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Rate coefficients for the reaction of ground-state silicon atom¥Sj(with acetylene and ethylene

have been measured at temperatures down to 15 K. The experiments have been performed in a
continuous flow CRESWCingique de Raction en Ecoulement Supersonique Unifoyrapparatus

using pulsed laser photolysis of(SH,), to generate SiP;) atoms and laser-induced fluorescence

to observe the kinetic decay of the atoms and hence determine the rate coefficients. Both reactions
are found to be fast, and the reaction rates show a very mild dependence on temperature. The rate
coefficients match the expressiongSi+C,H,)=(2.60.6)10 %(T/300) (*-7*029exp(—(29

+10)/T) cm®molecule 's™*  and k(Si+C,H,)=(3.7+0.3)10 *(T/300) (*-34-010exp(—(16

+4)/T) cm® molecule * s™1in the temperature range 15—-300 K. The nature of the products and the
similarities of the carbon and silicon chemistry are discussed.2001 American Institute of
Physics. [DOI: 10.1063/1.1396855

I. INTRODUCTION spectrum and structure are now well knofn?’ but only
Sl _ fth bund | in th _five other silicon compounds had a known rotational spec-
ilicon is one of the most abundant elements in the uniz, "1 years ago: SiN, SO, SIC, SiS, and S/ Many

verse. It is second only to qugen n its ”at““"?' terrestr"”“experimental and theoretical studies, however, have been
abundancé~28% of the earth’s crustand occurs in a great . . .
Earrled out in recent years, so that spectroscopic and struc-

variety of silicate minerals and as quartz. During the pas ural data have become available on c-Si&3Llinear sili-

decades, there has been considerable interest in the chemistr : . )
of organosilicon compounds, which have a wide variety ofcaln carbides Si, n ranging from 3 to JRefs. 32-34 as

applications in the field of sensdts,electronics™ well as t-he radio spe_ctra of Si8, Si.NC’ and SICN;’ the
coatings® biotechnologied® and nanotechnologide® latter being detected in an astronomical source a few months

More particularly, unsaturated hydrocarbons like ethylene ofater:* When considering hydrogenated silicon—carbon clus-

acetylene are used as precursor molecules in chemical vapt§i'S (SiGy/Hz), very little is known from a spectroscopic

deposition(CVD) of silicon carbide films on silicon surfaces. Point of view. Besides Si¢H, the only radicals for which

In order to better understand the absorption—desorptiodata are available are silicon methylidine SICH® and si-
mechanism, many experimerital* and computation&i-7  lylidene H,CSi.*® Despite predictions that such clusters
studies have been made. A|though the gaseous phase mglg}ould be deteCtaHl%in circumstellar envelopes and in the
influence the CVD process, the key step is the reaction of theolecular clouds, none of them has been detected®yet.

m bonds of the unsaturated hydrocarbons with the silicon The second reason for the under-representation of
surface. silicon-containing molecules compared to its cosmic abun-

Silicon is also present in space and its cosmic abundanc#ance is that, like other refractory elements, silicon is known
is roughly twice that of sulfur. However, when compared toto be heavily depleted from the gas phase due to its incorpo-
the 13 sulfur-bearing molecules detected in the interstellaration into silicate grain$*®*!or into nanoparticle®? It is
medium, the silicon-containing molecules are found to bepossible that such aggregate grains could be responsible of
under-represented. So far, the detected molecules are Sifhe formation of complex molecules, among them silicon-
SiS, SiC, ¢-SiG, SiC,, SiH,, SiH,,®72°SiC;,* and SICN??  pearing molecule®
Atomic Si has been observed only recefitiy the Orion-KL The form taken by the gas phase silicon varies greatly
nebula, a region where Shas already been detected. Thereamong the different components of the interstellar medium.
are at least two reasons for this apparent underyery few silicon compounds are detected in dense molecular
representation. clouds, as well as in photon dominated regiheahere sili-

