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Abstract: Results of laboratory measurements are presented for the capture of ground-state atomic silicon ions by benzene
and naphthalene molecules in the gas phase and for the kinetics of the reactions of the resulting adduct ions Si*-benzene and
Si*naphthalene with the molecules D,, CO, N,, O,, H,0O, NH;, C,H,, and C4H, at 296 £ 2 K. The addition of these aromatic
molecules to Sit is seen to modify significantly the reactions of the atomic silicon ion. A wide range in reactivity is observed
with both aromatic adduct ions and, while some common features are apparent in this chemistry, significant differences in
reactivity also are seen, particularly for the reactions with C,H, and C4H,. The reactions occurring in the presence of benzene
appear to involve a 7= complex in which the atomic silicon ion is poised above the aromatic ring ready for reaction with an
incoming molecule. In contrast, the reactions occurring in the presence of naphthalene seem to proceed with a neutral silicon
atom perched above the (charged) aromatic surface. The intermediates for both types of reaction appear to undergo multistep
transformations before separation into products. A case is made for the importance of reactions of adducts of Si* with benzene,
naphthalene, and larger PAH molecules and analogous adducts with other atomic ions in the synthesis of molecules in interstellar
and circumstellar environments, both when benzene and the PAH molecules exist as free molecules and when they are embedded
in surfaces of hydrogenated amorphous carbon (HAC) or exist dehydrogenated in larger hexagonal lattices such as graphite

or fullerene molecules.

Introduction

Neutral and positively charged polycyclic aromatic hydrocarbon
(PAH) molecules, either completely or partially hydrogenated,
recently have been invoked to account for both observed infrared
emission features in nebulae! and observed diffuse interstellar
absorption bands.2 A very recent proposal suggests that these
aromatic molecules are two- to five-ring PAH species, including
naphthalene, anthracene, and tetracene, and that benzene may
also be observable in these environments.> The PAH species are
proposed to exist embedded in hydrogenated amorphous carbon
(HAC) grains and as free molecules. Even though the evidence
is still circumstantial, the presence of PAH species in the inter-
stellar medium is now generally accepted and has stimulated
considerable interest in the physical and chemical consequences
of that presence. For example, Omont has proposed that PAH
molecules may be a major sink in the interstellar medium for
atomic metal and silicon cations because these atomic ions do not
recombine efficiently with electrons and do not react with hy-
drogen.* There appears to be little previous terrestrial evidence
for addition reactions of such atomic ions with PAH molecules
and no information about the chemistry of the resulting adduct
ions. We were intrigued by the prospect of observing such at-
tachment in our selected-ion flow tube (SIFT) mass spectrometer
and, given the considerable versatility of this instrument, by the
prospect of being able to characterize the kinetics of chemical
reactions of the resulting adduct ions and so even to mimic the
surface chemistry which might occur on larger hexagonal lattices
such as graphite, the end member of the PAH series, and even
on fullerene molecules such as Cgy.

Here we report laboratory observations that provide evidence
for the occurrence of the efficient gas-phase attachment of Si*
to naphthalene, the simplest PAH molecule, and benzene, a
possible precursor of naphthalene in interstellar environments. The
observation of these adduct ions raises questions about the in-
fluence of these aromatic molecules on the intrinsic reactivity of
atomic silicon ions and on the formation of product ions and
molecules. We have already reported elsewhere our extensive
studies of the chemistry initiated by bare atomic silicon ions with
interstellar and other molecules.® In this study we have taken

*Present address: Depariment of Chemistry, Simon Fraser University,
Burnaby, B.C., Canada V5A 1S6.

'Present address: Institute of Physical Chemistry, Polish Academy of
Sciences, ul. Kasprzaka 44/52, 01-224 Warszawa, Poland.

laboratory measurements that explore how this chemistry is
modified by the presence of naphthalene and benzene. We believe
the results to be of fundamental chemical significance and also
to have implications for the role of polycyclic aromatic hydro-
carbon molecules in promoting graphitic “surface” reactions of
Si* and other atomic ions in interstellar environments, both in
the gas phase and on the surfaces of interstellar grains of HAC
or graphite or on the surfaces of fullerene molecules.®

We note that atomic silicon has an ionization energy (8.152
eV) lower than that of benzene (9.247 €V) but just higher than
that of naphthalene (8.14 eV). This means that we can expect
differences in the distribution of the charge in the adduct ions
of the two aromatic molecules and so also differences in chemical
reactivity. For example, the charge should remain localized on
the silicon atom in the adduct with benzene, as in Si*C¢H,, while
it should be transferred to the naphthalene molecule in the adduct
with naphthalene, as in Si-C;,Hs*. One might then, perhaps
naively, expect the benzene adduct to react more like an atomic
silicon ion and the naphthalene adduct to react more like a neutral
silicon atom. In these mechanisms, the aromatic component of
the adduct ions serves as a carbonaceous substratum or “surface”
(which, in the limit of large PAH’s, would resemble solid graphite),
above which transpires the reaction between the atomic silicon
ion or the neutral atom with the incoming molecule. We shall
see how these expectations are born out by the experimental results.

