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Abstract Computational chemistry methods have been
used to study the lowest lying [H, Si, N, C, S] isomers
which are of astrochemical interest. A number of [H, Si, N,
C, S] isomers have been investigated at the B3LYP/aug-cc-
pVTZ level of theory. Of these, the seven lowest isomers
have been further investigated using different levels of
theory, including MP2 and QCISD(T). It has been found
that at all levels of theory the lowest energy isomer is
HSi(S)CN. For the seven lowest isomers, rotational con-
stants and vibrational frequencies have been evaluated. In
addition, the enthalpies of formation of the seven lowest
isomers have been evaluated using the G3MP2 multilevel
method and shows that the isomers are relatively thermo-
dynamically stable compared to other silicon-containing
species that have been detected in space. The structures and
energies of the lowest lying excited singlet states of these
isomers have also been investigated. For the isomers
HSi(S)CN, HSi(S)NC, HS-SiCN and HS-SiNC, the lowest
lying excited state is predicted to be non-planar, while for
HSiINCS the lowest lying excited state is predicted to be
planar with similar structural changes occurring on exci-
tation as seen in HSiNCO and HSiNC.
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1 Introduction

Recently, our group has looked at a number of silicon-
containing species with the aim of finding new molecules
that have a strong potential of being found in space. In our
previous study, we carried out work on the [H, Si, N, C, O]
isomers using ab initio techniques and found that lowest
lying isomer is HSi(O)CN (at the MP2/aug-cc-pVTZ level
of theory) [1]. From this work, we went onto observe the
previously unknown species HSiNCO using laser-induced
fluorescence and determined the rotational and centrifugal
distortion constants of both its X'A’and A'A” electronic
states [2]. We have also carried out a laser spectroscopic
study on the X'A’ and A'A” electronic states of HSiNC,
which has previously been detected using microwave
spectroscopy and is thought to be an excellent candidate for
detection in space [3].

To further our work on organosilicon compounds, this
paper aims at examining the possible isomers of [H, Si,
N, C, S]. Sulphur has a cosmic abundance which is only
slightly less than silicon, and therefore it is feasible that
some of the [H, Si, N, C, S] isomers studied in this work
will be present in the environs of space. There are pres-
ently about 15 sulphur-containing molecules, including
SiS, that have been detected in space [4]. Therefore, it is
hoped this work will aid in the detection of some of the
[H, Si, N, C, S] isomers in both the laboratory and in
space.
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2 Theoretical methods

For the most part, calculations were carried out using the
Gaussian03 (GO03) suite of programs [5]. The geometries of
the different species and their isomers were fully optimized
at different levels of theory using the augmented double
and triple zeta correlated consistent basis set (aug-cc-
pVDZ/aug-cc-pVTZ) of Dunning et al. [6, 7]. The methods
used include the hybrid density functional method B3LYP,
the second-order Mgller-Plesset method (MP2) and the
quadratic configuration interaction method including
singles and doubles, QCISD [8, 9]. Further single-point
calculations were carried out using QCISD(T), with the
isomers fixed to their QCISD-optimized geometries. For all
geometry optimizations, a tight convergence criterion was
used, while for B3LYP calculations an ultrafine grid was
employed. For accurate relative energies and evaluation of
thermodynamic properties, the G3B3 and G3MP2 methods,
as implemented in GO3, were used. Vibrational frequencies
were calculated at the different levels of theory to check if
the optimized structures were true minima. The MP2 and
QCISD calculations were carried out using the standard
frozen core method. For the planar molecules, the geo-
metry optimizations were carried out with symmetry
constraints, while for non-planar systems no symmetry
constraints were used. Multiconfiguration SCF (MC-SCF)
calculations were carried out as implemented in the
MOLPRO suite of programs using the aug-cc-pVTZ basis
set with (13, 2) closed and (10, 4) active orbitals [10]. CIS
and SAC-CI calculations, as implemented in G03, were
carried out on a number of isomers to determine excited
state structures and transition energies [11]. Natural bond
orbital analysis (NBOA) was carried out using NBO ver-
sion 3.1 (as implemented in G03) and were evaluated using
the B3LYP-optimized geometries [12]. Calculations were
run on several computer clusters including the system
managed by EPSRC National Service for Computational
Chemistry Software in addition to the University of
Leicester Mathematical Modelling Centre’s supercomputer
which was purchased through the HEFCE Science
Research Investment Fund. The visualization software
GaussView and MOLDEN were used throughout this work
[13, 14].