The first one is that observational study of silicon- con is expected to be mainly in the form of SiS or $fO.
containing molecules relies on the accurate knowledge O&jlicon—carbides and more generally, all relatively complex
rest frequencies of these species. The Merril-Sanford bandgjicon-containing moleculeéwith the exception of silane
were assigned to SiCmore than 40 years ag8,and its  haye been found in the circumstellar envelope of the carbon-
rich star IRC-10216. The mapping of silicon dicarbide in
3Electronic mail: canosa@univ-rennesl.fr the envelope of this obje¥t*® has revealed a shell-like dis-
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tribution which puts additional constraints on the chemistrystudies of neutral-neutral reactions. The device is exten-
responsible for the formation of this species. As hydrocarsively described in Ref. 61, so the description below will
bons, many highly unsaturated, constitute a large part of théocus on details specific to the work reported here.
121 molecules detected in sp&€and since acetylene is one In the CRESU technique, the low temperatures are
of the major species in IRE10 216 with an abundance of a achieved by the isentropic expansion of a gas mixtaom-
few 10 ° with respect to H4"~*°it is necessary to measure sisting predominantly of a carrier gas, here helium, argon, or
the reaction rates of silicon atoms with hydrocarbons. molecular nitroge)) through a Laval nozzle. A supersonic

The chemistry and thermochemistry of silicon are notflow is generated in which the temperature, density, and ve-
very well known. The reaction schemes that are invoked tdocity are uniform along the flow. This temperature is a true
account for the formation of the detected neutral organosilithermodynamic temperature as the density of the flyywi-
con compounds in IRE10216 generally include ion— cally 10 to 10®cm™3) is high enough to ensure thermal
molecule reactions, with dissociative recombination as thequilibrium by collisions. The nozzle is mounted on a mov-
ultimate step®444°-51Some of these ion—molecule reactions able reservoir kept at room temperature, into which the car-
have not been studied in the laboratory, but the temperatunéer gas, the reagent gésthylene or acetyleneand the pre-
behavior and the 300 K rates can at least be evaluated usimgirsor of the silicon atomgetramethylsilane: 8CH,),] are
capture theorie¥*° This is not the case for neutral-neutral introduced, after passing through mass flow controllers
reactions, for which their rates and temperature dependend@&ylan), and mixed together prior to expansion.
cannot be predicted up to now. The importance of these re- As in a previous study concerning the reaction ofB)
actions for astrochemical models has been highlight88, with O,,°? silicon atoms were produced in the supersonic
however, and as it is admitted that they must be important foflow by multiphoton photolysis of tetramethylsilaf@MS
organosilicon chemistd#*° they are included in some hereafter, Aldrich, 99% purity, used without further purifica-
modelst®®3When the rate constant of interest has not beeriion). TMS, which is a liquid at room temperature, has a high
measured, the value adopted in the model is estimated frowmapor pressure, however: 785 mbar at 296 K. A gas mixture
results concerning the “analogous” reaction with a carbon-containing about 500 mbar of TMS and 2 bar of argon was
containing species, which is believed to be simifar>® thus prepared and stored into a stainless-steel tank. A small

Measurements of reactions rates of silicon atoms wittconcentration of this mixture, typically 0.1% of the carrier
acetylene and ethylene, together with other molecules, hawgas, was sufficient to generate a significant amount of silicon
been performed at 300 °° by Husain and co-workers, atoms. Photolysis of TMS was achieved using the fourth
who employed time-resolved atomic resonance spectroscoparmonic (266 nn) of a YAG pulsed laser beartSpectra
to monitor the SifP) concentration directly via the Physics, GCR 190, 10 Hz, 50 jndropagated along the flow
(3p? 3P—4s°P) transition at 252 nm. Although a factor of 2 and mildly focused at the nozzle exit by means of a converg-
exists between the different sets of measurements, the aing lens(37 cm focal lengthlocated inside the reservoir. A
thors report rapid room temperature rates, indicating that reburst of silicon atoms was produced around the focal point,
actions proceed at close to unit collisional efficiency. As farand flowed for several tens of microseconds before reaching
as we know, the products of reactions of silicon with hydro-the detection region. Here, a tunable pulsed ldSgectra
carbon have not been identified. Physics, MOPO 730 with frequency doubling option, 10 Hz,

