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Abstract

Atomic silicon is generated by meteoric ablation in the earth�s upper atmosphere (70 � 110

km). The reactions of Si(3PJ) atoms with several atmospherically relevant species were

studied by the pulsed laser photolysis of a Si atom precursor (typically PheSiH3), followed by

time-resolved laser induced fluorescence at 251.43 nm (Si(3p2 3P0 ĺ 4s 3P1)). This yielded:

k(Si + O2, 190 � 500 K) = 9.49 × 10-11 + 1.80 × 10-10 × exp(-T/115 K) cm3 molecule-1 s-1

(uncertainty  15%), in good accord with recent high-level theoretical calculations but in

marked disagreement with previous experimental work; k(Si + O3, 190 � 293 K) = (4.0 ± 0.5)

× 10-10 cm3 molecule-1 s-1; k(Si + CO2, 293 K)  1.2 × 10-14 cm3 molecule-1 s-1; and k(Si +

H2O, 293 K)  2.6 × 10-13 cm3 molecule-1 s-1. These results are explained using a combination

of quantum chemistry calculations and long-range capture theory. The quenching rate

coefficients k(Si(1D2) + N2, 293 K) = (4.0 ± 0.7) × 10
-11 cm3 molecule-1 s-1 and k(Si(1D2) +

H2O, 293 K) = (2.3 ± 0.3) × 10
-10 cm3 molecule-1 s-1were also determined.

Key words: silicon atom, mesospheric chemistry, meteoric smoke.
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Introduction

The average input of interplanetary dust into the Earth�s atmosphere is currently estimated to

be about 40 tonnes d-1.1,2 Most of these micron-sized dust particles ablate completely at

altitudes between 75 km and 110 km, a region known as the mesosphere-lower thermosphere

(MLT). The elemental abundance of silicon in meteorites is ~20%,3 so there should be a

substantial input of silicon into the MLT. Ablation models predict that silicon will evaporate

from molten meteoroids as a mixture of Si, SiO and SiO2, a fraction of which will then be

ionised by hyperthermal collisions with atmospheric molecules.4 Indeed, Si+ has been

observed by rocket-borne mass spectrometers in the MLT,5 although most silicon species

below 95 km are expected to be neutral as a result of rapid reactions of Si+ with O3 and O2,

followed by dissociative recombination with electrons.6,7

Silicon, iron and magnesium ablated from meteoroids are quickly oxidized and most likely re-

condense to form nanometre-sized particles known as meteoric smoke particles (MSPs).8

MSPs probably act as ice nuclei for the formation of noctilucent clouds in the summer polar

mesosphere,9 and may also be an important source of condensation nuclei for sulphate

particles in the lower stratosphere and hence influence polar stratospheric cloud formation.10

In addition, MSP are alkaline, so they could explain the anomalous removal of H2SO4 in the

upper stratosphere.11 In order to determine the detailed composition of MSP (which will

influence their ability to condense water-ice and react with acidic gases) and to quantify their

rate of formation, knowledge of the speciation of silicon oxides as a function of altitude is

needed.

The gas-phase oxidation of silicon is likely to proceed through the following reactions (the

reaction enthalpies are taken from ref. 12,13):

Si(3PJ) + O2 ĺ SiO(X 1Ȉ+) + O(3P) (ǻrHo298K = -301 kJ mol-1) (1a)
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ĺ SiO(X1Ȉ+) + O(1D) (ǻrHo298K = -111 kJ mol-1) (1b)

Si(3PJ) + O3(
1A1)ĺ SiO(X 1Ȉ+) + O2(X 3Ȉ-g) (ǻrHo298K = -694 kJ mol-1) (2a)

SiO(X 1Ȉ+) + O3(1A1)ĺ SiO2(X
1Ȉ+) + O2(X 3Ȉ-g) (ǻrHo298K = -361 kJ mol-1) (3a)

ĺ SiO2(X
1Ȉ+) + O2(a1ǻg) (ǻrHo298K = -267 kJ mol-1) (3b)

SiO(X 1Ȉ+) + OH(X 2Ȇ) ĺ SiO2(X
1Ȉ+) + H(2S) (ǻrHo298K = -36 kJ mol-1) (4)

The silicon atom in SiO2 has a tendency to increase its coordination number to 4 because of

its 3d orbitals, and so SiO2 is unstable with respect to forming bonds with adjacent SiO2

molecules, giving rise to large polymers and finally to particles.14,15 This tendency to

polymerise makes the hypothesis of silica being a precursor of MSPs very appealing. The

formation of silica particles is also well known in the context of semiconductor technology.16