Experimental Section

All experiments were performed with a selected-ion flow tube (SIFT)
apparatus described previously.” Ground-state Si*(?P) ions were gen-
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Table I. Kinetic Data Obtained for Reactions of SiC¢Hg* and SiC oH,* at 296 £ 2 K in Helium Buffer Gas at 0.35 Torr

SiC¢H* SiC,oHs*
reaction BR.? k¢ reaction B.R. k¢
D, no reaction <0.003 no reaction <0.0035
CcO no reaction <0.0009 no reaction <0.0031
N, no reaction <0.002 no reaction <0.004
0, C¢H¢* + SiO, 0.9 0.03 CoH;* + SiO, 1.0 0.0037
C¢HO* + SiO 0.1
H,0 SiC¢H¢*H,0 0.4° 2.0 C,oHs* + SiOH, 1.0 0.055
C¢Ht + SiOH, 0.35¢
C,H,* + SiOH 0.25¢
NH, SiC¢Hg¢*NH; 1.0 39 SiCjoH;*'NH; 1.0 4.1
C,H, SiC¢H¢*C,H, 0.6 0.6 CoHg* + SiC,H, 0.9 0.63
SiCsH7+ + H 0.4 SiCloHs+'C2H2 0.1
C.H, SiCH,* + C{H, >0.3 7.0 CoHg* + SiC H, 1.0 10
SiC6H6+'C‘H2 <0.7

2Product distribution from the completely deuterated reaction. ®B.R. is the branching ratio with an estimated accuracy of £30%. °The rate
constant is given in units of 107% cm® molecule™ s™! and has an estimated accuracy of £30%.

erated from a 2-3% mixture of Si(CH,), in deuterium by electron impact
at 50-100 eV, mass selected with a quadrupole mass filter, and injected
into a flowing helium buffer at 0.35 Torr and 296 & 2 K. The deuterium
was added to scavenge metastable Si*(*P) ions in the ion source with
reaction 1. One or more neutral reagents were added downstream.

Si*(‘P) + D, — DSi* + D m

Reactant and product ions were monitored still further downstream with
a second quadrupole mass filter as a function of the added neutral
reagent. Established methods of analysis were used to derive rate con-
stants and product distributions from these observations.”*®

The helium buffer gas and the reagent gases D,, CO, N, O,, NH;,,
and C,H, were of high purity (99.5 mol %). H,0 and D,O (minimum
99.8 atom % D), C¢Hy (99.9 mol %), and C;D¢ (minimum 99.6 atom %
D) were used as the vapors of their liquids. To remove traces of water
vapor, the helium buffer gas was passed through zeolite traps (a 50:50
mixture of Union Carbide molecule sieves 4A and 13X) cooled to liquid
nitrogen temperature. The reagent gases were used without further
purification. Diacetylene was prepared by the alkaline hydrolysis of
1,4-dichlorobut-2-yne and stored at dry ice temperature to avoid polym-
erization.® Previous experiments with Hy* as the “chemical ionization”
reagent indicated a purity for the gas produced in this manner of greater
than 99%.

Results

Formation of Adduct Ions. When either benzene or naphthalene
vapor was introduced into the flow tube upstream of the reaction
region, adduct ions were observed to be formed rapidly according
to reactions 2 and 3. Some charge transfer was seen to compete
with adduct formation in the case of naphthalene. The branching
ratio for (3a):(3b) is approximately 7:1. The apparent bimolecular

Sit + C6H6 - SiC6H6+ (2)
Sit + ClOHS - SiC|0H3+ (33.)
- C|0H3+ + Si (3b)

rate constant for the addition reaction 2 was found to be (1.5 £
0.5) X 10 cm?® molecule™ s™! at 0.345 Torr of helium. The rate
constant for reaction 3 was not measured due to the low vapor
pressure of naphthalene.

The naphthalene adduct ion was observed to be completely
unreactive toward benzene, k < 6 X 107 ¢cm? molecule™ s1. Not
even trace amounts of the Si*-benzene adduct ion which might
arise from a ligand-switching reaction were observed to be formed.
Nor was there any formation of the adduct Si*-naphthalene.
benzene which might correspond to a benzene/naphthalene
sandwich ion of atomic silicon. The benzene adduct ion of Si*
was also found to be quite unreactive toward benzene, k < 10712
cm? molecule™ s71, but in this case formation of trace amounts

(7) (a) Mackay, G. I.; Vlachos, G. D.; Bohme, D. K.; Schiff, H. I. Int. J.
Mass Specirom. lon. Phys. 1988, 36, 259. (b) Raksit, A. B.; Bohme, D. K.
Int. J. Mass Spectrom. Ion Phys. 1983, 55, 69.

