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During the technical important combustion of SiCl4 with calculations the thermodynamic data have been calculated
first. On this basis it was possible to find the optimaloxygen [SiCl4(g) + O2(g) = SiO2(s) + 2·Cl2(g)] many

intermediates have been detected in the past. However, the conditions to trap OSiCl2 from the high-temperature
equilibrium. Furthermore it could be shown via IRpresence of the primary species O=SiCl2 has been discussed

controversially until today. With the help of matrix isolation spectroscopy and quantum chemical calculations, that the
radical OSiCl does not play a significant role within thistechnique we have now been successful to monitor O=SiCl2

via its IR spectrum. With the help of quantum chemical combustion process.

was found. Therefore we tried to detect this molecule viaIntroduction
matrix IR-spectroscopy. These investigations are mainly re-
ported in the following paper.The reaction of silicontetrachloride with oxygen at tem-

peratures far above 1000 °C ends up with solid SiO2, which However, first of all we want to discuss the results of
DFT calculations on OSiCl and OSiCl2 and their thermo-can be obtained as an industrial produced fine grained

aerosil, if special reaction conditions are applied. At tem- dynamic data, which are the basis for the high-temperature
gas-phase equilibrium calculations, which will presentedperatures of about 1000 °C a great variety of chlorosilox-

anes have been isolated, which can be regarded as meta- further on.
stable intermediates of this reaction. [1] The large number of
products 2 the reaction yields hundreds of different mol-

Results and Discussionecules 2 allows the conclusion, that there must be an high
reactive species involved in a primary step of the reaction. Quantum Chemical Calculations

Some time ago we did the presumption that this reactive
Though we have described matrix isolated OSiCl2, gener-intermediate is OSiCl2. [2] Assuming its existence, most re-

ated via a photoinduced reaction between Cl2 and SiO insultant products can easily be elucidated, for example Si2-

solid argon, some years ago,[3] literature provides no directOCl6 can be regarded as a reaction product between OSiCl2
information about the thermodynamic stability of this spe-and SiCl4. A reaction of OSiCl2 with a catenasiloxan
cies. Though we have published some quantum chemicalSinOn21Cl2n12 yields chain prolongation, an oligomeri-
SCF calculations on the structure and energetic relation ofsation leads to cyclosiloxanes SinOnCl2n. The formation of
this molecule, the results have not been analysed with re-higher condensed siloxanes [n(O) > n(Si)] can be explained
spect to a possible gas-phase stability. [4] In order to test thevia elimination of SiCl4 from siloxanes containing a smaller
reliability of our DFT-calculations presented here, [5] weamount of oxygen.
first applied the similar method to get the well-known val-In order to prevent consecutive reactions yielding higher
ues of ∆Hf

0(298) and S0(298) of Cl2CO. Due to the excel-condensed siloxanes and to detect OSiCl2, the reaction of
lent agreement between both couples of values [∆Hf

0(298):SiCl4 and O2 was performed at very low pressure. Per-
(exp.) 2220.078 kJ/mol[17]/(theor.) 2227.2 kJ/mol andforming the reaction first in the inlet system of a mass spec-
S0(298): (exp.) 283.852 J/(mol·K)[17]/(theor.) 283.84 J/trometer, only a significant increase of the signal at m/z 5
(mol·K)], we assessed the calculated data for OSiCl2 as re-44 (SiO) and no signal, that could be assigned to OSiCl2,
liable too. First we determined the enthalpy and entropy of
the following reaction (1) to be ∆HR

0(298) 5 2336 kJ/mol[a] Institut für Anorganische Chemie der Universität Karlsruhe
and ∆SR
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∆Hf

0(298) 5 2440.0 kJ·mol21
Table 2. Thermodynamic data of those molecules which are invol-
ved in the equilibrium state calculationsS0(298) 5 302.4 J·(mol·K)21

Compound ∆H°298/kJ/mol S°298/J/(K·mol) Ref.The geometry of OSiCl2, which is a further result of these
calculations, shows the expected differences to the former SiCl4 2662.8 330.9 [17]

SCF calculation, e.g. the bond lengths are shortened [Si2O: SiCl3 2390.4 318.2 [17]

SiCl2 2168.6 281.3 [17]148.4 pm (SCF)/152.5 pm (DFT) and Si2Cl: 200.8 pm
SiCl 198.3 237.8 [17]

(SCF)/203.4 pm (DFT)], while the bond angles obtained by Cl2 0 223.1 [17]

Cl 121.3 165.2 [17]both methods are nearly identical: 109.1° (SCF)/
O2 0 205.1 [17]

108.9°(DFT). In order to calculate the thermodynamic data
O 249.2 161.1 [17]

and to check the assignment of the matrix spectra, the fol- SiO 2100.4 211.6 [17]

OSiCl2 2440.0 302.4 cf. textlowing vibration frequencies (IR intensities [km/mol] in
OSiCl 2167.2 279.1 cf. textbrackets) for OSiCl2 have been determined.

