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Gas-Phase Reactions between Silane and Water: A Theoretical Study
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Gas-phase reactions between silane (séthd water (HO) were investigated using ab initio calculations at
the CCSD(T)/6-311++G**//IMP2/6-31+G* level. Within the energy range of 160 kcal/mol, we located 40
equilibrium and 27 transition states on the potential energy surfaces of-t@-3i systems. Over an energy
barrier of 46.61 kcal/mol, the weakly bonded molecular complex SHO can eliminate first limolecule

and produce silanol (S#DH). The transition state is a dihydrogen-bonded structure with retention of the
silane configuration. The total energy of the direct productsSHi+ H, is —10.83 kcal/mol relative to the
reactants. Over an energy barrier of 58.09 kcal/mol ,SiHLO can eliminate first Hand produce a transient
dative bonded complex SpHH,0. Providing more energy to the system, &ittH,O can dissociate atomically
and the initial products can further eliminate éf H, producing smaller species including molecules-SiH
OH, SiH,—0O, Si—H;0, and SiO and radicals SiHOH, SiH—H,0, HSIO, and HOS.I.

I. Introduction geometric parameter fixed as constant. Frequency calculations
. . . .. were performed following each optimization to obtain the zero-
Silane is used as source gas to prepare silicon-containing,int energy (ZPE) and to characterize all of the stationary
materials. The structure of products, varying for different ,ini |ocated on the potential energy surface. Intrinsic reaction
applllcatlons,.can be monlt.qred through fabricating conditions. ., dinate (IRC) calculations were performed to confirm the
To induce SiH decomposition at the gas phase, an elevated (o|4tignship of each transition state with its reactant and product.
temperature is required. During the process, water is involved Single-point calculations at the MBEull/6-311++G* and
?f)lt4 only as an impurity but also as a reactant or _byproduct. the CCSD(TFull/6-311++G**levels were performed to
At relative low temperatures, silane hydrolysis can be yetermine the electronic energies. The relative energies reported
catalyzed by acid or base. In particular, hydrolysis of halogen ;. qiscussion are obtained at the CCSBERUI6-311++G*
or oxygen derivatives of silane results in polyme_ric silicones, |oyel with MP2/6-31#G* calculated ZPE corrections. For open
which are precursors of sefel process, a widely used gpq gpecies, the geometry optimization and energy calculation
technique in preparing nanoscale organic and inorganic yere performed using same level of theories except that electron

idcl5-22 i i i A ) .
hybrids! Clearly, understanding the reactivity of s!lane spins were unrestricted. Guassian 98 program packages
toward water at various temperatures is of fundamental impor- employed for these calculations.

tance and highly desired for product-quality-control. Several

expgrimenta! anq theoretical mechanism studies use some kind||. Results and Discussions
of silane derivative and water as starting reactahts. Com- ) ) i
pared to these substituted silane, how puresSécts with HO Energies calculated at three different theoretical levels were
is much less known. This is prot’)ably because.Sihot easy listed together with dipole moments and rotational constants
to hydrolysis in water without catalysts. The usual inertness or all of the species in Table 1. For open shell species using
implies that substantial energy is necessary to initiate the SPin-unrestricted methods, spin squared expectation vfiéigs
reactions between SiHand HO. At such conditions, the Were also listed to assess spin contamination. It can be seen
proportion of relevant products may also be highly temperature that using a larger basis set (6-31+G** instead of 6-3%G)

dependent. To elucidate the unclear mechanism, the presen{owers the electronic energies significantly, whereas using a
computational work intends to explore pathways started from method that includes more effective electron correlation (CCSD

SiH4/H,0 = 1:1 to all stoichiomically possible products within ~ InStead of MP2) has a less impact. Generally, relative energies
energy range of 160 kcal/mol. calculated at the MP2/6-3¥H-G** level are quite close to

those calculated at the CCSD (T)/6-311G** level.
The species were named according to their structures and

Il. Calculation Method numbered to indicate the order of their occurrence in the reaction

The geometry structures were fully optimized at the MPaIl/ courses. Symbols *r ‘TS’ were added to specify triplet state
6-31+G* level. Transition states were located using synchronous Or transition state species. _
transit-guided quasi-Newton (STQN) metha8m combination Reaction pathways were divided into eight parts. Each part

with stepwise partial optimization along each pathway with one includes geometry structures of the relevant species and their
relative energies (Figures—B).

