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Abstract Equilibrium geometries of low-lying electronic
states of cyanosilylene (HSiCN), isocyanosilylene
(HSiNC), and their ions have been investigated using the
complete active space self-consistent field (CASSCF)
approach. The harmonic vibrational frequencies on the
optimized geometries were calculated using the multicon-
figuration linear response (MCLR) method. Taking the
further correlation effects into account, the complete active
space perturbation theory of second-order (CASPT2) was
carried out for the energetic correction. The CASPT?2 cal-
culations have been performed to obtain the vertical exci-
tation energies of selected low-lying excited states of
HSiCN and HSIiNC. Computed results show that the sin-
glet-triplet splittings are calculated to be 0.99 and 1.30 eV
for HSiCN and HSiNC, respectively. The vertical excita-
tion energies of the lowest singlet and triplet excited states
in HSiCN are lower than those in HSiNC. The first vertical
ionization energy of HSiCN (10.04 eV) is higher than that
of HSiINC (9.97 eV). The ground-state adiabatic electron
affinities are found to be rather high, and the value of
HSIiCN (1.85 eV) higher than that of HSiNC (1.52 eV).
The existences of dipole-bound excited negative ion states
have been discovered within HSiCN and HSiNC.
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1 Introduction

The cosmic abundance of silicon is thought to be only
slightly lower than those of C, N, and O [1], a surprisingly
rich silicon chemistry has been discovered, even in regions
where the temperature is fairly low. Of the 130 or so gas-
phase astronomical molecules, approximately 10 silicon
containing species have been detected in space, including
SiO, SiC, SiC,, cyclic-SiCs, SiCN and SiNC et al. [2-5],
and it is likely that with better spectroscopic data from the
laboratory, many more may be found. The intensive search
[6-15] for silicon-containing molecules of astrophysical
interest has in the fact led to the discovery of HSiCN and
HSiNC in discharge experiments in the laboratory by Sanz
et al. [16]. Both of these species were regarded as being
very strong candidates for detection in the interstellar
medium, because similar species had already been
observed in space (e.g. SiCN). Sanz et al. also found that
both HSiCN and HSiNC have C; symmetry with the H-Si—X
(X = C or N) angle being ~95°. Dover and Evans have
recently carried out laser-induced fluorescence spectro-
scopy on the ‘A" electronic state of HSiNC and found that
upon excitation the H-Si—-N angle increased by ~20° [17].

The theoretical studies on cyanosilylene focused on
the problem of the ground-state equilibrium structure of the
HSiCN molecule, and those on HSiNC are rather sparse. The
singlet-triplet splitting of the HSiCN was investigated by
Kalcher [18]. Kalcher also predicted that all excited
HSiCN™ negative ion states can be characterized as dipole-
bound states. Wang et al. [6] performed a detailed theoretical
study on the neutral, cationic and anionic [H, Si, C, N] PES.

It is noteworthy that all the previous theoretical and
experimental studies were concerned with only the ground
state A’ and triplet state JA”of HSiCN and HSiNC. So far,
there has been no extensive work addressing their more
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excited states, experimentally or theoretically. In an effort
to understand more about these molecules, which are of
potential importance in astrophysical chemistry, we carried
out a study on the excited states of HSiCN, HSiNC and also
their ionic states using high level ab initio molecular orbital
theory (CASSCF/CASPT?2) [19-23], which have proved to
be effective for theoretical studies of electronic excited
states of molecules. Therefore, in this study, the equili-
brium geometries, harmonic frequencies, the energies of
the ground state and the partial excited states for HSiCN
and HSiNC have been investigated. This article reports, for
the first time, the vertical transition energies of HSiCN and
HSINC.

1.1 Computational methods

The geometries and the atom labelings used for HSiCN and
HSiINC (C,; symmetry) are shown in Fig. 1. Choice of the
active space is the essential step in the calculations with the
CASSCF/CASPT?2 method. The wave function includes all
excitations of 14 valence electrons in 13 molecular orbitals,
corresponding to the valence atomic s, p orbitals of C, N,
and Si atoms and 1s orbital of the H atom, namely, ten o'
orbitals and three a” orbitals.

