol K)) 300K 400 K 500 K 600 K 800 K 1000 K 1500 K
@ (82) 93.9 34.9 40.1 43.7 46.5 50.6 534 57.4
Sig

/F/ 83) 1313 55.7 65.5 73.1 79.3 88.9 95.7 105.1
\%\ 84 126.6 53.0 61.4 67.8 73.0 81.0 86.7 94.7
O 85 109.6 50.4 60.1 67.0 72.6 80.9 86.7 94.8
>~< (86) 126.7 524 61.0 67.5 72.7 80.9 86.6 94.7
/\/K @87 127.6 52.3 61.0 67.5 72.8 80.9 86.7 94.7
<>< (88) 116.7 514 60.5 67.2 72.6 80.9 86.7 94.7
/A< 89 122.1 48.1 55.6 61.1 65.6 72.5 774 84.2
.K\ 90) 122.4 48.4 55.9 61.4 65.9 72.7 77.5 842
\G 1) 113.0 479 55.8 61.5 66.0 72.9 71.7 84.4
jy\/\ 92) 125.4 47.6 55.2 60.9 65.5 72.5 77.4 842
ﬁ 93) 110.8 47.6 55.7 61.5 66.0 72.8 77.6 84.3
/\“/'K 4 123.2 48.7 56.0 61.5 65.9 72.7 71.5 842
<> 95) 104.3 47.3 55.7 61.5 66.1 72.9 77.7 843
W (96) 122.9 50.1 57.3 62.6 66.7 73.2 71.9 84.4
@ 97 109.0 47.3 55.5 61.3 65.9 72.8 71.7 843
<>< 98) 116.0 48.1 55.7 61.3 65.8 72.7 77.6 84.3
A 99) 115.9 47.0 54.9 60.8 65.4 724 713 84.1
\.O.“ (100) 111.0 44.8 51.1 55.7 59.3 64.8 68.7 73.9
:K:\ (101) 117.1 43.8 50.1 54.8 58.5 64.2 68.1 73.6
N~ . (102) 122.0 45.0 51.0 55.5 59.1 64.5 68.4 73.7
\G (103) 109.4 443 50.9 55.5 59.2 64.7 68.5 73.8
><.> (104) 110.8 44.4 50.8 553 59.0 64.5 68.4 73.8
:<E> (105) 104.7 43.5 50.5 55.3 59.1 64.6 68.5 73.8
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TABLE 3 (Continued)

Species Nt C, (cal/(mol K))
Structure # (cal/(mol K)) 300K 400 K 500 K 600 K 800 K 1000 K 1500 K
W (106) 120.7 472 53.0 570 602 652 688 73.9
ﬁ (107) 110.6 43.1 50.0 549 587 644 683 73.7
& (108) 111.7 438 503 550 587 643 683 73.7
— (109) 111.6 439 504 551 588 644 683 73.7
O y 110) 109.0 442 50.8 55.5 592 647 686 73.9
. :/=< (111) 1212 44.8 50.9 554 590 645 68.4 73.7
:@ (112) 102.8 406 46.1 497 525 56.6 59.5 63.4
\Q (113) 107.5 410 46.1 497 524 56.5 59.4 63.4
:@ (114) 104.8 392 448 487 517 56.1 59.1 632
\Q (115) 107.7 41.5 46.6 500 527 56.6 59.5 63.4
Si;
>—% (116) 146.3 64.9 76.2 849 920  103.0 1107 1215
\/\/ 117) 145.0 64.7 76.2 849 920 1030 1108 1216
){\/ (118) 146.0 64.7 76.1 849 920 1030 1108 1216
O (119) 124.5 59.4 70.6 78.8 85.3 950  101.8 1112
§>< (120) 140.8 61.7 71.6 79.2 85.3 949 1016 1111
\/\\/ (121) 142.7 61.6 71.6 792 854 949 1017 1111
\></ (122) 137.6 59.4 68.0 743 79.4 872 929  100.8
=4
\L (123) 1373 59.1 68.0 744 795 87.3 93.0 1008
O/ (124) 1244 64 660 730 785 868 930  100.7
\’H\/ (125) 138.6 534 6Ll 668 713 78.3 83.2 90.1
_<>< (126) 127.4 53.1 60.9 66.7 713 783 833 90.1
=z
(127) 134.5 55.8 632 685 727 792 838 90.3

\
\

Wong et al.
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TABLE 3 (Continued)

Species S C, (cal/(mol K))
Structure # (cal/(mol K)) 300K 400K 500 K 600K 800K  1000K 1S500K
\/H\’( (128) 134.8 55.9 632 68.4 72.6 79.1 83.8 90.3
“
(129) 135.0 56.4 63.8 69.0 73.1 79.5 84.0 90.4
x v
<>< (130) 128.0 533 61.1 66.8 714 78.4 83.3 90.1
ﬁ 131) 126.5 50.2 56.7 61.4 65.0 70.5 744 79.7
:g a132) 126.3 50.1 56.7 61.4 65.0 70.5 74.4 79.7
A\(A (133) 131.0 49.8 56.3 61.0 64.7 70.3 742 79.6
>:<> (134) 124.1 49.9 56.7 61.5 65.1 70.7 74.5 79.8
ﬁ\)\/ (135) 134.6 50.4 56.7 613 64.9 70.5 74.4 79.7
4.0 TABLE 4: The Scaling Factors Used to Estimate Standard
g 325'033 Entropies and Heat Capacities at Different Temperatures
f 35| [ G3NBILYP N Based on B3LYP/6-31G(d) Frequencies
g % temperature (K) 298 300 400 500 600 800 1000 1500
@ 30 \ scaling factot  1.002 1.001 0.998 0.994 0.991 0.984 0.977 0.960
% 25 \ aValues were extrapolated from Scott and Rad8mahere the
£ \ scaling factors of 1.0015 at 298 K, 0.9957 at 450 K, and 0.9910 at 600
'-g 2.0 § K are suggested.
g 15 \ and the standard entropies and heat capacities at different
a - temperatures from the G3//B3LYP calculations are summarized
T 10d & in Table 3. The standard entropy values are based on the
g \ B3LYP/6-31G(d) vibrational frequencies scaled by 1.0015 as
2 o0s \ suggested by Scott and RaddfOn the basis of the values
suggested by Scott and Radom for estimating the entropies at
0.0 different temperatures using B3LYP/6-31G(d) frequencies, we