*To whom correspondence should be addressed. E-mail: sw-hu@ _Partl: Pathways from SiH4 + H2O to SiHzOH (4) and
163.com. SiH,—H0 (6). At the initial stage, Sild associates with D
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TABLE 1: Electronic Energies, Dipole Moments, and Rotational Constants of the Species

(a.u.) (kcal/mol) (Debye) (GHZz)
species symm EP Es’ Ed ZPP M Db D¢ Dd rotational constants

SiH;—H20(1) C4(0) —367.526126 —367.793316 -367.837462 34.68 2.787 2.637 2.752 70.30 4.063 4.024
SiHz;—H>—OH_TSQ) Cy(1) —367.447633 —367.718494 -367.760753 33.16 2.219 2.100 2.159 49.49 10.23 9.645
SiHz30H—H3(3) C40) —367.551596 —367.808436 -367.850516 32.20 1.750 1.678 1.802 32.80 8.97 7.671
SiHz;OH(4) C40) —366.406591 —366.646695 -366.680644 24.60 1.621 1556 1.654 76.98 13.40 13.14
SiH,—H—OH_TS6) Ci(1) —366.274310 —366.516311 -366.552094 21.95 1.758 1.636 1.649 83.62 10.79 10.56
SiH;—H20(6) Cy(0) —366.311327 —366.555894 -366.594574 25.08 4557 4350 4.470 83.36 9.141 9.063
Ho—SiH,—H0(7) Ci(0) —367.455888 —367.717019 -367.763790 32.22 4480 4.293 4.407 61.56 5.964 5.798
Ho—SiH,—H>0_TS@) C41) —367.421593 —367.693900 -367.740902 32.18 2.740 2.719 2.706 80.46 4.737 4.638
SiH, H,O_TSPE) C41) —366.308877 —366.553347 -366.592140 24.88 4206 4.085 4.122 82.96 9.023 8.802
H—SiHz;—HO_3(10) C40) —367.391536 —367.649062 -367.688721 28.38 2.001 2.856 2.717 2.846 2238 3.711 3.361
SiHz;—H»0(11) C40) —366.893229 —367.149236 -367.188893 28.30 0.751 2931 2.785 2.922 96.33 4.247 4.134
SiH;—H—OH_TS(@2) Cyi(1) —366.832036 —367.084485 -367.136873 27.56 0.754 1.616 1.501 1.815 70.54 8.342 8.253
SiH;—OH(13) C40) —366.844585 —367.096809 -367.145936 26.28 0.751 2.144 2.023 2.114 79.64 3.792 3.781
SiH;—H—-OH_3(14) Cy(0) —367.343048 —367.596683 -367.645826 26.48 2.001 2.145 2.024 2.116 22.98 3.583 3.230
SiH—H,—OH_TS(5) Ci(1) —366.270066 —366.518431 -366.555141 22.56 1.563 1.535 1.483 74.27 11.34 11.07
SiH—OH—H(16) C4(0) —366.337008 —366.571899 -366.610059 20.76 1.330 1.403 1.348 42.91 9.947 8.083
SiH—0OH(17) C40) —365.191998 —365.411557 -365.440174 13.20 1.225 1.304 1.218 175.3 15.77 14.47
SiH—OH_TS(@8) Ci(1) —365.175553 —365.394882 -365.424932 11.45 1.633 1.504 1.505 206.1 15.42 14.55
SiH—0H(19) C40) —365.191150 —365.409564 -365.439733 12.95 1939 1.688 1.867 172.3 15.78 14.46
SiH—0OHc-H3(20) Cyi(0) —366.336088 —366.571254 -366.609568 20.55 2031 1.781 1.990 47.12 9.724 8.072
SiH;—H>—OH;_TSR1) Cy(1) —366.269043 —366.517574 -366.554367 22.39 2.131 1.878 2.043 73.79 11.28 11.03
SiH—-0OH_3R2) C4(0) —365.136035 —365.352799 -365.377878 12.54 2.001 1.603 1553 1.675 217.4 14.97 14.55
SiH-H-0_3_TSR3) Cy(1) —365.054347 —365.268979 -365.307173 9.02 2.023 2.809 2842 2767 164.3 16.48 16.38
SiH,—0O_3@24) C40) —365.091181 —365.303458 -365.341229 10.85 2.003 1.857 1.866 2.072 125.1 15.46 14.52
SiH,—0(25) C2(0) —365.199321 —365.411799 -365.435032 11.86 3.866 3.765 4.799 166.9 17.89 16.16
SiH-H—-0_TSg6) Ci(1) —365.102487 —365.316496 -365.339961 8.91 2530 2.434 3.410 156.2 17.33 15.60
SiH—H,—0O_TSR7) Ci(1) —366.290409 —366.532575 -366.562927 21.50 3.438 3.337 3.970 65.75 15.22 14.45
SiH,—O—H3(28) Ci(0) —366.344624 —366.573486 -366.604827 19.49 4.083 4.004 5.083 164.0 8.406 8.010
Ho—SiH—OH_TSRY9) Cy(1) —366.286565 —366.531262 -366.569906 21.73 1.379 1.433 1.432 73.37 13.26 12.88
H2—SiH—OH(30) C4(0) —366.336462 —366.571064 -366.609186 20.18 1.202 1.275 1.188 20.80 12.36 8.493
H,—SiH-OH;_TSEB1) Cy(1) —366.286902 —366.531876 -366.570646 21.64 1.791 1.588 1.710 72.03 13.30 12.89
Ho—SiH—0OH¢(32) C4(0) —366.335661 —366.570585 -366.608858 20.05 1.948 1.701 1.882 22.13 12.18 8.644
Si—H,—0O_TSE3) C4(1) —365.117238 —365.3404f -365.366244 9.51 2241 2219 2.821 1131 18.39 15.82
SiO_Hx(34) C40) —365.206860 —365.414724  -365.438939 9.14 3.200 3.214 4.299 557.1 9.155 9.007
SiO@35H Cwy(0) —364.061762 —364.253178 -364.269226 1.66 3.036 3.028 4.075 0.000 20.70 20.70
