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The formation of the chlorosiloxane ring ¢SiO), from the reaction of SiGlwith O, has been studied using
density functional theory (DFT). Geometries of reactants, intermediates, transition states, and products were
fully optimized, and the relative energies of the stationary points and all of the transition states were calculated
on the B3LYP/6-311G* level. The initial reaction of,Qvith SiCl, starts on the triplet surface with the
insertion of Q in SiCl,. This will loosen one Cl atom, and a barrier of 56.6 kcal/mol must be overcome. In
the next step Glis eliminated and the cyclic-€3i0; is formed. The latter reacts with SiClvhich involves

a barrier of 76.0 kcal/mol. This process leads to the formation of a low-lying intermediB&QDCI)SiCh.

The intermediate proceeds under elimination of tGlthe product (GSiO), ring over a barrier of 71.3 kcal/

mol. This study also shows that the formation of theSBD radical is found to be energetically more favorable

than that of CJSiO. This can lead to the growth of larger chlorosiloxanes.

1. Introduction a heated tubular reactor coupled to a photoionization mass
spectrometer to identify the products of the reaction. Tezaki et
al.l” studied the dissociation of SigClsing laser pulses and
observed the formation of SiCl, SiChnd SifP). They observed
that Si and SiCl react rapidly with £n comparison to SiG|
while SiO was detected as the primary product of the initial
SiCl, + O, = SiO, + 2Cl, (1) oxidation process. Koshi et #l.identified the presence of the
SiH30 radical as a direct product of the SiHt O, reaction at
occurs when the mixture of Qwith SiCl,, in a tube of about ambient temperature using time-resolved mass spectrometry.
30 cm length, is heated above 100056 However, in the Darling and Schlegé! studied the Sikl+ O, reaction using
temperature range of 860000 °C, the resulting product ab initio G2 level of theory and found the formation ot-H
consists of a multitude of chlorosiloxanes of the general formula SIOOH via 1,3-hydrogen shift from 4$i0O0 involving a
SixOyC|Z.6’7 These chlorosiloxanes have a variety of shapes and transition state. Murakami et %ﬂ.performed ab initio G2 level
sizes ranging from chains and rings to oligocyclic and polycyclic calculations to study the reaction Sitt O, for the production
shapes. A large number of chlorosiloxanes were identified by of SiO. They found a transition state for the production of cyclic-
mass spectrometfy 11 These chlorosiloxanes are intermediate H2SiO: (siladioxirane) from the SikDO adduct. These studies
compounds formed in the course of the reaction because of thewere limited to the understanding of the mechanism of SiO
partial replacement of Cl atoms in Silly oxygen atoms. formation considering unimolecular decomposition of thesSiH
Actually, the chemical kinetics mechanism of the ${R = OO adduct. No attention was given to the formation of siloxanes,
H or Cl) combustion is complex and not fully understood, and Which are produced as intermediate compounds during the
generally, it is proposed that the first step of the reaction occurs combustion reaction of SiRwith O,. Using IR absorption
because of the formation of SiRadical, which further reacts ~ Spectroscopy, Wood et #. succeeded in identifying the

The reaction of SiGl with O, is of great technological
importance for the chemical vapor deposition (CVD) of solid
SiO; films used in the microelectronics industry and synthesis
of the ceramic powders.® The basic reaction

with O, to give the SIROO adduct213 formation of chlorosiloxanes in the reaction of a SiOb
mixture at elevated temperature. Between 900 and X80
SiR,=SiR; + R (2) they were able to detect the formation of silicon oxychlorides,
such as SOCls and cyclic-SiO4Clg, whereas Kornick and
SiR; + O, == SiR;00 ) Binnewies successfully proved the presence of larger chlorosi-

loxane molecule®?
Powerd* and French et df measured the decomposition Recently, Junker et & found the presence of highly reactive
reaction of SiCJ into SiCk + CI between 1100 and 130 species SiOGI during combustion of SiGlwith O,. They
and estimated the activation barrier of 96 kcal/mol and suggestedproposed that the presence of Si@€4n lead to the formation
the following reaction with oxygen: of chlorosiloxanes.
With the availability of SIOCJ, one could imagine that the
following reactions lead to the chlorosiloxane chain and ring

On the basis of this mechanism, several groups attempted toformatlon.

understand the oxidation of SjRusing both theory and . (A Qi
experiment®-20 Niiranen and Gutmadsf studied the gas-phase SIOCL + SICl, = Si,0Clg ©)
kinetics of the reactions of two substituted silyl radicals, Si- ; — Qi

(CHs)z and SiC#, with O, as a function of temperature by using 2SI0ChL == SKLOLCl, (6)

10.1021/jp0142350 CCC: $22.00 © 2002 American Chemical Society
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SiCl, + 0, = SiClL00 + Cl (4)
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Figure 1. Structural parameters (A) of reactants, intermediates,
transition states, and products appearing in pathway A, optimized at
the B3LYP/6-311G* level.