SiH, Si H, SigH, SiHy also extrapolated a temperature dependence of the scaling factor
Figure 1. Comparison of the efficiencies of various quantum chemical as shown in Table 4. This extrapolation was then used to
methods applied to small silicon hydrides. Run time shown was calculate the heat capacities at different temperatures. To our
r}ormglized by thg CBS-Q rgntime for each molecule size. Actual run knowledge, no scaling factors for the temperature range of
time increases with increasing molecule size for all four methods. interest for the heat capacities have been reported.
the MP4 level [MP4/6-311G(2df,p)], which has higher scaling  The thermochemical properties of cyclopentasila4t) and
than the most computationally expensive steps in the other threecyclopentasilylene59) were corrected slightly from the values
methods, which are at the MP2 level of theory. calculated from G3//B3LYP theory. As suggested by Katzer et
On the basis of its superior accuracy and its relative efficiency, al.3%3both molecules have one very low-frequency vibrational
we chose G3//B3LYP to evaluate the thermochemistry of silicon mode, which is best treated as a pseudorotation, as is done for
hydrides that have no experimental thermochemical data avail-cyclopentane (€H10).3%33 This treatment lowers the heat of
able. A total of 135 molecules up to a moderate siZz&ig) formation and heat capacity bRT/2 and R/2, respectively,
were investigated. The ground state for all molecules is reportedwhere R is the universal gas constant afidis the absolute
as the singlet state. This assumption was supported by thetemperature. It also lowers the standard entropy at 298 K by
calculations performed by Katzer et?dland our own selected  4.419 cal/(mol K) for cyclopentasilane and 0.358 cal/(mol K)
B3LYP/6-31G(d) calculations of species containing multiple for cyclopentasilylene, as reported by KatZér.
adjacent silylene atoms such as HSi:Si:H and HSi:Si:Si:H for It is widely known that constructing isodesmic reactions can
which the singlet state was lower in energy than the triplet state. improve predictions of heats of formation using quantum
The electronic energies, the enthalpies at 298 K, and the heatschemical calculations. In this approach, a hypothetical reaction
of formation derived from the G3//B3LYP calculations for all is chosen with the same number of chemical bonds of each type
of these molecules are listed in Table 2, along with the ab initio on both sides of the reaction. The reaction is comprised of
values with empirical corrections reported by Katzer e€@l., reference molecules, that is, those species with experimental
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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