The geometry of every state was optimized at the
CASSCEF [24] level of theory. Multiconfigurational linear
response (MCLR) [25] -computed response calculations on
single multiconfigurational SCF wave functions, which
was used to compute the harmonic frequency, and com-
plete active space second-order perturbation (CASPT2)
[26] was used to calculate the dynamic correction. The
calculations were performed using the augmented correla-
tion consistent valence triple-zeta aug-cc-pVTZ basis set
[27, 28]. According to the CASPT2 energies calculated at
the corresponding geometries optimized at the CASSCF
level, we obtained the CASSCF/CASPT?2 adiabatic exci-
tation energy values of the selected excited states, denoted
as T,. Based on the CASPT2 energy calculations at the
CASSCF geometries of the ground state for HSiCN and
HSINC, we obtained the CASSCF/CASPT?2 vertical exci-
tation energies for the 11 excited states, denoted as 7.

The oscillator strength is defined as f = 2(TDM)*AE/3.
The transition moments (TDM) were computed by
CASSCF, and the excitation energies, which are very
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Fig. 1 Sketch of the molecular geometries of a HSiCN and b HSiNC
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sensitive to dynamic correlation, were computed by
CASPT2.

The optimized geometries of the ground state for HSiCN
and HSiNC were used to calculate the vertical ionization
potentials (VIP). The calculated adiabatic ionization ener-
gies (AIP) are obtained from the difference of the total
energies between the radical ion and the neutral HSiCN
and HSINC radical in their optimized geometries, respec-
tively. All the CAS calculations were performed using the
MOLCAS 6.2 quantum-chemistry software [29].

2 Results and discussion
2.1 HSiCN and HSiNC

2.1.1 Equilibrium geometries of the ground state
and excited states of HSiCN and HSiNC

It is instructive to consider first the parent species: SiH,.
The SiH, molecule has been the subject of considerable
experimental and theoretical interest [30—34]. A compari-
son of the results of these high-level studies should provide
a realistic assessment of the accuracy for the theoretical
methods applied in this work for HSiCN and HSiNC. The
ground electronic state of SiH, is a singlet ’A, state (in the
C,, symmetry point group). In this work, the equilibrium
molecular parameters for the A, and ’B, states of SiH,
were calculated at the CASSCF(6,6)/aug-cc-pVTZ/CAS-
PT2(6,6)/aug-cc-pVTZ level of theoretical studies. The
singlet-triplet energy difference was calculated to be
0.75 eV. The estimated values can be compared with those
calculated at various levels of theory [31-34] and experi-
mental results [30]. Turning to the main subject of this
study, Tables 1, 2, 3, 4, 5, 6, 7, and 8 list the relative
information of the low-lying electronic states of HSiCN,
HSiNC and also their ions. To explain the differences in
geometry among the ground and excited states, we pre-
sented, in Fig. 2, the plots of a part of orbitals of the active
space which would be used in the following discussion.
Using these data, the singlet—triplet energy differences for
HSiCN (0.99 eV) and HSIiNC (1.30 eV) are predicted to be
slightly higher than that for the parent SiH, molecule. As
shown in Table 3 and Fig. 2, the conjugation between the
Si and N atom in HSiCN and HSiNC lower both the
energies of HOMO and LUMO orbitals of SiH,. The cal-
culated energies of HOMO-LUMO energy gaps AE follow
this order: AE(HSiNC) > AE(HSiCN) > AE(SiH,). Thus,
the singlet-triplet splittings of HSiCN and HSINC are
larger than that of SiH,, and the singlet-triplet splitting of
HSINC is larger than that of HSiCN.

Table 1 lists key geometrical parameters of the five low-
lying states for the HSiCN and HSiNC, respectively, which
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Table 1 Optimization structures, leading configurations occupation, and respective weights in the CI vector (c?), adiabatic excitation energies
(T, in eV), and dipole moment for the low-lying electronic states of HSiCN and HSiNC at C, symmetry at the CASSCF/CASPT?2 level of theory