(8) Adams, N. G.; Smith, D. J. Phys. B. 1976, 9, 1439.

o 7(19) Brandsma, L. Preparative Acetylene Chemistry; Elsevier: New York,
1 .

Table II. Kinetic Data Obtained for Reactions of Si*(*P) at 296 % 2
K in Helium Buffer Gas at 0.35 Torr

Reactant Products B.R. ke
H, none <0.002
D, none <0.001
CcO none <0.0002
0, Sio,* <0.001
H,0 SiOH* + H 2.3
NH; SiNH,* + H 6.4
C,H, SiC,HY + H 0.7 35

SiC,H,* 0.3
CH, C,H* + SiH 16

¢The rate constant is given in units of 107'° cm?® molecule™ s and
has an estimated accuracy of £30%.

of an ion with a mass consistent with Si*-(C4H), were observed
to be formed.

Reactions of Adduct Ions, When the adduct ions Si*-benzene
or Si*-naphthalene were established as dominant ions upstream
of the flow tube, additions of neutral reactant molecules into the
reaction region led to the reactions for which the measured rate
constants, products, and product distributions are summarized
in Table I. Individual reactions are discussed below. Comparisons
are made with the reactivities of Si* measured in the absence of
benzene or naphthalene which are summarized in Table II and
which have been reported earlier.® In writing the (unobserved)
neutral products in Tables I and II, the most exothermic channel
or, when the thermodynamic information was insufficient, the
channel assumed to be the most exothermic is given. Thermo-
chemical information was derived from the compilation of Lias
et al.,!° unless indicated otherwise.

D,, CO, and N,. As was the case with atomic silicon ions,* both
SiC¢H¢* and SiCoHg* were found to be unreactive with D,, CO,
and N,. This result is not surprising since there are no bimolecular
exothermic channels with the atomic silicon ion, and it is unlikely
that possible endothermic product ions would bind sufficiently
more strongly to the two aromatic molecules than the reacting
atomic silicon ion so as to overcome the endothermicity.

0,. Under SIFT conditions in the absence of benzene and
naphthalene atomic silicon ions only add molecular oxygen to form
SiO,*.%¢ In this study we have observed that addition of naph-
thalene to the atomic silicon ion increases the rate of reaction by
more than a factor of 3 and forms ionized naphthalene as the only
ionic product as shown in reaction 4. The neutral product is likely
to be SiO, rather than Si + O, or SiO + O. Of these three options,

SiCoHs* + O, = CjoHs* + (SiO,) 4)

formation of SiO, is the most exothermic with a standard enthalpy
of reaction of (~180 £ 9) + D(Si*—C,(Hj;) kcal mol™'. Formation
of SiO + O is 109 £ 10 kcal mol™! more endothermic, while

(10) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, R.
D.; Mallard, W. G. Phys. Chem. Ref. Data 1988, 17.
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formation of Si + O, requires an additional 181 £ 10 kcal mol™.
Addition of benzene to the atomic silicon ion, rather than naph-
thalene, enhances the rate by more than a factor of 30 and leads
to the formation of two product ions, C¢Hgt and what could be
the phenol cation, C;(H;OH™*. The two channels are shown in
reaction 5. Available thermochemical information indicates ex-

SiC6H6+ + 02 - C6H6+ + (SiOZ) (Sa)
— C¢H,O* + SiO (5b)

othermicities of (157 £ 9) - D(Si*-C,H) and (168 £ 3) - D-
(Si*-C¢Hg) kcal mol™ for these two channels, respectively, when
the neutral products are taken to be SiO, and SiO and C;,H,O*
is taken to be the phenol cation. The neutral product in reaction
5b must be SiO since the homolytic dissociation of this molecule
requires 192 % 2 kcal mol™!. As was the case with the analogous
naphthalene reaction, the neutral product of reaction 5a is almost
certainly SiO,. As already indicated, dissociation into Si + O,
requires 181 £ 10 kcal mol™. This is more than is available from
the reaction. Dissociation into SiO + O requires 109 10 kcal
mol™!, which is also probably not available from this reaction.