Species ) ] AHY 555 (kcal/mol)
Homodesmotic Reactions .
Structure # HR AE BAC
PN Q) (9) + SiH, — 2 H;SiSiH, 28.02 26.81 28.75
PN an (11) + :SiH, — 2 ISiSi:H 82.36 80.29 82.36
12) + SiH, — H,SiSiH, + H;SiSi:H 82.64
S 12) (12)+ Siky = TLSISIH, + HLSISeH 8042 8307
(12) + 1/2 SiH,; — 1/2 H;SiSiH,SiH; + H;SiSi:H 83.07
(13) + 3 SiH, — 3 H;SiSill; 63.03
(13) + 2 SiH, — H;SiSiH,SiH; + H;SiSiH; 63.90
/\ (13) _ 6235 6433
(13) + 3/2 SiH, — 3/2 H;SiSiH,SiH; 64.33
(13) + 3 H;SiSiH; — 3 H;SiSiH,SiH; 65.64
(17) + 2 SiH, + :Sil, — H;SiSill; + 2 H;SiSi:H 103.61
A a7 (17) + 3/2 SiH, + :SiH, — 1/2 H;SiSiH,SiH; + 104.04 102.08 104.19
2 H,SiSi:H :
(21) + 2 SiH; — 3 H;SiSiH; 36.71
NN (¥3)) (21) + SiH, — H;SiSiH,SiH; + H;SiSiH; 37.58 35.27 37.88
(21) + 1/2 Silly — 3/2 1 SiSilLSill; 38.02
(22) + 2 SiH, — 3 H;SiSill; 35.08
)\ 22) (22) + SiH, — H;SiSiH; + H;SiSiH,SiH; 35.95 33.64 36.24
(22) + 1/2 SiH, — 3/2 H;SiSiH,SiH; 36.39
(23) + 4 SiH, — 4 H,SiSiH; 49.87
(23) + 3 Sill, — ILSiSilLSill; + 2 H;SiSill; 50.74
[] @3) 4897 5161
(23) + 2 Sill, — 2 ILSiSilLSill; 51.61
(23) + 4 H;SiSiH; — 4 H;SiSiH,SiH; 53.36
(24) + 4 SiH, — 4 H,SiSiH, 68.40
A 24 (24) + 3 SiH, — H;SiSiH,SiH; + 2 H;SiSiH, 69.82 67.50 70.15
(24) + 2 SiH, — 2 H;SiSiH,SiH; 70.15
(25) + SiH, + :SiH, — H;SiSiH; + 2 H;SiSi:H 89.86
N (25) (25) + 1/2 SiH, + :SiH, — 1/2 H;SiSiH,SiH; + 2 87.56 90.29
ol 90.29
H;SiSi:H
26) + 2 SiH, — 2 H;SiSiH; + H;SiSi:H 91.22
AN @6 (26) + 2 SiH, — 2 HySiSiH, *+ HSiSi 8878  92.09
(26) + Sitl; — H;SiSiH,SiH; + H;SiSi:H 92.09
. (27) + 2 Sil,; — 2 H;SiSiH; + H;SiSi:H 88.30
)\ 27 85.86 89.17
(27) + SiH, — H;SiSiH,SiH; + H;SiSi:H 89.17
. (29) + 3 SiH, + :SiH, — 2 H3SiSi:H + 2 H;SiSiH; 100.65
(29) ) 98.90 101.67
(29) + 2 SiH, + :SiH, — 2 H;SiSi:H + H;SiSiH,SiH; 101.52
(30) + 3 SiH, + :SiH, — 2 H;SiSi:H + 2 H;SiSiH; 109.30
ﬂ (30) 107.54 11031
(30) + 2 SiH, + :SiH, — 2 H;SiSi:H + H;SiSiH,SiH; 110.17
(43) + 3 SiH, — 4 H,SiSiH, 40.14
>< (43) (43) + 2 Sill, — 2 H;SiSill; + H;SiSil,Sil; 41.01 38.47 41.74
(43) + Silly — 2 I, SiSilL,Sill; 41.88
(44) + 3 SiH, — 4 H;SiSil; 43.41
)\/ (44) (44) + 2 SiH, — 2 H;SiSiH; + H;SiSiH,SiH; 44.28 41.74 45.01
(44) + SiH, — 2 H;SiSiH,SiH; 45.15
(45) + 3 SiH, — 4 H;SiSiH; 4524
NN 45) (45) + 2 SiH, — 2 H,SiSiH; + H;SiSiH,SiH; 46.11 43.57 46.83
(45) + SiH, — 2 H;SiSiH,SiH; 46.98
(46) + 5 Sill, — 5 H;SiSiH; 76.79
(46) + 4 SiHl, — 3 H;SiSiH; + H;SiSiH,SiH; 77.66
(46) i o o 75.66 78.96
(46) + 3 SiH, — H;SiSiH; + 2 H;SiSiH,SiH; 78.53
(46) + 5/2 Silly — 5/2 H;SiSilL,Sill; 78.96
(47) + 5 SiH, — 5 H;SiSiH; 56.38
(47) + 4 SiH, — 3 H,SiSiH; + H;SiSiH,SiH; 57.26
7 55.26 58.56
(47) + 3 SiH, — H;SiSiH; + 2 H;SiSiH,SiH; 58.13

(@7) + 5/2 Sill, — 5/2 H;SiSiH,SiH; 58.56
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TABLE 5 (Continued)

Species AH/ 55 (kcal/mol)
Homodesmotic Reactions /-
Structure # HR AE BAC
(48) + 5 Silly — 5 H;SiSill; 4747
(48) + 4 Sill, — 3 T;SiSiH; + H,SiSilL,SilT; 4834
Q 48) (48) + 3 SiH, — H;SiSiH; + 2 H;SiSiH,SiH; 4921 46.34 49.65
(48) + 5/2 SiHl, — 5/2 H;SiSilLSil; 49.65
(48) + 5 H;SiSiH; — 5 H3SiSiH,SiH; 51.82
(49) + 5 SiH, — 5 H;SiSiH; 71.82
(49) + 4 SiH, — 3 H;SiSiH; + H;SiSiH,SiH, 72.69
49) 70.70 74.00
(49) + 3 SiH, — H;SiSiH; + 2 H,SiSiH,SiH; 73.56
(49) + 5/2 SiHl, — 5/2 H;SiSilLSiH; 74.00
(50) + 5 SiH, — 5 H;SiSiH; 73.53
(50) + 4 Sil, — 3 H;SiSill; + H,SiSill,SiH; 74.40
(50) 72.40 75.70
(50) + 3 Sill, — H;SiSiH; + 2 H;SiSiH,SiHl; 75.27
(50) + 5/2 SiH, — 5/2 H;SiSiH,SiH; 75.70
(51) + 3 SiH, — H;SiSi:H + 3 H;SiSiH; 99.73
AN (51)  (51)+ 2 Silly — H,SiSi:H + H;SiSil; + H;SiSilLSiH;  100.61 97.07 101.04
(51) + 3/2 Silly — H;SiSi:1 + 3/2 H;SiSilL,Sill, 101.04
.. (52) + 2 SiHl, + :SiH, — 2 H;SiSi:H + 2 H;SiSiH, 98.17
PN (52) o . o 95.65 99,04
(52) + SiH, + :SiH, — 2 H,SiSi:H + H;SiSiH,SiH, 99.04
53) + 2 SiH, + :SiH, — 2 H;SiSi:H + 2 H;SiSiH; 96.97
NS 53) &) . : e 94.45 97.84
(53) + SiH, + :SiH, — 2 H,SiSi:H + H;SiSiH,SiH; 97.84
(54) + 3 SiH, — H;SiSi:H + 3 H;SiSiH, 97.64