A recent study of MSP analogues also reports the formation of silica particles from the

broadband photolysis of tetraethyl ortho-silicate (TEOS) in the presence of O2 and O3.
8

A study of the reactivity of atomic silicon towards simple molecules (O2, CO2, N2O) was

carried out by Husain and Norris in the broader context of investigating the

relationship between electronic structure and atomic reactivity, particularly the role of spin-

orbit coupling in atomic reactions.17,18 However, gas-phase kinetic studies of silicon atom

reactions are relatively scarce,19 and surprisingly no data has been reported for reaction 2.

reaction 1 has been studied a number of times, but there is disagreement in the room-

temperature rate coefficient by more than one order of magnitude,17,18,20,21 and there has been

only one study of the temperature dependence.21 Two recent theoretical determinations of k1

tend to support the most recent measurements.22,23 There do not appear to be any experimental

kinetic studies on SiO reactions.
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The present paper is the first part of a study on neutral silicon chemistry relevant to planetary

atmospheres. Here we describe an experimental and theoretical study of reactions 1 and 2,

together with the following reactions:

Si(3PJ) + CO2(X
1Ȉ+)ĺ products (5)

Si(3PJ) + H2O(
1A1)ĺ products                                                                                                (6)

The second part of this study24 will focus on SiO chemistry (reactions 3 and 4).

Experimental Setup

Apparatus

The experimental system used in this work is a modified version of an apparatus used in

previous studies on metal chemistry.25,26 Si atoms were generated in a slow flow reactor by

the pulsed multiphoton dissociation at 193 nm (ArF excimer laser, Lambda Physik, COMPEX

102) of organo-silicon vapour in the presence of an excess of O2, O3, H2O or CO2. Si(
3PJ)

was observed by laser induced fluorescence (LIF) spectroscopy using a frequency-doubled

Nd-YAG pumped dye laser (Sirah, CBR-G-30). The dye laser beam was orthogonal to the

excimer beam (cf. the collinear alignment in figure 1 of Plane and Rollason25), and intersected

the excimer beam approximately 10 cm beyond the focal point of a lens (focal length = 50

cm) used to focus the excimer beam. Time scans of the concentration of silicon atoms were

obtained by varying the time delay between the dye laser and the excimer pulse. For each

time delay, the LIF signal corresponds to the average of 5 laser shots.

LIF was collected through an interference filter (max = 250 nm, FWHM = 10 nm) using a

photomultiplier tube (Electron Tubes, model 9816QB) placed orthogonal to both the

photolysis and probe beams. Si(3PJ) was detected resonantly in the J = 0, 1 and 2 spin-orbit
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states by exciting the transitions 3p2 3P0 ĺ 4s 3P1 (251.43 nm), 3p
2 3P1 ĺ 4s 3P2 (250.69 nm)

and 3p2 3P2 ĺ 4s 3P2 (251.61 nm). The first electronic excited state Si(1D2 ) was also detected

resonantly using the 3p2 1D2 ĺ 4s 1P1 transition at 288.16 nm.

The concentrations of O3 and PheSiH3 were monitored by UV absorption spectroscopy

between 250 nm and 300 nm using a 1 m long absorption cell situated downstream from the

reactor. The broad band radiation of a deuterium lamp (Hamamatsu) was passed through the

absorption cell and focussed into the 200 ȝm wide entrance slit of a 0.5 m grating

spectrometer (Spex, model 1870B) equipped with a 1200 groove mm-1 grating (resolution

0.12 nm FWHM). Absorption spectra were recorded with a photodiode array (EG&G, PARC

1412) and converted to optical density, before fitting reference absorption cross sections for

O3 and PheSiH3 to derive their concentrations.
27,28

The concentrations of O2, CO2 and organo-silicon vapour were calculated from the mass flow

rates and absolute pressure in the reactor. Diluted mixtures of these species were prepared in a

glass vacuum line by making them up to a known ratio in about 800 Torr of bath gas (N2 or

He) in 10 dm3 glass bulbs. H2O vapour was generated by bubbling the buffer gas, helium,

through de-ionised H2O to entrain its vapour pressure in the main gas flow. The water

concentration was determined from its saturated vapour pressure at 293 K (17.54 Torr) and

the backing He pressure (typically 800 Torr). Kinetic experiments were performed by

releasing controlled flows of the stored reactants and the bath gas through calibrated flow

controllers (MKS) into a mixing manifold, and then delivering the mixture to the reactor in

three different ports to allow homogeneous mixing. The precursor mixture was delivered

through a flow controller directly to the reactor to avoid long contact times with the reactants.