In this paper, we present the first measurements of reac-10 uJ) propagated perpendicularly to the flow and excited
tions rates of silicon atoms with acetylene and ethylene dowithe 3p2 3P,—4s3P; transition of Si at 251.43 nm. The reso-
to 15 K. The experimental work has been achieved using thaant fluorescence signal was collected using a UV-enhanced,
CRESU techniquéFrench acronym for “reaction kinetics in optically fast telescope—mirror combination mounted inside
a uniform supersonic flow); which is now well established the vacuum chamber and set at right angles to both the flow
in the field of low temperature rate constant measurenténts.axis and the probe laser beam. It was then imaged through a
This technique has been recently used in Birminghiaid)  slit, onto the photocathode of a UV-sensitive photomultiplier
to study the reaction rates of carbon atoms with molecules adiube(Thorn EMI, 9813QSBafter passing through a narrow-
astrochemical interest. €) atoms were generated by pho- band interference filtetcentered at 250 njrto reduce the
tolysis of GO, at 193 nm, and their decay was followed
either by chemiluminescen®eor laser-induced fluorescence
(LIF) in the VUV These sets of measurements will be (== Y

2 MOPO 730

Nd: 355 nm

compared to the results obtained for silicon atoms, and thig vac
comparison will be the basis of the discussion about the| 2em
similarities of atomic carbon and atomic silicon reactions. Photolysis laser To Pumps

Carrier gas Movable
and Nz entry port R759”°" Laval Nozzle [

/
Il. EXPERIMENT J B '/5 é / i L
A. The apparatus { :[ ‘u\_w‘\ ’ a

Originally designed in the 1980’s for ion—molecule stud- sl e 37om ol pom ||| Detecion zone
ies at very low temperaturgglown to 8 K),®° the CRESU ety port foriestPm
apparatus has been associated with the pulsed laser photoly-

sis (PLP) laser-induced fluorescencklF) method for the FIG. 1. Schematic diagram of the CRESU apparatus.

Probe laser

Supersonic Flow
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scattered light from the photolysis laser. A sketch of the ap- § ssof
paratus is shown in Fig. 1. E aoof
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B. Measurement of the rate constant % 200}
The time delay between the photolysis pulse and the J ™t
probe laser pulse was set equal to the time required for the 10
silicon atoms to flow from the focal point to the detection 50 |
zone. During this time, the silicon atoms react with the hy- 0

. . 0 10 20 30 40 50 60 70 80 90 100 110 120 130
drocarbon molecules according to the reaction
(b) Delay time (us)
Si+C,H,,— products,
) ] . FIG. 3. First-order rate coefficient;;, as a function of the time delay for
with a rate constank. The LIF signal of the silicon atoms (g Si(3P,) +acetylene at 15 K anth) Si(3P,) + ethylene at 23 K.

was recorded and averaged over several hundreds of laser

shots, and the measurement was repeated for different hydro- ) ] )
carbon flow rates. The decrease of the LIF signal as a func@Pout 30us. On the other hand, using helium as a carrier
tion of hydrocarbon densityC,H] was well fitted by the ~92S: the SKD,) state tumed out to relax slowly on the time
exponential function exp{k'[C,H,]), where k' is ex- scqle of. the experiment. For all Lava! nozzles Workmg_m
pressed in cifmolecule. (Fig. 2. As the nozzle can be helium, it was therefore necessary to inject a quencher into
moved, the delayAt between production and detection of the flow to electronically deexcite the silicon atoms. was
Si(®P) can be varied using a delay generator, and skice & go?d candidate for this purpose, as its reaction Wl_tr?Bj (
=k At, the plot ofk’ versusAt is a straight line whose and "D,) to yield SiN is endothermic. Its quenching effi-

