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SiNH7 has been formed in the gas phase by the rapid reaction of Si* (*P) with NH,. Experimental and theoretical studies of
the proton affinity of SiNH indicate that this ion is protonated at N, so that deprotonation produces selectively the isomer SiNH

in partially ionized interstellar environments.

1. Introduction

Multiply bonded silicon analogues of carbon com-
pounds are still rarely observed experimentally al-
though there is an increasing interest in their
properties and reactivity [1]. Hydrogen silaisoni-
trile, the silicon analogue of CNH, has been trapped
in an argon matrix in an early study by Ogilvie and
Cradock of the photolysis of silyl azide, SiH;Nj, at
4 K [2]. However, to the best of our knowledge,
SiNH has not yet been observed in the gas phase.
Several interstellar emission lines have been tenta-
tively attributed to free molecules of the isomer HSIN
[3], but calculations are not consistent with this as-
signment, Quantum chemical studies of SiNH and
its isomer, HSiN, indicate that HSIN is at least 55
kcal mol—" higher in energy than SiNH [4-7] and
that the calculated microwave frequencies for HSiN
do not match those which tentatively have been at-
tributed to this molecule [5].

One possible source for SiNH in interstellar en-
vironments is the neutralization of SiNH> or iso-
meric HSiNH™* by recombination with electrons or
by proton transfer,

SiNH; (HSINH*)+e (M)
-SiNH (HSiN)+H (MH*) . (1)

Here we report results of an experimental study which

indicates rapid reactions for the gas-phase formation
of SiNH; from Si* (°P) and ammonia and its sub-
sequent neutralization by proton transfer. Limits to
the proton affinity of SiNH are determined from the
observation and failure to observe proton transfer
with SiNH7 . Theoretical studies provide the proton
affinity and heat of formation of SiNH and deter-
mine the preferred site of protonation.

2. Experimental

All measurements were performed with the se-
lected ion flow tube apparatus described earlier [8,9].
Atomic SiT ions were generated by electron impact
of Si(CH,;), or 8iCl, in a mixture with deuterium as
described previously [10]. Deuterium was added to
quench the excited Si*(*P) state. The silicon ions
were then selected and introduced into helium buffer
gas at ~0.35 Torr. One or two neutral reactants were
added into the flow tube with inlets located in dif-
ferent positions. The purities of the reactant gases
were as follows: NH; (Matheson, > 99.9%), (CH;).S
(BDH, >99%) and (CH;),CO (BDH, 99.5%). All
experiments were made at 29512 K.

3. Results and discussion

The reaction
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Fig. 1. Observations of the chemistry initiated by Si* in ammo-
nia and helium buffer gas at a total pressure of 0.35 Torr. T=295
K, 7=6.5%10% cm s~!, and L=46 cm. The Si* is generated by
electron impact at 71 eV in a 10 mol% mixture of SiCl, in deu-
terium which is added to remove the excited Si(“P) ions. The
solid curves represent a computer fit assuming reactions (2) and
(3) with k3=5.7x 10~ "°cm?® molecule~' s~ ' and k;=7.4x 10~'°
em’ molecule~' s~' for this experiment. The dashed curve (drawn
“by eye") describes the association reaction of NH} with
ammonia.

Si* +NH; - SiNH7 +H (2)

was observed to occur rapidly when ammonia was
introduced into the flow tube in which Si*(?P) had
been established as the dominant ion in helium buffer
gas. The results are illustrated in fig. 1. The rate con-
stant measured for reaction (2) was 6.4% 10~ '° ¢cm?
molecule=! s~!. The product ion, SiNH7 , which is
thermalized by the predominant collisions with he-
lium buffer gas atoms, reacted further with ammonia
by proton transfer according to

SiNH7 +NH,;-»NH} +SiNH (3)

with a rate constant of 9.0% 10~ '° cm*® molecule~"
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s~ ! and a corresponding efficiency, k/k,, of 0.4, where
k. is the collision rate constant calculated according
to the combined variational transition state theory
~classical trajectory study of Su and Chesnavich [11].
The somewhat low reation efficiency suggests that
reaction (3) is nearly 1soergic or even slightly en-
doergic {12]and that the proton affinities of SINH
and NH; are close to each other. Indeed, further ex-
periments with dimethyl sulfide and acetone, which
have proton affinities only slightly below that of am-
monia, indicate no proton transfer with SINH; . The
reactions indicated in table 1 were observed instead.
These results are consistent with a proton affinity for
SiNH intermediate between the proton affinity of
ammonia, 204.0 kcal mol~', and the proton affinity
of dimethyl sulfide, 200.6 kcal mol~'. The approx-
imate empirical relationship between the efficiency
of proton transfer and its standard free energy change
suggests that the standard free energy change for re-
action (3) is approximately equal to zero. The stan-
dard entropy change for reaction (3) was estimated
from the changes in symmetry number according to

(4)

ASO—R ln(a(SiNH{) a(NH3)) _

a(NH{) o(SiNH)

A value of —2.2 eu is obtained with the geometries
calculated for SINHS and SiNH (see below). The
standard enthalpy change is then =~ — 0.6 kcal mol —!
so that PA(SiNH)~PA(NH,)-0.6 kcal mol~'=
203.4 kcal mol~!. Finally, accounting for experi-
mental uncertainties, we conclude that PA(SiNH)
=203+2 kcal mol—'.