(54) (54) + 2 SiH4 — H;SiSi:H + H;SiSiH; + H;SiSiH,SiH; 98.51 94.97 98.94

C

(54) + 3/2 SiH, — H,SiSi:H + 3/2 H;SiSiH,SiH, 98.94
(55) + 2 SiH, + :SiH, — 2 H;SiSi:H + 2 H,SiSiH; 95.59

(55) 93.07 96.46
(55) + SiH, + :SiH, — 2 H;SiSi:H + H;SiSiH,SiH; 96.46
(56) + 3 SiH, — H,SiSi:H + 3 H;SiSiH; 96.51

(56) (56) + 2 SiH, — H;SiSi:H + H;SiSiH; + H;SiSiH,SiH; 97.38 93.85 97.82

s

(56) + 3/2 Sill, — IL,SiSi:Il + 3/2 I, SiSilLSilL, 97.82
(59) + 4 SiH, + :SiH, — 2 H;SiSi:H + 3 H;SiSiH, 98.41
s (59) + 3 SiH, + :SiH, — 2 H,SiSi:H + H;SiSiH, + 9928
Q (59) H;SiSiH,SiH; ‘ 96.43 99.86

(59) + 5/2 SiH, + :SiH, — 2 H;SiSi:H + 3/2

H:SiSitLSiH; 99.71
(60) + 4 SiHl, + :SiHl, — 2 H;SiSi:H + 3 H,SiSills 11631
. (60) + 3 SiH, + :SiH, — 2 H;SiSi:H + H;SiSiH, + 1718
|>< ©0) SIS ST, RS TPECRRITRY
(60) + 5/2 SiH, + :SiH, — 2 H;SiSi:H + 3/2 1762
H,SiSiH,SiH, .
(65) + 4 SiH, + :SiH, — 2 H;SiSi:H + 3 H,SiSiH; 105.72
. (65)+ 3 SiH, + :SiH, — 2 H,SiSi:H + H,SiSiH; + 106.60
< > 65) H,SiSiH,SiH; . 10374 107.18
(65) + 5/2 SiH, + :SiH, — 2 H,SiSi:H + 3/2 107,03
H,SiSiH,SiH, :
(66) + 4 SiH, + :SiH, — 2 H,SiSi:H + 3 H,SiSiH, 117.14
" (66)+ 3 SiH, + :SiHs — 2 H;SiSi:H + H;SiSiH; + 11801
i E (66) H,SiSiH,SiH; : 11516 11859
(66) + 5/2 SiH, + :SiH, — 2 H,SiSi:H + 312 11845
H,SiSiH,SiH, :
(73) + 3 SiH, + 2 :SiH, — 4 H,SiSi:H + H,SiSiH; 148.06
:O: (73) (73) + 5/2 Sitly + 2 :Sitl, — 4 HSiSi:H + 172 gqo M52 14878
H,SiSiH,SiH, :
(83) + 4 Sill, — 5 ILSISIT, 47.99
(83)+ 3 SiHy — 3 H;SiSiH, + H;SiSiHaSiH, 48.86 i
(83) 46.10 50.02
(83) + 2 SiH, — H;SiSiH; + 2 H,SiSiH,SiH, 49.73

(83) + 3/2 SiH, — 5/2 H;SiSiH,SiH; 50.17
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TABLE 5 (Continued)