SiH;—OH_3(36) C40) —366.211172 —366.452203 -366.496830 19.88 2.002 2.065 1.908 1.955 78.57 3.844 3.833
H—SiH,—OH_3@37) Cy(0) —366.270683 —366.500693 -366.530447 18.49 2.000 1594 1578 1.722 26.38 12.59 9.586
SiH,—OH(38) C4(0) —365.772255 —366.000764 -366.030494 18.39 0.750 1.619 1,576 1.721 111.7 14.56 13.52
SiH—H,—0_TS@g9) Cy(1) —365.663549 —365.894654 -365.922910 15.36 0.758 3.182 3.122 3.688 83.55 16.70 15.12
HSIO—H(40) C40) —365.724628 —365.942150 -365.970915 13.31 0.757 3.761 3.726 4.809 294.0 8.432 8.202
HSIO@41) C40) —364.579365 —364.780583 -364.801287 5.81 0.757 3.599 3,555 4566 334.6 19.05 18.02
HSIO—H_3(@42) Cy(0) —365.077734 —365.280527 -365.301243 5.91 2.007 3.575 3586 4.613 2709 10.73 10.32
HSIO—H_3_TSé3) Ci(1) —365.035471 —365.245826 -365.287176 7.28 2180 4.173 5.092 2.259 214.3 16.33 16.04
SiH,—H,—OH_TS@4) Ci(1) —366.820192 —367.079075 -367.116878 27.12 0.752 1.664 1.598 1.646 68.17 10.13 9.867
SiH,—OH—H(45) Ci(0) —366.917219 —367.162466 -367.200323 25.93 0.750 1.735 1.684 1.855 35.10 9.596 7.886
H—SiH,—H,O_TSé6) Cq1) —366.809184 —367.055459 -367.095744 25.46 0.792 4576 4.435 4.592 83.39 7471 7.422
H—SiH,—H0(47) C40) —366.809901 —367.055849 -367.094582 25.32 0.750 4.492 4.332 4.452 74.06 6.947 6.838
SiH,—H20_3(@8) C40) —366.263601 —366.508319 -366.543109 22.00 2.001 2512 2276 2282 111.4 3.812 3.687
H—SiH—H,0_3{@9) C4(0) —366.201194 —366.435592 -366.470150 19.68 2.010 4.464 4.258 4.356 37.23 8.152 6.769
SiH—H,0(50) Cy(0) —365.702596 —365.935578 -365.970091 19.41 0.760 4.420 4.223 4.325 132.7 9.304 8.794
SiH-H—OH,_TSE1) Ci(1) —365.660248 —365.890750 -365.927878 15.95 0.824 2137 1904 1970 1185 12.11 11.58
SiH-H—-OH_TSE2) Ci(1) —365.658793 —365.889415 -365.926751 16.08 0.820 1.521 1.494 1523 1184 12.14 11.68
Si—H,—OH_TSE3) Ci(1) —365.661916 —365.898826 -365.931387 16.66 0.761 1.868 1.724 1.763 109.3 11.96 11.09
HOSi—H3(54) C4(0) —365.734141 —365.957158 -365.990301 15.19 0.756 1.731 1.637 1.679 51.27 10.09 8.430
HOSI(E5) C40) —364.589255 —364.795542 -364.820526 7.65 0.756 1.652 1.561 1575 771.6 16.13 15.80
Si—H—0O_TSE6) C4(1) —364.519954 —364.725543 -364.758475 3.94 0.777 2.442 2508 2.267 326.1 19.17 18.11
H—SIO_TSE7) C41) —364.553910 —364.749191 -364.770176 2.10 0.797 3.148 3.171 4.165 131.8 18.99 16.60
H—SiO(58) C40) —364.560229 —364.753023 -364.769084 1.75 0.750 3.060 3.034 4.082 51.56 14.14 11.10
SiO(T)(B9) C*y(0) —363.898887 —364.089961 -364.109350 3.57 2.013 5.034 5.755 3.785 0.000 21.69 21.69
Si—H—OH_TSE0) C41) —365.045970 —365.267177 -365.300205 10.80 2.291 2.046 2.286 297.0 11.05 10.89
Si—H,0(61) C40) —365.065131 —365.286621 -365.320763 14.68 4961 4.769 5.003 388.6 10.15 9.895
Si—H,0_362) C4(0) —365.106213 —365.327159 -365.356018 14.87 2.016 4.184 3.994 4.174 3195 8.743 8.611
Si-H-OH_3 TS63) Cy(1) —365.058250 —365.276856 -365.308843  10.73  2.040 1.900 1.745 1.871 2402  12.62 12.40
HOSi—H_3_TSE4) Ci(1) —365.087069 —365.295732 -365.322437 8.51 2.030 1.638 1536 1.554 80.65 14.92 13.02
HOSi—H_3(65) C4(0) —365.087781 —365.295496 -365.320510 7.93 2.006 1.653 1.556 1.571 34.47 14.65 10.56
HOSi—H(66) Cy(0) —365.036152 —365.251045 -365.317060 10.57 1.813 2.256 4.630 280.6 13.47 12.85
HOSi—H_TSE7) C4(1) —365.023755 —365.242377 -365.294006 10.06 1.265 1.448 3.419 341.1 13.45 12.94
SiH, Ta(0) —291.314239 —291.496687 —291.528702 20.34 0.000 0.000 0.000 85.71 85.71 85.71
SiH3 Cs,(0) —290.681414 —290.852725 -290.880244 13.91 0.751 0.142 0.168 0.212 1418 141.8 83.72
SiHy(T) C2(0) —290.053181 —290.213078 -290.235566 7.96 2.001 0.183 0.265 0.372 467.9 155.2 116.5
Sio Cwy (0) —364.061762 —364.253178 -364.269226 1.66 3.036 3.028 4.075 0.000 20.70 20.70
H>0 C2,(0) —76.208623 —76.293534 -76.305516 13.30 2.329 2.171 2.238 817.7 419.6 277.3
HO Cwy (0) —75.528599 —75.598387 -75.615332 5.28 0.751 1.958 1.846 1.919 0.000 553.5 553.5
Ha Den(0) —1.144141 —1.160301 -1.168352 6.48 0.000 0.000 0.000 0.000 1842 1842
H —0.498233 —0.499818 -0.499818