The total flow through the reactor was typically 500 standard cm3 s-1 (sccm), at pressures

between 4 and 20 Torr. At 4 Torr, where most experiments were performed, the typical
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residence time of the gas mixture in the reactor was less than 200 ms. At a laser repetition rate

of 5 Hz, this ensured a fresh gas mixture at each excimer pulse.

The reactor was enclosed in an electrically heated furnace, which could be also be filled with

solid CO2 to cool it, providing a temperature range from 190 K to 500 K. A permanently

inserted chromel-alumel thermocouple was used to monitor the temperature inside the central

chamber of the reactor, about 1.5 cm below the intersection of the laser beams.

Materials

He (99.9999 %, BOC Gases), N2 (99.9999 %, BOC Gases) and O2 (99.999 %, BOC Gases)

were used without further purification. CO2 was evaporated from solid CO2 (99.995 %, BOC

Gases), which had been previously pumped on for several minutes. O3 was made by flowing

O2 through a commercial ozonizer (Fischer, OZ500) to produce a 5 % O3 in O2 mixture. The

mixture was collected on silica gel held at 177 K by an ethanol slush bath, and O2 was then

pumped off at the same temperature. Deionised H2O was obtained from a commercial de-

ioniser (Purite). PheSiH3 and SiBr4 (Sigma Aldrich) were initially degassed by freeze-pump-

thawing to remove volatile contaminants, although it was shown that this purification step did

not affect the measured rate coefficients.

Results

Several silicon-containing organic compounds were tested as suitable photolytic precursors of

atomic Si at 193 nm. Si atoms were not observed after photolysis of tetraethyl ortho-silicate

(TEOS, Si(OC2H5)4), and a poor yield resulted from photolysis of tetramethylsilane (TMS,

Si(CH3)4). Phenylsilane (PheSiH3) has a large cross section at 193 nm
28 and generated a
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substantial Si signal, so it was used as the precursor in most experiments. Alternatively,

silicon tetrabromide (SiBr4)
29 was used in some experiments while studying reactions 1 and 2

to confirm that the precursor did not influence the measured rate coefficients.

Thermalisation of the Si(
3
PJ) spin-orbit population and quenching of Si(

1
D2)

The J = 1 and J = 2 spin-orbit states of Si(3PJ) lie 0.92 and 2.67 kJ mol
-1 above the J = 0 level,

respectively. As Le Picard et al.21 have pointed out, laser focusing results in a large amount of

energy being concentrated into the small volume where the Si is formed, and therefore an

initially non-Boltzmann spin-orbit population of the Si(3PJ) ground state would be expected,

as well as the production of excited electronic states of Si. An experiment was therefore

performed to check that the ground state spin-orbit level populations were thermalised.

Photolysis of PheSiH3 in 4 Torr of N2 showed that over the decay time of the Si atom (~ 1

ms), the ratios of the LIF signals recorded for the J = 0, 1, 2 levels showed no deviation from

the Boltzmann distribution, demonstrating that under these experimental conditions ground-

state Si was fully thermalised. This was further confirmed by measuring k1 by monitoring

each of the spin-orbit states, which gave essentially the same result (see below).

We also confirmed that the first electronic excited state of silicon, Si(1D2), lying 75 kJ mol
-1

above the ground state, was quenched rapidly on the timescale of the kinetic measurements. A

diluted mixture of N2 in He was prepared and admitted into the reactor together with a larger

flow of He. The decays of Si(1D2) in the presence of excess N2 were single exponentials,

yielding a quenching rate coefficient k(Si(1D2) + N2, 293 K) = (4.0 ± 0.7) × 10
-11 cm3

molecule-1 s-1. The quoted uncertainty is the statistical error derived from weighted linear least

squares fits to the ln[LIF signal] vs. time curves and the plot of the resulting pseudo first-order

decay, k', against [N2], where the uncertainty in the abscissa is also propagated in the
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weighting matrix. Typically, quenching of Si(1D2) by 4 Torr of N2 takes place within 0.2 ȝs

after the photolysis pulse, whereas the time scale of the reactions under study is tens to

hundreds of s.