Species AHY 555 (kcal/mol)
Homodesmotic Reactions ’
Structure # HR AE BAC
(85) + 6 SiH, — 6 H;SiSiH; 51.82
(85) + 5 SiH, — 4 H,SiSiH; + H;SiSiH,SiH; 52.69
O (85) (85) + 4 SiH, — 2 H;SiSiH; + 2 H;SiSiH,SiH; 53.56 50.46 54.43
(85) + 3 SiH, — 3 H,SiSiH,SiH; 54.43
(85) + 6 H;SiSil; — 6 H;SiSil,SiH; 57.04
(88) + 6 SiH, — 6 H;SiSiH; 60.58
(88) + 5 Sill, — 4 H,SiSiH; + H;SiSiH,SiH, 61.45
(88) ) 59.23 63.20
(88) + 4 Sill, — 2 H;SiSiH; + 2 H;SiSiH,SiH; 62.33
(88) + 3 SiH, — 3 H;SiSilL,Sill; 63.20
(89) + 5 SiH, + :SiH, — 2 H;SiSi:H + 4 H;SiSiH; 120.46
. (89) + 4 SiH, + :SiH, — 2 H;SiSi:H + 2 H;SiSiH; + 19133
/A< (89) H;SiSiH,SiH; o 118.26 122.35
(89) + 3 SiH, + :SiH, — 2 H;SiSi:H + 2 H;SiSiH,SiH;  122.21
(90) + 5 SiH, + :SiH, — 2 H;SiSi:H + 4 H;SiSil 124.31
(90) + 4 SiH, + :SiH, — 2 H;SiSi:H + 2 H;SiSiH; +
Jindeiei 125.18
90) H;SiSiH,SiH; 122.10 126.19
(90) + 3 SiH, + :SiH, — 2 H;SiSi:H + 2 H;SiSiH,SiH; ~ 126.05
(91) + 5 SiH, + :Sill, — 2 H;SiSi:H + 4 H;SiSiH; 105.24
.e (91) + 4 SiH, + :SiH, — 2 H,SiSi:H + 2 H;SiSiH; + L0611
\Q o1 H;SiSiH,Sit; ' 103.03 10712
(91) + 3 SiH, + :SiH, — 2 H;SiSi:H + 2 H,SiSiH,SiH;  106.98
(95) + 8 Sill, — 7 I;SiSill; 81.63
(95) + 7 Sill, — 5 H,SiSit; + H,SiSiH,SiH; 82.51
<> (95) (95) + 6 Silly; — 3 H;SiSiH; + 2 H;SiSiH,SiH; 83.38 80.82 84.83
(95) + 5 Sill, — H;SiSiH; + 3 H;SiSiH,SiH; 84.25
(95) + 9/2 SiH, — 7/2 H;SiSiH,SiH; 84.68
(97) + 5 SiH, + :SiH, — 2 H;SiSi:H + 4 H;SiSiH; 102.97
X (97) + 4 SiH, + :Sit, — 2 H;SiSi:H + 2 H;SiSiH; + 103.84
O 97) SiH3SiH2SiH3 ’ 100.77 104.86
(97) + 3 SiH, + :SiH, — 2 H;SiSi:H + 2 SiH;SiH,SiH; 10471
(98) + 5 SiH, + :Sill, — 2 H;SiSi:H + 4 H;SiSill; 110.02
. (98) + 4 SiH, + :Sit, — 2 H;SiSi:H + 2 H;SiSiH; + 110.89
<>< 98) H;SiSiH,SiH; ’ 107.82 11191
(98) + 3 SiH, + :SiH, — 2 H;SiSi:H + 2 H;SiSiH,SiH; ~ 111.77
. (100) + 4 SiH, + 2 :SiHl, — 4 H;SiSi:H + 2 H;SiSil; 153.21
\Q (100) 15015 154.37
: (100) + 3 SiH, + 2 :SiH, — 4 H;SiSi:H + H;SiSiH,SiH;  154.08
(105) + 7 SiH, + :SiH, — 2 H;SiSi:H + 5 H;SiSiH, 122.83
(105) + 6 SiH, + :SiH, — 2 H;SiSi:H + 3 H;SiSiH; + 123,70
H;SiSiH,SiH; :
. (105)  (105) + 5 SiH, + :SiH, — 2 H;SiSi:H + H;SiSiH; + 2 121.17 125.30
i 124.58
H;SiSiH,SiH;
(105) + 972 SiH, + :SiH, — 2 H;SiSi:H + 5/2 125.01
H;SiSiH,SiH; :
. (110) + 4 SiH, + 2 :SiH, — 4 H,SiSi:H + 2 H;SiSiH; 153.90
O (110) 150.84 155.06
(110) + 3 SiH, + 2 :SiH, — 4 H,SiSi:H + H;SiSiH,SiH;  154.77

Wong et al.
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TABLE 5 (Continued)

. 0
Species Homodesmotic Reactions AR/ 2 (kealfmol)
Structure # HR AE BAC
(116) + 5 SiH, — 6 H,SiSiH; 53.89
(116) + 4 SiH, — 4 H,SiSiH; + H;SiSiH,SiH, 54.76
H (116) (116) + 3 Sill, — 2 H,SiSiH; + 2 H;SiSilLSill; 55.63 51.77 56.36
(116) + 2 Sill, — 3 H;SiSiH,SiH; 56.51
(116) + 4 H;SiSill; — 5 H;SiSil,Sill; 58.25
(117) + 5 SiH, — 6 H;SiSiH; 55.77
(117) + 4 SiH, — 4 H,SiSiH; + H,SiSiH,SiH, 56.65
W 117) (117) + 3 SiH, — 2 H;SiSiH; + 2 H;3SiSiH,SiH; 57.52 53.66 58.24
(117) + 2 SiH, — 3 H,SiSiH,SiH, 58.39
(117) + 4 H,SiSiH; — 5 H;SiSiH,SiH, 60.13
(118) + 5 SiH, — 6 H,SiSiH; 56.36
(118) + 4 Sill, — 4 H;SiSiH; + H;SiSiH,Sill; 57.23
){\/ (118) (118) + 3 Sill, — 2 H;SiSiH; + 2 H;SiSiH,Sill; 58.10 54.24 58.82
(118) + 2 Sill, — 3 H;SiSiH,Sil; 58.97
(118) + 4 H;SiSiH; — 5 H;SiSiH,SiH; 60.71
(119) + 7 SiH, — 7 H;SiSiH; 61.58
(119) + 6 SiH, — 5 H,SiSiH; + H,SiSiH,SiH, 62.45
O (119) + 5 SiH, — 3 H,SiSiH; + 2 H;SiSiH,SiH; 63.32
(119) ) o o 60.00 64.63
(119) + 4 SiH, — H;SiSiH; + 3 H;SiSiH,SiH; 64.19
(119) + 7/2 Sil, — 7/2 H;SiSill,SiHl, 64.63
(119) + 7 H;SiSiH; — 7 H;SiSiH,SiH; 67.67
(124) + 6 SiH, + :SiH, — 2 H;SiSi:H + 5 H,SiSiH; 108.69
(124) + 5 SiH, + :SiH, .—>.2 H3.SiSi:H + 3 H;SiSiH; + 109.56
.. H;SiSiH,SiH;
O/ (124)  (124) + 4 SiH, + :SiH, — 2 H;SiSi:H + H;SiSiH; + 2 106.26 111.02
11sSiSiTLSill; 110.43