There has been no previous determination, either
experimental or theoretical, of the proton affinity of
SiNH. In this study we have calculated the proton
affinity of SiNH at the MP4SDTQ/6-31G** level for
protonation at either the silicon or the nitrogen atom.
Geometry optimizations were performed using the
MONSTERGAUSS program [14] and MP4 calcu-
lations [15] were obtained with the GAUSSIAN 82
program [ 16]. We optimized the geometries of neu-
tral SINH and the two protonated isomers HSINH™
and SiNHy using standard 6-31G** basis sets
[17,18] The total electron cnergics were corrected
for electron correlation using MP4SDTQ/6-31G**.
The computational results are summarized in table
2. The energy of ~344.199309 au obtained for SiNH
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Table |

Rate constants (in units of 10-° ¢cm® molecule~' s~') and product distributions at 29512 K obtained for reactions of SiNHF with

molecules B

B PA P Products Product k kk.©
(kcal mol=") distribution

(CH,),CO 196.7 CH,NSi* +(C,H,0) 0.85 24 0.81
SiNH7# -(CH;),CO 0.15

(CH,),S 200.6 CH,SCH; +(SiNH;) 0.70 1.5 0.70
SiNHf -(CH,),S 025
CH,NSi* +CH,SH 0.05

NH, 204.0 NH{ +SiNH 1.0 0.90 0.40

) All primary product ions which contribute 5% or more are listed. The product distributions have been rounded off to the nearest 5%
and are estimated to be accurate to + 30%. The accuracy of the rate constants is estimated to be better than +30%. The values for the

rate constants are averages for at least three measurements.
® Proton affinities were taken from the compilation in ref. [13].

¢ The collision rate constants k have been calculated according to the combined variational transition state theory—~classical trajectory

study described in ref. [11].

may be compared with the value of —344.18931 au
calculated by Luke et al. [6] at MP4SDTQ/6-
31G*//321G* level, and the value of —344.210448
au calculated by Kroto et al. [5] with a CI treatment
using a high quality basis set. The proton affinities
of SiNH were calculated using

where AE? is the change in electronic energy for pro-
cess (5), AE? is the zero-point vibrational energy
difference, and AE2*® and AE?°® correspond to the
vibrational and rotational energy differences, re-
spectively, at room temperature. The calculated pro-
ton affinities are 202.8 kcal mol ! for protonation at
N and 149.4 kcal mol~! for protonation at Si.

SINH+H* -SiNH; (HSiNH*) , 5
2 ) () The good agreement between the experimental
PA(SINH) = —AE? —AEC - A(AE?®) value of the proton affinity and that calculated for
—AE®*+3RT (6) protonation at nitrogen establishes that SINH; is the
’ isomer produced in reaction (2). The calculated net
atomic charges for SiNH; are Si, +1.047; N,
Table 2
SCF and MP4SDTQ/6-31G** energies and geometries for SiNH, SINHS and HSiNH*
Species Symmetry State Geometry 2 Egcr E%W Eups
(au) (E?®) (au)
SiNH Coov D (SiN) =1.527 ~343.92268 9.53 —344.19931
(NH)=0.987 (9.72)
SiNHF Cyy 'A, (NH) = 1.008 -—344.26966 16.58 —344.53182
(SiN) = 1.644 (16.74)
£ (SiNH) =124.7
£ (HNH)=110.7
HSiNH* Cov T+ (HSi)=1.449 —344.16558 13.94 —344.44285
(SiN) = 1.481 (14.30)
(NH) =0.993

) All bond lengths are in A and bond angles in deg.

® Zero-point energy (E?) and vibrational energy at room temperature (E2°*) in kcal mol ' based on frequencies obtained at the SCF

level.
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—0.824, and H, +0.388. The largest contribution to
the HOMO of this species is the 3s atomic orbital of
silicon so that the structure of SINHF may be de-
scribed as the silene :Si*-NH..

The ionic products which were observed for the
reactions of SiNH{ with (CH;),CO and (CH,),S
are consistent with a silene character for SINH3 since
they can be formed by carbene-like insertion into
C-C and C-S bonds or, in the case of (CH,),S, by
H~ transfer to form the aminosilylene : Si(H)NH,
which has been calculated to be approximately 18
kcal mol~' more stable than the silanimine isomer
H,SiNH [19].

The high rate constants for reactions (2) and (3)
suggest that SiNH is an important interstellar mol-
ecule in regions rich in ammonia. Its detection, how-
ever, is likely to be a difficult task since SiNH has
only a small dipole moment. Our calculated value at
the SCF/6-31G** level is only 0.16 D, which can be
compared to the values of 0.26 D calculated by Luke
et al. [6] and 0.20 D calculated by Roelandt et al.
[7].