aSymmetry of the species, the number of imaginary frequency are in parenth®#ea/6-3H-G*// MP2/6-314+G* calculations.® MP2/6-
311++G**// MP2/6-31+G* calculations.d CCSD(T)/6-313#+G**// MP2/6-31+G* calculations.

through a weak bond as shown by the structure of molecular of 1.00 kcal/mol, changes the-SH bond length slightly. In

complex SiH—H»0 (1). The association, with binding energy

the following discussion, we uskas the initial reactant of the
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Figure 1. Species involved in Helimination from SiH—H,O (1). Bond lengths are in A, and angles are in degrees. The species beside arrows
are transition states or,HThe direction of arrows is toward energy descent; the relative energy afi$iB(1) is 0.00 kcal/mol. The symmetry
for the species is in parentheses Ratis omitted.

total system and set its relative energy as 0.00 kcal/mol. From formed through a dihydrogen boreH—H— and a Si-O bond.

our point of view, this is a better choice to circumvent basis set To form the—H—H— bond, the positive partial charged H from
superposition error (BSSE), becauselinthe SiH, and HO H,0 associates with the negative partial charged H fromy.SiH
groups can use each other’s basis sets as most of the associatethe hydrogen molecule produced from thel—H— bond then
species, but the separated $@hd HO can only use theirown  eliminates and results in S§@H—H, (3), a molecular combina-
basis sets. tion of silanol SIKOH (4) and H. It can be seen that silanol

With 46.61 kcal/mol energy, the system can be activated from produced in this way retains three original hydrogen atoms

1 to transition state Sip+H,—OH-TS (2), a ring structure bonded to silicon in Sik only one of the hydrogen atoms is
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Figure 2. Species involved in H elimination from SiHH,O (1). Bond lengths are in A, and angles are in degrees. The species beside arrows are
transition states or H. The direction of arrows is toward energy descent. The dashed lines or arrows indicatsitigpétransitions. The relative
energy of SiH—H;O (1) is 0.00 kcal/mol. In parentheses, triplet species are labeled “3” and symmetry of the species are indicated e@gcept for