(124) + 7/2 SiH, + :SiH, — 2 H;SiSi:H + 5/2

H;SiSiH,SiH; 110.87

heats of formation available, and the target molecule, and the TABLE 6: The Bond Additivity Correction (BAC)

heat of reaction is evaluated using quantum chemical calcula-Parameters of Various Bond Types for G3/B3LYP

. . X . Calculations

tions. This heat of reaction and the experimental heats of

formation for the reference molecules are then used to calculate bondtype HH Si—H,=Si—H :Si-H Si-Si :Si-Si Si=Si

the heat of formation of the target molecule. Raghavachari et BAC values 0.42 0.16 095 0.35 0.57-0.66

al?? recently investigated the concept of bond separation (kcal/mol)

reactions, which are isodesmic reactions consisting of the

smallest possible reference molecules, and they showed thavalues from which the group additivity values can be regressed,
more accurate predictions were obtained using this approachan alternative approach that is applicable to select representative
for G2 theory than were calculated using atomization energies. values when using homodesmotic reactions was sought.
Sumathi and Greé@hfurther suggested that using homodesmotic ~ Petersson et &P.proposed the concept of an isodesmic bond
reactions, which conserve different types of bond environments additivity correction (BAC) scheme based on the spirit of
between each pair of atoms, provides even better accuracy tharisodesmic reactions. In this approach, a set of reference
bond separation reactions or atomization energies. We thereforgnolecules with experimental data available is compared to
constructed homodesmotic reactions for the molecules examinedheoretical values, and the BAC parameters of different bond
in this study at the G3//B3LYP level of theory using the types are calculated by fitting to the experimental data. The
compounds listed in Table 1 as the reference molecules, andheats of formation can be approximated as

the heats of formation calculated from this approach are

tabulated in Table 5. Note that some of the 135 molecules are AH?,0(BAC) = AH?,g¢(calc) + Z NBAC, 4)
missing from this table since the reference molecule set is not T

sufficiently comprehensive to permit formulation of homodes-

motic reactions. In particular, some of the bond types, such aswhere BAG is the BAC parameter of a certain bond type
:Si—Si: or =Si—Si bonds, are not present in the reference and the heats of formation estimated from BAQS?,qq
molecules. In addition, most molecules in Table 5 have more (BAC), can be defined as the heats of formation calculated on
than one homodesmotic reaction that was constructed. The heathe basis of atomization energieSHy q4(calc), corrected by

of formation values calculated from these reactions had anthe summation of the BAGarameters multiplied by the num-
average deviation of 1.86 kcal/mol and a maximum deviation ber of the bonds of that typeN{(). Although experimental

of 6.10 kcal/mol, in large part due to the experimental uncertainties still affect this approach, representative values of
uncertainties in the reference molecules as reported in Table 1.the heats of formation obtained from homodesmotic reactions
Because it is necessary to have a uniform set of thermochemicalwere chosen, and a single set of thermochemical values was
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Figure 2. Comparison between the heats of formation obtained from (b)
atomization energies and those from homodesmotic reactions. 1o
generalized. On the basis of this approach, we estimated six _ "1
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 SiHwith the values of 2
G3//B3LYP calculations, and the results are tabulated in Table 2 "1
6. We categorized the bonds into six different types according >
e : S 901 y =0.99951x + 0.05485

to the optimized geometries of these seven molecules from £ R = 0.99951
G3//B3LYP calculations, in which the silylene atoms (with two &
nonbonded electrons) behave differently than saturated silicon § ™ AYSD =004 keamol
atoms or silicon atoms attached to double bonds. For example,® 5. MAXD = 2.78 keal/mol
the bond length of :SiH bonds of 1.53 A is longer than both
Si—H and=Si—H bond lengths of 1.49 A, and the bond length %
of :Si—Si bonds of 2.40 A is also different from both-Ssi % 50 70 % 110 130 150 170
and =Si—Si bond lengths of 2.35 A. We further used these G3//B3LYP Values (kcal/mol)

BAC parameters to calculate the heats of formation of the rigyre 3. Parity plot of heats of formation predicted from group
molecules in Table 5 using eq 4. These heats of formation are additivity versus quantum chemical values from G3//B3LYP: (a)
compared to the values estimated from atomization energies andspecified exactly; (b) over-specified.

homodesmotic reactions in Table 5. As shown in the table, the cyclic molecules, and among the 131 molecules that we

heats of formation using BACs are in good agreement with the gyamined, 19 ring corrections were defined. Therefore, there
values from homodesmotic reactions, and the agreement be-g.e 3 total of 81 groups, including 62 linear groups and 19 ring
tween the BAC values and the values from all of the homodes- ¢qrrections, as tabulated in Table 7. For the linear groups, the
motic reactions can also be observed from the parity plot in first element in the notation represents the central atom, and
Figure 2. To apply the BAC parameters to the molecules for the following elements denote the neighboring atoms. For the
which homodesmotic reactions could not be constructed, we groups with SAB as the central atom, a /Siatom is always

