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Abstract

Silane—ethane and silane—ethyne systems have been studied by ion trap mass spectrometry and the variation of the abundances,
with reaction time, of the ions containing silicon and carbon together in 5:1, 1:1 and 1:5 mixtures, have been reported. The best
ion yield, which increases with the total pressure, is observed for 1:1 silane—ethyne mixture. Reaction mechanisms and rate
constants of the first nucleation processes have been determined. In SiH,—C,H, systems, the formation of ions containing new
Si-C bonds occurs starting mainly from Si, H," ions in the first steps, whereas the Si,,C,H cluster species further reacts with
high efficiency in processes with ethyne. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

The interaction and reactivity of ions and molecules
in gaseous systems containing silane and small satu-
rated and unsaturated hydrocarbon molecules have
been investigated by both experimental and theoretical
methods [1-7]. This research allows the mechanisms of
formation of chemical bonds between silicon and car-
bon in species identified in interstellar clouds [8,9] to be
simulated, and in general, provides information on the
intrinsic reactivity of ions in the absence of perturba-
tions due to solvents or counterions [10—15]. Moreover,
knowledge of the mechanisms and rate constants of
ion—molecule reactions for the formation of hydro-
genated clusters containing silicon and carbon is inter-
esting from an applicative point of view. In fact, these
ion species can be considered the charged precursors of
amorphous silicon carbides. These are semiconducting
materials with properties depending on the composi-
tion, and can be prepared by deposition from appropri-
ate mixtures suitably activated [16,17].

In this paper we report results on: (i) the trends of
abundances of ions containing new Si—C bonds, as a
function of the partial pressures of the reagents, the
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total pressure and reaction time; (ii) the mechanisms of
chain propagation in silane—ethane and silane—ethyne
systems, obtained by ion trap mass spectrometry. The
rate constants of the main ion—molecule reactions are
determined as well and compared with the collisional
rate constants calculated by the Langevin theory [18]. A
number of ion—molecule reactions observed in these
systems have been studied previously in experiments
carried out under rather different conditions [2,3].

2. Results and discussion
2.1. Silane—ethane mixtures

Variations of the total abundances of all the ions
containing both silicon and carbon (mixed ions) for
three SiH,—C,Hy mixtures (5:1, 1:1 and 1:5 ratios of
partial pressure of the reagents) are reported at the
total pressure of 1.0 x 10~ Torr, as a function of
reaction time (Fig. 1). The best yield of all the mixed
ions is given by the mixture with equal partial pres-
sures, whilst an excess of C,H slightly lowers their
relative abundances and an excess of SiH, strongly
decreases them.

The reaction mechanisms have been studied through
isolation steps of single ion species and identification of
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Fig. 1. Variation of total abundances with reaction time for silicon

and carbon containing ions in SiH,—C,H, mixtures at 1.0 x 10~°

Torr total pressure.

their charged products. In some cases, ionization of the
two reagents gives isobaric primary ions, such as Sit
and C,H; at m/z 28; SiH* and C,H{ at m/z 29; SiH;
and C,H{ at m/z 30. The reaction mechanisms starting
from these species have been elucidated by experiments
with the pulse valve and, therefore, with just one
reagent in the trap during the ionization step.

The SiH,S (rn =0-3) primary ions of SiH, react with
C,H; to give the SiC,H, (n=46, 7) ions. These prod-
ucts are formed by reaction of C,H, with SiH; and
SiH5", respectively, with ejection of a hydrogen
molecule, while a small contribution to the abundance
of SiC,Htand SiC,H; is also given by addition of a
molecule of ethane to Si™ and SiH™, without elimina-
tion of a neutral moiety. Moreover, Sit gives SICH;
and a methyl group, and SiH; forms SiC,Hi with
elimination of two hydrogen molecules.