replaced by an OH group. The energy3as —10.67 kcal/mol for SiH, self-dissociatior$! indicating the weak Lewis base
relative to 1, indicating the process is thermodynamically character of HO. The Si-O distance shortens as Eliminates
favored. A similar mechanism has been proposed to interpretuntil a dative bond forms as shown frobto 8 to H,—SiH,—
the hydrohalogen HX (%= Cl or F) elimination as halosilanes  H,O (7). In 7, the donofr-acceptor complex Sit+H,0 (6) and
are attacked by watép 2’ Compared to SiCl or Si—F, the H, are loosely combined. SiHs a much stronger Lewis acid
Si—H bond is less polarized, so it has a smaller tendency to than SiH, it draws weak Lewis baseJ9 closer in6 than SiH,
associate with proton-like hydrogen from®l As a result, the does inl. The structure 06 prefers asymmetric configuration.
energy barrier of blelimination is considerable higher than that The barrier (1.32 kcal/mol) between the two enantiomers, of
of HX elimination. This is perhaps the reason that halosilanes as shown by transition state SiHH,O_TS Q), is too small to
but not pure SikJ are usually used as source material for show chirality of the species. Relative to its covalent bonded
hydrolytic applications. isomer4, the energy of the dative bondéds 54.49 kcal/mol.
Alternatively, SiH, is known to dissociate into SiHand H The barrier fromb to 4 is 23.52 kcal/mol, higher than that from
at elevated temperature, a process that proceeds a little easier to 1 (14.32 kcal/mol). Thus, if the Hmolecule is not fully
if a Lewis base is aroun#:31With 58.09 kcal/mol energy, the  eliminated, backward reaction fromto 1 is more likely to
SiH4/H,0 system can be activated to the transition state H  happen. As shown by the structurespfransition state Sipt+
SiH,—H>0_TS ). The barrier is slightly less than that required H—OH_TS £), and4, one of the three hydrogen atoms bonded
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Figure 3. Species involved in Kelimination from BO—SiH; (6). Bond lengths are in A, and angles are in degrees. The species beside arrows
are transition states or,HThe direction of arrows is toward energy descent. The dashed lines or arrows indicate $ifpiédt transitions. The

relative energy of Sik-H,0 (1) is 0.00 kcal/mol. In parentheses, triplet species are labeled “3” and symmetry of the species are indicated except
for C;.

to silicon in4 comes from HO. Therefore, the two routes toward reaction stage of the SiH,O system, to see what happens
4 may be distinguished experimentally by examining whether providing more energy to the system.
the hydrogen atoms bonded to silicon come from water or not.  Part Il: Pathways from SiH ;,—H>0 (1) to OH or SiH3;
The most energetic favored prodyctan be seen as an OH  Radicals. Complexes containing SiO or SOH bonds are
derivative of SiH as well as a Siklderivative of BO. It can found to be responsible for optic properties of porous silicon
be expected that two molecules #ill further react to each material both in manufacture processing and product applica-
other or to other KO or SiH, via a similar route as SiHreacts tion 32738 |t is thus desirable to include electronic excited states
with H,O. The details of the possible further reactions are in the reaction pathways of the SitH,O system.
important to reveal mechanisms governing the-gml process. With energy of 87.03 kcal/mol, one of the hydrogen atoms
In the present work, our intention is not to study the larger and attached to silicon i can dissociate as shown by triplet state
more complicated systems. Instead, we focus on the initial H—SiH;—H,O_3 (10), leaving Silt—H,0 (11), a loose complex
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Figure 4. Species involved in Helimination from SIHOH (4). Bond lengths are in A, and angles are in degrees. The species beside arrows are
transition states or # The direction of arrows is toward energy descent. The relative energy o8 (1) is 0.00 kcal/mol. The symmetry of
the species is indicated in parentheses®@uis omitted.

formed between molecule;B and radical Sikl SiHz is not a state SiH—HO—H_3 (14), leaving SiH—HO (13), a loose

good attractor toward $D; the binding energy of Sitand HO complex formed between radical OH and molecule SiFhe

is only 0.87 kcal/mol, compared to the compact structuré of  binding energy is 0.54 kcal/mol, indicating the very small

and the binding energy of 11.04 kcal/mol between Sédd interaction between the two fragments.

H,0. Furthermore, the dipole momentslodnd11 are close to The two H eliminated productkl and13 can convert to each

the value of isolated kD, whereas fo6, the dipole moment is other through H transfer between silicon and oxygen, as shown

double the value of kD, indicating the larger electron-transfer by H bridged transition state SiHH—OH_TS (2). The barrier

effect in6 than in1 and11. is 31.91 kcal/mol relative ta1. Comparing the two processes,
With energy of 112.06 kcal/mol, one of the hydrogen atoms forming an OH radical is more energy demanding than forming

attached to oxygen id can dissociate as shown by a triplet a SiHs radical. Because the remaining radiealolecule interac-
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Figure 5. Species involved in H and OH elimination from SBH (4). Bond lengths are in A, and angles are in degrees. The species beside
arrows are transition states,,tbr H. The direction of arrows is toward energy descent. The dashed lines or arrows indicategmglt transitions.