approximated the values for the bonds missing from the attached to a 9iB. Therefore, the notation starting with/B
reference molecules, that is, :S8i:, =Si—Si, and :S+=Si bonds represents the composite structure of=Si with the two
as :St-Si, Si—Si, and S+Si bonds, respectively. The resulting  remaining neighbors of the Siatom to be specified. In the
heats of formation using this approach are listed along with the process of defining the groups in the molecules that we
heats of formation obtained from atomization energies in Table examined, it became apparent that not all of the 62 groups were
2. The heats of formation obtained using the BAC parameters present in the 131 species used to develop the group additivity
thus formed the comprehensive set of values for all 135 scheme, and some of the groups were missing. Molecules
molecules. Subsequently, the values for all 135 molecules with containing these missing groups were provided as input to the
be divided into groups were used to develop the group additivity these groups with stable geometries were identified after
scheme. numerous attempts. Structures initially specified with these
II. Group Additivity Scheme Generalized from Thermo- groups formed cyclic or bridging structures upon geometry
chemical Properties.To develop the group additivity scheme  optimization, thus altering the constituent groups of the mol-
for silicon—hydrogen molecules, we first defined four different ecule. In addition, two $i-containing groups, Si/Si/88 and
kinds of silicon atoms. We use A&ito denote silicon atoms  Si/SiA4, could not be obtained because the smallest molecules
attached to a double bond, BSior silicon atoms with two containing these groups, gbii>, and SgH1,, were too large to
nonbonded electrons,/A for silicon atoms attached to a double be handled with present computational resources. There were a
bond and with two nonbonded electrons, and simply Si for total of 18 missing groups, and they are labeled “NA” in Table
silicon atoms without any functionality. The maximum possible 7. Since there were 131 molecules containing 63 groups (62
number of combinations of these four atom types resulted in linear groups+ 19 ring corrections— 18 missing groups),
62 different groups. Ring corrections also need to be applied to obtaining the GAVs is conceptually equivalent to solving 131
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TABLE 7: The List of the Groups and Their Contribution to the Heats of Formation of Silicon —Hydrogen Molecules

Linear Groups

group contributiof group contributiof
groups$ status (kcal/mol) group® statug (kcal/mol)
Si/SilH3 EVK 10.75 Si/SA2/SiB2 NA —1.46
Si/SIA/H3 LDO 10.75 Si/SIVSIB3 NA —1.46
Si/SiB/H3 LDO 10.75 Si/B4 NA —1.46
Si/Si2/H2 EVK 8.71 SNSIA/H2 EVK 33.54
Si/SiA2/H2 LDO 8.71 SA/SIA/SI/H LDO 28.32
Si/SiB2/H2 LDO 8.71 SN/SIA/SIAH EVK 28.32
Si/Si/SIVH2 LDO 8.71 SA/SIA/SIB/H LDO 28.32
Si/Si/SB/H2 LDO 8.71 SA/SIAB/SIH LDO 99.55
Si/SINVSIB/H2 LDO 8.71 SA/SIAB/ISIAH EVK 99.55
Si/Si3/H EVK 4.15 SN/SIAB/SIB/H NA 99.55
Si/SIA3/H LDO 4.15 SA/SIAISI2 LDO 21.70
Si/SiB3/H NA 4.15 SIA/SIA/ISI/SIA LDO 21.70
Si/Si/SiA2/H LDO 4.15 SA/SIA/SI/SIB LDO 21.70
Si/Si/SB2/H LDO 4.15 SHNSIA/SIA2 EVK 21.70
Si/Si/SIW/SIB/H LDO 4.15 SH/SIA/SIA/SIB LDO 21.70
Si/Si2/SWH LDO 4.15 SNSIA/SIB2 LDO 21.70
Si/Si2/SB/H LDO 4.15 SH/SIAB/Si2 LDO 91.74
Si/SiA2/SiB/H NA 4.15 SIA/SIAB/SI/SIA LDO 91.74
Si/SIWSIB2/H NA 4.15 SIAISIAB/SI/SiB NA 91.74
Si/Si4 EVK —1.46 SNSIAB/SIA2 NA 91.74
Si/Si3/SA LDO —1.46 SN/SIAB/SIA/SIB NA 91.74
Si/Si3/SB LDO —1.46 SNSIAB/SIB2 NA 91.74
Si/Si2/Sih2 LDO —1.46 SB/Si/H LDO 63.95
Si/Si2/SWSIB LDO —1.46 SB/SIAH LDO 55.15
Si/Si2/SB2 LDO —1.46 SB/SiB/H EVK 55.91
Si/Si/SIA3 NA —1.46 SiB/Si2 LDO 59.50
Si/Si/SA2/SiB NA —1.46 SiB/SI/SIA LDO 51.04
Si/Si/SIVSIB2 NA —1.46 SiB/Si/SiB LDO 47.29
Si/Si/SB3 NA —1.46 SiB/SIA2 LDO 43.71
Si/SiAd NA —1.46 SIB/SIA/SIB NA 39.8¢
Si/SIA3/SB NA —1.46 SiB/SiB2 EVK 35.90
Ring Corrections
group contributiof group contributiof
group$ statug (kcal/mol) groups statug (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 241
C3AB EVK 21.59 C5AB(1,3) EVK 3.93
c4 EVK 17.13 C6 EVK 2.18
C4B EVK 15.46 ceB 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

aNA (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 group3he 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 poklmed
numbers are the projected values for the missing gralipse projected $/SiA/SiB value was obtained by taking the average of the values of
SiB/SIA2 and SB/SiB2 groups.