Finally, the heat of formation of SiNH was esti-
mated from quantum chemical calculations of the
enthalpy change for the process

SINH('Z*)-Si(*P)+NH(’2 "), (7N

which has a value of 137.7 kcal mol~"' at the MP4/6-
31G**//6-31G** level. This leads to a standard heat
of formation for SiNH, AHY 595 (SINH)=50.2 kcal
mol~ ', when combined with AHY ,55(Si) =108.9 kcal
mol~! and AHQ.5(NH)=79 kcal mol-! [20].
Knowledge of the standard heat of formation of
SiNH, the proton affinities of SiNH, and the heat of
formation of the proton, results in standard heats of
formation of the ions SINHS and HSINH™* of 214.2
and 267.8 kcal mol~' at 298 K. These latter results
lead to the conclusion that reaction (2) is exo-
thermic by 17.3 kcal mol~' for the formation of the
SiNH7 isomer and endothermic by 36.3 kcal mol !
for the formation of the HSiNH™* isomer.

Further studies are now in progress of other re-
actions which lead to the formation or depletion of
SiNHJ and which involve SINH7 in still further ev-
olution of higher-order silicon compounds.
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4. Conclusions

Ionized atomic silicon has been observed to react
rapidly with ammonia at 295+2 K to produce hy-
drogen silaisonitrile protonated at nitrogen. The
identity of the product ion has been established
through experimental and theoretical examinations
of the proton product affinity of hydrogen silaiso-
nitrile. Free neutral molecules of silaisonitrile can be
produced when this reaction is followed by depro-
tonation as is likely, for example, in partially ionized
interstellar environments containing ammonia.

Acknowledgement

Financial support for this research has been pro-
vided by the Natural Sciences and Engineering Re-
search Council of Canada. We thank Arnold Fox for
helpful discussions.

References

[1] G. Raabe and J. Michl, Chem. Rev. 85 (1985) 419.

[2] J.F. Ogilvie and S. Cradock, Chem. Commun. 12 (1966)
364.

[3] F.J. Lovas, Astrophys. J. 193 (1974) 265.

[4] R. Preuss, R.J. Buenker and S. Peyerimhoff, J. Mol. Struct.
49 (1978) 171,

[5] H.W. Kroto, J.N. Murrell, A. Al-Derzi and M.F. Guest, As-
trophys. J. 219 (1978) 886.

[6] B.T. Luke, J.A. Pople, M.B. Krogh-Jespersen, Y. Apeloig,
M. Karnj, J. Chandrasekhar and P. von R. Schleyer, J. Am.
Chem. Soc. 108 (1986) 270.

[7] E.F. Roelandt, D.F. van de Vondel and G.P. van der Kelen,
J. Mol. Struct. 54 (1979) 221.

[8] G.1. Mackay, G.D. Vlachos, D.K. Bohme and H.I. Schiff,
Intern. J. Mass Spectrom. Ion Phys. 36 (1980) 259.

[9] A.B. Raksit and D.K. Bohme, Intern. J. Mass Spectrom. Ion.
Phys. 55 (1983) 69.

[10] S. Wlodek, A. Fox and D.K. Bohme, J. Am. Chem. Soc., to
be published.

[11] T. Suand W.J. Chesnavich, J. Chem. Phys. 76 (1982) 5183.

[12] D.K. Bohme, G.I. Mackay and H.L Schiff, J. Chem. Phys.
73 (1980) 4976.

[13] S.G. Lias, J.F. Liebman and R.D. Levine, J. Phys. Chem.
Ref. Data 13 (1984) 695.

[14] M.R. Peterson, R.A. Poirier, MONSTERGAUSS, Univer-
sity of Toronto (1980).

{15] R. Krishnan, M.J. Frish and J.A. Pople, J. Chem. Phys. 72
(1980) 4244,



Volume 143, number 4

[16]1].S. Binkley, M.J. Frisch, K. Raghavachari, D.J. DeFrees,
H.B. Schlegel, R. Whiteside, E. Fluder, R. Seeger and J.A.
Pople, GAUSSIAN 82, Release A, Carnegie-Mcllon Uni-
versity, Pittsburgh.

[17] P.C. Hariharan and J.A. Pople, Theoret. Chim, Acta 28
(1973) 218.

CHEMICAL PHYSICS LETTERS

22 January 1988

[18] M.M. Francl, W.J. Pietro, W.J. Hehre, J.S. Binkley, M.S.
Gordon, D.J. DeFrees and J.A. Pople, J. Chem. Phys. 77
(1982) 3654.

[19] T.N. Truong and M.S. Gordon, J. Am. Chem. Soc. 108
(1986) 1775,

[20] H.M. Rosenstock, K. Draxl, B.W. Steiner and J.T. Herron,
J. Phys, Chem. Ref. Data Suppl. 1, 6 (1987).

389



