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The reaction of SiH+ and SH+ with small molecules
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a Department of Electronics and Vacuum Physics, Mathematics and Physics Faculty, Charles University,
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Abstract

The kinetics of the reactions of the ion SH+ with CH4 and C2H2 and SiH+ with C2H2 and NH3 has been investigated
using selected ion flow drift tube technique (SIFDT). The reaction rate coefficients and the products branching ratio have been
determined as a functions of the reactant ion/reactant neutral average centre-of-mass kinetic energy (KECM = 0.05–2 eV).
The studied reactions are fast at thermal and near thermal energies and have negative energy dependencies of the reaction rate
coefficients. (Int J Mass Spectrom 223–224 (2003) 539–546)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

During the past decades, there has been consid-
erable interest in the chemistry of silicon and sulfur
bearing compounds. Many silicon-bearing ions, their
structure, thermochemistry, and their reactions with
neutral molecules have been subject of a number of
theoretical as well as experimental studies (e.g.[1–4]
and references therein). The reactivity and structure
of some sulfur-bearing ions have also been the sub-
ject of a few recent studies (e.g.[5–7]). Studies of
ion–molecule reactions of silicon- and sulfur-bearing
ions, SiH+ and SH+ in particular, are mostly moti-
vated by the importance of these reactions in interstel-
lar clouds[8–12]. Recently, we have made selected
ion flow drift tube technique (SIFDT) studies of reac-
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tions of several Si and S bearing ions with molecules
looking for energy dependencies of rate coefficients,
products and branching ratios of these reactions (e.g.
[2,13–15]). See also the review by Bohme[16], the
compilation of Anicich[17] and references therein.

Because of the low ionization potential of Si and
S, the reactions of silicon and sulfur bearing ions
are often proceeding via formation of the long-lived
collision complexes. For example, in reactions of Si+

with small molecules charge transfer or dissociative
charge transfer are essentially excluded because of
the low ionization potential of Si (only 8.15 eV). The
reactions are usually proceeding by incorporating of
Si+ into the molecular product ion. This requires a
rearrangement of existing bonds within the reactant
molecule and formation of new bonds. The proba-
bility of such processes increases when a long-lived
intermediate complex is formed. The mechanism of
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such reactions is reflected in its kinetics. The increas-
ing internal energy accumulated in a complex can
lead to a decrease of the lifetime of this complex
towards dissociation back to the reactants and an
eventual decrease of the reaction rate coefficient. This
will be reflected in a negative energy dependence of
a reaction rate coefficient. This description is over-
simplified, for details we refer the reader to articles
of Dunbar[18], Troe[19], Klots [20], and Forst[21].
In the drift tube, the energy brought to the reaction is
determined by the temperature of the buffer gas and
by the intensity of the axial electric field.

For several recent years our research has been di-
rected towards description and understanding of the
ion–molecule reactions of this type (e.g.[2,13–15,22,
23]). The reported reactions of the ion SiH+ and SH+

are also from this category.
The reactions proceeding via formation of an in-

termediate reaction complex can be described by the
following reaction scheme:

A+ + B
k1↔
k−1

(AB+)∗ k2→C+ + D (1)

where (AB+)∗ is an intermediate reaction complex
andk1, k−1 andk2 are reaction rate coefficients cor-
responding to indicated processes. The decay towards
products characterized byk2 can have for particular
reactants several channels. By applying simple reac-
tion kinetics and applying the steady-state approxima-
tion to (AB+)∗, the following expression is obtained
for the overall rate coefficientk of the reaction (1):

k = k1
k2

k−1 + k2
= k1

1

1 + (k−1/k2)
(2)

From this relation it is evident that ifk1 is a constant,
the ratio (k−1/k2) and its dependence on KECM gov-
erns the energy dependence of the overall reaction
rate coefficientk (as long as the assumption con-
cerning the complex formation is valid). For many
ion–molecule reactionsk1 is equal to the capture rate
coefficient (kC) or a fixed fraction. The assumption
that intermediate complex is formed at the capture rate
(k1 = kC) is very common in analysis of the kinetics
of ion–molecule interactions (e.g., in discussions of
vibrational quenching by Ferguson[24]). We will not

consider here small increase of capture rate coefficient
when KECM is increasing over 1 eV (see discussion
of this phenomenon in our previous work[2]).