Wilkening and Binnewie¥ proposed the formation of higher
condensed siloxanes via Si@limination. However, they could
not identify the presence of SiOQlsing a mass spectrometer.
They detected its formation with matrix IR spectroscépyhey
further performed DFT calculations to compare the thermo-
chemical properties of SiOglin another recent study, higher
chlorosiloxanes were formed by the thermolysis oO&il; and
involvement of SIOCI has been emphasized for the larger
chlorosiloxane growt@?

Quite recently, Jug and Wichmann extensively carried out
semiempirical calculations on a variety of chlorosiloxaths2®
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TABLE 1: Vibrational Frequencies (cm~1) of Transition
State$ Calculated at B3LYP/6-311G* Level

structures frequencies
2 1152, 35, 114, 155, 193, 220, 236, 246, 304,
323, 466, 482, 521, 607, 1235
4 1146, 26, 42, 93, 166, 182, 225, 237, 249, 293,
418,532, 612, 648, 1153
6 i154, 77, 128, 197, 215, 241, 250, 443, 582,
635, 729, 1000
8 1194, 26, 28, 68, 78, 120, 150, 160, 211, 218,
221, 226, 264, 265, 307, 334, 371, 459,
512, 528, 609, 630, 708, 1079
11 i358, 10, 46, 53, 101, 130, 151, 158, 181,
199, 221, 239, 267, 287, 339, 370,
479, 600, 612, 618, 656, 729,
781, 952
16 i412, 106, 214, 264, 388, 1661
19 i319, 3, 23, 76, 91, 128, 144, 151, 165, 174,
209, 215, 252, 263, 285, 335, 359, 470,
575, 621, 626, 640, 824, 919
20 i155, 30, 55, 80, 93, 125, 142, 161, 186, 199,
209, 236, 255, 276, 382, 422, 454, 592,
613, 619, 620, 643, 771, 1115
23 317, 27, 47,58, 76, 95, 103, 118, 131, 131,

161, 197, 219, 232, 246, 260, 299, 333,
469, 479, 587, 587, 1124, 1144

aSee Figures 1 and 2.
TABLE 2: Mechanistic Steps and Calculated Relative

Energies (kcal/mol) of Reactants, Transition States,
Intermediates, and Products

structures reaction mechanistic step energy
1 2SiCl + 20, O, triplet 0.0
1a 2SiCkL + 20, O; singlet 39.0
2 ClsSiO; + SiCls + Oz O insertion 56.6
2'a ClsSiO; + SiCly + O, Oz insertion 74.5
3 Cl3SiOCl + SiCly + O, Cl loosening 48.1
32 Cl3SiOCl + SiCly + O Cl loosening 29.4
4 Cl,SiOCly + SiCly + O Cl, abstraction 63.7
4a Cl;SiOCl; + SiCly + Oy Cl, abstraction 91.6
5 ClsSiO, + Cl + SiCls + O,  Cl abstraction 55.3
6 CI;SiO.Cl + Cl + SiCly + O, Cl loosening 99.5
7 Cl;SiO; + Cl; + SiCls + O, Cl; formation 56.0
8 Cl;SiO,SiCls + Cl; + O, SiCls addition 76.0
9 Cl;SiO(OCI)SiCk + Cl, + O, Cl migration 50.6
10 Cl;SiO(OCI)SiCk + Cl, + O, SiClz migration —12.9
11 Cl,SiO(OCI)SiC + Cl, + O,  Cl; elimination 58.4
12 (ClIzSiO), + 2Cl, + O, ring formation —-2.1
13 ClsSiO+ OCl + SiCls + O,  OCl abstraction 59.5
14 (ClIsSiO), + O:Cl; O,Cl, formation 50.9
15 (ClIsSiO), + OCI + CI Cl abstraction 59.6
16 (CIsSiO), + OLCl, Cl, elimination 92.8
17 (ClIsSiO), + O, + 2CI Cl abstraction 64.2
18 (ClIsSiO), + Clz+ O2 Cl, formation 18.2
19 Cl;SiO(OCI)SiC + Cl, + O, Cl loosening 72.7
20 (CIsSiO), + Cl, + O, Cl3SiO rotation 34.6
21 2CIESiIO+ Clz + Oz ClsSiO fragmentation  61.6
22 2CI;Si0O+ 2Cl+ O, + Cl, SiOCk formation 104.8
23 (CIsSiO), + Cl» + Oz Cl, elimination 116.9
24 SiCl; + Cl + SiCls + 20, SiCl; formation 95.7

a Corresponds to the alternative reaction pathways (see Figties 3

prestages of nanotub&sUsing the ab initio MP2/6-314G(d)

method, they studied the decomposition reaction of perchloro-
disiloxane to understand the growth of chlorosiloxane molecules
considering various possible reaction pathw#ys.