3 Results and discussion

A series of computational chemistry calculations were
carried out on a number of different isomeric forms of [H,
Si, N, C, S]. The optimized geometries and vibrational
frequencies of 22 different isomers were calculated at the
B3LYP level of theory (see the supplementary data for
information about the energies of all 22 isomers). Figure 1
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Fig. 1 B3LYP/aug-cc-pVTZ-optimized geometries (bond lengths in
pm; bond angles in degrees) of the seven lowest [H, Si, N, C, S]
isomers in the X'A’ electronic state. All energies [in kJ/mol] are
relative to the lowest energy isomer (S1)

shows the seven lowest [H, Si, N, C, S] isomers in the XA
electronic state using the B3LYP/aug-cc-pVTZ level of
theory. In all cases, the electronic configuration of the
singlet species is 18 a’? 4a"*. As can be seen from Fig. 1,
the seven lowest isomers (S1-S7) are all within approxi-
mately 46 kJ/mol of each other. At the B3LYP/aug-cc-
pVTZ level of theory, the lowest isomer (S1) was found to
be HSi(S)CN, which is the sulphur analogue of formyl
cyanide, while the isocyanide analogue, HSi(S)NC, is only
5.0 kJ/mol higher in energy. This is different from that
found from the study on the [H, Si, N, C, O] isomers, where
cis-HOSICN or cis-HOSINC (theory dependent) were the
lowest lying isomers [1]. Isomers S3 and S4 are the trans
forms of HSSiCN and HSSiNC and are situated 18.0 and
21.3 kJ/mol higher in energy. The next two isomers are
cis-HSSIiCN and cis-HSSINC, these are estimated to be
25.5 and 28.0 kJ/mol higher in energy than the lowest lying
isomer. The next highest isomer is the sulphur analogue of
HSINCO, HSiNCS, and is predicted to be 43.9 kJ/mol
higher in energy.

In order to check if the B3LYP calculations were giving
the correct ordering of the seven lowest isomers, further
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calculations were carried out using different levels of the-
ory. Higher level calculations were carried out at the MP2,
QCISD and QCISD(T) levels of theory (using the aug-cc-
pVTZ basis set) as implemented in the GO3 package. For
each calculation, the geometries were re-optimized and
where possible the vibrational frequencies evaluated. In the
case of the QCISD(T) calculations, the geometry was re-
optimized at the QCISD level of theory and a single-point
calculation at this geometry was carried out. Table 1 shows
the relative energy differences between the lowest seven
isomers found at each level of theory. For each method, the
HSi(S)CN isomer is predicted to be the lowest in energy.
For isomer S2, the QCISD calculations agree well with the
B3LYP results; however, the MP2 calculations predict a
difference of 24.7 kJ/mol, which is over three times that
found using the other methods. Again for isomers S3 and
S4, the B3LYP results agree well with the QCISD result.
The MP2 results predict higher energies for both isomers;
in particular, the trans-HSSiNC isomer which is predicted
to be 53.1 kJ/mol higher in energy and is higher in energy
than the isomer S5. The QCISD result for next two highest
isomers, S5 and S6, agrees well with the B3LYP results,
while the MP2 method again estimates much higher ener-
gies. The largest discrepancy is seen for the HSiNCS
isomer. In this case, the B3LYP result of 43.9 kJ/mol is
significantly lower than that predicted by the MP2 and
QCISD methods which estimate an energy of ~79.5 kJ/mol.
The QCISD(T) energies match those of QCISD except for
the ordering of isomers S4 and S5.

The G3B3 and G3MP2 multilevel methods were carried
out on the lowest seven isomers (in the X' A’ electronic state)
in order to determine more accurate relative energies. As can
be seen from Table 1, the G3MP2 results agree well with the
QCISD results and both methods show that isomer S1, as
seen in Fig. 1, is the lowest lying isomer. For HSiNCS, the
G3MP2 method again agrees well with the QCISD result
and shows that the relative energy of HSiNCS is signifi-
cantly higher than that predicted using B3LYP, which may

Table 1 Energies of the seven lowest [H, Si, N, C, S] isomers (in kJ/
mol), relative to isomer 1 (as in Fig. 1)

Isomer B3LYP MP2 QCISD* QCISD(T)* G3B3" G3MP2"
HSi(S)CN 0.0 0.0 00 0.0 00 00
HSi(S)NC 50 247 59 9.6 105 63
trans-HSSiCN 180 322 18.8 20.1 259 251
trans-HSSINC 213 53.1 234 28.0 351 310
cis-HSSICN 255 41.0 259 27.6 343 339
cis-HSSINC 280  60.7 30.1 34.7 427 389
HSiNCS 439 816 76.6 74.0 69.0 707

All energies are ZPE corrected
4 ZPE taken from MP2 calculation
® G3(Eo), Eo = Eeiec + ZPE

indicate that the species may not be easily detected, unlike
HSiNCO which had a relative energy of only ~56.5 kJ/mol
and has been detected using laser-induced fluorescence [2].
The G3B3 results match those from the G3MP?2 calculation,
except in the ordering of isomers S4 and S5.