The Si,H," ions, originated by self-condensation of
SiH,, react with ethane too, yielding ions containing

Table 1
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silicon and carbon together. In particular, Si,H; and
Si,H+ give Si,C,HS and Si,C,HS, respectively, and
eliminate two hydrogen molecules. Peaks observed at
m/z 84 and 85 are likely due to Si,C,H; and Si,C,HJ",
respectively, which can originate in similar pathways,
such as:

Si,H,” + C,He—Si,CH, > + 2H, (n=2,3) (1)

or from the isobaric SiC,H, (n =6, 7) ions, according
to the following reaction:

SiC,H," + SiH, — Si,C,H,"_, + 3H, n=6,7 (2

However, the latter path is unlikely, as it involves the
elimination of three neutral fragments. Moreover, a
contribution from the SiC,Hg and SiC,Hg ions to the

peaks at m/z 84 and 85 through the reaction:

SiCH; + C,H, —»SiC,H, , +2H,  (n=6,7) (3)

cannot be ruled out by experimental evidence, as both
reactant and product ions of the reactions (1)—(3) have
the same m/z value. Experiments using pulse valve or
double isolation steps are not useful, as Si,H; and
SiC,H{ are both formed from Si*, just as Si,H; and
SiC,H; are given by SiH™.

The primary C,H,’ (n = 1-6) ions of C,H react with
SiH, to give the SiH,” (n=0-3) ion family and alkyl
radicals or hydrocarbon molecules. A parallel reaction
path forms the SiC,H, (n = 3-7) ions with elimination
of one or two hydrogen molecules. In Table 1, the rate
constants of the ion—molecule reactions of C,H," (n =
2, 3) with SiH, and of Si,H;” with C,H, are reported.
The rate constants of other processes observed in this
system could not be determined, either because they are
too low to give reproducible results, or because the
pressure is not constant in the experiments carried out
with the pulse valve.

Table 1 also reports the reaction enthalpies, or their
limits, of ion-molecule reactions involving species
whose formation enthalpies are known from the litera-
ture [3,21-23]. The data show that all the processes
observed are thermodynamically favoured.

Rate constants for reactions of C,H;" and C,H3 ions with SiH, and of the Si,H; ions with C,H, in SiH,~C,H systems *

Reaction kexp Zhkexp ky ® Efficiency © AH Sy ¢
C,Hj +SiH, ~SiHy +C,H, 2.6 —368
~SiH{ +C,H, 13 —249
SiC,H; +H, 1.1 5.0 12.85 0.39 <504
C,Hi +SiH, ~SiHy +C,H, 3.2 —243
- SiC,Hi +H, 2.1 5.3 12.72 0.42 —43.6
Si,Hy +C,H, > Si,CoHe +2H, 2.6 2.6 11.05 0.24

4 Rate constants are expressed as 107!° ¢cm® molecule !

s~ !; experiments were run at 333 K.

b Rate constants have been calculated according to the Langevin theory [18] taking the polarizability of SiH, from [19] and of C,H from [20].

¢ Efficiency has been calculated as the ratio k., /ky.

d Enthalpies are expressed in kcal mol~! and have been calculated with heats of formation taken from [3,21-23].
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Fig. 2. Variation of total abundances with reaction time for silicon
and carbon containing ions in SiH,—C,H, mixtures at 8.0 x 107
Torr total pressure.

2.2. Silane—ethyne mixtures

In Figs. 2 and 3 the variations of the abundances of
all the ions containing both silicon and carbon are
reported, as a function of reaction time, for three
SiH,—C,H, systems (5:1, 1:1 and 1:5 ratios of partial
pressure of the two reagents) at total pressures of
8.0 x 10~7 and 2.4x10~° Torr, respectively. The in-
crease of total pressure raises the yield of the Si,,C,H,'
ions at any ratio of reagent partial pressures. At 2.4 x
10~ ¢ Torr, the highest ion abundances are exhibited by
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Fig. 3. Variation of total abundances with reaction time for silicon
and carbon containing ions in SiH,—C,H, mixtures at 2.4 x 10~¢
Torr total pressure.

the 1:1 mixture and the lowest ones by the mixture with
an excess of ethyne.

A comparison of the trends of total ion abundances
reported in Fig. 1 (silane—ethane) and Fig. 2 (silane—
ethyne) shows a higher reactivity of ethyne with respect
to ethane. This behaviour is not surprising basing on
the presence of 7 electrons in ethyne, which enhance its
reactivity with respect to ethane [10]. Moreover, in both
systems the best yield of mixed ions is obtained in the
1:1 mixture, but an excess of ethyne reduces the abun-
dances of mixed ions in the SiH,—C,H, mixture by a
larger extent than an excess of ethane does in the
SiH,-C,H, one.