Removal of Si(1D2) by water was also observed, with a removal rate coefficient k(Si(
1D2) +

H2O, 293 K) = (2.3 ± 0.3) × 10
-10 cm3 molecule-1 s-1. SiO(X 1Ȉ+) + H2(X 1Ȉg+) are accessible

products of this reaction, but formation of SiO on the time scale of the Si(1D2) decay was not

observed (LIF detection of SiO is described in the second part of this study24).

The reaction of Si(
3
PJ) with O2

The rate coefficient of reaction 1, k1, was measured over the range of conditions summarized

in Table 1. The decays of Si in the presence of O2 were always single exponentials, so a linear

fit of the logarithm of the LIF signal as a function of time (figure 1) provided directly the

first-order decay rate at a given [O2], k'. A plot of k' versus [O2] gave k1, as shown in figure 2.

The averaged values of k1 at the four temperatures considered are: k1(190 K) = (1.31 ± 0.08)

× 10-10 cm3 molecule-1 s-1, k1(293 K) = (1.03 ± 0.10) × 10
-10 cm3 molecule-1 s-1, k1(400 K) =

(1.02 ± 0.08) × 10-10 cm3 molecule-1 s-1 and k1(500 K) = (0.99 ± 0.10) × 10
-10 cm3 molecule-1

s-1. Statistical errors both in k' and [O2] are propagated in the quoted uncertainty at the 95%

level.

The reaction of Si(
3
PJ) with O3

A stock mixture of O3 from silica gel was made up in N2 in a 12 dm
3 glass bulb. However,

the O3 also contained some fraction of O2, and because reaction 1 is fast this fraction had to

be determined. The [O3] that should have been in the reactor, if the O3 in the glass bulb was

pure, was calculated from the ratio of O3 in N2 in the stock mixture, the mass flow rates and
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the pressure in the reactor. [O3] was also spectroscopically determined in the gas flow exiting

the reactor. The difference between these two quantities then provides an estimate of [O2] in

the reactor. Under first-order conditions, k2 was calculated by fitting a straight line to a plot of

k', corrected for the contribution from reaction 1, against [O3]:

k'O3 Ł k' - k1[O2] = C + k2[O3] (I)

where C is a constant measured for every set of precursor and reactant gas mixtures. Figure 3

shows plots of the logarithm of the LIF signal as a function of time for different [O3], and

figure 4 is a bimolecular plot of the corrected first-order decay rates k'O3 as a function of [O3].

For comparison, k' is also plotted with k'O3. O2 was found to comprise between 30% and 60%

of the total gas released from the cooled silica gel trap when the O3/N2 mixture was made up.

Note that in the example shown in figure 4 (where the fraction of O2 was (33±2)%, if k2 were

derived directly from k' without correcting for the contribution from reaction 1, then it would

be overestimated by 14%. Table 2 summarises the experimental conditions over which k2 was

measured. No significant variation of the rate coefficient could be discerned within error over

the temperature range examined, and so the weighted average is given by k2(190 K - 293 K) =

(4.0 ± 0.5) × 10-10 cm3 molecule-1 s-1.

The reaction of Si(
3
PJ) with CO2 and H2O

Reactions 5 and 6 were studied with maximum [CO2] = (5.6 ± 0.3) × 10
16 molecule cm-3 and

maximum [H2O] = (2.6 ± 0.5) × 10
15 molecules cm-3 (the estimated uncertainty in the water

concentration takes into account potential wall losses). However, in both cases there was not a

significant increase in k' compared to the decay rate in the absence of reactant. Taking

account of the uncertainties in k', the following upper limits were obtained: k(Si + CO2, 293
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K, 4 Torr)  1.2 × 10-14 cm3 molecule-1 s-1 and k(Si + H2O, 293 K, 10 Torr)  2.6 × 10-13 cm3

molecule-1 s-1.

Discussion

Si(
3
PJ) + O2

The results obtained for k1 are plotted in figure 5 as a function of temperature, together with

the results of previous studies.18,20,21 The negative temperature dependence of k1 has been

previously explained on the barrierless potential energy surface (PES).22,23 The reaction is

then governed by the long-range part of the potential and depends on the population of the

spin-orbit fine structure levels of the reactants in the entrance channel. Assuming negligible

mixing of states during collisions,30,31 the reactivity depends on the thermal population of the

four lowest spin-orbit states of the reactants, which connect to two reactive states: one to the

ground state 1A' and three to the 3A' excited state.23 The 4 lowest states in the entrance

channel and their corresponding degeneracies (g) are: Si(3PJ=0)+O2(X
3Ȉ-g, ȍ=0) (g=1),

Si(3PJ=0)+O2(X
3Ȉ-g, ȍ=1) (g=2) and Si(3PJ=1)+O2(X 3Ȉ-g, ȍ=0) (g=3, one state out of three). An

increase in temperature depopulates these low energy states which lead to reaction, thus

causing a decrease of k1.