Ding et al. [15] carried out an analysis of the isomers of
[H, C,, N, S] at the MP2/cc-pVDZ level of theory. The
ordering of the [H, Si, N, C, S] isomers is similar to that of
the carbon based isomers [H, C,, N, S] with HC(S)CN
(0.0 kJ/mol), HC(S)NC (98.3), cis-HSCCN (192.9), trans-
HSCCN (191.6), cis-HCSCN (252.7) and trans-HCSNC
(259.0). Interestingly, they failed to calculate the energy of
the HCNCS isomer as well as a number of cyclic species.
Earlier work by Flammang et al. [16] using the MP2/
6-31G(d) level of theory, gave a slightly different ordering
of the [H, C,, N, S] isomers with the HC(S)CN isomer
being the lowest, the next highest isomers were HNCCS
(133.0 kJ/mol), cyclic-CHNCS (134.7), trans-HSCCN
(157.7), HNCCS (194.5) and HCNCS (197.9).

3.1 HSi(S)CN/HSi(S)NC

The two lowest isomers energetically are HSi(S)CN and
HSi(S)NC, which are analogous to thioformyl cyanide and
thioformyl isocyanide. For both isomers, the Si—-H bond
length is 147 pm, which is similar to that observed for
H3SiNCS [17-19]. The Si—S bond length is predicted to be
~194 pm, which is similar to the 192.9 pm bond length
observed in the diatomic SiS [20]. The H-Si—C/N angle of
~106° with the S-Si—C/N angle of 124.5° indicates that
some sp> hybridisation is occurring on Si resulting in the
~120° angles. The dipole moments (p,/1y) at the B3LYP/
aug-cc-pVTZ level of theory in the ground electronic state
for HSi(S)CN and HSi(S)NC are -0.52/2.51 D and -0.15/
2.29 D, respectively, and are sufficiently high that these
species should be observed using standard microwave
spectroscopy techniques. Table 2 shows the vibrational
frequencies and rotational constants for these species at the
B3LYP/aug-cc-pVTZ level of theory.

For HSi(S)CN, a natural bond orbital analysis (NBOA)
shows the bonding contributions from Si for Si-H, Si-C
and Si-S bonds involves some hybridisation spz'o1 (66%, %
p-character), spz‘64 (72%) and spl‘so (60%), respectively,
which explains the slightly larger H-Si—-C and S-Si—C
angles seen over the other isomers studied and is in line with
typical sp” hybridisation angles. For HSi(S)NC the bonding
is very similar to that seen for HSi(S)CN. The NBOA
predicts no substantial delocalisations in either molecule.

3.2 Excited states

Calculations on the excited states of these species have been
carried out with the aim of trying to detect these species

@ Springer



664

Theor Chem Acc (2010) 127:661-669

Table 2 Harmonic fr@qucncies (in cmfl) [Intensities (in km/mole)] and equilibrium rotational constants (in GHz) of the seven lowest [H Si, N,
C, S] isomers in the X'A’ state at the B3LYP/aug-cc-pVTZ level of theory

Species Vibrational frequencies (intensities) Rotational constants (A, B, C)

HSi(S)CN 134.4(11), 239.5(4), 357.6(1), 500.0(8), 569.8(49), 746.3(30), 19.85253, 2.24140, 2.01401
852.7(132), 2272.6(46), 2290.7(39)

HSi(S)NC 126.7(7), 174.7(1), 303.8(7), 504.8(11), 617.0(52), 777.7(62), 21.46943, 2.43029, 2.18316

866.6(187), 2129.4(485), 2287.7(43)
124.7(3), 214.4(1), 351.7(2), 473.8(6), 513.8(65), 548.3(84),

trans-HSSiCN
802.9(13), 2254.8(29), 2658.0(2)

cis-HSSiCN
711.5(7), 2251.2(25), 2663.2(3)

trans-HSSINC
781.1(17), 2106.4(407), 2665.0(3)
cis-HSSINC
695.8(17), 2102.5(386), 2665.9(3)
HSINCS