H,0. The intrinsic reaction of H,O with Si* leads exclusively
to H atom elimination with the formation of SIOH* (and not
HSiO").*¢ In this case addition of a naphthalene molecule to Si*
reduces the reaction rate by about a factor of 40, but again the
product ion changes and again it is ionized naphthalene as shown
in reaction 6. The nature of the neutral product is not known,
but the formation of either silanone, H,SiO, or hydroxysilylene,

SiC,oHs* + H,0 — CjoHg* + (SiOH)) (6)

HSIiOH, might be expected to be preferred over the formation
of their dissociation fragments, SiO + H, or SiOH + H, for
example. Quantum-mechanical stabilities estimated by CID+Q
with use of the 6-31G** basis set!! indicate stabilities relative to
H,SiO (in kcal mol™) of -2.22 for H, + SiO, -4.15 for trans-
HSIiOH, and -3.60 for cis-HSiOH. Of these possible neutral
products trans-HSiOH would then be most stable. The formation
of trans-HSiOH has an overall exothermicity given by -75 +
D(Si*-CyH;) kcal mol™. The benzene adduct ion reacts with
H,0 at a rate about equal to that of its reaction with the atomic
ion and so about 40 times faster than the naphthalene adduct ion.
Also, three product channels are observed in this case as shown
in reaction 7. The product distribution indicated in reaction 7
was determined from the completely deuterated version of the

SiC(Hg* + H,0 —2 SiCHg*H,0 (7a)

22, cHet + (SIOH,)  (7b)

2E, CHf+SIOH (7o)
reaction, viz. the reaction of SiC,D,* with D,0, which showed
a rate constant of 2.0 X 107'% ¢cm?® molecule™ s™!. Formation of
trans-HSIiOH in reaction 7b is exothermic by =50 + D(Si*—C¢Hg)
kcal mol™! while formation of SiOH in reaction 7¢ is exothermic
by -66 + D(Si*-C¢Hy) kcal mol™! and 39 kcal mol™! more exo-
thermic than the formation of the dissociation products SiO +
H. The secondary reaction 8 of the water adduct of the benzene
adduct of Si* was also observed. Again, the product distribution

SiCeH*H 0 + H,0 — C(Hg* + (SiH,0,)  (8a)
24 CH,* + (SiH;0,)  (8b)

was derived from the completely deuterated analogue. Possible
neutral products are silanoic acid, HSi(O)OH, and the dihydroxy
radical HSi(OH),"* for reactions 8a and 8b, respectively, but the
relative exothermicities for other connectivities or for the formation
of neutral fragments are not known.

NH;. Ground-state atomic silicon ions react with ammonia
to give only the bimolecular products SiNH,* + H. In sharp

(11) Tachibana, A.; Fueno, H.; Yamabe, T. J. Am. Chem. Soc. 1986, 108,
4346.
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Figure 1. The observed variations of ion signals recorded for the addition
of acetylene into the reaction region of the SIFT apparatus in which
SiC,oH;* has been established as the dominant ion in helium buffer gas.
P=035Torr,0=70% 100 cms, L =46 cm, and T = 295 K.
Naphthalene vapor is added upstream to convert Si* to SiC,Hg*. The
Si* is derived from the ion source in which tetramethylsilane undergoes
electron impact at 78 eV in the presence of added deuterium (3%).

contrast, only the adduct ions were observed in the reactions of
ammonia with the adduct ions of Si* with benzene and naph-
thalene as indicated in reactions 9 and 10. These reactions are

SiCH* + NH, — SiC(H¢*NH, 9)
SiC o Hg* + NH,; — SiC oHg*NH, (10)

presumably termolecular at the conditions maintained in the SIFT
with He acting as the stabilizing gas. Ammonia efficiently bonds
to both adduct ions with essentially equal rates.

In the subsequent reactions of these adduct ions with ammonia
there is again a switch in the molecularity (as was partly the case
with H,0). Both of the ammonia adduct ions react rapidly with
ammonia to form Si(NH,),* according to the interesting bimo-
lecular reactions 11 and 12.

SiC(H,*NH, + NH; — Si(NH,),* + CHy (1)
SiC10H3+'NH3 + NH3 - Si(NH3)2+ + ClOHB (12)

C,H,, C;H,. The adducts of Si* with benzene and naphthalene
show a different mode of reactivity toward acetylene and di-
acetylene. In the case of naphthalene, these two molecules both
release C,oHg* from SiCoHg* as shown in reactions 13 and 14.
With acetylene some adduct formation (10%) is also observed.

SiCioHs* + C;H; —= C,oHg* + (SiC,Hy)  (13a)

ol
—— SiC,oHg*C,H, (13b)
SiCyHg* + CsH, — CoHg* + (SiC,H.) (14)

Figure | shows data obtained for the reaction of the naphthalene
adduct of Si* with acetylene. Release of C,gHg* was also the
dominant feature of the reactions of the naphthalene adduct ion
with O, and H,O so that one might expect a common mechanism
for the reactions with these four molecules. For example, one
might suspect that naphthalene receives the charge already during
the initial interaction as the adduct is formed, as in SiC,oH;",
so that the reactions of this adduct might resemble reactions with
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neutral atomic silicon. In any case, the observations clearly show
that naphthalene addition to the atomic silicon ion dramatically
alters the mode of reaction with the molecules C,H,, C4H,, O,,
and H,O. In contrast, the reaction of acetylene with the benzene
adduct SiC4H,* resembles that observed with Si* in that adduct
formation and H atom elimination are the observed products as
shown in reaction 15, but it is more than 5 times slower. Also,
and quite remarkably so, the product distribution is almost the