The primary ions of silane SiH," (n = 0-3) react with
C,H, to originate the SiC,H, (n =1, 3) ions and with
SiH, to give the usual Si,H,} (n=2-5) ion species in
self-condensation processes. Formation of SiC,H,’
(n=1, 3) occurs with good efficiencies from SiH* and
SiH5", respectively, as it can be seen from Table 2,
where the rate constants of the main ion—molecule
reactions of SiH,", Si,H,} and Si;H{ ions with C,H,
are shown. Moreover, formation of SiCHj is also
observed in the reaction of SiH* with ethyne. The
values of the self-condensation rate constants of SiH,,
obtained in these experiments, are also reported in
Table 2 and are in good agreement with the data
published in the literature [11,15,27]. The secondary
Si,H," (n=2-5) ions are involved in self-condensation
reactions to give the Si;H," (n =4-7) species and react
with ethyne to form the Si,CH, (n=1-3) and
Si,C,H," (n=2, 3, 5) ion families. As shown in Scheme
1, where the reaction pathways of SiH* are reported as
an example, the third reaction step starting from Si;H3
and neutral C,H, leads to the Si,CH™ ions, also formed
from Si,H;, and to the most abundant Si;C,H; ions
with elimination of two hydrogen molecules. These
reactions show rather high rate constants. All the
Si;H,F (n =4-7) species exhibit a similar behaviour and
the Si;C,H;} (n=2-5) ions are important charged
products containing silicon and carbon together. Reac-
tion of Si;HY with C,H, also gives Si,C,H3, from
which Si,C,H™ is formed in a successive step. This is an
example of a general process encountered in this sys-
tem, in which ethyne extracts two hydrogen atoms from
a charged species to give a molecule of ethene.

The chain propagation proceeds further, mainly from
ions containing only silicon and hydrogen. The Si,H;
species, formed in self-condensation of Si;H3, react in
two successive steps leading to Si,C,H3i and Si;C,H,
respectively. The former product is obtained in the
reaction with C,H, and subsequent elimination of two
H, molecules, and the latter in a second reaction with
SiH, followed by elimination of one H, molecule. Fur-
thermore, Si,C,H{ is involved in two parallel addition
processes with both SiH, and C,H,, to give SisC,Hg
and Si,C,H7, respectively, without elimination of neu-



P. Antoniotti et al. / Journal of Organometallic Chemistry 589 (1999) 150156 153

Table 2

Rate constants for reactions of SiH,", Si,H;F and Si;HZ ions with C,H, and SiH, in SiH,~C,H, systems *

Reaction Kexp Zhkexp ky ® Efficiency © AH Sy ¢
Si* +C,H, - SiC,H* + H 32 32 11.61 0.28 <—115
+SiH, - Si,H; +H, 6.5 6.5 12.59 0.52 ~19.1
SiH* +C,H, — SiC,H* + H, 8.4 8.4 11.51 0.73 <40
+SiH, - Si,Hy +H, 7.8 7.8 12.47 0.63 —15.5
SiH; +C,H, - Si* +C,H, 2.0 21
~SiC,H{ +H 7.5 9.5 11.41 0.83 ~26.5
+SiH, - SiH; + SiH, 5.5 1.5
—Si,Hj +H, 73 12.8 12.36 1.04 —16.1
SiH: +C,H, — SiH* + C,H, 23 ~56
—SiC,H{ +H, 0.83 3.1 11.32 0.28 ~39.5
+SiH, - Si,Hs +H, 0.5 0.50 12.26 0.04 —16.1
Si,Hy +C,H,—Si,CH ™" +CH, 6.0
- Si,C,Hy +H, 0.42
—SL,CHY +H 0.79 7.2 10.05 0.72
+SiH, - Si;H; +H, 0.35 0.35 10.71 0.03 <-29
Si,Hy +C,H, - S, CH* +CH, 0.86
- Si,CH; +CH, 12 +13.3
- SL,CH{ +H, 2.4 45 10.03 0.45
+SiH, - Si;HS +H, 34 34 10.68 0.32 <-34
Si,H; +C,H, — SiC,H; + SiH, 0.43 )
- Si,Hj +C,H, 3.9 24
- Si,CHj +CH, 0.91 297
- Si,C,H; +H, 1.4
—Si,CHS +H 1.3 7.9 10.01 0.79 <+56
+SiH, - Si;Hg +H, 0.2 0.20 10.65 0.02 <43
Si,Hs +C,H, - SiC,Hy +SiH, 0.24 ~235
- Si,Hf +C,H, 2.9 =5
—Si,C,H? +H, 5.1 8.2 9.98 0.83
+SiH, - Si;Hf +H, 0.62 0.62 10.62 0.06
Si;HZ +C,H, — Si,CH* + SiCH, 2.5
- Si,Hf +C,H, 1.0
- Si;C,H{ +2H, 4.0
- Si,C,H7 +SiH, 0.53 8.0 8.12 0.99
+SiH, - Si,H; +H, 4.0 4.0 10.03 0.40