126.9(8), 212.3(15), 369.4(0), 417.1(17), 496.8(64), 543.4(88),

126.8(2), 164.1(0), 296.0(2), 431.5(5), 502.6(77), 610.5(140),

133.0(6), 160.2(6), 309.7(2), 386.2(19), 489.4(88), 590.6(122),

102.7(1), 127.2(1), 462.1(41), 503.1(56), 519.7(1), 858.8(117),
1019.2(5), 2001.3(530), 2069.7(1360)

10.62364, 2.74731, 2.18283

10.57728, 2.69451, 2.14746

11.91714, 2.86431, 2.30927

12.02699, 2.79524, 2.26810

170.49781, 1.60324, 1.58830

. . -1 .
Harmonic frequencies (cm™ ') = unscaled frequencies

using laser-induced fluorescence (LIF) spectroscopy. Our
group has already successfully carried out spectroscopic
measurements on HSiNC and HSIiNCO in their A'A”
excited state, and it is hoped that similar work will be car-
ried out on some of the isomers outlined in this work [2, 3].

Excited state calculations on the planar A'A"state for
HSi(S)CN and HSi(S)NC indicated both to be a transition
state. Both of these isomers are the Si/S analogues of for-
myl cyanide; work on formyl cyanide has shown that the
first singlet excited state (A'A”) results in the hydrogen
atom bending substantially out of the molecular plane
(~25.0°), but the associated potential function is flat and
there is a low barrier to planarity (the inertial defect is
A = 0.67 amu 10\2) [21]. With this in mind calculations
were carried out using the CIS and SAC-CI methods to
investigate the structure of a non-planar excited state. The
CIS/aug-cc-pVTZ and SACCl/aug-cc-pVDZ structures for
the HSi(S)CN and HSi(S)NC excited state are shown in
Fig. 2 (labelled ES1 and ES2, respectively). Upon elec-
tronic excitation [of the n(Si) — =* type], both isomers are
expected to undergo a large extension of the Si=S bond and
a deformation of the planar structure as seen in analogous
systems, such as formaldehyde and formyl fluoride [22,
23]. It can be seen from Fig. 2 that the Si=S bond does
increase significantly (~20 pm) on excitation, which will
result in the electronic spectrum having a long progression
in the Si=S stretching mode. Other major changes in the
geometry on excitation are the S-Si-H and S-Si-N/C
angles decreasing to ~109°, which is in line with the
change from sp” hybridisation on the Si to sp® hybridisa-
tion. For both species, the out-of-plane (OOP) angle
between the SiS axis and the HSiC/N plane is ~60°. The
resulting inertial defect for the two isomers in their excited
state is calculated to be —2.46 amu A2 and —2.52 amu Az,
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Fig. 2 CIS/aug-cc-pVTZ (SAC-Cl/aug-cc-pVDZ)—-optimized geom-
etries of the A'A excited state of the six lowest [H, Si, N, C, S]
isomers (bond lengths in pm; bond angles in degrees). All energies [in
kJ/mol] are taken from SAC-CI calculations (not ZPEC) and are
relative to their corresponding 'A’ isomers as in Fig. 1. For HSiNCS,
the B3LYP/aug-cc-pVTZ(SAC-Cl/aug-cc-pVDZ)—optimized geome-
try for the A'A” excited state is given

respectively, clearly indicating that the excited state is non-
planar. The potential function of the hydrogen atom
bending out of the molecular plane for both isomers has
been investigated and analysed using the double-minimum
function used by Coon et al. (the details of this analysis can
be found in the supplementary data) [24, 25]. The lowest
lying triplet states for each isomer have also been looked at
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and in all cases they were found to be higher in energy (the
details on the triplet states of the lowest seven isomers can
be found in the supplementary data).

For both HSi(S)CN and HSi(S)NC, the structures of the
ground and excited states were optimized using SAC-CI
employing an aug-cc-pVDZ basis set. The calculations
were carried out using singles and doubles linked excita-
tions operators with ‘level three’ accuracy. A single-point
calculation was then carried out on the optimized structure
using the cc-pVTZ basis set. The SAC-CI calculations give
the transition frequencies (not ZPE corrected) to the non-
planar structure (AIA) as 24,673 cm™ ! and 26,327 cm ™!,
for HSi(S)CN and HSi(S)NC, respectively.