slope is the rate constakgat the temperature and density of CIENCy, moreover, was found to be high so that addition of a
the nozzle usedFig. 3. small amount of N, corresponding to about 1% of the total

density, ensured complete deexcitation of the electronic state
within 50 us. Although higher electronic states were not
probed in this study, it is likely that they are also produced
As discussed in Ref. 62, because of laser focusing, phcand we assume that they are relaxed efficiently by argon or
tolysis of Si{CH,), generates silicon atoms in a non- nitrogen.
Boltzmann spin—orbit distribution, and the first excited elec-  The spin—orbit relaxation of the Si) states was
tronic state SitD,) which lies 0.78 eV above the ground checked by probing the three level3<0,1,2) by exciting
state has been detected together with ) (states of in- the transitions B?°P,—4s3P; (251.43 nm, 3p?3P,
terest. The efficiency of the quenching of the, state de- —4s3P, (250.69 nm, 3p? °P,—4s3P, (251.61 nn), respec-
pends, however, on the nature of the carrier gas. The relativievely. For all nozzles, the relative intensities of these transi-
population of this state was measured by exciting theions were found to be constant after abouty&) indicating
3p?'D,—4s'P, transition at 288.16 nm with the probe la- that an equilibrium had been reached.
ser; resonant photons were collected through the previously In all cases, therefore, the kinetics of the reactions of Si
described optical system in which a narrow-band filter cenwith ethylene and acetylene was carried out in conditions
tered at 289 nm was used. When the carrier gas was argowhere both deexcitation reactions were compleigd
and in the absence of any reactant gas, measurements ind50 us; see Table)l As a consequence, the rate coefficients
cated that quenching diD, was always completed within obtained in our experiment are for 3R;) atoms displaying

C. State of the Si atoms
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TABLE |. Rate coefficients for the reaction of 8K;) atoms with acetylene. For each temperature the main
experimental conditions are also given and more particularly the acetylene density range. The number of
measurements represents the number of time deldyfor which an LIF decay signal was recorded as a
function of the acetylene density.

T Buffer  Number of  Total density [CH,] At range Rate constant
(K) gas measurements (X10%cm™3) (x10%cm9) (19 (X 10 Pcn molecule*s™Y)
15 He 5 5.05 1-27 75-200 349.18
23 He 5 4.73 1-23 60-115 4.1D.12
36 He 5 5.28 1-22 60-190 4.53.28
49 He 5 10.0 1-81 75-105 5.69.26
52 Ar 5 10.3 1.5-71 100-400 4.8®.17
72 N, 6 5.79 1-40 50-150 5.180.25
97 Ar 5 15.45 0.1-8.9 100-450 420.32
168 Ar 6 9.01 0.1-27 100-500 3.1@.25
295 Ar 5 9.23 0.4-16 100-500 22®.22

8Errors quoted are-to errors, wherd is the value of the studenttsdistribution for the 95% point.

the Boltzmann-type spin—orbit distribution at the tempera-stants that were not significantly higher than the rate con-

ture of the flow. Determination of the individual state-to-statestants measured without,NThis is interpreted by the fact

relaxation rate coefficients will be the subject of a forthcom-that ethylene is an efficient quencher of #ie state. A simi-

ing article. lar behavior was noted for £3% At the opposite, as acetylene
Si(®P;) and SifP,) lie at 111 and 321 K above seems to be a poor quencher for ti state, the reaction

Si(®Py), respectively, so that at 15 K, only ti@, level is  rate constants obtained with,ave been found to be about

populated(Fig. 4). This was obvious on the LIF spectra, on 30% higher than without N

which at 15 K only the signal of thé=0 state was present The reaction rates were fitted by the relations

and at 23 K, the signal arising from tlle= 1 state was hardly

detectablgFig. 5. Incidentally, the measurements at 15 and

23 K are relative to the singleJ&0) state.

IIl. RESULTS (1.0 ()
(2,1)

T=141K

Our experimental results are listed in Tables | and Il, and ~ #f
log(k) is plotted as a function of lod@j in Fig. 6 for both 5
reactions. Only statistical errors are quoted. Some systematiZ
errors due to flow control inaccuracies or inaccuracies in the s
determination of the total buffer gas density should, however, . 22)
also be taken into account. Every effort was made to mini- ~
mize these, and we estimate that the additional error does nc
exceed 10%.