Table 1. Calculated vibrational frequencies for OSiCl2 (IR intensi-
ties [km/mol] in brackets)

Character Frequencies in cm21

(IR intensities in km/mol)

A1 1257.7 (99.4) 485.7 (24.1) 200.7 (2.8)
B1 625.8 (249.2) 271.4 (25.3)
B2 274.7 ( 38.6)

The excellent agreement between these calculated fre-
quencies and the experimental values of the argon matrix
isolated OSiCl2 we published some years ago.[3]

[A1: 1239.9/501.1 (200 estimated); B1: 637.5/269.0; B2:
279.9] confirms the reliability of the calculations about the
high-temperature equilibrium presented further on.

During the combustion of SiCl4 in principle one must Figure 1. Equilibrium state partial pressures of the gaseous species
also expect the radical species OSiCl, which recently has in the system O/Si/Cl at a total pressure of 1024 mbar; SiCl4/

O2 5 1:1been characterised by our group.[6] The following thermo-
dynamic values for OSiCl which are also the basis for the
equilibrium calculations presented in the next chapter have
been determined: ∆Hf

0(298) 5 2167.2 kJ·mol21; S0(298) 5
279.1 J·(mol·K)21 [6]

Equilibrium State Considerations

To answer the question what should happen in the first
steps of the considered reaction between SiCl4 and O2 we
have carried out thermodynamic calculations of an equilib-
rium between the atoms and molecules given in Table 2.
The computation was performed under the restriction, that
no solid SiO2 and higher molecular chlorosiloxanes are
formed, that means only a homogeneous gas phase reaction
is assumed.

The total pressure in the reaction tube cannot be meas-
Figure 2. Equilibrium state partial pressures of the gaseous speciesured exactly, therefore it is fixed to be 1027 bar, which seems
in the system O/Si/Cl at a total pressure of 1024 mbar; SiCl4/to be a realistic value, according to our experiments. O2 5 7:3

These data together with the presumed molar ratios 7:3,
5:5, and 3:7 of the species SiCl4 and O2 are the basis of our
calculation. The results are shown in the diagrams Figure 1
to Figure 3, in which the partial pressures versus tempera- Although we cannot be sure that the system has been

equilibrated all results of the computations are in goodture are plotted.
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the help of its isotopic shifts (16O 2 18O/35Cl 2 37Cl) and
by means of a normal coordinate analysis.

In order to perform matrix investigations of the combus-
tion process of SiCl4 the gaseous components SiCl4 and O2

were first mixed in a ratio of 1:1. This gaseous mixture was
passed under high-vacuum conditions through a high-tem-
perature reactor at 1240 °C with a molar flow rate of
1023 mmol/h. The mixture of gases leaving the high-tem-
perature furnace was diluted with a hundredfold amount of
gaseous argon and then was condensed onto a copper block
of 15 K. The IR spectrum of a matrix after 30 minutes of
condensation time of this gaseous mixture is shown in
Figure 4.

Figure 3. Equilibrium state partial pressures of the gaseous species
in the system O/Si/Cl at a total pressure of 1024 mbar; SiCl4/
O2 5 3:7

agreement with experimental observations. It is evident that
the reaction should start at a temperature of about 1000 K
since the partial pressures of the starting materials SiCl4
and O2 begin to decrease there. Preparative and spectro-
scopic observations confirm this prediction. The formation
of the oxygen containing species (e.g. OSiCl2) is nearly com-
pleted at a temperature of 1400 K. Above this temperature
mainly the dissociation of SiCl4 and O2 occurs. From all
three diagrams it can be concluded that only two molecules
containing Si and O appear at temperatures above 1000 K:
SiO and OSiCl2. [7] Figure 4. Top: argon matrix IR spectrum of the reaction products

of the 1:1 SiCl4/O2-mixture at 1240 °C; below: following photolysisThe highest partial pressure of SiO is about one order of
of the matrix with 254 nm for 10 minmagnitude above that of OSiCl2. The existence of the latter

one is coupled to a rather narrow temperature range ∆T of
about 300 to 400 K with a maximum of the partial pressure
at about 1400 K. Based on these equilibrium state calcu- The absorption bands of OSiCl2 (1240 cm21, 637.5 cm21,
lations the detection of OSiCl2 via matrix IR spectroscopy 501.1 cm21), SiCl4 (616.1 cm21), OSiCl (1161 cm21,
should be possible without problems, because at a tempera- 509.4 cm21), SiO (1226 cm21), SiCl2 (512.0 cm21,
ture of 1200 °C only SiO and SiCl4 should be present in 510.1 cm21, 501.4 cm21, 498.0 cm21), and ClO2