3.3 HS-SiCN/HS-SiNC

As can be seen from Fig. 1, the geometry of these thiols
show an S—H bond length (134.8 pm) which is similar to that
observed in other thiols [26]. The average Si—S bond length
is 215 pm, which is slightly smaller than the covalent radii
sum (221 pm) and is similar to that seen in other silicon
based thiols [27, 28]. The two most interesting structural
aspects of these species are the S-Si—-C/N and Si—-S-H
angles. The S—Si—C/N angle is small, ~95° and is similar to
the H-Si-X angle found in HSiNC/CN (~95°), while the
Si—S-H angle is inline with that observed for other alkylsi-
lanthiols (~ 100°) and is 20° smaller than the OH analogues
[28, 29]. In going from the trans to cis form, the H-S-Si
angle increases by ~ 6°, which is probably result of repul-
sion effects. This is also reflected in the Si—S bond length
which increases in going from the frans to the cis form.
Table 2 shows the vibrational frequencies at the
B3LYP/aug-cc-pVTZ level of theory for cis/trans HS—
SiCN and cis/trans HS-SiNC. At the B3LYP/aug-cc-pVTZ
level of theory the dipole moments (u,/u,) of cis and trans
HS-SiCN are —2.35/0.91 D and —3.48/2.06 D, respec-
tively, while for cis/trans HS-SiNC they are, —1.91/0.57 D
and —3.04/1.66 D, respectively. Again, the dipole moments
of these species are large enough that they should be easily
detected using microwave spectroscopic techniques.

3.4 Isomerisation

For the cis and trans forms of HS-SiCN and HS-SiNC,
calculations were performed on both species in order to
determine the potential of rotation of the hydrogen about
the sulphur atom. Figure 3 shows the isomerisation
potential for both HS-SiCN and HS-SiNC. The potentials
were generated by changing the HSSiC/HSSiN dihedral
angle, while relaxing the rest of the structure at the B3LYP/
aug-cc-pVTZ level of theory. A total of 20 points were
calculated for each species. From Fig. 3, it can be seen that
the potential has a double minimum at O and 180°,
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Fig. 3 trans to cis isomerisation of HSSIiCN (filled square) and
HSSINC (filled triangle)

corresponding to the frans and cis forms, respectively,
where 0 is the dihedral angle between H-S-Si—C/N. In both
cases the cis form is higher in energy by ~1.25 kJ/mol,
which is similar to that found for formic, thiolformic, thi-
onformic and dithioformic acids but opposite to that found
for HO-SiCN/NC. The potentials have been fitted using the
function of Torro-Labbe et al. [30]:

1 1
V(0) = AV (1~ cos0) + ; (k + k) (1 — cos” 0)

Jri(k,*kC*AVO)(l*COSZ 0) cos 0. (1)

The data from the fits are shown in Table 3 and are
compared against the results found for HO-SiCN, HO-
SiNC, thiolformic, thionformic and dithioformic acids
using the same method [1, 30]. It can be seen that HS-SiCN
and HS-SiNC have similar, although slightly higher, barrier
heights than thionformic and dithioformic acids. The val-
ues of k; and k. are similar to those of thionformic and
dithioformic acids with the k, force constant larger than k.
These force constants indicate that for the cis form there is
some repulsive interaction which destabilizes the system;
the opposite is seen for HO-SiCN/NC [1]. The parameters
o and AV* are the angle in which the potential is at a
maximum and the barrier height, respectively. For HS-
SiCN o = 89.68° and AV* = 5,791.32 cm™', while for
HS-SiNC o = 90.19° and AV = 4,819.65 cm™".

NBOA on HS-SiCN shows that the bonding between Si—
S and Si—C is mainly p in character (>85%) for both the cis
and frans species. The almost pure p-character of these
MOs explains the relatively small S-Si—C angle seen in
both isomers. As expected the NBOA for cis/trans HS-
SiNC is very similar to that of cis/trans HS-SiCN.

3.5 Excited state

Calculations have also been carried out on the first A" state
of each species. As found for HSi(S)CN and HSi(S)NC

@ Springer
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Table 3 Parameters for HS-SiNC and HS-SiCN from the second potential function (Eq. 1) where k. and k, (force constants) in kcal mol ™!

rad 2, V1.V, Vs, AV® and AV* in cm™! and o in degrees

Parameters HS-SiCN HS-SiNC HO-SiCN® HO-SiNC? HS(O)CH® HO(S)CH® HS(S)CH
ke 27.80 23.08 18.63 15.93 15.41 16.63 17.17
ke 34.46 2831 15.23 13.92 20.40 30.79 25.45
Vv, —245.04 —251.92 —278.17 —278.59 - - -
Vv, —2722.00 —2247.00 —1480.45 —1304.99 - - -
A —102.11 —73.67 97.08 69.91 - - -
AV 694.3 651.2 362.2 417.4 495.6 2236.7 611.0
oo 89.68 90.19 95.42 95.29 92.0 93.0 92.0
AVF 5791.32 4819.65 3169.04 2841.28 3379.7 5276.9 4037.0
 Ref. [1]