These results concern tHi@ states of Si, théD state 251
being quenched by the addition 0Nt is worth noting that
in the case of ethylene, the addition of Kd to rate con-

Y PP TRRR Y VPR TR T |
. i

252 253

Excitation wavelength (nm)

T=23K
8 1,0 ]
1.0 10
3
s ,0 ]
0.8 - E:
o
c G
2 w
8 06+ S 17 1
o — J=0
g ceeed=1 o
[} —— J= BRI e
£ 04/ J=2 0 WWMWMWMNM
2 : 7 251 252 253
E e Excitation wavelength (nm)
0.2 A . L
i FIG. 5. LIF spectra of the Ji4s(®P;)—3p?(3P,)] transitions recorded in
- 7 the CRESU apparatus at two different temperatures: 14dpiger spectrum
0.0 T " - T and 23 K (lower spectrum The transitions are labeled according to the
0 100 T (K) upper and lower spin—orbit levels involved’(J”). In both cases, the delay

times between the photolysis and probe laser pulses were made sufficiently

FIG. 4. Relative spin—orbit populatiorfsalculatedl as a function ofT. long (290 and 95us, respectivelyto allow total spin—orbit relaxation.
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TABLE II. Rate coefficients for the reaction of SR;) atoms with ethylene. For each temperature the main
experimental conditions are also given and more particularly the ethylene density range. The number of mea-
surements represents the number of time deMyfor which an LIF decay signal was recorded as a function

of the ethylene density.

T Buffer  Number of  Total density [CH,4] At range Rate constant
(K) gas measurements (X10%cm™3) (x10%cm ) (19 (X 10 Pcn molecule*s™Y)
15 He 5 5.05 1-24 80-200 35D.1¢
23 He 5 4.73 1-27 60-120 4.29.07
52 Ar 7 10.3 0.1-12.9 50-350 4F0D.19
72 N, 5 5.79 1-50 50-125 5.380.18
97 Ar 6 15.45 0.2-5.6 200-450 4.49.22
141 Ar 5 9.01 0.6-6.7 200-400 430.20
295 Ar 6 9.23 0.4-12.4 100-800 346.32

8Errors quoted are-to errors, wheré is the value of the Studentisdistribution for the 95% point.

—(0.71:+0.24)
: _ -10
k(Si+C,H,) = (2.6=0.6)10 (300)
29+10
xex;{ - %) cm® moleculets™,
and
~(0.34+0.10
. _ 10
K(Si+C,H,) =(3.7£0.3)10 <300)
(16 4) .

) cm®molecule ts™4,

X -
o] - 05

where errors are quoted &<2o, ¢ being the standard error.

10

— s

N
=)
5
T
-
!

k (cm® molecule™ )

101 1
10 100

Temperature (K)

FIG. 6. Rate constants for the reaction of3gif) with acetylene and eth-

ylene as a function of temperature plotted on a log—log scale. The open

circles (O) show the results from the present work for 3ig) + C,H, and
the filled circles(®) for Si(*P;)+ C,H,. The results of other workers at
room temperature for SiP,) + C,H, are shown as an open trianglgef.
56) (A) and an open diamon@Ref. 54 (< ). The results of other workers at
room temperature for SiP,) + C,H, are shown as a filled triang(®ef. 56
(A) and a filled diamondRef. 55 (#). The dashed line is a fit to all the
CRESU data for for SiP;)+C,H, yielding k=(2.6+0.6)