addition to OSiCl2 and the IR-absorptions of the former (1100 cm21) can be observed. The molecule ClOO is
ones are well-known and separated from those of OSiCl2. formed spontaneously in the matrix by a reaction of chlor-

ine atoms from the high-temperature equilibrium and O2

molecules. The band at 1442 cm21 can be assigned to the
ClOO isomer (Cs symmetry). [10] After irradiation (254 nm)IR-Spectroscopic Investigations on Matrix-Isolated
of the matrix the ClOO-molecule rearranges to the moreOSiCl2
stable C2v isomer ClO2 (1100 cm21). A spectrum over the
whole range after photolysis is shown in Figure 4.Matrix IR spectroscopy seemed to be the proper tech-

nique in order to investigate the combustion of SiCl4 with Starting with a molar ratio between SiCl4 and O2 of 5:1
a much smaller amount of ClO2 is formed. This observationO2, since the starting materials as well as the products have

already been studied by this method: SiCl4, [8] SiO,[9] OSi- is plausible since no free O2 molecules are present in the
matrix due to the fact, that they have already reacted withCl, [6] and OSiCl2. [3] Some time ago the OSiCl2 molecule

has been produced in the following way:[3] The high-tem- the Si species which are present in large excess.
The most unexpected observation in Figure 4 is the largerperature species SiO was cocondensed together with chlor-

ine and a hundredfold excess of argon. The IR spectrum intensity of the bands belonging to OSiCl, compared to
those of OSiCl2. Based on theoretical investigated integralafter cocondensation exhibited only the bands of SiO and

its oligomers. Subsequently OSiCl2 was generated from of extinction coefficients[14] of the “SiO absorption bands” (in
[km/mol] SiO: 52.1; OSiCl: 56.8; OSiCl2: 114) an OSiCl/SiO and Cl2 in the matrix after irradiation with UV light

of 254 nm. The IR spectrum of OSiCl2 was analysed with OSiCl2 ratio of about ten, averaged over eight experiments
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is observed, whereas SiO and OSiCl2 are produced in nearly
equimolar amounts (with an light weight excess of SiO).
While the molar ratio of SiO/OSiCl2 roughly corresponds
to our expectations of a high-temperature equilibrium at
1500 K, there is by far too much OSiCl in the matrix com-
pared to the amount of OSiCl2. This discrepancy can only
be understood if OSiCl is not formed in the gas phase but
in the matrix from SiO molecules and Cl atoms. To confirm
this hypothesis some experiments have been performed, in
which exclusively SiO and Cl atoms from two separate high-
temperature reactors were cocondensed with an excess of
argon.[6] The resulting spectra exhibited unchanged SiO
and only OSiCl as a Si-containing species. No OSiCl2 was
formed. Even after a subsequent photolysis (254 nm) no
OSiCl2 is observed, i.e. in the high-temperature equilibrium
nearly no Cl2 was present, because, if it would be present,
OSiCl2 should be obtained after irradiation. [3]

Figure 5. Top: argon matrix IR spectrum of hexachlordisiloxane,The conclusion of all these experiments is, that the ob- below: matrix IR spectrum of the thermolysis products (1240 °C)
served OSiCl2 species during the matrix experiments are un-
ambiguously formed in the high-temperature equilibrium.
The observation of the first matrix experiments showing an
OSiCl amount to be one or two orders of magnitude too
high do not correspond to the equilibrium conditions at
1240 °C, for OSiCl is nearly exclusively produced by the
spontaneous reaction of chlorine atoms and SiO in the ma-
trix. However the higher concentrations of OSiCl2 and SiO,
concluded from the analysis of these matrix spectra after
correction for spontaneously formed OSiCl, are in good
agreement with the presented equilibrium calculations.

In the spectrum presented in Figure 4 a SiO valence band
appears at 1250 cm21. It is only observed in those experi-
ments starting with a molar ratio of SiCl4 and O2 of 1:1.
With respect to the intensity of this band in several experi-
ments it must be assigned to a different species than these
discussed so far. Due to the high frequency range a
2O(Cl)Si5O group can be expected, since ν(Si2O) in
OSiF2 is observed at 1309.4 cm21. [11] This estimation is
confirmed by DFT calculations[12] from which the follow-

Figure 6. Top: matrix IR spectrum of octachlortrisiloxane in soliding SiO frequencies of the molecules under discussion re-
argon, below: matrix IR spectrum of the thermolysis products

sult: SiO (1245 cm21), OSiCl (1149 cm21), OSiCl2 (1240 °C)
(1258 cm21), and Cl3SiOSi(O)Cl (1299 cm21, [13]). This
variation in the frequency range reflects to a certain degree
the variation in the SiO bond strength. However, for en-
tropy reasons the species Cl3SiOSi(O)Cl should not exist in