The capture rate coefficient, which provides an upper limit to k1, was estimated in the present

study using the simple dispersion force model with a �C6 r
-6 attractive potential (�hard

spheres with attraction�32):

2/13/1

62 82
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where d is the hard sphere diameter and ȝ is the reduced mass. The C6 coefficient was

estimated to be 6.0 × 10-54 J m-6 molecule-1 using the London Formula with tabulated

polarisabilities and ionisation potentials.33 On the other hand, the statistical population factor,

also called multiple surface coefficient,34 which assumes adiabatic correlation of reactants and

products, varies from 0.33 to 0.21 over the temperature range 190 to 500 K. The total capture

rate coefficient is given by the following expression:23,31

k(T) = kcapt(T) × [1 + e
-111/T+ 2 × e-5.7/T] × [1 + 3 × e-111/T+ 5 × e-321/T]-1 × [1 + 2 × e-5.7/T]-1 (III)

where kcapt(T) indicates the capture rate constant and the numbers appearing in the exponents

are the spin-orbit splitting equivalent temperatures for silicon and molecular oxygen. Equation

III is for the singlet state and incorporates the triplet by assuming it has equal reactivity. The

rate coefficients calculated according to equations II and III agree well with the temperature

dependence and absolute values of k1 measured in the present study from 190 to 500 K, as

shown in figure 5.

Figure 5 also illustrates that the total capture rate coefficient is in good agreement with the

values determined using the more sophisticated Adiabatic Capture Centrifugal Sudden

Approximation (ACCSA)22 and Quasi-classical Trajectory (QCT)23 approaches. This

emphasises that the reaction is controlled by the long-range part of the potential, where the

PES is more isotropic, in contrast to short-range interactions (distance of Si to X, where X is

at the centre-of-mass of the O2, is less than 3 Å) where there is a strong dependence on the

Jacobi angle (the angle between Si-X and the O-O axis). We performed a calculation of the

long-range part of the singlet PES (r(Si−X) > 4 Å) at the B3LYP/6-311+G(2d,p) level of

theory, using the Gaussian 03 suite programs.35 C6 coefficients were fitted to this surface for

the range of Jacobi angles (0 � 90o): the variation of less than 40% in C6 confirmed that there

is not a very strong dependence on the Jacobi angle (see electronic supporting information).

The angle-averaged C6 is 3.9 × 10
-54 J m-6 molecule-1, which agrees reasonably well with the
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value calculated with the London formula (see above). If the total capture rate coefficient is

fitted to the experimental points by making C6 an adjustable parameter (green points in figure

5), the fitted C6 value of 4.4 × 10
-54 J m-6 molecule-1 agrees extremely well with that derived

from the quantum chemistry calculations. A temperature dependent expression for k1 in the

range 190 to 500 K has been derived by fitting an exponential function to the adjusted total

capture rate coefficient:

k1(190 � 500 K) = 9.49 × 10
-11 + 1.80 × 10-10 × exp(-T/115 K) cm3 molecule-1 s-1 (IV)

Values obtained from this expression are shown in figure 5 (green solid line). The maximum

uncertainty (green dashed lines) is 15%. This encompasses the quoted error bars for the

experimental values of k1 and the statistical errors associated to the fit to the London

expression and the fit to the exponential function.

The negative temperature dependence of k1 observed by Le Picard et al.
21 is confirmed in the

present study between 190 K and 293 K, and measurements have been extended up to 500 K.

However, previous measurements of k1 close to room temperature are widely scattered,

ranging from about 1 ×10-11 to 2.7 × 10-10 cm3 molecule-1 s-1 (figure 5). Although the results of

the present study are in closest agreement with those of Le Picard et al., our results are

systematically smaller by ~ 40%, for which there is no obvious explanation.