The relative energy of SilH+H.0 (1) is 0.00 kcal/mol. in parentheses, triplet species are labeled “3” and symmetry of the species are indicated
except forC;.

tion after either process is weak, there is no reason to infer that(21), resulting in two products SiHOH—H, (16) and SiH-
SiH4 or H,O mono-atomic-dissociatiqn is helped by each other. OH.—H, (20), which are SiH-OH (17) and its cis isomers SiH
In the presencgfca H atom, both radlcal$l.and 13 associate OH_ (19) loosely associated with 4 The barriers of the two
with H readily into1, so they are too transient to be observed processes are 22.22 and 22.54 kcallmol relative.tarhe

without spec[al trapping tech_mques._ . . . energies ofl6 and20 are—14.04 and-13.94 kcal/mol relative
In calculating the high spin species involved in this part,

negligible spin contaminations are encountered as can be seertno 6. Desplte_ the Increase of the total energy to the SYStem' the
from the corresponding&Ivalues. secqnd H ell_ml_nat!on from6 encounter; a lower barrier thgn
Part IIl: Pathways from SiH ,—H,0 (6) to SiH—OH (17), the first B elimination from1 and results in more stable species
SiH—OH¢ (19), and SiH,—O (25). Starting from6, the system with less hydrogen content. There is essentially no energetic
can eliminate a second.Hhrough two dihydrogen bonded preference between the trans and cis processes and relevant
transition states, SiHH,—OH_TS (L5) and SiH-H,—OH._ TS products. The interconversion betwekhand19, as shown by
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Figure 6. Species involved in kor H elimination from SiH—H,0 (11) and dissociation of Sit+H0 (6). Bond lengths are in A, and angles are

in degrees. The species beside arrows are transition states;, H. The direction of arrows is toward energy descent. The dashed lines or arrows
indicate triplet-singlet transitions. The relative energy of $iHH,O (1) is 0.00 kcal/mol. In parentheses, triplet species are labeled “3” and symmetry
of the species are indicated except @

transition state SiIHOH_TS (18), requires 7.82 kcal/mol energy,  indicating that silanone has some? $yybrid orbital character.

a barrier not large enough to make the two isomers separableThe energy differences of isome?$, 17, and 19 are within

species. 1-2 kcal/mol and essentially agree with more accurate calcula-
Compoundl7 can be seen as an OH derivative of Sifihe tions3° Starting fromé, it is easier to obtail7 or 19 than25.

OH group clearly stabilizes the two-coordinated silicon by Both17(19) and25can be excited to triplet states SHOH_3

donating negative charges. Over a much larger barrier of 58.60(22) and Sib—0O_3 24). The triplet-singlet gap is 38.43 kcal/

kcal/mol, one of the hydrogen atoms can transfer from oxygen mol between22 and 17 and 57.86 kcal/mol betwee?4 and

to silicon, as shown by transition state SitH—O_TS 6), 25, both within visible region of photoluminescence. At the

resulting in silanone Si+-O (25), the silicon analogue of  triplet state, the atoms are not confined in one plane for both

formaldehyde. I25, the Si-O and Si-H bonds are shortened  species. The SiO bond shortened frorti7 to 22, whereas it

and the four atoms are confined in a triangular planar structure, lengthened fron25 to 24. Over a barrier of 19.54 kcal/mol,
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Figure 7. Species involved in isomerization, H and élimination from radical Siktt-OH (38). Bond lengths are in A, and angles are in degrees.
The species beside arrows are transition statespHH. The direction of arrows is toward energy descent. The dashed lines or arrows indicate
triplet—singlet transitions. The relative energy of $iHH,0 (1) is 0.00 kcal/mol. The symmetry of the species is indicated in parenthes€; but

is omitted.

the conversion fron24 to the more stabl@2 can be realized, product is SiHH—0O—H; (28), a molecular combination of SiH
much easier than the conversion at the singlet state. The tripletO(25) and H. Being an OH derivative of Sikj compound4
transition state is SiHH—0O_3_TS 23), structurally very close can eliminate Hin a similar way as Siidissociating into Sikl

to the singlet transition sta®6 except that th&€€s symmetry is and H. With an activation energy of 66.62 or 66.07 kcal/mol
broken. In calculating the structure and energy of triplet species relative to4, the dissociation can proceed along two ways as
in this part, no serious spin contamination is encountered, asshown by transition states,;HSiH—OH_TS @9) and H—SiH—

can be seen from the correspondifjvalues. OH,_TS @1, resulting in B—SiH-OH (30) and H—SiH—

Part IV: Pathways from SiH3;0OH(4) to SiIH—OH (17), OH; (32), the molecular combination df7 and 19 with Ha.
SiH—OHc (19), and SiHb—0O (25) and from 19 to SiO (35). There is no preference between the trans and cis process and
Silanol 4 is the most probable product since its formation products. It is quite difficult to judge through which way the
stabilizes the total system. Under elevated temperature, howeversecond H elimination really takes place. Starting frodn the
hydrogen elimination can also take place frdmOne way is activation energy is smaller than that starting frénthowever,
through a dihydrogen bonded transition state ;SiH,—O_TS the total system needs more energy to reach the transition
(27). The activation energy is 70.76 kcal/mol relativedtarhe states.
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Figure 8. Species involved in isomerization, H elimination from SiBH(17). Bond lengths are in A, and angles are in degrees. The species
beside arrows are transition states or H. The direction of arrows is toward energy descent. The dashed lines or arrows indiesitegteplet

transitions. The relative energy of SiHH,O (1) is 0.00 kcal/mol. In parentheses, triplet species are labeled “3” and symmetry of the species are
indicated except foC;.