Thus, our primary objective in this present study is to explore
the reaction mechanism of chlorosiloxane ring formation from
the basic reaction of Sighnd Q

First, they studied the structure and stability of different

chlorosiloxanes building units, considering chains and mono-
cyclic rings252% On the basis of their theoretical studies, they

also proposed a growth mechanism for the formation of larger
hydridosilsequioxanes by introducing an elementary building
unit, SbOzH».2” In a subsequent study, they demonstrated the
tubelike shape of large silsesquioxanes,G4dnHzn, with n up

to 120 and proposed that these structures can be considered as 2SiCl, + O, = (CI;Si0), + 2Cl,

()



6804 J. Phys. Chem. A, Vol. 106, No. 29, 2002 Kumar et al.

a TABLE 3: Total Energies (au)?, Zero-Point Energies (ZPE),

e and Thermal Correction (kcal/mol) for the Species Involved
CSIO4SICl+Op e 1 HcHSO) in the Reaction, Calculated Using B3LYP/6-311G* Level

© 1" © structures molecule total energy ZPE thermal

B " 1 SiCl, —2130.604 621 45 8.6

©—) 2 ClsSIiO; —2280.879163 7.3 12.9

@ ‘ uﬂ ; Cisio 3 Cl3SiOClI —2280.892820 7.6 13.7

ma~ XD HClsiop+C o bSO 4 CILSIOC -2280.867783 7.0 128

15 '"16 5 Cl3SiO;, —1820.715187 7.1 11.8

6 Cl,SiOCl —1820.644 650 6.4 10.9

7 Cl;SIO; —1360.474533 6.4 9.9

8 ClSIO:SICly —3491.047 024 10.8 19.3

9 Cl,SiO(OCI)SiCy  —3491.085365 11.3 20.2

10 CL,SIO(OCI)SICy  —3491.188866 124  21.0
11 ClL,SIO(OCI)SiCl  —3491.075238 11.7 19.8

12 (CI;SiO), —2570.765933 11.3 17.2

13 ocCl —535.339425 1.13 2.6

14 OCl, —1070.718 302 4.1 7.0

15 O.Cl —610.538239 29 5.4

16 OCl; —1070.651619 3.8 6.8

17 (0} —150.364 785 2.3 3.8

18 (CIsSiO), —3491.139361 121 20.7

19 Cl,SiO(OCI)SiCy —3491.052491 10.8 19.3

20 (CIsSiO), —3491.113189 11.8 19.9

21 ClsSio —1745.535092 5.0 9.0

22 Cl,SiO —1285.300138 4.4 7.4

23 (ClIsSiO), —3490.981989 10.2 19.3

24 SiCly —1670.286 028 3.0 6.3

Cl, —920.405712 0.7 2.3

Cl —460.166 160 0.0 0.9

@_2_-}!6@ a1 au= 627.51 kcal/mol® Standard 298.15 K.
““ 29 o, s 5 in Figures 1 and 2. Energy level diagrams for three reaction

m‘ @ (o) +CHSiCl+20, mechanisms are shown in Figures 3, 4, and 5. The relative
© @ energies, calculated with respect to the reactants, are given in
23 24 kilocalories per mole, and the bold numbers correspond to the

Figure 2. Structural parameters (A) of reactants, intermediates, reSpective structure given in Figures 1 and 2. A reaction scheme
transition states, and products appearing in pathways B and C, optimizedleading from reactant to product involving different species is

at the B3LYP/6-311G* level. shown in Figure 6. In Figure 6, we connected structures in the
considering different pathways: (i) direct insertion of @ sequence in which they are passing through_the reaction paths.
SiCla, (i) decomposition of the SIGDOCI adduct into SiGD _The structures are r_u_meered as bold and 'thelr types are reactant,
+ OCI, produced in step i, and (jii) decomposition of SiCl mtermed!ate, transition state, or two radicals. The vibrational
into SiCk + Cl and its further reaction with £ frequencies of transition states, calculated using B3LYP/6-
311G* level, are presented in Table 1. The relative energies of
2. Computational Details reactants, transition states, intermediates, products, and the