linear algebraic equations containing 63 unknown variables. groups had values that were exactly specified. By eliminating
Although there are more molecules (131 equations) than groupslinearly dependent equations, we found that the GAVs for 10
(63 variables), a significant number of the equations are linearly out of the 44 linear groups (62 linear groups18 missing
dependent on others, and the number of linearly independentgroups) and 16 out of the 19 ring corrections could be exactly
equations is much smaller than 131. This can be verified by calculated. However, the remaining 37 groups, including 34
analyzing a matrix of 131 rows (compounds) and 63 columns linear groups and 3 ring corrections, are linearly dependent on
(their constituent groups), where theentries in the matrix are  other groups, and only 32 linearly independent equations were
the number of groups of typethat molecule contains. The found. It was not possible to specify additional linearly
rank of this matrix was 58. This indicates that the number of independent equations by adding molecules to the calculation
linearly independent equations is less than the number of set, as all molecules conceived simply added more linearly
variables by five, and five degrees of freedom must be specified dependent equations.

to obtain a set of unique solutions. This issue of linear  Although five degrees of freedom must be specified, these
dependence is not unique to silicon hydride molecules but would degrees of freedom cannot be specified randomly. By carefully
also be observed in other systems, including cartigdrogen examining the equations and variables, we first set the values
molecules. Further analysis revealed that a subset of the 63of two undetermined ring corrections, C3BB and C6BB(1,3),
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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 entrof%); constant pressure heat capaciBg)(at (b) 300, (c) 400, (d) 500, (e) 600, (f) 800, (g) 1000,
and (h) 1500 K.
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TABLE 8: Summary of Group Additivity Values of Silicon —Hydrogen Molecules Generalized from G3//B3LYP Calculations

AH? 0 o8 Cp, (cal/(mol K))
group$ (kcal/mol) (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/SIAISIX/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 8j,&8iSB.

to be equal to two other structurally similar ring corrections, degrees of freedom were specified, we found that the GAVs
C3AB and C6B, respectively, for which the values are already for the St and SA-centered groups depend strongly on the
exactly specified. The value of the ring correction C5BB(1,3) number of silicon atoms attached to the central atom, but they
can thus be determined, since it is dependent on these valuesare only weakly dependent on the functionalities of the
We then assumed the values of Si/Si/H3, $VHB, and Si/ neighboring atoms. For example, the value A/SIA/SI/H is
SiB/H3 to be equal to one another. This assumption essentially very close to the value of 8ISIA/SIA/H, and the value of Si/
ignores the effect of the functionality of the neighboring silicon Si4 is comparable to the GAVs of Si/Si3/sand Si/Si3/SB.
atom on the central silicon atom with no functionality when it We therefore proposed to solve for the GAVs by setting the
has only one neighboring silicon atom. Thus, specification of GAVs to be equal for those groups having the same central
these two additional degrees of freedom allowed any group atoms and the same number of neighboring silicon atoms, with
containing only SA or only SB to be solved. Finally, we the exception of $-centered groups. Thus, we over-specified
specified the last degree of freedom by setting the value of thethe problem because the number of specifications that we
undetermined group BISIA/SIB/H to be equal to the value of  imposed was larger than the number of degrees of freedom.
the determined group SiSIA/SIA/H. The remaining GAVs were  However, the GAVs estimated from this approach were not
calculated after all five degrees of freedom were fixed, and the substantially different from the GAVs obtained by specifying
group additivity scheme for silicon hydrides was thus con- the problem exactly. The parity plot shown in Figure 3b reveals
structed, with the exception of the missing groups. The GAVs the excellent agreement between the values predicted from the
obtained from this approach can be found in the Supporting over-specified GAVs and the G3//B3LYP-derived heats of
Material, and excellent agreement was found between the heat§ormation. The average absolute deviation was 0.64 kcal/mol,
of formation calculated using the resulting GAVs using this and the corresponding maximum deviation was 2.78 kcal/mol;
procedure and the values estimated from G3//B3LYP calcula- both of these are only slightly larger than the values when the
tions, as shown in the parity plot in Figure 3a. The average problem was specified exactly. The sum of squares increased
absolute deviation was 0.41 kcal/mol, and the corresponding slightly from 41.58 kca¥mol? for the exactly specified case to
maximum deviation was 1.87 kcal/mol. 96.77 kcal/mol for the over-specified approach.

To project the values of the 18 missing groups, we proposed Using these assumptions, we projected the GAVs of the Si
an alternative way to solve the problem described above. and SA-centered groups that were missing, and the results are
According to the GAVs that were obtained when the five listed in italics in Table 7. The value of the onlyBScentered
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Figure 5. Histogram of sensitivity analysis of group values using
Mavrovouniotis'$® approach.

group that was missing, BiSIA/SiB, was projected by taking
the average of the values of theB&iA2 and SB/SiB2 groups.
The resulting GAV of 39.81 kcal/mol for BiSIA/SIB appeared

to be reasonable, since its deviation from the value of tBé Si
Si/SiB group of 7.48 kcal/mol is comparable to the difference
between the values of the BSIi/SIA and SB/SiA2 groups of
7.33 kcal/mol (both substituting one Si intoA$j and its
deviation from the value of the BiSi/SIA group of 11.23 kcal/
mol is comparable to the difference between the values of the
SiB/Si/SIB and SB/SiB2 groups of 11.39 kcal/mol (both
substituting one Si into 8). 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

Wong et al.

A total of 135 silicon-hydrogen & Sig) 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 St and SA-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 silichpdrogen
molecules cannot be treated quantum chemically at even the
least expensive levels of theory.
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