SiCeH¢t + CHy — SiCHC,H,  (15a)

2L SicHt +H  (15b)

same. Diacetylene, on the other hand, reacts quite differently in
the presence and absence of benzene. The bare atomic silicon
ion reacts with diacetylene simply by hydride transfer. With the
benzene adduct of Si* diacetylene reacts to displace the benzene
molecule from SiC¢Hg* to form SiC4H,* as shown in reaction
16. Because of the mass coincidence of SiC,H,* and C,H¢*,
confirmation of this result was required with experiments involving

SiC,Hg* + C,H, — SiC,H,* + CiH,  (16a)

<0.7

_— SiC6H6+'C4H2 (l6b)

SiC¢D¢*. An ion with a mass corresponding to that of the adduct
ion, SiC,H *-C,H,, was also observed but an unambiguous
identification could not be made because of the mass coincidence
with the adduct ion, SiC,H,*C4H,, which could be formed from
the clustering reaction 17 with the benzene added upstream of
the reaction region to form the benzene adduct ion with Si*. Also,

SiC4H,* + C¢Hg — SiC H;* amn

it should be noted that both the SiC4H,* and the SiC,oHg* product
ions were observed to add two additional molecules of diacetylene
in sequential addition reactions.

Discussion

The results of the SIFT experiments reported here clearly
establish that ground-state atomic silicon ions are effectively
captured by benzene and naphthalene molecules in the gas phase
in helium buffer gas at 0.35 Torr and 296 K, presumably by
termolecular collisional association. The contribution of bimo-
lecular radiative association was not established. For the further
reactions of the silicon adduct ions, the comparison with our earlier
results for the reactions involving the bare atomic silicon ion vividly
demonstrates the influence of addition of benzene and naphthalene
on the intrinsic reactivity of Si*. Both rate enhancement and rate
depression are observed as well as changes in the mode of reaction.
The largest rate enhancement, by a factor of more than 30, was
observed with benzene in the reaction with O,. The largest rate
depression, by a factor of more than 40, was recorded with
naphthalene in the reaction with H;O. For both of these reactions
a complete change in the nature of the products occurs.

The structures of the adduct ions of Si* with benzene and
naphthalene are not known from our experiments, nor are there
calculations available, to our knowledge, which might provide some
insight into these structures. However, several of the reaction
features observed in the experimental study reported here allow
some inferences to be made about these structures. Let us first
consider the adduct ion of Si* with benzene. Possible isomers of
the benzene adduct ion with Si* include the = complex in which
Si* sits above the benzene ring, an ipso form in which Si* is ¢
bonded to a carbon atom, and a form involving the insertion of
Si* into a C-H bond of benzene. A number of the experimental
observations, taken together, appear to favor the = complex
structure: (1) No proton transfer was observed, not even with
ammonia which is a very strong base. (2) A switching reaction
is observed in which a diacetylene molecule displaces a benzene
molecule. The observation of switching with diacetylene and the
failure to observe switching with acetylene would suggest that
D(Si*-C H,) > D(Si*-C¢Hg) < D(Sit—C,H,) = 43.7 kcal mol™1 .5
(3) The reaction of the benzene adduct ion with acetylene mimics
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that observed for the free Si* ion in that it leads to similar reaction
products, H atom elimination, and formation of an adduct ion,
with a similar branching ratio, 4/6 as opposed to 7/3.%¢

Also, it may be argued that further support for the assignment
of the = structure comes simply from the ability to explain the
observed reaction products in terms of reactions involving such
a complex. Consider the reaction with oxygen, for example, which
may be viewed to proceed in the following steps: (1) First, the
oxygen molecule interacts with the Si* sitting above the benzene
ring to form the chemically bonded ion SiO,*. (2) Then charge
transfer occurs between SiO,* and benzene which is exothermic
by about 2.2 eV !? and the products separate to yield the CqHg*
ion which is observed. (3) Some O-atom insertion into the C-H
bond of C4Hgt occurs after the charge transfer has happened and
as the products separate to yield the C;H¢O* ion which is observed
and which presumably is the phenol cation C;H;OH*.