The theoretical estimates of k1 agree extremely well with the results of the present study

(figure 5), which supports the idea that the reaction cross sections on the singlet and triplet

PESs are of similar magnitude.23 A recent experimental study of the dynamics of reaction 1

has confirmed for the first time the existence of channel 1a.36 However, this was a crossed

molecule beam study where the effective translation temperature is high and the observed

O(3P) signal was not quantified. Also, this study did not report detection of O(1D), so even a

relative reactivity of the triplet and singlet product channels cannot be assessed.
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Si(
3
PJ) + O3

This reaction does not appear to have been studied previously. The rate coefficient is ~20%

less than the upper limit of 5.4 × 10-10 cm3 molecule-1 s-1 at 293 K calculated using the simple

dispersion force model (figure 6). k2 also has a small temperature dependence, consistent with

calculations on the lowest (triplet) PES (at the B3LYP/6-311+G(2d,p) level of theory) which

show a strongly attractive surface with no barriers over all angles of attack of Si on O3. Under

Cs symmetry, when the Si attacks in the plane of the O3 where the intermolecular forces are

strongest, collisions between Si(3P) and O3 will occur on three PESs: two of
3A'' symmetry

and one of 3A' symmetry. As shown in figure 7, the lowest 3A'' surface correlates with the

ground-state products SiO(X 1Ȉ+) + O2(X 3Ȉ-g). The 3A' surface and the second 3A'' surfaces

correlate respectively with SiO(C1Ȉ+) + O2(X 3Ȉ-g) and SiO(D1ǻ) + O2(X
3Ȉ-g), which are also

exothermic reaction channels: 37,38

Si(3PJ) + O3(
1A1)ĺ SiO(C1Ȉ+) + O2(X3Ȉ-g) (ǻrHo298K = -232 kJ mol-1) (2b)

Si(3PJ) + O3(
1A1)ĺ SiO(D1ǻ) + O2(X

3Ȉ-g) (ǻrHo298K = -229 kJ mol-1) (2c)

Therefore, all states in the entrance channel are directly correlated to exothermic product in Cs

symmetry. However, k2 is somewhat below the capture frequency (figure 6). This may be

explained if only two of the three adiabatic triplet states generated by Si + O3 are reactive,

connecting with 2×3=6 out of 9 microstates. By analogy with equation III for reaction 1, 23

the total rate coefficient for reaction 2 would then be:

k(T) = kcapt(T) × [1 + 3 × e
-111/T+ 2 × e-321/T] × [1 + 3 × e-111/T+ 5 × e-321/T]-1 (V)

Figure 6 shows that equation V yields sensible rate coefficients in the temperature interval

studied experimentally.
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Si(
3
PJ) + CO2, H2O

The bimolecular channels of reactions 5 and 6 are highly exothermic, but spin forbidden:

Si(3PJ) + CO2(X
1Ȉ+)ĺSiO(X 1Ȉ+) + CO(X 1Ȉ+) (ǻrHo298K = -269 kJ mol-1) (5a)

Si(3PJ) + H2O(
1A1)ĺ SiO(X 1Ȉ+) + H2(X 1Ȉ+g) (ǻrHo298K = -310 kJ mol-1) (6a)

Calculations at the B3LYP/6-311+G(2d,p) level were therefore performed to explore the

formation of possible collision adducts on the triplet PESs of these reactions. Accurate

energies (±7 kJ mol-1) were then calculated at the CBS-Q level of theory.39,40 As a benchmark,

the heats of formation for SiO, SiO2, SiH, SiH2(
1A1) and SiC calculated at this level of theory

(Table 3) are in agreement with experimental determinations, taking into account that some

experimental values have considerable uncertainty.12,37,41 In the case of reaction 5, formation

of SiOCO and OSiCO is endothermic by 20 and 12 kJ mol-1, respectively, which is consistent

with the small upper limit to k5 obtained in the present study. In contrast, Husain and Norris

reported a large rate coefficient of k5 = (1.1 ± 0.1) × 10
-11 cm3 molecule-1 s-1,18 which they

explained by a non-adiabatic transition from the triplet reactant surface to the product singlet

surface of reaction 5a. There is no obvious explanation for the discrepancy with the result of

the present study of k5  1.2 × 10-14 cm3 molecule-1 s-1. However, we note that Husain and co-

workers42,43 did not observe the analogous spin-forbidden reaction between C(3P) and CO2 to

occur. Extrapolation to 293 K of the high temperature rate coefficients determined by Mick

and Roth 44 (2100 K � 3160 K) is consistent with the room temperature upper limit reported in

the present work.

Figure 8 is a potential energy diagram for reaction 6, which shows that formation of SiOH2

and HSiOH is exothermic by -50 and -142 kJ mol-1, respectively. However, insertion of Si

into H2O to form HSiOH involves a barrier of 34 kJ mol
-1. Although there is no barrier to

formation of SiOH2, this is a rather weakly-bound adduct and dissociation to SiO(a
3Ȉ+) +
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H2(X
1Ȉ+g) is endothermic (ǻrHo298K = 93.7 kJ mol-1 37,45). The quantum chemistry calculations

therefore explain the small upper limit to k6 measured in the present study at 10 Torr,

although stabilization of SiOH2 at higher pressures can be expected. There do not appear to

have been any previous experimental studies of this reaction.