mechanistic reaction steps are given in Table 2. Total energies,
zero-point energies (ZPE), and thermal correction of the species
involved in the reaction are given in Table 3. The ZPE and
thermal correction refer to the species listed under molecule at
room temperature. The sum of the thermal corrections of all

co:r))nbined32 with th%, flf_eeYang—rI? a(;r crc])rrelgtion fun(;;[io dnﬁl species listed as reactants, intermediates, transition states, and
(B3LYP).* Among different methods, the BSLYP method has 4, ,cts in Table 2 and Figures 1 and 2 varies between 27.0

been found to be most accurate and computationally economic 4 3) ang 30.8 keal/mol). Because this variation is small, these

in its performance on the G2 molecule set using different basis ., ractions have no influence on the mechanism and are not
sets?® For economic reasons, we used the 6-311G* basis St | ded in the relative energies in Figures® For the few

for the optimization of the geometries of the reactants, inter- ¢gacted compounds (SiCly), 17 (Os), 8 (CISIOSICLy), 19
mediates, transition states, and products. Vibrational frequency(CISiO(OCI)SiCl;) and Ch thermal corrections were also
calculations using analytical second derivatives were performed ..\ 1ated at 120'0 K that,is in the temperature range of the

for all of the stable molecules and transition states to verify the experiments. They suggest that the thermal corrections are not
nature of the stationary points located on the potential energy ossential for the reaction mechanism.

surface. For transition states, the existence of only one imaginary 5 Pathway A.The minimum energy path of the initial
frequency was checked. To ensure that the transition state joins,q5ction of SiCJ with O; starts with the insertion of Oby
the two intermediates on the potential energy surface, an intrinSiCIoosening one of the SiCl bonds of SiCJ and involves a triplet
reaction coordinate (IR)analysis was also performed using transition structure (TS) shown in Figure 1. The barrier height

the B3LYP/6-311G* level. calculated from the reactadtin the triplet state is 56.6 kcal/

mol (Figure 3). The calculated SCI bond length of 2.042 A

in SiCl, is in close agreement with the experimental value, 2.030
The structures of the reactants, intermediates, transition statesA.3®> For UMP2/6-311G(d,5f and local spin density ap-

and products, optimized on the B3LYP/6-311G* level, are given proximation (LSDA)3” the calculated value is 2.020 and 2.017

Molecular orbital calculations were carried out using the
Gaussian 9% series of programs to study the ground-state
reaction. In the present study, we use the density functional
theory (DFT) of Becke’s three-parameter hybrid functihal

3. Results and Discussion
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Figure 4. Energy profile (kcal/mol) of SiGl+ O reaction along pathway B, calculated at the B3LYP/6-311G* level. Bold numbers correspond
to structures in Figures 1 and 2.

A, respectively, and shows a larger deviation from experiment. higher than reactaritand 7.2 kcal/mol higher than intermediate
We found that in the transition stat@)(oxygen starts bond 3 (Figure 3) via a negligible barrier of less than 1 kcal/mol,
forming with Si, thereby weakening one of the-S&il bonds. and (ii) elimination of C} from CI3SiO,Cl (3), which leads to
The corresponding bond lengths of 1.926 and 2.500 A are shownthe formation of GISiO, (7) and C}, involving a transition

in Figure 1. Further, intrinsic reaction coordinate (IRC) analysis, structure4 in the triplet state, which lies 63.7 kcal/mol above
in forward and backward direction from TS (considering 20 reactantl and 15.6 kcal/mol abov8. The transition structure
points in each direction), confirms that the corresponding 4 (Figure 1) shows that one of the-SCI bonds is slightly
transition state2 links the reactants (Si¢l+ O,) and the elongated to 2.086 A so that there is an increased possibility
intermediate, GISIO,CI (3), in the triplet state (Figures 1 and for CI—Cl bonding compared to intermedi&8eMore important,

3). Geometry optimization of @6iO.Cl (3) in the triplet state the second oxygen atom starts bonding to the Si atom.
shows that the Cl atom is weakly complexing with thgSi0, We also considered the insertion of singlet With SiCl,.
moiety, having the distances 3.679 and 2.398 A from Si and O The energy of the respective staté,(R) (Figure 3), lies 24.3
atoms, respectively (Figure 1). This intermediates 48.1 kcal/ kcal/mol above the energy in the triplet state B.(This

mol higher with respect to the reactdnas shown in Figure 3. difference represents the singtetiplet splitting of & and
From this intermediats, we considered the two alternative compares favorably with the experimental value of 22.5 kcal/
pathways for the reaction to proceed further: (i) dissociation mol.3® The singlet of @ was calculated with the UB3LYP

of a Cl atom from G4SiO.ClI (3), which leads to the formation  procedure, which is superior to the B3LYP because the latter
of CIsSiO, intermediate %) and Cl, which lies 55.3 kcal/mol  refers to a single determinant and therefore represents a mixture
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Figure 6. Reaction scheme for pathways A and B of Figures 3 and 4 with reactant (R), intermediates (1), transition states (TS), radicals (D), and
product (P).