The reaction products with water can be similarly understood
in terms of sequential transformations within the intermediate
complex. The water molecule interacts with the Sit attached to
the benzene ring initially to form Si*--OH, and then HSiOH*.!3
Apparently the further reaction to form SiIOH* and H which is
observed for the bare Si* ion is not sufficiently exothermic in the
presence of benzene for these two products to leave the benzene
molecule. If the intermediate HSiOH* then transfers a charge
or a proton to the benzene molecule, the proposed neutral mol-
ecules HSiOH and SiOH and the observed ions C;Hyt and C¢H,*
are produced, respectively. An analogous mechanism for the
secondary reaction of the water adduct ion, Si*+C4H¢-H,O, with
another water molecule which was also observed would form the
H,Si(OH),* ion. This ion could lose a proton or H,* in the
reaction intermediate to leave the neutral molecules HSi(OH),
and Si(OH),, respectively, along with the protonated and hy-
drogenated benzene ions, C¢gH;* and C Hy*.

Our measurements indicate that the chemistry of the SiC,gHg*
adduct ion (with the exception of its reaction with ammonia) is
dominated by the elimination of ionized naphthalene in reactions
of the type shown in (18). This observation, together with our
observation of a small bimolecular charge-transfer channel com-

SiCyoHg* + M — CjoHy* + (SiM) (18)

peting with the formation of the adduct ion, strongly suggests that
charge is transferred from Si* to naphthalene as the adduct is
formed and that the adduct SiC,gHg* is a 7 complex of a neutral
silicon atom interacting with a positive naphthalene ion. The
charge transfer to naphthalene is exothermic by only 0.01 eV, but
if the charge resides mostly on the naphthalene, reaction 18 may
be viewed as a “surface” reaction in the sense that a neutral Si
atom would interact with the incoming molecule M while perched
above the plane of the charged naphthalene molecule as is shown
in reaction 19.6 The identity of the neutral products of such a
Si + M SiM

\

- (19)

“surface” reaction of the naphthalene adduct is intriguing, par-
ticularly if SiM leaves as a bound molecule. We have postulated
that SiO, SiO,, SiOH, trans-HSiOH and ¢-SiC,H, are the likely
neutral products in the reactions of the Si* adduct ions with O,,
H,0, and C,H,. SiO and SiO, are well-known as stable molecules
in the gas phase. An argon matrix-isolation study of the reaction
of silicon atoms with water has shown that the silicon atom inserts
into the O-H bond to form the hydroxysilylene, HSiOH, mole-
cule.'  Also, HSiOH has been shown to be stable in the gas phase

(12) The ionization energy of SiO, was taken to be 11.5 £ 0.5 eV from:
Zmbov, K. F.; Ames, L. L.; Margrave, J. L. High Temp. Sci. 1973, 5, 325.

(13) Wlodek, S.; Bohme, D. K.; Herbst, E. Mont. Not. R. astr. Soc. 1990,
242, 674.
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in a recent study by chemical-activation and neutralization—
reionization mass spectrometry.!* A comprehensive theoretical
study by Kudo and Nagase!6 and other calculations!” indicate that
the trans-HSiOH is the most stable isomer of SiH,0, 0.3 kcal
mol™! more stable than the cis isomer (with a barrier of 9.3 kcal
mol™! for conversion from trans to cis) and 2.4 kcal mol™! more
stable than silanone, H,SiO (with a barrier of 63.2 kcal mol™ for
conversion into silanone). The gas-phase reaction of Si with
acetylene has been attributed to efficient addition with formation
of 3-silacyclopropenylidene!'® which is then also a plausible product
of the gas-phase naphthalene “surface” reaction. Ab initio cal-
culations have shown that 3-silacyclopropenylidene is the most
stable isomer of SiC,H, and that formation of the isomers vi-
nylidenesilene, CH,CSi, and silylenylacetylene, HSiC,H, requires
an additional 17 and 22 kcal mol™ of energy, respectively.”” These
results suggest that the SiC,,Hg*C,H, adduct ion is most rea-
sonably viewed as 3-silacyclopropenylidene attached to the
“surface” of an ionized naphthalene molecule. Bimolecular
channels for the reaction between the neutral Si atom and
acetylene are likely to be endothermic: H atom abstraction is
endothermic by 63 kcal mol™!, but the energetics for H atom
elimination with formation of SiC,H are not known. Experimental
support for the stability of ¢-SiC,H; has come from recent
measurements with neutralization-reionization mass spectrome-
try.® In analogy to the reaction with acetylene, the reaction with
diacetylene can be expected to lead to a product molecule involving
the cyclic attachment of Si to one of the triple bonds of diacetylene.