Because the two hydrogen atomsl®are in the cis position, SiHz;—OH_3 @36) and H-SiH,—OH_3 @7). It is relatively
they can associate into a dihydrogen bonded transition state Si easier for4 to eliminate an H atom than a OH radical. The
H,—O_TS 393), resulting in SiG-H; (34), the molecular energies of36 and37 are 110.62 and 88.14 kcal/mol relative
combination of silicon monoxide SiG%) and H. For the total to 4. It can be seen th&6 is a loose association of OH and
system, the third K elimination is not the most energy SiHs radicals. From37, two possibilities exist. First, the H
demanding process. The energydafplus two H is 72.20 kcal/ associates with oxygen B¥, resulting in6. Second, the H fully
mol relative tol, and the energy of the produ8b plus three dissociates, leaving SiHOH (38), an OH derivative of radical
H2is 26.07 kcal/mol relative ta, indicating SiO is quite a stable  SiHs. Providing 141.76 kcal/mol energy to the system or over
species and relatively easy to be produced during thermala barrier of 64.48 kcal/mol, a+molecule can dissociate from
reaction between SiHand HO. 38 through the dihydrogen bonded structure as shown by

Part V: Pathways from SiH3OH (4) to SiH,—OH (38) and transition state SiHH,—O_TS @9). The product HSIGH,
HSIO (41). Similar to SiH in 10, silanol4 is able to eliminate (40) is a loose combination of radical HSi@%) and H. The
either one H atom or an OH radical as shown by triplet states energy of40 is 32.31 kcal/mol relative t&@8. Another way
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toward41 starts from22, the triplet state ol7. The OH group
dissociates one H as shown by transition state H$OTS_3
(43) and product HSIGH_3 (42), which is a loose combination
of 41 and H atom. The barrier fat2to go to22is 10.19 kcal/

Hu et al.

radical combination between,B and SiH. Its energy is 38.93
kcal/mol relative t038. The large dipole moment &0 shows
it can be regarded as a dative complex g&Hand SiH radical.
Over a barrier of 21.53 kcal/mol, azHinolecule can eliminate

mol. As a result, although the system requires more energy tofrom 50 as shown by transition state -9H,—OH_TS 63),

produce4l than 38, the smaller radicahl is more likely

resulting in SIOH-H, (54), a molecular combination of HOSi

observed, because upon formation, it can be trapped between55) and H. The energy 065 is —10.23 kcal/mol relative to

two barriers. In contrast, the radicals OH, $iEnd38 are more
transient since they all fall back towithout barriers if H atom
is present.

In calculating the triplet and doublet species involved in this

41. Thus, HOSI is more stable than its isomer HSIO. The
interconversion betweetl and55 has a barrier of 24.99 kcal/
mol relative to41 as shown by transition state-SH—0O_TS
(56). The Si-H bond in 41 is not very strong. Besides

part, no serious spin contamination are encountered. The largesisomerization, the radicatl can dissocia a H atom over a

[B?[value is 2.180 for the triplet transition sta48.

Part VI: Pathways from SiH 3—H,0 (11) to SiH,—OH (38)
and from SiH,—H,0 (6) to SiH—HO (50) or SiH,. The
weakly associated radicaimolecule complexl, if not separ-
ated to HO and SiH, can eliminate KHor H and produce species
with a stronger S+O bond. Over a barrier of 44.01 kcal/mol,
the H, elimination takes place through dihydrogen bonded
transition state Sik+-H,—OH_TS @4), producing SiH—OH—
H, (45), a loose combination @38 and H. Compared with H
dissociation fromd, the barrier froml1 to 38 is smaller, but
the system requires more energy to reddhThe energy ofi5
is —9.54 kcal/mol relative tdll. If a H atom is not present
nearby, we can expect the transient presencg8dfecause of
the barrier for the reverse reaction froth to 11. However, if
H is around, it can associate wi#8 into 4 as indicated in Part
V.

Providing 142.58 kcal/mol energy to the system, one of the
H atoms associated with silicon il can eliminate as shown
by doublet transition state HSiH,—H,O_TS @6), resulting in
H—SiH,—H,0 (47), a loose combination & and H. The energy
of 46 is very close to47, indicating this is an energy rising
process and the reversed reaction fedno 11 proceeds without
barrier. If the H atom fully dissociated frod associates with
another H into H, the system’s energy drops égorms.