° Ref. [30]

analysis of the excited A'A” state for these isomers indi-
cated them to be transition states. As a result of this CIS
and SAC-CI calculations were carried out on the A'A
electronic state for each isomer. The CIS/aug-cc-pVTZ and
SACCV/aug-cc-pVDZ structures for the A'A excited state
HS-SiCN and HS-SiNC are shown in Fig. 2 (ES3/ES5 and
ES4/ES6). Each isomer has one common non-planar
excited state structure. On excitation there is a significant
increase in the S—Si—C/N angle ( ~20°) which is probably a
result of density being shifted to an in-plane p orbital on Si
resulting in further sp® hybridisation. Another significant
change is in the Si—C/N bond length which decreases by
~5 pm on excitation. The largest change is with the H
atom, which has moved substantially out of the molecular
plane and now has an OOP angle (with respect to the S—Si—
C/N plane from the planar cis form) of 104 and 102° (CIS/
aug-cc-pVTZ geometry), for HS-SiCN and HS-SiNC,
respectively. The reason for this large OOP angle is
unclear, although it is probably a result of sp> hybridisation
on the sulphur atom. The inertial defect for HS-SiCN and
HS-SiNC is —3.18 and —3.23 amu A2, respectively, which
clearly indicates a non-planar structure. The SAC-CI cal-
culations give the transition frequency to the non-planar
excited state (not ZPE corrected) as cis/trans HS-SiCN
26326/27162 cm ™!, while for cis/trans HS-SiNC the tran-
sition frequencies are 29744/30640 cm™', respectively.

3.6 HSINCS

The ground electronic state structure of HSiNCS is analo-
gous to HSiCN, HSiINC and HSiNCO with the H-Si-X
angle being around 95°. The small H-Si-X angle is also seen
for the analogous halogen species HSiX (X = F, Cl, Br, I)
with the H-Si-X angle going from 96.9, 96.9, 102.9, and
102.7°, respectively [31-35]. The Si—H bond length of
152.7 pm is almost identical to that found for HSiNC
(152.6 pm); however, it is ~4 pm longer than the Si—H
bond in H3SiNCS [36]. The question of linearity or non-
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linearity of the N=C=S group has, like the N=C=0O group,
been of much interest for several decades [37]. As found for
the N=C=0 group, NBOA proposes three resonance struc-
tures with the N=C=S being the most probable, while
*N=C-S~ and N-C= ST being the other minor forms. It
is highly likely that the N=C=S group is in fact non-linear
based on the proposed resonance structures. However, in
most of the early microwave spectroscopy and electron
diffraction studies, the N=C=S group was assumed to be
linear. Only in a few cases has the N=C=S angle actually
been determined experimentally. For the microwave spec-
troscopy studies, it has been found that fixing the NCS group
to being linear typically gives a poor fit to the observed
frequencies. However, fits have been improved by using
increasingly complex Hamiltonians, incorporating bending
and rotational terms [17, 18]. By comparison, ab initio
studies on species containing the NCS group have typically
found the N=C=S angle to be only slightly less than 180°,
with the average angle being between 175 and 179.9° [38].

Vibrational frequencies and rotational constants for
HSiNCS in its ground electronic state were also calculated
and are given in Table 2. The dipole moments (u/fi,) at
the B3LYP/aug-cc-pVTZ level of theory were calculated to
be 0.32/1.26 D. The dipole moments for HSiNCS are less
than the previous isomers studied; however, they should be
still large enough for detection using standard microwave
spectroscopy techniques. The NBOA analysis shows the
bonding between Si—-H and Si-N is 85.8 and 98.6% p in
character on the Si, which is similar to that seen in the HS-
SiCN/NC isomers. The high p-character explains the small
predicted H-Si—-N bond angle of 96°.

3.7 Excited state

In 2009, Dover and Evans performed laser-induced fluo-
rescence (LIF) experiments on the A'A” electronic state of
HSiINCO [2]. It is thought that the same state should be
observable for HSiNCS using a suitable precursor. Table 4
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Table 4 Bond distances (pm), bond angles (degrees), dipole
moments (Debye) and transition energies (cm™") for the A'A”state of
HSIiNCS