2 Rate constants are expressed as 10~ '° cm® molecule !

s~ !; experiments were run at 333 K.

b Rate constants have been calculated according to the Langevin theory [18] taking polarizability of C,H, from [20] and of SiH, from [19].

¢ Efficiency has been calculated as the ratio k., /k; .

4 Enthalpies are expressed in kcal mol~! and have been calculated with heats of formation taken from [3,21-26].

tral species. A similar reaction pattern is displayed by
SisC,H7, which gives SiC,H{; and Si;C,Hs . Again
no neutral species are eliminated in these processes.

The primary ions of C,H,, C,H,; (n=0-2), react
with silane, leading to the SiH,) (r=0-3) and
SiC,H,;} (n=3-5) ion families. Both C,H" and C,H5
ions show high total efficiencies and relatively high
rate constants for the reaction channels leading to
silicon and carbon containing ions (see Table 3). Self-
condensation of ethyne gives the C,HS and C,Hj
species, which also lead to ions containing new Si—C
bonds, with formula SiC,H," (n=1-5) and SiC,HJ .
Very high efficiencies are obtained for reactions start-
ing from C,H; ions. The formation of SiCH; is ob-
served too, which occurs either from reaction of SiH,
with C,Hs and subsequent elimination of a methyl
group, or with C,H;, followed by elimination of
C;H,.

Formation of clusters of increasing size takes place
also through reaction channels involving ion species
containing silicon and carbon reacting with both the
neutral reagents, as can be observed in Scheme 1 for
the species originated by SiHT. In particular, the
Si,CH, (n=1-3) ions react with SiH, and, after elim-
ination of H,, give the Si;CH,} (n=1,3-5) family,
which further reacts with C,H, leading to Si;C;H,'
(n=23-5). The SiC,H, (n=3-5) ions react with both
silane and ethyne to give the Si,C,H,) (n=5-7) and
Si,C,H,” (n=15,7) products, respectively. By contrast,
under the experimental conditions used, SiC,H* does
not react any further with appreciable rate constant.
Finally, parallel reactions of Si;C,H, (n=3-5) with
silane and ethyne take place, and the Si,C,H,) (n=
5,7) and Si,C;H,S (n =1, 3) families are formed.

A comparison of the collisional rate constants, cal-
culated on the basis of the Langevin theory, with the
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Scheme 1. Reaction pathways of SiH* in SiH,—C,H, mixtures.

experimental rate constants of reaction of SiC,H,',
Si,C,H,F, and SiC,Hs ions with C,H, and SiH,, re-
ported in Table 4, indicates rather high efficiencies for
reactions in which C,H, is the neutral reagent, whilst

Table 3
Rate constants for reactions of C,H;"

n

efficiencies are very low when a SiH, molecule is in-
volved in the processes. In Tables 2—4 the reaction
enthalpies for all the ion—molecule reactions of species
whose formation enthalpies are known from the litera-
ture are also reported [3,21-28]. The negative AH Sy
values for most of them confirm that these processes
are thermodynamically favoured.