X 107 10(T/300) (0-710-24) exp(—(29+ 10)/T) cm® molecule ts™%.  The
continuous line is a fit to all the CRESU data for 3¢) + C,H,, yielding:
k=(3.720.3)x 10 1%(T/300) (034010)  exp(—(16x4)/T) cm® mole-
culets™t,

IV. DISCUSSION
A. What are the products?

Our experimental technique does not allow us to deter-
mine the nature of the products, so the following discussion
is based on energetic considerations. Heats of formation of a
number of organosilicon compounds are available in the
litterature®® but most of the data are for saturated stable
compounds such as methylsilanes, and few data are available
for unsaturated molecules. Among the compounds of inter-
est, only the heat of formation of cyclic silicon dicarbide
c-SiC, has been determined experimentfiland theoreti-
cally (see Ref. 27 and references thejell other heats of
formation are calculatel;®*~®"The available thermochemi-
cal data are summarized in Table IlI.

The variation of the Gibbs energy of reactiArG; tells
us if a reaction proceeds or not. Such data are scarce for
organosilicon compounds, and when the entropy of forma-
tion of a compound is not available, we shall consider that
the reaction must be at least exothermic. Endothermic reac-
tions are ruled out as our measurements are carried out at
low temperatures. It should be noted that the lower the tem-
perature, the closekG, and AHx,.

According to these constraints, two main routes are open
for the reaction of silicon with acetylene or ethylene

Si+C,H,— SICH,,
— SicZHn,2+ H2.

For the SifP) + acetylene reaction, their energetics at 298 K
are the following:

Si+C,H,—¢-Si(CH), AH;=—320kJ/mol, (1)
—HSICCH  AH,,=—238kJ/mol
AG,,=—208kJ/mol, (1)
—¢-SiG+H, AH,=-61.7kJ/mol
AG,=—61.2kJ/mol, 2

and for Si¢P)+ ethylene
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TABLE Ill. Thermochemical data for organosilicon compounds.

Canosa et al.

Developed AH(0K) AHC(298K) | S¢ (298K)
Formula Common name Lo
formula (kJ/mol) (kJ/mol) (J mol” K™)
Si °P 44578 450° 168*
H Sin 216.08 218
H, ' 0 0 130.7°
CH, ' Acetylene 235.7¢ 226.7° 201°
CH, 'A, Ethylene 61.0°8 52.5° 219.3°
SiC, A A, Silicon dicarbide 648 615° 236.7°
c=C
SiC,H Si—C=CH g 523¢ 539°
S '
SiC2H2 /C:C\ A1 359.5°
H H
H— Si—CZ=CH 439° 439° 269.2¢
SiC,H; N 413.8¢ 397°-409%
SiCHs | m,si—C=CH ‘A Silylacetylene 229.9° 214.8°-253° 2684
H/,, _bH f e
2l Silacyclopropene 284.3-301.4
L=C
H H
A, silacyclopropylidene 285.8°
Si
/\ R ] ] ]
H“‘?_({;"'H B, silacyclopropylidene 4304
H H
H2c=<H:—SiH vinylsilylene 316° 3074-329° 278.8¢
H,C=Si=CH, A 2-silaallene 406"
HsC—Si =CH 2-silapropyne 468.7"

“Reference 63.
PReference 27.
‘Reference 64.
dReference 67.
*Reference 66.
Reference 65.
9Reference 79.

Si+C,H,— SiC,H,— 287.7
<AH,=—33.8kJ/mol

(depending upon the isomer
AG,=—214kJ/mol for HSICCH,
—¢-SICH),+H, AH,;=—143kJ/mol,

—HSICCH+H, AH,,=—63kJ/mol

AG,,=—67kJ/mol.