In analogy with the ideas used for three-body as-
sociation reactions, where long-lived intermediate
complexes are formed and play a substantial role, we
assume here thatk−1/k2 is proportional to centre-of-
mass kinetic energy (KECM)m , where m is a con-
stant. With this assumption, we can use substitution
k−1/k2 = (KECM/KECM1)

m, where (1/KECM1)m is
constant of proportionality (the meaning of KECM1

will be discussed in the following sections, see also
discussion in appendix of[25,26], where concept of
effective temperature and its relation to KECM is also
discussed). The overall reaction rate coefficient can
then be written as:

k = k1
1

1 + (KECM/KECM1)m
(3)

The parameters (constants)m, KECM1 andk1 can be
determined from the fit of the plot of measured rate
coefficientk vs. KECM. On the other hand, if the mea-
sured dependence ofk on KECM can be approximated
by a function (3), it can be a good reason to assume
that such a reaction is proceeding via formation of
long-lived intermediate complex and can be character-
ized by the reaction scheme (1). As can be seen from
Eq. (3), the parameter KECM1 is equal to KECM at
which character of the energy dependence is changed,
from k ∼ k1 (for 1 � (KECM/KECM1)

m) to k ∼
k1(KECM1/KECM)mk1 (for 1 	 (KECM/KECM1)

m).
In another words, for KECM < KECM1 the formation
of a collisional complex is a rate determining step,
for KECM > KECM1 the value of KECM starts to
influence the rate of the overall reaction.

The used assumptionk−1/k2 ∼ (KECM)m can be
supported also on the basis of statistical arguments
(e.g., discussion in[27]). In order to visualize the
“power law dependence” given byEq. (3), it can be
rewritten to the form:

k1

k
− 1 = k−1

k2
=

(
KECM

KECM1

)m

(4)

Herek is the measured quantity, and we assume that
k1 can be obtained as a limiting value ofk at low
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KECM. The linearity of the log-log plot of ((k1/k) −
1) vs. KECM then can serve as justification of our
assumption that the reaction proceeds via formation
of an intermediate complex.

2. Experiment

The measurements have been carried out using the
Innsbruck SIFDT apparatus of conventional design
(description in[25,28]). The schematic diagram of the
“Innsbruck SIFDT” is shown inFig. 1. In the SIFDT
reactant ions were produced in a separated low pres-
sure electron impact ion source. Ions SH+ and SiH+

were produced from H2S and SiH4, respectively. The
ions were mass selected in a quadrupole mass filter
and injected into the flow tube via a venturi-type inlet.
He at a pressure 0.14–0.4 Torr was used as a buffer
gas in the present experiments.

In the first “thermalization” part of the drift tube, a
very weak electric field was maintained (E/N is typi-
cally <10 Td; 1 Td= 10−17 V cm2) to keep collision
energy of the ions with the buffer gas atoms below
0.1 eV. It was assumed that in this region internal
excitation of injected ions is quenched. Thermalized
reactant ions then enter the downstream region. The
reactant gas was introduced to this region and reacted

Fig. 1. The Innsbruck selected ion flow drift tube (SIFDT). Q1, Q2, quadrupole mass filter; IS, ion source; Th, thermalization region; ID,
ion detector; RP, roots pump; TP, turbo pump; DP, diffusion pump; Re, reactant inlet; V, ventury type inlet.

with ions at collision energy corresponding to applied
value ofE/N. The relative number densities of reactant
and product ions were monitored with second, down-
stream, quadrupole mass spectrometer as a function of
the flow rate of the added neutral reactant. The reactant
ion/reactant neutral KECM, was derived by means of
the Wannier expression (for details see[29,30]). Mo-
bility of SH+ and SiH+ reactant ions in He required
for calculations of KECM was measured in the present
experiment. Just for demonstration the obtained re-
duced mobility of SH+ vs. E/N is plotted inFig. 2.