of Agandy4t. The insertion of @in SiCl, follows the same of ClI;SiO, (7) and Ch (Figures 1 and 3). However, the breaking
mechanism as found in the triplet state. The singlet transition of Cl from doublet CiSiO, (5) to form singlet CiSiO, (7) and
state2' (structure not shown) lies at 74.5 kcal/mol with respect Cl involves a transition stat@with an energy of 99.5 kcal/mol
to the reactant R1). This transition stat2’ connects the reactant  relative to the reactaritand of 44.2 kcal/mol with respect ®
R (1) and the intermediate €3iO,Cl (3') (Figure 3). The (Figure 3).
intermediate GISIO,CI (3') is found to be 18.7 kcal/mol more Using MP2(full)/6-31G(d,p) and G2(MP2) level of theories,
stable thar8 in the triplet state. Here, we found the crossing of Murakami et ak® studied the reaction SgH- O, to identify
singlet and triplet state. Also, a slight difference in structure of the possible products that lead to the formation of SiO. They
the intermediate GSiO.CI in singlet @) and triplet B) states concluded that cyclic-SipD,(siladioxirane) and H atom is
has been found, that is, the detached Cl atom in the singlet statdormed from the SiBOO adduct through the involvement of a
joined with one of the oxygen atoms with an-Ql bond length transition state. They found the transition stat€irsymmetry
of 1.749 A, while it is weakly complexing with the §3iO; having pyramidalized siladioxirane structure with one elongated
moiety in the triplet stat@. Si—H bond. They calculated the barrier height at 31.5 kcal/
The elimination of G} from CI3SiOCl (3') leads to the mol relative to the SikDO at the G2(MP2) leveél Our B3LYP/
formation of C}SiO, (7), which proceeds through a transition 6-311G* calculated transition sta too, has one elongated
state4’ (Figure 3). This has a relatively high barrier of 91.6 Si—Cl bond and a pyramidalized structure @ symmetry.
kcal/mol with respect to the reactaht Here, we again found  However, Darling and Schleg#l,proposed the isomerization
that the singlet stat4 crosses the triplet surfadeand it seems of SiH3;00 to SiIHOOH as the lowest energy pathway for the
that at this stage the reaction proceeds on the triplet surface,unimolecular decomposition of S§90 into SiHO and OH.
which further stabilizes on the singlet surface with the formation The barrier heights of the transition state calculated by Mu-
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rakami et ak® and Darling and Schlegé€lwere found to be
34.2 and 35.2 kcal/mol with respect to S(BD. Kondo et af®
performed ab initio G2 calculations to explore the reaction
mechanism of Sigl+ O,, and they also proposed the formation
of a cyclic-OSiHO with a barrier height of 29.3 kcal/mol with
respect to SiOO. The cyclic-OSiHO closely resembles the
structure of the cyclic-SikD; (siladioxirane3® and is found to
be 1.11 kcal/mol higher in energy than cyclic-3@4. If we,

also, consider the same mechanism for the unimolecular

decomposition of GBI, (5) into CLSiO and OCI, the barrier
height is 47.5 kcal/mol, calculated as the energy difference
between reactant and product (see Table 3), with respectto Cl
SiO, (5). Thus, this pathway is not feasible in our reaction
scheme for the formation of €3iO; however, the formation of
cyclic-ChLSiO, (7) in our calculation follows the minimum
energy path as found by Murakami et?aland Kondo et a$?
Formation of CISiO, from the reaction of SiGlwith O, has
been proposed because of the high rate constant of the re&ction.