Conclusionthe high-temperature equilibrium, that means it should be
formed in the matrix. However it is astonishing, that
Cl3SiOSi(O)Cl and not the molecule Cl2SiO2SiCl2 (with an The quantumchemical calculations about the thermo-

dynamic stability of OSiCl and OSiCl2 and the equilibriumcentral SiO2Si four-membered ring) is formed, though ac-
cording to analogous DFT calculations[12] the latter one is calculations based on these data are in good agreement with

the experimental results of the matrix IR spectra. That me-expected to be more stable by about 162 kJ/mol.
After the combustion of SiCl4 we have also pyrolysed ans theory as well as experiments show that OSiCl2 is an

essential reactive intermediate in the combustion process ofhexachlorodisiloxan (Figure 5) and octachlorotrisiloxan
(Figure 6) at temperatures of 1240 °C. SiCl4 with O2. Therefore the presented results may be im-

portant as well for further synthetic investigations as forThese experiments clearly show the formation of the mol-
ecules SiO and SiCl4. The species OSiCl and especially every kind of high-temperature processes, in which chlorine

containing species are in a thermodynamic equilibrium withOSiCl2 are only produced in small portions, that means the
observed band intensities are below the limit of detection SiO containing species (e.g. chemical processes in quartz

vessels). Since similar relations are expected for the reactionof this spectroscopic method.
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between SiBr4/SiI4 and O2, the analogous species OSiBr2/

Atom Basis Contraction pattern Exponent of theOSiI2 may also be important for the understanding of the
polarisation

gas phase reactions in halogen lamps. function

H TZVPP (5s2p1d) / [3s2p1d] ηp 5 1.407; 0.388
{311/11/1} ηd 5 1.057

C TZVPP (11s6p2d1f) / ηd 5 1.097; 0.318Experimental Section [5s3p2d1f]
{62111/411/11/1} ηf 5 0.761SiCl4 (> 99 %, M GaA, Darmstadt) and O2 (4.8, M- O TZVPP (11s6p2d1f) / ηd 5 2.314; 0.645

G, Krefeld) were mixed in a glass vessel and the pressure [5s3p2d1f]
{62111/411/11/1} ηf 5 1.428was measured by means of a capacity instrument (M Instruments

Si TZVPP (14s9p2d1f) / ηd 5 0.481; 0.159Deutschland GmbH). The same instrument was used in order to
[5s5p2d1f]monitor the flow rate (1025 mol/h) passing the reaction vessel {73211/51111/11/1} ηf 5 1.428

(quartz) of the high-temperature furnace (alumina). Cl TZVPP (14s9p2d1f) / ηd 5 1.046; 0.344
[5s5p2d1f]The relative amount of argon (4.8, M-G, Krefeld) {73211/51111/11/1} ηf 5 0.706

mixed with the gaseous species after passing the high-temperature
area to the Si/O/Cl species was estimated to be about 200:1. After

[6] M. Junker, H. Schnöckel, J. Chem. Phys. 1999, 110, 3769a condensing period of 30 min, IR absorptions were recorded. The
[7] Furthermore the radical OSiCl has also been involved in theIR absorptions were recorded by means of a reflection unit, in

equilibrium state calculations[6] which are presented in the dia-which the copper plate for deposition of the matrix gases was grams 123. However, the resulting partial pressure of OSiCl is
cooled by a closed-cycle refrigerator (RGD 510, L Köln). too small to be seen in these figures, it vanishes in the base line.

[8] F. Königer, A. Müller, W. J. Orville-Thomas, J. Mol. Struct.All spectra were recorded with a B IFS 113v FT-IR Spec- 1977, 37, 199; S. T. King, J. Chem. Phys. 1968, 49, 1321.
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A. Arkell, J. Schwager, J. Am. Chem. Soc., 1967, 89, 5999; J. L.
Gole, J. Phys. Chem. 1980, 84, 1333.The DFT calculations were carried out on IBM RS 6000/390 work-

[11] H. Schnöckel, J. Mol. Struct. 1980, 65, 115.stations using the B3-LYP functional and a TZVPP basis. The pro- [12] B3-LYP functional, 6-31G** basis.
gram packages G 94[14] and T [15] have been used. [13] Si12Ot: 152 pm, Si12Cl: 203 pm, Si2O2Si: 180°, Si22Cl:
Contour line diagrams have been realised using the program 204 pm, /Cl2Si22Cl: 110°, /O2Si2O: 127° .

[14] G 94, Revision B.3, M. J. Frisch, G. W. Trucks, H. B.M [16].
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