(4

3) From a mechanistic point of view, reactiofis, (1'), and(3)
are three-body associations whose apparent second-order rate
constant is measured. In the conditions of our experiment,
only the buffer gas can play the role of the third body, and in
(4)  this case, the calculated three-body association rates are

greater than 10°’cm®molecule ? s™ 2,

Such a calculated

rate could correspond to a saturated reaction, but its fairly
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_ S F M Si si
S$i + H-CZC-H == | d=c¢ | —| = t A
‘ N . N . HwC—Cony
H H H H H, H Si ’M] 4 S
si + c=¢/ == e | — HoH
1 H— Si—C=CH H H HYy $"H H,C=C-SiH
H H H
Si HsC—Si =CH
/A + H
C=C
FIG. 7. Reaction scheme for S8R ;) + C,H,. Si
,C/:\C\ + Hp
H H
high value suggests that if three-body associations occur, FIG. 8. Reaction scheme for @R,)+ C,H,.

they are competing with bimolecular channels.

The reaction of sillylene (Sif) with acetylene has been
studied experimentalf§®® and theoreticallj®’® This reac-  we measure true bimolecular rate constants is the insensitiv-
tion could have some similarities with-8C,H,, as products ity of the rate constants to the nature of the carrier gas, which
are isomers with the formula Sj8,. Experimentally, it was s required to stabilize the adduct.
found that the pressure dependence of this reaction was such The possible reaction schemes are summarized in Figs. 7
that it suggested the coexistence of a bimolecular and a tegngd 8.
molecular channé® Ab initio calculations coupled with ki-
netic analysis have been performed on the association chan-
nel, and have suggested a reaction scheme, where th
reaction intermediate is excited silacyclopropene
(c-H,SiC,H,), which can be either collisionally stabilized, or
undergo isomerization to silylacetylene (HCCSjtdr vinyl- The reactions of C{P;) atoms with hydrocarbons,
silylene (HLCCHSIH). These rearrangements have an activaamong them acetylene and ethylene, have been studied re-
tion barrier of 172 and 154 kJ/mol respectively, which is lesscently by Chastaingt al>**°The reaction kinetics was mea-
than the exothermicity of the reaction, and do not requiresured in the same temperature range as this work.
more than two chemical bonds to be broken and reformed. ~ The reaction rates for carbon atoms are quite similar to

If a cyclo-addition of Si to ethylene occurred in our ex- those obtained for silicon, and can be fitted by the relations:
periment, then the adduct would be silacyclopropylidenek(T)=(2.9+0.3)10 *%(T/298) (*1#919 for acetylene,
c-Si(CH,),. This reaction is rather exothermic if the adduct isand k(T) = (3.0+0.4) 10" *%(T/298)" (*11=097 for ethylene.
formed in its ground electronic state, but if one considers thd he measurements and their fits are represented in Figs. 9
possibility of forming c-SiCH,), in the first excited {B,) and 10, together with the corresponding results for silicon.
state, a reaction which is spin-allowed, the energy excess is The main difference is the slight decrease of the rate

Comparison with  C(3P;)+acetylene or ethylene

1. Reaction rate constants

much less, constant that is observed below 50 K in the case of silicon.
] ) N . This could be attributed to a dependence of the reactivity on
Si+CoHy—¢-SCHp)("A1)  AHg=—216 kJ/mol, (®)  the spin—orbit state of the atom, as the relative spin—orbit
—C-SICH,)(°B;)  AHg=—72kJ/mol. (6)
This adduct could be collisionally stabilized, or could un-  10°

dergo isomerization. Direct rearrangement of silylacetylene
or vinylsilylene would need four chemical bonds to be bro-
ken or reformed, and thus is highly improbable. However,
c-Si(CH,), is very close in energy to the adduct formed by %,
the reaction of Siklwith acetylene, and the isomerization of "o
silacyclopropylidene to silacyclopropene requires the 1—22
shift of two hydrogen atoms. Silacyclopropene could then g
rearrange further to form more stable products. As far as We”g
know, no studies have been made on the rearrangements (x
silacyclopropylidene, and the fate of the adduct depends or
the height of its isomerization barriers, among other param-
eters. 100 ,