The reactions of the Si* adduct ions with ammonia are unique
in that they appear to proceed only by addition. We have shown
previously that the bare Si* ion reacts with ammonia only by H
atom elimination to form the silylene cation :Si*~-NH,.*> The
reaction is exothermic by only 20 kcal mol™! which apparently
is not sufficient to drive the reaction to completion when the ions
are bound to benzene or naphthalene. The addition reactions
which are observed instead have effective bimolecular rate con-
stants which are only about 30% less than the rate constant of
the bimolecular reaction of bare Si*. The mechanisms invoked
earlier for the reactions of the adduct ions lead to the expectations
that the adduct ions with ammonia have the connectivities
HSiNH,*.C(H and HSiNH,C,Hg* and are formed by N-H
bond insertion between ammonia and Si* above a benzene ring
and between ammonia and Si above an ionized naphthalene
“surface”, respectively. The rapid bimolecular reactions of these
adduct ions with another molecule of ammonia may then be viewed
as reactions between HSiNH,* and ammonia occurring above
benzene and naphthalene, respectively, perhaps to form the co-
valently bound ion of diaminosilane, H,Si(NH,),*. In the case
of the reaction in the presence of naphthalene, this reaction would
be preceded by the transfer of the charge on naphthalene to the
HSiNH, molecule. It is interesting to note that benzene (B) and
naphthalene (N) catalyze the formation of Si(NH;),* according
to the reaction sequence given in reactions 20-22

Si* + B,N — SiB*SiN* (20)

SiB*,SiN* + NH, — SiB*NH,,SiN*NH,  (21)
SiB*.NH,,SiN*:NH, + NH, — Si(NH;),* + BN (22)
Si* + 2 NH, — Si(NH,),* (23)
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which is written without any inferences being made about structure
or mechanism. The sequential reactions of Si* with ammonia
which occur in the absence of these aromatic molecules are given
by reactions 24 and 25. They do not form an ion with the com-
position Si(NHj),* but lead to protonated ammonia instead.

Si* + NH; — SiNH,* + H (24)
SiNH,* + NH; — NH,* + SiNH (25)

Implications for Interstellar and Circumstellar Chemistry

The results of the SIFT experiments reported here clearly
establish that gaseous benzene and naphthalene have a positive
affinity for atomic silicon ions and that they can form adduct ions
with Si* efficiently in the presence of a stabilizing gas. Under
our SIFT conditions the adduct ions are likely to be formed
predominantly by collisional stabilization in the helium bath gas.
In interstellar and circumstellar environments in which gas den-
sities are much lower, formation of similar adduct ions must occur
largely by radiative association. The large rate constant measured
for the capture of Si* by benzene implies a long lifetime for the
intermediate complex against dissociation back to reactants and
s0 opens radiative association as an avenue for the production of
the Si*-benzene adduct at low gas densities. Charge transfer is
likely to predominate in the reaction of Si* with naphthalene at
low gas densities, but in this case the SiC;jHg* adduct also may
be formed by the radiative association of neutral silicon atoms
with naphthalene cations. These observations suggest that Si*
(or Si) is easily absorbed by PAH molecules (or ions) generally.
They support the proposal by Omont* that absorption of this kind
will contribute to the apparent depletion of gas-phase silicon in
interstellar gas clouds and circumstellar envelopes.?!,??

The non-reactivity of the SiC¢H,* and SiC,yHg* adduct ions
toward D, and CO means that these adduct ions will persist in
interstellar and circumstellar regions rich in H, and CO and be
available for chemical reaction with other, less-abundant molecules.
In this study we have characterized the reactions of these adduct
ions with the molecules O,, H,0, NH,, C,H,, and C,H, and we
have seen how these reactions may promote the synthesis of
silicon-containing molecules such as SiO, SiO,, SiOH, HSiOH,
and the cyclic adducts of atomic silicon with acetylene and di-
acetylene. The rate constants for these reactions cover a large
range in magnitude and the products, for the most part, are
bimolecular. Because these reactions are largely bimolecular the
rate constants are not expected to be strongly dependent on
pressure. For those reactions in which bimolecular channels
compete with adduct formation by collisional stabilization, the
branching ratio will change with decreasing pressure in favor of
the bimolecular channel, perhaps with no change in the total rate
constant for reaction. It is difficult to know what to expect with
regard to the temperature dependence of the rate constants. The
reason for the very slow reactions of both adduct ions with O,
and the very slow reaction of SiCoHg* with H,0, for all of which
k <6 X 10712 cm® molecule™ s!, may be a barrier in the potential
surface so that k would decrease with decreasing temperature.
The temperature dependence of the rate constants of the remaining
reactions for which & > 2 X 10719 cm® molecule™ s is also an
open question, particularly since nothing is known about the
potential surfaces for these reactions. Finally, the reactions with
diacetylene proceed near the collision limit and so should be quite
insensitive to changes in temperature. Clearly all those reactions
with rate constants that decrease with decreasing temperature
would be of less importance for the chemistry of interstellar gas
clouds, in which the temperature is usually below 100 K, and for
the chemistry in the cooler regions of circumstellar envelopes.