Si(
1
D2) + N2, H2O

Chemical reaction of Si(1D2) with N2 to yield SiN(
2Ȉ) + N(4S) is spin forbidden and

endothermic by 351 kJ mol-1. However, a relatively fast removal of Si(1D2) has been

observed, indicating efficient physical quenching: k(Si(1D2) + N2, 293 K) = (4.0 ± 0.7) × 10
-11

cm3 molecule-1 s-1. This is in qualitative agreement with the observations of Le Picard et al.,21

who reported different behaviour of this species according to the nature of the buffer gas.

From the approximate figures given by these authors a quenching rate coefficient larger than

10-11 cm3 molecule-1 s-1 can be estimated. Koi et al. reported formation of Si(3P) in less than 1

ȝs,46 which they attributed to quenching of Si(1D2) by 10 Torr of N2, implying a lower limit of

3 × 10-12 cm3 molecule-1 s-1. On the other hand, Husain and Norris found an upper limit of 5 ×

10-12 cm3 molecule-1 s-1,47 although they pointed out that reduction of signal with added N2

limited the range of concentration that could be employed in their experiment.

Si(1D2) is rapidly removed in the presence of H2O (k(Si(
1D2) + H2O, 293 K) = (2.3 ± 0.3) ×

10-10 cm3 molecule-1 s-1). The Si(1D2) + H2O reaction is analogous to the chemical reaction

O(1D) + H2O, but the former is endothermic by 122.4 kJ mol
-1. The quantum calculations

shown in figure 8 indicate that besides physical quenching there could be a significant

contribution of chemical reaction to the removal of Si(1D2). The minimum energy path on the

singlet surface ends with the products SiO + H2, although SiO was not observed (see above).
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This suggests that reaction rather proceeds from the shallow SiOH2 well straight to the

products SiOH + H.

Atmospheric implications

In the atmosphere, meteoric ablation produces Si atoms, which will be oxidised to SiO very

rapidly by O2: at the ablation peak around 90 km in the MLT region
4 the lifetime of a Si atom

will be ~ 0.3 ms. The relative abundance of O3 to O2 in the MLT (~ 3 x 10
-5) makes reaction

2 a minor process. As there are no exothermic processes to recycle SiO back to Si, the

speciation of silicon depends only on reactions converting SiO into SiO2, and possibly SiOH

or HSiOH. An investigation of these reactions is reported in the second part of this study.24 A

full mesospheric silicon model using these kinetic measurements and comparing with rocket-

borne measurements5 will be published elsewhere.

Conclusions

The reactions of Si(3PJ) with O2 and O3 were found to be fast, and exhibited the characteristic

features of barrierless capture-controlled processes: a negative temperature dependence for

Si(3PJ) + O2, and insignificant temperature dependence for Si(
3PJ) + O3. A comparison of the

experimental rate coefficients to the adiabatic, multiple surface corrected capture rate

coefficients provided some insights into the mechanisms of these reactions. The reactions of

Si(3PJ) with CO2 and H2O were not observed, which is explained by the spin forbidden nature

of the strongly exothermic channels and the existence of barriers or shallow wells on the spin

conserving PESs.
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TABLES

Table 1. Rate constants for reaction 1 and relevant experimental conditions (4 Torr N2 in all

cases)

T / K J
a [O2] / 10

13 cm-3 Precursor k1 / 10
-10 cm3 s-1

190 0 2 � 260 PheSiH3 1.37±0.12

190 1 5 � 511 PheSiH3 1.30±0.09

190 2 5 � 511 PheSiH3 1.24±0.07

293 0 3 � 152 PheSiH3 0.96±0.09

293 0 8 - 460 SiBr4 1.19±0.07

400 0 13 - 127 PheSiH3 1.02±0.08

500 0 4 - 85 PheSiH3 0.99±0.10

a Spin-orbit state

Table 2. Rate constants for reaction 2 and relevant experimental conditions (J = 0 and 4 Torr

N2 in all cases)