Established methods of data analyses have been
used to determine the reaction rate coefficients and
product branching ratios. The accuracy of the obtained
reaction rate coefficients is±30% as it is usual for
swarm experiments of the SIFDT type.

3. Results and discussion

The reaction rate coefficients and the prod-
uct branching ratios have been measured for four
ion–molecule reactions; reaction of protonated sulfur
SH+ with CH4 and C2H2 and reaction of protonated
silicon SiH+ with C2H2 and NH3. The KECM was
varied from near thermal values (∼0.05 eV) to about
2 eV in our experiment. All four reactions studied
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Fig. 2. The reduced mobility of SH+ ion in He (1 Td= 10−17 V cm2).

are fast (i.e., they proceed almost at the collisional
rate) at near thermal energies and the reaction rate
coefficients of all reactions studied decrease with
KECM increasing up to 2 eV. We did not observe a
pressure dependence of measured rate coefficients or
branching ratios of the product ions.

3.1. The reaction of SH+ with CH4

When producing SH+ from SH2, we observed in
the primary SH+ signal also a considerable “parasite”
signal of SH2

+ (not exceeding 15% of the SH+ sig-
nal). Partly this was because of the suppression of the
resolution of the injection mass spectrometer in order
to obtain a higher SH+ ion signal with minimal forma-
tion of S+ ions at injection entry port. Fortunately, the
SH2

+ does not react with CH4, therefore, it has been
possible to determine both the rate coefficient and the
product branching ratio. We observed two product ions
SCH3

+ and CH3
+ with a branching ratio dependent

on KECM (Fig. 3). The reaction can be written:

SH+ + CH4 → SCH3
+ + H2

→ CH3
+ + SH2

(5)

The measured reaction rate coefficient,k, for differ-
ent pressures is plotted vs. KECM in Fig. 4. Note the

good agreement with the thermal data obtained in pre-
vious experiments (k = 3.8 × 10−10 andk = 5.4 ×
10−10 cm3 s−1 in [17,31], respectively). The coeffi-
cientkL indicates the value of a collisional rate coeffi-
cient as calculated from simple Langevin theory. Note
in Fig. 3 that at low energies the SCH3

+ is the dom-
inant product (this is in agreement with thermal data
of Smith et al.[31]). With increasing KECM the prod-
uct branching ratio changes and at energies over 1 eV
the CH3

+ is dominant. From the product branching

Fig. 3. Product branching ratio of the reaction of SH+ with CH4.
Stars indicate previous thermal data obtained by Smith et al.[31].
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Fig. 4. The reaction rate coefficient of the reaction of SH+ with
CH4. Different buffer gas pressures are indicated by different
symbols. The coefficientkL indicates the collisional rate coefficient
calculated according simple Langevin theory. Stars indicate thermal
data obtained in thermal experiments[17,31].

ratio the partial reaction rate coefficients for both chan-
nels have been determined and are plotted inFig. 5
together with the total rate coefficient (total rate coef-
ficient is plotted by solid symbols). FromFig. 5, it can
be seen that only the production of SCH3

+ (exother-
mic by 3 kcal mol−1) has negative energy dependence.
The dotted line represents the fit of the data for the
channel producing SCH3+ by the function (3) yield-
ing parametersm = 1.35, KECM1 = 0.04 eV, and

Fig. 5. The partial reaction rate coefficients corresponding to pro-
duction of SCH3

+ and CH3
+ ions. Stars indicate thermal data

obtained in SIFT experiments[17,31]. Dotted line indicates fit by
formula (3). The closed circles are used to plot the total reaction
rate coefficient.

k1 = 7.9 × 10−10 cm3 s−1. The production of ground
state CH3+ ions is expected to be thermoneutral, so
that the reaction rate coefficient is nearly constant over
the covered energy range.