From CLSIO; (7), there are two possible pathways, both on
the singlet potential surface: (i) the unimolecular decomposition
of Cl,SiO;, (7) for the formation of SiO and (ii) the bimolecular
reaction of C§SiO, with SiCl, for the chlorosiloxane ring (&
SiO), formation. The first possibility has been widely considered
to understand the formation of SiO from the reaction $S5iH
0,.19:20.39In our study, we considered the second pathway and
found that C4SiO; (7) further reacts with SiGlwith a migration
of a Cl atom from SiCJ to one of the oxygen atoms of {50,

(7) involving a transition stat8, which lies 76.0 kcal/mol higher
than reactant. We have repeated the calculation of this barrier
with the larger 6-311G(2df) basis set. The relative energy of
structure8 to structurel changed to 77.8 kcal/mol, which is an
insignificant change. We considered this reaction in the singlet
state. The transition stag& shown in Figure 1, shows that one
Si—Cl bond of SiC} is elongated to 2.359 A and one of the
oxygen atoms of GBIO, (7) begins to bind with Si of SiGl
with a bond length of 1.870 A. Also, the-@D bond of C}-
SiO; (7) is found to be broken (2.114 A). One-SD bond of
Cl,SiO; (7) becomes shorter (1.583 A) showing some double-

bond character and the corresponding bond length with the
second oxygen atom becomes longer 1.719 A (Figure 1). We

did an IRC analysis, which shows that the corresponding
transition state8 connects the two intermediates £8I0, (7)

+ SiCl,) and CbSIO(OCI)SIC} (9) (Figures 1 and 3). According

to the IRC analysis, we further fully optimized the structure of
the intermediate GBIO(OCISICE (9), but we found this
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overcome. We also hope that the intermedidevhich is more
stable than the product B2) may be detected in the future.

Because it is conceivable that intermedidt&reacts with
SiCls to form a chain molecule gD,Clg under elimination of
Cly, we also calculated the barrier for this process. We found a
barrier that is a few kilocalories per mole lower than the one
for the ring formation. Thus, it is possible that the chain and
ring formation are competing processes.

3.2. Pathway B.In the second reaction scheme, we have
considered the unimolecular decomposition of the intermediate
ClI3SiOCI (3) into doublet C§SiO and doublet OQ[13), shown
in Figures 2 and 4. The barrier for the formation of the two
radicals C4SiO and OCI lies 59.5 kcal/mol with respect to the
reactantd and 11.4 and 30.1 kcal/mol relative to the intermedi-
ate CESiO.Cl in triplet and singlet states, respectively. Further,
ClI3SiO and OCl each reacts themselves to form the intermediates
(CI3SiO), and QCl, (14) in the singlet state; the dimerization
takes place without any barrier. The intermedidi#) lies 50.9
kcal/mol abovel and 8.6 kcal/mol belowl3. The calculated
O—Cl bond length of OC[13) (1.626 A) is in good agreement
with the experimental value of 1.56964A The geometry of
O,Cl; (14) is shown in Figure 2; the calculated bond lengths
O—Cl and OG-0, using B3LYP/6-311G*, are 1.856 and 1.295
A, while the corresponding experimental values are 1.7044 and
1.4259 A%2 respectively. B3LYP/6-311G* overestimates the
O—Cl bond length by 0.16 A and underestimate the@bond
length by 0.13 A in comparison to the experimental véfie.
The same trend has been observed in a recent calculation using
different functionals and extended basis $étsrom experi-
mental dat&“445quoted in this paper, it is apparent that our
calculations underestimate the-@l bond strength and over-
estimate the ©0 bond strength. However, this deviation has
no substantial effect on the reaction mechanism. From inter-
mediate 14, the elimination of Gl to form O, involves a
transition structurel6, which lies 92.8 kcal/mol abov& and
41.9 kcal/mol abovd 4. The transition structur&6 calculated
in the singlet state joins the intermediafieband18 (Figures 2
and 4).

Considering another possibility, we calculated the dissociation
of O,Cl, into radical QCI (15) and ClI, which lies 59.6 kcal/
mol higher thanl and 8.7 kcal/mol abové4. Subsequently,
the further dissociation of £ into O, and Cl lies 64.2 kcal/
mol relative tol and 4.6 kcal/mol tdl5. The dissociation of
O.Cl; into O,ClI and CI and QCI into O, and CI has been
proposed by Molina and Molirté&for the formation of Q from
self-reaction of OCI considering a catalytic reaction cycle. From

intermediate to be unstable on the potential energy surface. Itexperimental dat4445a value of 19 kcal/mol for the dis-

transforms to the intermediat&0 (Figures 1 and 3). The
intermediatelO differs from 9 in the different location of the
SiClz unit, as shown in Figure 1. To resolve this ambiguity, we

sociation of QCl, into O,CI + Cl was reported? The reaction
path from14to 17 passing through5is found to be the lowest
path for the reaction to proceed further. It involves a total barrier

scanned the potential energy surface by changing the distancef 13.3 kcal/mol. Structurel? further stabilizes with the

between O and Si of the SiQuinit in 9 from 3.2 to 3.6 A with
the step size of 0.1 A and located the minimum at 3.400 A
(shown in Figure 1) and calculated a very low barrier, about
0.9 kcal/mol, separating the two intermediageand 10. This

low barrier can be easily overcome even at low temperature.