Parameter B3LYP MP2 MC-SCF  SAC-CI* Exp
r(H-Si) 150.1 148.7 154.2 149.3

#(Si-N) 170.2 170.9 170.3 171.2

r(N-C) 120.0 119.1 119.2 119.7

HC=S) 157.7 1575 159.0 158.3
ZH-Si-N) 1112 115.8 113.2 114.6
Z(Si-N-C)  161.7 166.2 160.2 163.3

Z(N-C-S) 1784 178.9 178.4 176.1

I 0085 0532 - -

1ty —139 1718 - -

T, 13,578 16,163 20,724  20,720°

HSIiCN 20,567 17,165 -
HSiNC 21,938° 19,765 19,950¢
HSiNCO 14,485°  16,342° 21,700°  20,809° 20,346
HSiF 23,693 23260 ¢
HSICl 21,111 20,718 1

% SAC-CI ZPE taken from B3LYP/aug-cc-pVTZ calculation
® ¢cc-pVTZ basis set was used
¢ Ref. [43]

4 Ref. [3]

¢ Ref. [1]

" Ref. [2]

€ Ref. [33]

I Ref. [35]

shows calculations carried out on the A'A” state of
HSiINCS. It shows that on excitation the H-Si-N angle
increases significantly. This increase is due to electron
density being transferred from a lone-pair on the Si atom to
an out-of-plane p orbital on the Si atom. This transfer of
electron density results in an increase in hybridisation (i.e.
sp?) on the Si atom and therefore opens up the H-Si-N
bond angle. The H-Si—N angle increases from ~94° to
~115° an increase which is similar to that seen in
HSiNCO [1, 2]. Comparable increases are seen for the
halogen species, HSiX (X = F, Cl, Br, I), where on exci-
tation the H-Si-X angles opens up to 115.0, 118.1, 116.6,
and 116.2°, respectively [31-35].

Analysis of the A'A”—X'A’ transition energy was car-
ried out using the SAC-CI method as implemented in G03
using a cc-pVTZ basis set. The results from the SAC-CI
calculations are given in Table 4. For comparison the
HSiF, HSiCl, HSINC, HSiCN and HSiIiNCO transition
energies were also evaluated at the same level of theory but
using the aug-cc-pVTZ basis. As can be seen in Table 4,
the SAC-CI calculations are in excellent agreement with
the experimental results for HSiF, HSiCl, HSiNC and
HSiNCO; therefore, the predicted transition frequency of
20,400 cm ! for HSiNCS, even with the smaller cc-pVTZ

Table 5 Enthalpy of formation at 0 and 298 K of the seven lowest
[H, Si, N, C, S] isomers (in kJ/mol)

Isomer ArH 0[G3MP2]

0K 298 K
HSi(S)CN 192.5 206.3
HSi(S)NC 199.2 213.0
trans-HSSiCN 217.6 231.8
trans-HSSiNC 2234 238.1
cis-HSSiCN 226.3 241.0
cis-HSSINC 231.8 246.4
HSiNCS 263.2 277.4

basis set, which was used because of computer limitations,
should be within ~600 cm™! of the true value.

3.8 Enthalpy of formation

In order to get some understanding of how the chemical
structures of the isomers relate to their reactivity, the
enthalpies of formation of the lowest seven isomers were
evaluated. Table 5 shows the enthalpy of formation at 0 and
298 K of the seven lowest [H, Si, N, C, S] isomers using the
G3MP2 multilevel method. The enthalpies of formation at
298 K for the seven lowest [H, Si, N, C, S] isomers range
between 251 and 335 kJ/mol. The enthalpies were calcu-
lated using the method of Curtiss et al. [39] where the
theoretical enthalpies were calculated by subtracting the
calculated atomization energies from the known enthalpies
of formation of the isolated atoms. To calculate the enthalpy
of formation at 0 K, Eq. [2] was employed:

AH} (M) = E(M) + ZPE(M)

atoms atoms

- Z E(Xz) + Z AHf('),()(Xz) (2)

while for the enthalpy of formation at 298 K Eq. 3 was used:
AH; 205(M) = E(M) + ZPE(M) + [Ha08(M) — Ho(M)]

atoms

— > T {EX.) + [Hys(X.) — Ho(X.)]}

atoms

+ Z AHY 595(Xz) (3)

In Eq. 3, Hyog(M) and Hy(M) are taken from the theo-
retical calculations, while the values of H,gg-H, for the
atoms were taken from the JANAF tables, as with the values
for AH;_O and AH7 ¢ for the atoms [40]. A test calculation
on HNCS was carried out using the G3MP2 multilevel
method and AH7, and AHy o5 where estimated to be 127
and 136 kJ/mol, respectively, which are in good agreement
with the experimental values of AH_)?’0 >129.7 £ 2.9 and
AHJ 595 > 127.2 £ 2.9 kJ/mol [41].