3.2. The reaction of SH+ with C2H2

The reactant ions were produced by electron impact
from SH2. In order to increase the signal of the pri-
mary ions to a reasonable level, the resolution of the
source mass spectrometer was suppressed. Because of
that the primary ion signal contained traces of S+ (not
exceeding 5% of the SH+ signal) and SH2+ (not ex-
ceeding 15% of the SH+ signal). However, SH2+ ions
react only slowly with C2H2 and the reaction rate co-
efficient and product branching ratio of the reaction of
S+ with C2H2 is known[14]. This allows writing the
title reaction as:

SH+ + C2H2 → SC2H2
+ + H

→ C2H3
+ + S

(6)

The total reaction rate coefficientk of the reaction (6)
vs. KECM as measured in the present experiment is
plotted inFig. 6(solid symbols); different pressures of

Fig. 6. The total and partial reaction rate coefficients, corresponding
to production of ions SC2H2

+ and C2H3
+ in the reaction of SH+

with C2H2. The dotted line indicates a fit by formula (3). Different
buffer gas pressures are indicated by different symbols.kL is
collisional rate coefficient calculated according simple Langevin
theory. Star indicates thermal data taken from compilation of
Anicich [17]. The dash-dotted line indicates a fit by Arrhenius
function.
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the buffer gas (He) are indicated by different symbols.
Note that difference between the thermal value and
limiting value of our data at near thermal energy is less
than 25%, i.e., in range of expected experimental error.
The symbols (�) and (�) in Fig. 6 indicate the partial
reaction rate coefficients calculated from the measured
branching ratio and the overall rate coefficient. It can
be found (using e.g.[32]) that production of SC2H2

+

is exothermic (
H = −55.4 kcal mol−1) and pro-
duction of C2H3

+ is slightly endothermic (
H =
8.7 kcal mol−1).

We assume that the production of SC2H2
+ ions

proceeds via formation of an intermediate complex
(and the energy dependence of its reaction rate co-
efficient is given by formulas (2) and (3)). We also
assume that the endothermic production of C2H3

+

has an Arrhenius type energy dependence of reaction
rate coefficient given by the formula:

k = ka exp

(
− 3Ea

2KECM

)
(7)

whereka is a constant andEa is the Arrhenius activa-
tion energy[25,33]. The factor 3/2 is from the relation
between KECM and temperature (for details of this
relation in drift tube experiments see discussion in
[30,34,35]). The data for the partial rate coefficient of
the endothermic channel (triangles) has been fitted by
the function (7) is indicated by the dash-dotted line in
Fig. 6. The fit yields valueska = 5.6× 10−11 cm3 s−1

andEa = 0.19 eV. The dotted line inFig. 6represents
the fit of the partial reaction rate coefficient of the
exothermic channel by formula (3). The parameters
obtained from the fit are:m = 2.0, KECM1 = 0.6 eV,
and k1 = 7.2 × 10−10 cm3 s−1. In order to manifest
superior quality of the fit, we show inFig. 7 the
log-log plot of ((k1/k) − 1) vs. KECM (Section 1).
The solid line represents the fit yielding the same
values ofm and KECM1 as obtained from the fit ofk
by using formula (3).

3.3. The reaction of SiH+ with C2H2

The primary ions were produced from SiH4 in the
low pressure ion source. In the mass spectrum of

Fig. 7. Plot of ((k1/k) − 1) vs. KECM. The partial reaction rate
coefficient, k, corresponds to the production of SC2H2

+ in the
reaction of SH+ with C2H2. The constantk1 is obtained by the
fit of the corresponding data plotted inFig. 6.

injected “primary” ions, we observed beside the pri-
mary ion signal (SiH+) also the ions Si+, SiH2

+ and
SiH3

+ were present (not exceeding 3–5% of the SiH+

signal). The presence of already mentioned “parasite
ions” leads to more complicated product analysis.
However, using the knowledge of the product branch-
ing ratios and rate coefficients of reactions of these
“parasite ions” it was possible to conclude that the
dominant product of the reaction of SiH+ with C2H2

is the SiC2H+ ion (we cannot exclude very small
channels producing SiC2H2

+ and SiC2H3
+). Hence,

the reaction scheme can be written as:

SiH+ + C2H2 → SiC2H+ + H2 (8)

In Fig. 8, the measured reaction rate coefficientk
of reaction (8) is plotted vs. KECM. Note the dis-
agreement of our data with thermal value obtained
by Lampe et al. using his tandem mass spectrometer
(the value indicated by star was taken from[17]).
Also the product branching ratio reported by Lampe
differs significantly from the product branching ratio
obtained in the present experiment. Lampe reports
[17] only 47% of the product SiC2H+ and in addi-
tion to our observation he reports 53% of SiC2H2

+.
The dotted line inFig. 8 indicates the fit of the
data by the formula (3). The parameters obtained
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Fig. 8. The reaction rate coefficient of the reaction of SiH+ with
C2H2. Different buffer gas pressures are indicated by different
symbols. kL is the rate coefficient calculated according simple
Langevin theory. The dotted line indicates a fit by formula (3).
The star indicates previous data obtained at 300 K[17].

by the fit are:m = 1.07, KECM1 = 0.09 eV, k1 =
9.6 × 10−10 cm3 s−1.

3.4. The reaction of SiH+ with NH3

Similar to the case of the reaction of SiH+ with
C2H2 it has been very difficult to produce a pure signal
of the SiH+ ion. NH4

+ and SiNH2
+ were observed

as product ions. Due to the presence of the “parasite
primary ions” (Si+, SiH2

+ and SiH3
+, not exceeding

3–5% of the SiH+ signal) it was not simple to deter-
mine the product branching ratio. However, because
it is known from our previous study[2] that the reac-
tion of the ground state Si+ ion with NH3 yields only
product SiNH2

+ in the whole energy range covered
in the present study, we were able to estimate that the
maximal abundance of the SiNH2

+ product ion does
not exceeding 15%. The reaction of SiH+ with am-
monia then can be written:

SiH+ + NH3 → SiNH2
+ + H2

→ NH4
+ + Si

(9)

The measured reaction rate coefficient,k, is plotted
vs. KECM in Fig. 9. The fit yields parameters:m =
2.0, KECM1 = 0.18 eV, k1 = 5.0 × 10−10 cm3 s−1.
The reaction rate coefficient increases with increasing

Fig. 9. The reaction rate coefficient of the reaction of SiH+ with
NH3. The dotted line indicates a fit by formula (3).

KECM above 1 eV. Despite a careful analysis of the
mass spectrometer data, we did not observe changes
of the product ions correlated to this increase of the
rate coefficient.

4. Concluding remarks

We have investigated the energy dependencies of
the reaction rate coefficients and the product branch-
ing ratios of the reactions of SH+ with CH4 and C2H2

and the reactions of SiH+ with C2H2 and NH3. All
reactions studied have very strong negative energy de-
pendencies of the reaction rate coefficients. Quality of
the fits of energy dependencies of the reaction rate co-
efficients by function (3) supports our assumption that
these reactions pass through formation of intermediate
complexes.

Using Innsbruck SIFDT, we recently measured over
20 reactions[2,13–15,22,23,30]of Si+, SiH+, S+ and
SH+ ions with small molecules containing C, N, and
O. In a majority of these reactions, new bonds between
Si and S on one side and C, N, O on another side were
formed. We observed in these reactions negative en-
ergy dependence of reaction rate coefficient on KECM.
The studied reactions are binary, independent on He
pressure the reaction[15] of Si+(2P) with C2H4 being
the only exception. In this reaction, we observed the
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binary channel (products SiC2H3
+/H) and two ternary

channels: collisional stabilization (product SiC2H4
+)

and collisional dissociation (products SiC2H3
+/H).
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[14] P. Zakoǔril, J. Glośık, V. Skalský, W. Lindinger, J. Phys.
Chem. 99 (1995) 15890.
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[22] J. Glośık, P. Zakoǔril, W. Lindinger, Czech. J. Phys. 48 (1998)
29.

[23] G. Bano, A. Luca, J. Glosı́k, P. Zakoǔril, W. Lindinger, Czech.
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