The intermediatd 0 is found to be more stable by12.9 kcal/
mol with respect to the reactafit Further, the elimination of
the Cb from this intermediate GEiO(OCI)SiCk (10) leads to

the formation of the desired product ¢SIO), (12) and Cb. It
proceeds via a transition stdt# which lies 58.4 kcal/mol above
the reactantsl and 71.3 kcal/mol aboved0O. Because the
intermediatel0 already gained some excess energy and the

formation of intermediate (@6iO), + O, + Cl, (18), which
lies 18.2 kcal/mol abovéd and 46.0 kcal/mol belowl7. The
intermediatel8 shown in Figure 2 is found to be minimum on
the potential energy surface, and it exists in the trans form.
Our calculated dissociation energy 0@, into O,Cl + ClI
(8.7 kcal/mol) is underestimated in comparison to the experi-
mental value by 10.3 kcal/mol. With the B3LYP/6-3tG(2df)
basis sef? the dissociation energy was calculated to be 17 kcal/
mol, which is in good agreement with the experimental value.
However, our B3LYP/6-311G* calculated dissociation energy
of O.Cl into O, + Cl, 4.6 kcal/mol, is in excellent agreement
with the experimentally observed value of 4.8&30.05 kcal/

reaction occurs at high temperatures, this barrier can be mol*” and the B3LYP/6-31+G(2df) calculated value is found
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to be 3.8 kcal/mof? It seems that the discrepancy in the case

Kumar et al.

104.8 kcal/mol (Figure 4), (ii) the formation of the 4SIO

of O.Cl; is basis-set-dependent. Thus, if we also consider the radical is more stable than SO, which is clearly evident from

experimental value 19 kcal/mol for the dissociation gfOQ
into O,Cl and ClI, the total barrier frori4 to 17 comes out to
be 23.6 kcal/mol, which is 10.3 kcal/mol higher than our
calculated value.

From intermediatel8, two channels are available for the
formation of the final product (G8iO), (12). First, the transfer
of a Cl atom from a SiGlunit of (Cl;SiO), (18) to one of the
oxygen atom involves a transition stdi@ which lies 72.7 kcal/
mol higher thanl. We have repeated the calculation of this
barrier with the 6-311G(2df) basis set. The relative energy of
19to 1 changed to 75.9 kcal/mol, thus retaining the mechanistic
relevance. The transition stai® (Figure 2) shows that the CI
atom is weakly bound to a Si atom with a bond length of 2.558
A. It starts to join with an oxygen atom to having bond length
2.348 A, while the ©-O bond increased to 1.959 A compared
to 1.475 A in18 (Figure 2). The transition statk9 links the
intermediated8 and9. Formation of the final product involves
the same route as discussed in section 3.1.

the dissociation energy of €3i0O into CbLSIiO + CI (Table 3),
and (iii) we further investigated the reaction o8I0 and C}-
SiO with SiCl, for the formation of G§Si,O using B3LYP/6-
311G*. The reaction of G8iO proceeds through the migration
of Cl from SiCl to CI,SiO, and it involves a barrier of 3.7
kcal/mol. The reaction of GEiO with SiCl, proceeds through
the abstraction of Cl atom from Sigland it involves a barrier
of 4.8 kcal/mol®

3.3. Pathway C.In this reaction scheme, we first considered
the dissociation of SiGlinto SiCk and Cl and further its reaction
with O, as proposed by Hartmakrand Britten'® We calculated
the dissociation energy of Sighto doublet SiG4 and CI @4)
as 95.6 kcal/mol (Figure 5) relative 1ot is in good agreement
with the experimental reaction enthalpy of 94.1 kcal/ffol.
However, our earlier calculated value using MP2/6-8E12d)
was 107.5 kcal/mat? whereas Schlegel et &l.calculated the
reaction enthalpy value 112 kcal/mol. Using laser flash pho-
tolysis of SiCl, Kunz and RotP? measured 110.4 kcal/mol for

In the second pathway, we searched the relative stability of the abstraction of Cl atom from SiCIThe other possibilities

the trans and cis isomers b8 by rotating the GISiO unit along

the O-0 bond. It has been found that these two isomers are

separated by a transition st&@ which lies 34.6 kcal/mol above

1 (Figure 4). We fully optimized the transition sta2®. The
calculation of vibrational frequencies produced one negative
frequency (Table 1). The structural parameter@@ére shown

in Figure 2. The cis isomer is found to be stable by about 0.4
kcal/mol with respect t®0 with a dihedral angle SiOOSi of
about 5.0.