@ Springer
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Fig. 4 Schematic of the
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It is very difficult to compare these results with previous
work as there is no thermodynamic data on species con-
taining H, Si, C, N and S. If we compare the enthalpies of
formation against similar silicon and carbon-containing
transient species then we see that the generation and detec-
tion of the seven lowest [H, Si, N, C, S] isomers is, from a
thermodynamic standpoint, possible. For instance, the
enthalpy of formation of HNCS (298 K) has been estimated
to be 129.7 kJ/mol, while work on NCS has estimated that
AH 595 ~320.1kJ /mol, which is similar to the species
studied in this paper [41]. If we compare the results against
some recently studied short-lived silicon-containing species
such as, SiCH (AH;’(298 K) = 515kJ/mol), H,Si=CH,
(AHJ?(298 K) = 179.9kJ/mol), SiC (AHJ‘?(298 K) =747.3
kJ/mol), SiC, (AH7(298K) = 623.8kJ/mol), SiCN(AH;
(298K) = 433.4kJ/mol), SiNC (AH;(298K) = 444.7
kJ/mol), HSiCN (AH; (298 K) = 360.1kJ/mol), HSiNC
(AH; (298 K) = 365.7kJ /mol) and SiCH, (AH;(298K) =
312.1kJ/mol) [42-44], it shows, again, that the species
examined in this work should be observable in the laboratory
and possibly in the stellar and interstellar medium.

Overall, if the correct generation technique is employed
(i.e. photolysis, pyrolysis, laser ablation or electric dis-
charge) in conjunction with the right pre-cursor then the
spectroscopic detection of some of the proposed [H, Si, N,
C, S] isomers is highly feasible with the best method of
detection being most probably microwave spectroscopy.

3.9 Transition states

Figure 4 shows some of the various isomerisation processes
between the seven lowest isomers (see the supplementary
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data for the structures of the transition states). For S1 and S2
the barrier of the CN — NC interconversion via the ts1/2
transition state is very similar to that seen in HSiCN/NC
with S1 — S2 (87.0 kJ/mol) and S2 — S1 (82.0 kJ/mol)
[45]. The conversion of S1 to S3 via ts1/3 and S2 to S4 via
ts2/4 are energetically very similar to each other. The
conversion of S3 to S4 via ts3/4 has a similar barrier to that
seen for the interconversion between S1 and S2. The con-
version of S3 to S5 and S4 to S6 has been discussed in detail
in a previous section (i.e. isomerisation); the S4 to S6
conversion via ts4/6 is more favourable than the S3 to S5
conversion via ts3/5. S5 can undergo conversion to S6 via
ts5/6 with a barrier similar to that seen for S3 — S4 and
S1 — S2. S2 can undergo conversion to S7 via ts2/7. The
barrier for S2 — S7 is 228.0 kJ/mol, while for S7 — S2 it
is 189.1 kJ/mol showing that the high-energy conversion
between the two is not favourable. Another high-energy
conversion process can occur between S1 and S16, which is
HSiSCN, via the ts1/16 transition state. The barrier for this
interconversion is 320.5 kJ/mol from S1 to S16 and
103.8 kJ/mol from S16 to S1. Finally, the conversion
between S7 and S8 (HSiSCN) shows the barrier from
S7 — S8 (92 kJ/mol) is higher than the barrier going from
S8 — S7 (33.5 kJ/mol).

4 Conclusion

In this work, we have looked at a number of [H, Si, N,
C, S] isomers in different electronic states. This is the first
ever study on these species. It has been found that the
HSi(S)CN isomer is the lowest energy isomer with the
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seven lowest isomers being within 83.7 kJ/mol of each
other. One of the main reasons for this paper was to cal-
culate constants to aid in the detection of these species
spectroscopically. To do this, we have calculated vibra-
tional frequencies and equilibrium rotational constants of
the seven lowest isomers in their ground electronic state.
For each of these isomers, we have also determined the
structure and transition energy of the first singlet electronic
state. We have also determined the enthalpy of formation
of the seven lowest isomers using the G3MP2 multilevel
method and have found that, for the most part, the species
are relatively thermodynamically stable with the enthalpies
of formation comparable to those of other silicon-con-
taining species that have been detected spectroscopically
e.g. SiC, and SiCH,. Lastly, we have looked at the isom-
erisation processes between the lowest lying isomers and
determined transition states linking them. Overall, it is
thought the isomers investigated in this work should be
observable in their ground electronic state using spectro-
scopic techniques, in particular, microwave spectroscopy.
Given also that these species are fairly thermodynamically
stable, it is reasonable to assume that these species may
also be present in the stellar and interstellar medium.
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