T / K [O3] / 10
13 cm-3 [O2] / 10

13 cm-3 Precursor k / 10-10 cm3 s-1

190 7-165 5-125 PheSiH3 4.2±0.4

293 4-75 1-85 PheSiH3 3.9±0.4

293 5-61 5-113 SiBr4 3.5±0.5
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Table 3. Heats of formation (CBS-Q) of SiO, SiO2, SiH, SiH2, SiC, SiOCO, OSiCO, HSiOH
and SiOH2. For comparison, experimental values (where available) are shown in brackets.
12,13,37,48

Species a ǻHfo(0 K) (kJ mol-1) b

SiO (1+) -109.87 [-104.3±0.8 13]

SiO2 (
1+) -295.09 [-305±33 12] [-320.72 41]

SiH (2J) 366.20 [375±8 12] [366.9 41]

SiH2 (
1A1) 264.30 [275±3 13]

SiC (*3ȆJ)
c 731.4 [715±33 12]

SiOCO (3A) 63.30

OSiCO (3A") 54.79

SiOH (2A') -7.80

HSiO (2A') 19.32

HSiOH-cis (1A') -101.01

HSiOH-trans (1A') -101.09

HSiOH (3A) 67.65

SiOH2 (
1A') 240.40

SiOH2 (
3A) 166.82

H2SiO (
1A') -104.35

aOptimized geometries and molecular constants at the B3LYP\6-311+G(2d,p) level of theory
can be found in the supplementary electronic information. b Evaluated uncertainty =  7 kJ
mol-1.40 The heats of formation at 0 K of the corresponding atomic species are: Si(3P), 446±8
kJ mol-1; O(3P), 246.98±0.08 kJ mol-1; H(2S), 216.1640.004 kJ mol-1; and C(3P), 711.7±0.4
kJ mol-1.13 cThe nature of the ground state is uncertain.48

FIGURE CAPTIONS

Figure 1: Logarithm of silicon atoms fluorescence signal as a function of time at 293 K for

different O2 concentrations: no O2 (Ŷ), 8.2 × 1013 molecules cm-3 (Ƒ), 4.9 × 1014 molecules

cm-3 (Ÿ), 1.2 × 1015 molecules cm-3 (ǻ), 2.5 × 1015 molecules cm-3 (ż) and  4.2 × 1015

molecules cm-3 (Ɣ).
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Figure 2: Bimolecular plot (first order silicon decay rates k' as a function of O2 concentration)

for reaction 1 at 190 K (Ƒ) and 400 K (Ŷ).

Figure 3: Logarithm of silicon atoms fluorescence signal as a function of time at 190 K for

different O3 concentrations: no O3 (Ŷ), 7 × 1013 molecules cm-3 (Ƒ),  2.2 × 1014 molecules

cm-3 (Ɣ), 2.9 × 1014 molecules cm-3 (ż), 3.7 × 1014 molecules cm-3 (Ÿ), 5.3 × 1014 molecules

cm-3 (ǻ), 7.0 × 1014 molecules cm-3 (),8.9 × 1014 molecules cm-3 (◊) and 1.5 × 1015

molecules cm-3 ().

Figure 4: First order silicon decay rates k' (ż) and k'O3 (Ŷ) as a function of O3 concentration

(equation I) at 190 K. The gradients of the linear fits are (4.93 ± 0.12) × 10-10 cm3molecules-1

s-1 and (4.21 ± 0.16) × 10-10 cm3 molecules-1 s-1 respectively. The uncertainty in [O3] (not

shown) is 5% or smaller.

Figure 5: Comparison of the values obtained in the present study for k1 (blue squares) to the

experimental and theoretical values found in the literature (squares: experimental, triangles:

theoretical). The thick red and black lines are fits to the experimental and theoretical data of

the form A × T-B × e-C/T in the range 15 K � 300 K.21,23 The dark green triangles correspond

to the total capture rate coefficients obtained from the London Formula with C6 derived from

tabulated values. The light green triangles correspond to total capture rate coefficients for the

optimal C6. The green line shows an empirical fit of these values (equation IV).

Figure 6: Comparison of the experimental values of k(Si + O3) (Ŷ) to the capture upper limit

rate coefficients (thick solid line). Total rate coefficients obtained using multiple surface

factors for one and two reactive states are also shown (dashed and solid thin lines

respectively).

Figure 7. Adiabatic correlations under Cs symmetry for co-planar attack of Si on O3.
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Figure 8. Singlet and triplet PESs for Si + H2O (thick and thin solid lines respectively) at

CBS-Q level (±7 kJ mol-1). Calculated values reported in the literature are indicated by

squares (referred to SiO+H2).
49
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