The dissociation of the cis isomer @0 into two doublet
Cl3SiO (21) needs 27.0 kcal/mol energy with respecand
lies 61.6 kcal/mol with respect tb. The formation of G4SiO
in 13 and 21 almost lies at the same energy level with a
difference of 2.1 kcal/mol. We further calculated the dissociation
of ClIsSiO (21) into singlet C}SiO + CI (22), which lies at a
relatively high energy of 104.8 kcal/mol frofnand constitutes
a barrier of 43.2 kcal/mol with respect #i. Zachariah and
Tsand® performed ab initio calculations on the reaction of
silicon oxyhydride species, $,0,. They found an activation
energy of 105 kJ/mol (25 kcal/mol) for the dissociation af H
SiO into HSIiO and H. From22, the formation of the final
product P {2) proceeds without any barrier. Dimerization of
Cl,SiO into (CbSiO), without any barrier has been studied by
us earlier?®> and the similar feature has been observed by Kudo
and Nagas¥ for the formation of (HSiO), from the dimer-
ization of H;SIO.

Further, the elimination of Glfrom the dimer of G4SiO (21)
leads to the final produc?2 via a transition structur@3, which
represents a high barrier of 116.9 kcal/mol frdntinking 21
and 12. The structure o23 is shown in Figure 2. The two
oxygen atoms are separated by 2.716 A, and the twSiOl
units are bent along the-&D bond to form a nonplanar (Si®)
ring.

An important aspect related to the involvement of certain

of abstracting two and three Cl atoms from Si@ed relatively
high energies of 176.1 and 225.3 kcal/rfibtespectively. Our
calculated Si-Cl bond length of SiGl 2.071 A, is slightly larger
than the experimentally observed value of 2.0 iCl; reacts
with O, to form the C}SiO, adduct5 without any barrier and
lies 55.3 kcal/mol higher thari. This reaction has been
experimentally confirmed because of the fast reaction rate
constant of SiGlwith 0,.16 The formation of GISiO, (5) further
stabilizes in18 with the formation of (G4SiO),, which follows
the same reaction path for the formation of final prodi@as
we discussed in section 3.2.

The reaction pathways A and B are displayed in Figure 6 as
a diagram, connecting the structures in the sequence in which
they are passed through. The structure numbers and their types
are also displayed. From Figure 6, it can be easily understood
how the reaction is proceeding. For example, ugtdoth
reaction schemes adopt the same route, and fByntwo
energetically favorable paths are available throdgand 13,
and after passing different points in a sequence, they adopt a
common path a® for the formation of the final product2.
The reaction sequence appearing in pathway C (Figure 5) is
not shown in Figure 6. We consider it as a special case because
the linking of points5 and 18 can only be achieved by the
formation of the SiCGJradical (Figure 5). Compared to pathways
A and B, the formation of SiGlis unlikely, because it involves
a relatively high energy of 95.7 kcal/mol (Figure 5), while the
maximum barriers leading to the minimum energy path in
pathways A and B are 76.0 and 72.7 kcal/mol, respectively.

4. Conclusions

In the present study, we have concluded that the insertion of
O, with SiCl, occurs in the triplet state involving a relatively
low barrier in comparison to the decomposition of Si@ito
SiCl; + CI, which can be easily overcome at high temperatures.
We found that the cyclic-G8iO, + Cl, channel is the main

species responsible for the formation of large chlorosiloxanes pathway for the bimolecular reaction with SiClThe study

is still not clear. The proposed £iO was only detected by
matrix IR spectroscop¥ However, during the reaction of SiH

+ Oy, H3SiO was detected as a direct product by the time-
resolved mass spectrometfyin our present reaction scheme,
the involvement of GISIO seems to be more favorable over
CI;SiO for the following reasons: (i) the formation of{SIO

proposed the occurrence of an intermediateSC(OCI)SICh
(10), more stable than the product, ¢8I0), (12), as a step
before the product formation. The radica8IO has been found
to be considerably more stable than,&D + CI. Thus, the
involvement of C4SiO should be favored over £3iO in the
formation process of larger chlorosiloxanes. The formation of

is feasible because it has a comparably low energy barrier (61.6the SiCk radical from SiCJ involves such a high barrier that

kcal/mol), while C}SiO involves a relatively high barrier of

its occurrence during the reaction is rather unlikely.
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