3. Conclusions

The dependence of the yield of ions containing both
silicon and carbon on the ratio of the partial pressures
of reagents in silane—ethyne mixtures (Figs. 2 and 3)
suggests an involvement, to a similar extent, of both
silane and ethyne in their formation. In particular, the
first steps of the chain propagation consist mainly of
reactions of Si,,H," ions, given by self-condensation of
SiH,, with ethyne. This is in agreement with the in-
crease of the abundances of Si, C,H," species with the
partial pressure of SiH,. A similarly high contribution
to the abundances of mixed ions is to be ascribed to
ethyne, because the Si,,C,H," ions are involved in the
chain propagation with high efficiency when the neutral
molecule is ethyne. A further influence of ethyne on the
yield of mixed ions is evident from Table 3, where
processes of formation of the SiH,” family from both
C,H;" and C,H5 ions with SiH, show high efficiencies.

and C,H; ions with SiH, in SiH,~C,H, systems *

Reaction kexp Zhexp ky ® Efficiency © AHSgs 9
C,H* +SiH, - Si* +C,H, 24 —87.9
SSiH* +C,H, 0.68 127
— SiHS +C,H, 13 735
S SiH{ +C,H, 12 1214
- SiC,Hf +H, 5.7 11.3 12.99 0.87 —161
C,H; +SiH, - Si* +C,H, 1.9 —48.4
—SiHf +C.H, 2.9 368
~SiH{ +C,H, 1.1 —249
~SiCHy +CH,4 1.7 556
SiC,Hy +H+H, 2.7 213
~SiC,H, +H, 1.0 <484
-SiC,Hi +H 3.1 14.4 12.85 1.12 —43
C,H; +SiH, - SiC,H* +C,Hs 0.36 <-3
—SiC,Hy +C,H, 2.1 <4145
S SiC,H7 +C,H, 0.76 —326
S SiC,H; +C,H, 1.8 <—165
SiC,H{ +CH, 3.7 —332
-SiC,H +H 2.0 10.7 11.02 0.97 <—199
C,H+ +SiH, - SiCHy +C;H, 0.45 —194
—SiC,Hf +C,H, 0.72 ~345
S SIC,HZ +CH, 1.9 3.1 10.97 0.28 —142

2 Rate constants are expressed as 10~ '° cm? molecule !

s~ !; experiments were run at 333 K.

b Rate constants have been calculated according to the Langevin theory [18] taking polarizability of SiH, from [19].

¢ Efficiency has been calculated as the ratio Xk, /k; .

d Enthalpies are expressed in kcal mol~! and have been calculated with heats of formation taken from [3,21-23,28].



P. Antoniotti et al. / Journal of Organometallic Chemistry 589 (1999) 150156 155

Table 4
Rate constants of reactions of SiC,H,", Si,C,H, and SiC,H: ions with SiH, and C,H, in SiH,~C,H, systems *
Reaction Kexp Zhkexp ky ® Efficiency © AHSg ¢
SiC,Hj; +C,H,— SiC,H* +C,H, 3.1 3.1 10.15 0.31 <—6
+SiH,— Si,C,Hi +H, 0.23 0.23 10.81 0.02
SiC,H; + C,H,— SiC,H; +C,H, 35
—SiC;H5 +CH; 1.1 >—14.7
—-SiC,Hi +H 0.40 5.0 10.12 0.49
+SiH,— Si,H; + C,H, 0.57 >-25
- Si,C,H +H, 0.56 1.1 10.78 0.10
SiC,Hi +C,H,— SiC,H5 +C,H, 29 —23
- SiC,Hf +H, 2.5 5.4 10.09 0.54 <—8.8
+SiH,— Si,C,H; +H, 0.20 0.20 10.75 0.02
SiC,H: +C,H,— SiC{H +H, 1.6
— SiCsHS 0.37 2.0 9.61 0.21
+SiH, - Si,C,Hz +C,H, 0.56
-Si,C,HS +H, 0.41
- Si,C,Hg" 1.0 2.0 10.16 0.20
Si,C,H5 +C,H,— Si,CH* +C;H, 0.23
—Si,C,H* +C,H, 1.6 1.8 9.59 0.19
+SiH,— Si;C,Hi +H, 0.27 0.27 10.12 0.03
Si,C,H; +C,H,— Si,C,Hy +C,H, 1.3
—Si,C;Hy +CH 1.7
- Si,C,HF +H 1.3 43 9.57 0.45
+SiH,— Si;C,H¢ +H, 0.41 0.41 10.10 0.04
Si,C,H +C,H,— Si,C,H +C,H, 1.1
- Si,C3H, + CH;, 0.10
- Si,C,H +H, 0.78 2.0 9.56 0.21
+SiH,— Si;C,H; +H, 0.49 0.49 10.09 0.05

2 Rate constants are expressed as 10~ '° cm? molecule !

s~ !; experiments were run at 333 K.

b Rate constants have been calculated according to the Langevin theory [18] taking the polarizability of SiH, from [19] and of C,H, from [20].