Channelg2), (4), and(4') correspond to the dissociation 10 100
of the adduct, forming molecular hydrogen and a reaction Temperature (K)
product. The energy excess removal is then ensured by hyiG. 9. Rate constants for the reaction of*8ig) with acetylene(®, this
drogen ejection. Reaction®) and (4) are spin-forbidden, work) and CEP;) with acetylengRef. 59 (00), as a function of temperature
and the intermediate adduct has to be sufficiently long lived?'oted on a log—log scale. The continuous line is a fit to the data
to allow time for intersystem crossing to a singlet surface. o SICPa)* Gty yielding k=(26:0.8)<10 *(T/300) =~ -

L9 X exp(—(29+10)/T) cn molecule * s™1. The dashed line is a fit to the data

The termolecular channels cannot be eliminated on they c@3p,)+CH, yielding k=(2.9+0.3)x 10" 19(T/298) (©12:0.10)

basis of our measurements. The only indication we have thaimolecules™?.
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10° ' as the products of the reaction of silicon atoms with the same
hydrocarbons. The reaction of C withi€, leads mainly to
CsHs+H (Ref. 79 and the corresponding channel is endot-
hermic for silicon. H ejection is also observed in the
C+C,H, reaction’®’"leading to GH, but in a recent experi-
mental study, Loisoret al.”® have shown that the ratio of H
atom detected per C atom consumed is only about 50%.
B They suggest that the other products for this reaction are
C;+H,. The corresponding channel for silicon is the forma-
tion of silicon carbide Sig The structures of the products
are, however, not the same, agi€linear and Sig cyclic.

k (cm’molecule's™)

10110 . V. CONCLUSION
10 100

Temperature (K) We present the first kinetics measurements of gas-phase
FIG. 10. Rate constants for the reaction of°8if) with ethylene(@®, this reactions of silicon -atoms with ethylene and acetylene below
Worl-<) ar.1d CE€pP;) with ethylene(Ref. 59 (), as a function of temp’erature ;300 K. These reactlon_s _have l_)e(_en found to be faSt’_prOC_eed-
plotted on a log-log scale. The continuous line is a fit to the data foriNg at close to the collisional limit. From an energetic point
Si(3P,) + CyH,, yielding k=(3.7£0.3)x 10719(T/300) (©34=0.10  of view, Si+C,H, can form SiGH,, and/or SiGH,,_,+ H,.
X exp(—(16=4)/T) cm® molecule *. The dashed line is a fit to the data for OQur experiment does not allow us to determine the nature of
CCP)+CH,  yielding  k=(3.0£04)x10 (T/298) (**=00  yho nraqucts, nor to distinguish between a termolecular satu-
cnt molecule t 721, . . .
rated reaction and a true bimolecular reaction. These results,
however, and especially the results concerning acetylene,
populations change dramatically between 295(Khere Wil have consequences for astrochemical models of IRC
Ny_g:Ny_p:Ny_»,=1.0:2.7:1.72 and 15 K (where +_10 216, yvhere the abu_ndance and the spatial distribution of
Ny_o:Ny_;:N;_,=1.0:0.001<10"%). SiC, remain to be explained. _ N
The analogy between reactions of carbon and silicon at-
oms has been discussed. The main conclusion that can be
drawn is that reaction ratdat least their order of magnituge
Although Si and C belong to the group IVB4) of the  may be guessed for silicon reactions, from their analogs for
periodic classification, their chemical behavior is verycarbon. This is true namely when the reactions are driven by
different"* The chemistry of carbon is characterized by thejong-range forces as is the case here, where the first step is
ablllty of this element to form Single, double, or trlple bonds the formation of an adduct between the silicon and the
with itself and with other atoms. On the other hand, silicongrbitals of the unsaturated hydrocarbon. The analogy fails,
leads to form multidirectional Single bona%'.l'he best illus- however' with the products of the reaction' which are very
tration of the difference existing between the carbon and siligjfferent according to the nature of the reactants.
con “analogs” is provided by C@and SiQ: carbon dioxide
is a gas, properly written ©C=0, whereas SiQis a net-  AcKNOWLEDGMENTS
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