Starting from6, dissociation into two fragments Sikand
H.O can happen via singletriplet state excitation. Providing
29.21 kcal/mol energy t®, it can be excited to triplet state
SiH,—H20_3 @8). The SiH, and HO groups in48 are only
weakly bonded. The dipole moment 48 is very close to that
of H,0, whereas the dipole moment®fs double the value of
H,O. Comparing the structures of triplet and singlet states of

SiH,, we guess that the lone electron pair attached to Si may

separate at triplet state SifT) and make it a Sikllike species
with two single electrons in place of two-SH bonds. In48,

the SiH; group is actually in triplet state, so it cannot accept
electron donation from oxygen and forming a dative bond with
H,O. The singlettriplet gap of SiH is 18.71 kcal/mol.
Alternatively, providing 72.68 kcal/mol energy & it can be
excited to another triplet state+8iH—H,O_3 @9). This is a
loose combination of radical SHH,O (50) and H. From the
compact structure and large dipole moment56f it can be
inferred that the SO bond in50is dative in nature. The spin
contaminations for the triplet and doublet species are small in
this part. The most contaminaté®value is 0.792 for doublet
transition statel6.

Part VII: Pathways from SiH ,—OH (38) to SiH—H>0
(50), HOS:I (55), HSIO (41), and SiO (35)Providing 139.25
or 140.08 kcal/mol to the total system, radi@8lcan isomerize
to SiH-H,O (50) by H transfer from Si to O as shown by
transition states SiHH—OH;_TS (1) and SiHH—-OH_TS
(52). The structure ob1 differs from 52 in the orientation of
the O-H and Si-H bonds. Compound0 is a molecula+

barrier of 15.82 kcal/mol as shown by transition state $i
O_TS 67) and product H-SiO (58). If two eliminated H atoms
associates into §i the system falls t@5 + 3H,.

Providing 102.23 kcal/mol energy, Si€H) can be excited
to triplet state SIO(TR9). The Si-O bond shortens fror85 to
59 despite the energy rise from singlet to tiplet. The spin
contamination is not serious f&o.

Part VIII: Pathways from SiH —OH (17) to Si—H,0 (61)
and HOSi (55).Compoundl7 or its cis isomef9is the stable
species containing two H atoms. Besides interconversion with
another stable isom@5 by transferrig a H atom from oxygen
to silicon, it can also convert to SOH, (61) by transferring a
H from silicon to oxygen as shown by transition state-Bi—
OH_TS €0). The later process, however, is more energy
demanding. The energy of the prodédtis 68.59 kcal/mol and
the barrier is 77.62 kcal/mol relative 1. The structure 061
looks like a complex formed between® and the Si atom.
The four composing atoms Bl are almost (not exactly) in a
plane. The triplet state of the complex;$1,0_3 ©2), is 21.93
kcal/mol more stable tha@l. Comparing singlet statél, the
Si—0 bond in62 is longer and the four atoms are clearly not
in one plane, indicating the atormolecule interaction character
of the complex. The pathways started fré@ican thus interpret
the mechanism of reaction between the silicon atom and the
water molecule. When ¥ interacts with Si to forn62, two
pathways leads the complex 1d. First, it can be excited to
61, which then goes td7 through transition staté0. Second,
the H atom transfer can happen at triplet state through transition
state HHOH_3_TS_3 §3), resulting in22, the triplet state of
17. Because the energy 68 is 5.49 kcal/mol lower tha®0,
the second pathway is slightly favored energetically.

Providing 98.69 kcal/mol energy to the system, the H atom
connected to Si 22 can dissociate as shown by triplet transition
state HOSi-H_3_TS 64), resulting in HSIG-H_3 (65), the
weak combination of radicab5 and a H atom. Because the
energies 064 and 65 are very close, radicdl5 can associate
with a nearby H atom and goes back2a almost without a
barrier. This is different from its isomdl, which can be trapped
in a small energy valley as shown in Part V. As a result, although
HSIO (41) is less stable than HOSbY) in isolated form, the
former may stay longer than the later. This kinetic reason may
account for the experimental fact that HSIO instead of HOSi is
observed?42

Over a barrier of 12.17 kcal/mol, one of the H atom attached
to oxygen in61 can dissociate as shown by transition state
SIOH-H_TS 7). The product is SIOHH (66), in which
radical 55 and H are partially separated. It is remarkable that
both66 and67 are at singlet state although atomic dissociation
is involved. The ftriplet state 066 is 65, a loose combination
of 55 and H. The tripletsinglet gap is, however, only 4.80
kcal/mol with the triplet state lying lower. No serious spin
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contaminations are encountered in calculating the doublet and

triplet species involved in this part.

lll. Concluding Remarks

Gas-phase reactions between Sahd HO start from H
elimination via three possible ways, dihydrogen bonding 4SiH

self-dissoication, or atomic dissociation. The most energetic
favored process is through dihydrogen bonded transition state

producing silanol SikOH with retention of configuration. More
energy is required to obtain SiAH via a dative bonded
intermediate SibtH,0, formed between SiHand HO, but
the original configuration is converted. Providing more energy
to the system, SikDH and SiH—H,0 can eliminate a second
H,, resulting in SiH—0, SiH-OH, and Si-H,0. The triplet-
singlet gap for these species is relatively small. Atomic H
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