¢ Efficiency has been calculated as the ratio k., /k;.

4 Enthalpies are expressed in kcal mol~! and have been calculated with heats of formation taken from [3,23-25].

4. Experimental

All the experiments were run on an ITMS Finnigan
mass spectrometer. Silane, ethane and ethyne were ob-
tained commercially in high purity. Each of them was
introduced into a flask, containing anhydrous sodium
sulfate as drier, which was connected to one line of the
gas inlet system of the instrument. Helium, used as
buffer gas, was supplied at an extra-high purity and
used without further purification. A Bayard Alpert
ionization gauge was used to measure pressure. All read
pressures were corrected for the relative sensitivity of
the ion gauge with respect to different gases, 1.70 for
SiH, [29], 2.39 for C,H¢ [29] and 1.53 for C,H, [29],
and for a calibration factor, calculated as reported
previously [11], to obtain the real pressure in the trap.
Helium was admitted to the trap at a pressure of about
4 x 10~* Torr. The temperature of the trap was main-
tained at 333 K, at which other related systems have
been investigated. In order to prevent side reactions
with the water background, the manifold and the lines
for the introduction of reagent gases and helium were
frequently baked-up. In all the experiments, ions were
detected in the 10—300 u mass range. In these experi-
ments, the scan modes used both to study the overall

ion reactivity, as a function of reaction time, and to
determine reaction mechanisms and rate constants have
been described in detail previously, as well as the
procedures for calculations [11,12].

In kinetic experiments, isolation of ions at a specific
m/z value was obtained by use of d.c. voltages and by
resonance ejection. In the latter isolation method, no
field is directly applied on the selected ion species and,
therefore, the ions should contain a lower excitation
energy. The rate constants obtained by these two differ-
ent isolation procedures are very similar and have an
uncertainty that falls within 20%. This is in agreement
with the hypothesis that the reactant ions undergo a
number of collisions sufficient to eliminate most of their
excitation energy. The single-exponential decays ob-
served in the kinetic experiments are in agreement with
this hypothesis. As an example, Fig. 4 reports the
logarithmic plot of the decrease in relative abundance
of the SiH™* species with reaction time in a silane—
ethyne mixture. The correlation coefficient shows a
high curve fitting of the experimental points, which is
similar to those obtained for all the other ions
considered.

In all the experiments, ionization was obtained by
electrons at about 35 eV for times in the range 1-10
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Fig. 4. Plot of In[SiH*] versus reaction time for a SiH, (3.9 x 107
Torr)—C,H, (3.6 x 10 ~7 Torr) mixture.

ms. In experiments without selective storage of ions,
ionization is followed by a reaction time that ranges from
0 to 1 s, without application of any potential to the trap.
Acquisition of ion signals closes the experiment. When
isolation of an ion species is performed, after the ioniza-
tion event, a reaction time can follow in order to maximize
the abundances of the ions under examination. Isolation
of the selected ions, storage in the trap for convenient
reaction times and acquisition are the successive events.
In some cases, when signals are due to two isobaric
species, such as Sit and C,H; (m/z 28) in the silane—
ethane mixture, experiments were performed by pulsing
one of the reagent gases. In this way, one gas is always
present in the trap and the other reagent is pulsed into
the trap only after the ionization step. Ion—molecule
reactions occur between a single ion species (Sit or
C,H;) and both neutrals and the reaction mechanisms
of each of the isobaric ions can be determined. A General
Valve Corporation Iota One pulsed valve was used [30].
The pressure of the pulsed gas behind the valve is
previously set at 5.0 x 10 =7 Torr by means of a by-pass
channel and the valve opening time is 0.200 ms.
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