In principle, the adduct ion (XPAH)*, where X is any atom,
may be formed either by the capture of the atomic ion X* by the
PAH molecule or by the capture of the neutral atom X by a
positively charged PAH ion. We note here that the ionization

(21) Turner, B. E. Space Sci. Rev. 1989, 51, 235.
(22) Herbst, E.; Millar, T. J.; Wlodek, S.; Bohme, D. K. Astron. Astro-
phys. 1989, 222, 205.
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energies (given in parentheses in eV) of the interstellar atoms S
(10.360), Zn (9.394), Fe (7.870), and Mg (7.646) are all larger
than that typical for the larger PAH molecules (7.0), as is the
case for the relative ionization energy of Si and naphthalene. In
conrast, the ionization energies of Ca (6.113) and Al (5.986) are
both smaller, as is the case for the relative ionization energy of
Si and benzene. The ions of Ca and Al are therefore likely to
form (XPAH)* adduct ions in interstellar regions of low density
in the manner analogous to that observed in our laboratory for
Si* and benzene, viz. according to reaction 26, and the reactions

X* + PAH — X*PAH + hv (26)

of these adduct ions should mimic the behavior observed for
Si*-benzene adduct, e.g. form CaO/CaO, and AlIO/AIO, from
O, and AIOH and CaOH from H,0. Because of the likelihood
of charge transfer between the ions of the other atoms and PAH
molecules, the corresponding adduct in this case must be formed
by the radiative association of the neutral atom and the cation
of the PAH molecule according to reaction 27. The reactions of
these adduct ions should mimic those observed in this study for

X + PAH* — X-PAH* + hv 27
SiCoH,*, reactions of the type given in (28). The capture and

chemistry of atomic ions other than Si* will be the subject of future
studies in our laboratory.

XPAH* + M — PAH* + (XM) (28)

Nothing is known about the spectroscopy of adduct ions of the
type (XPAH)* so that a telescopic search for their presence in
the interstellar or circumstellar gas is not yet possible. (Of course
any ions, atomic or molecular, tied up in this fashion will also
escape detection.) Finally we may note, by inference, that Si*
and other atomic ions also should be captured in interstellar and
circumstellar environments by PAH molecules embedded in grains
of HAC and by larger hexagonal lattices such as graphite and
fullerene molecules. Fullerene molecules such as Cgq are thought
to be ejected from stars into interstellar space.? (Alternatively
the neutral atoms may be captured by the charged grains or
fullerene molecules.) The chemistry which these atomic ions or
atoms undergo above these surfaces with incoming molecules may
well resemble that observed with small PAH molecules in the gas
phase. In that case the study reported here for the chemistry of
Si* in the presence of benzene and naphthalene should serve as
an instructive prototype.
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Abstract: The reaction of ground-state silicon ion with ethane (-dy, -1,1,1-d;, and -dy) is investigated by using guided ion beam
techniques. Absolute reaction cross sections for all product ions are determined as a function of the relative collision energy.
At thermal energies, Sit-CH; accounts for 90% of all products. Exothermic dehydrogenation to form SiC,H,* and demethanation
to form SiCH,* are observed, but these processes are inefficient. When CH,CD; is employed as the reactant neutral, all products
are observed to incorporate hydrogen and deuterium atoms in near-statistical distributions at low energies. This suggests that
the primary HSi*-CH,CD,;, CH,CD,-SiD*, and CHs-Si*-CD, intermediates are rapidly interconverted via a cyclic

HDSi(CH,CD,)* intermediate.

Introduction

The reactions of atomic silicon ion with alkanes are ideal
systems for examining inter- and intramolecular C-H activations
by reactive silicon species as well as determining the thermo-
chemistry of organosilicon species. Previously, we investigated
the reaction of ground-state silicon ion (*P) with methane over
a broad range of kinetic energies by using guided ion beam mass
spectrometry.! A simple reaction mechanism was able to explain
the variety of endothermic processes observed. In addition,
thermochemical data for SiH and SiCH,* (x = 1-3) species were
extracted. Here, we continue these studies by evaluating the
reaction of atomic silicon ion with ethane, which has been studied
once before at thermal energies only.? The present study provides
a detailed mechanism for this reaction, additional thermochemical
data for organosilicon species such as SiICH*, SiCH,*, SiC,H,*,
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and SiC,H;*, and insight into the ability of silicon to activate C-H
versus C-C bonds.

Experimental Section

The guided ion beam apparatus has been described in detail else-
where.®  Silicon ions are produced as described below. The ions are
extracted, accelerated, and focused into a 60° magnetic momentum an-
alyzer where the 28Si isotope is selected. The ions are then decelerated
to a desired kinetic energy and focused into an octopole ion guide. Ra-
dio-frequency electric fields in the guide create a radial potential well that
traps ions over the mass range examined. The velocity of the ions parallel
to the axis of the guide is unchanged. The octopole passes through a
static gas cell into which a reactant neutral gas is introduced. The
pressure of the reactant gas is sufficiently low (~ 107 Torr) that multiple
collisions are improbable. The product and unreacted beam ions are
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