using aug-cc-pVTZ basis sets

Species State RySi RS;X(A) RQCN Q () Configurations T, T, Dipole
A xeconm A ©@  © (CASSCF) (CASPT2) moment
Weight Occupation® (in eV) (in eV) (in Debye)
HSiCN  X’A’ 1.534 1.887 1.169 1755 943 0.867 (94)*(10a')*(11d)*(2d")*(12d")*(3a")° 0.00 0.00 3.3
b 1.524 1.886 1.169 1742 92.0
¢ 1.515 1.886 1.166 1742 922
A" 1469 1.854 1.169 177.9 116.1 0906  (94')*(10d")*(11d")*(2a")*(12d')*(3a")* 0.93 0.99 3.6
b 1.488 1.811 1.172 176.6 116.8
¢ 1.478 1.827 1.166 177.1 116.7
TA” 1520 1.842 1.176 177.8 119.5 0.876  (94')*(10a)*(11a"*2a")*(12d')*(3a")* 2.25 1.97 3.4
254" 1717 1.864 1.176 1745 649 0.833  (94)%(10a)*(11d')*(2d")*(12d)*(3d")* 4.14 3.56 32
A" 1511 1.902 1275 1720 89.9 0.881 (94)*(10a)*(11d')*(2d")*(12d')*(3a")* 4.65 428 0.5
HSINC X’A’ 1.536 1.788 1.187 172.9 955 0.882  (94)*(10d)*(11a')*(2d")*(124")*(3a")° 0.00 0.00 32
b 1.511 1.772 1.189 1723 938
A" 1468 1.757 1.184 1763 1143 0916  (94)*(10d)*(11d)*2a")*(124')*(3a")* 1.33 1.30 3.6
b 1.493 1.727 1.193 1749 114.6
TA” 1540 1.751 1.190 1754 1165 0.888  (94')*(10a)*(11d')*(2a"y*(124")*(3d")P 2.54 237 3.4
254" 1552 1.920 1.179 1662 852 0927  (94')*(104')*(11d")*(2a")*(12d')*(3d")* 4.05 3.80 3.7
A" 1514 2.808 1241 177.9 80.2 0.888  (94")*(10a')*(11d")*(2d")*(12d)*(3d")* 5.36 5.70 0.8

* The occupation number represents the electronic number that is occupied in the active space. « represents a spin-up electron, f§ represents a spin-
down electron, and 2 represents double occupied electrons. Every state has common configuration (core)(7a’)2(8a’)2, we will not present in the table

° Ref. [6]. Calculated at the B3LYP/6-31G(d) level
¢ Ref. [18]. Calculated at the ACPF/aug-cc-pVTZ level

Table 2 Vibration frequencies for the ground and excited states of
HSiCN and HSiNC calculated by MCLR

Species ~ State Harmonic vibration frequency (cm™")

@ 02 3 Wy s (2

(@) (@) @ @ @ @)

HSiICN  X'A’  2,1975 20167 8278 5726 271.1 2322
“Expt. 2,142.7 2,026.7 8264 563.5
Y 2,107.9 11,9475 661.6 5889 2527 322.0
A" 2,193.7 2,1650 7025 6265 2634 313.0
2’A” 20872 1,398.6 913.6 557.5 3342 3219
A 2,147.3 1,563.1 820.4 515.6 277.8 2839
HSINC  X'A’  2,080.5 2,041.1 9283 617.4 2261 3002
“Expt.  2,039.5 2,017.8 8679 622.0
A7 2,0359 1,780.6 657.6 6125 191.3 2485
A" 2,1482 2,0789 7082 658.6 186.8 2249
23A7 1,965.3 1,862.3 7705 3332 2775 3042
A/ 2,137.0 1,803.2 4584 83.7 63.7 109.6

For HSiCN, w; represents the H-SiCN stretch, w, represents the HSi-CN
asym stretch, ws represents the HSi—-CN sym stretch, w, represents the
H-Si—CN out-phase bend, ws H-Si—CN in-phase bend, and wg represents
the HSi—CN bend

For HSIiNC, ), represents the H-SiNC stretch, w, represents the HSi-NC
asym stretch, w3 represents the HSi-NC sym stretch, w4 represents the
H-Si-NC out-phase bend, ws H-Si—-NC in-phase bend, and wg represents
the HSi-NC bend

* Ref. [35]

also contain adiabatic excitation energies, leading config-
urations, and dipole moments. Table 1 shows that the
neutral HSiCN and HSINC with closed-shell electronic
configurations both have singlet ground states X’A’.
CASSCF wavefunction analysis shows that weight in CI
vector (c2) of ground state for HSiCN and HSiNC are 0.867
and 0.882, respectively. Such large weights indicate that
the contributions of these configurations are dominant in
their ground states. The equilibrium geometry parameters
of ground states of X’A’ for the HSiCN and HSiNC we
obtained accord with experimental and previous theoretical
values.

We will briefly describe the CASSCF geometries of
selected excited states in comparison with the geometry of
the HSiCN and HSiNC, respectively, as follows. For HSiCN,
the HOMO-LUMO single electron excitation 124’ —3a”
leads to the two states ‘A” and A" states, which can be
described as single configuration (core)(7a')*(84')*(9d)*
(10)*(11d")*2a")* (124" )*(3a")? and (core)(7d')* (8d')*
(9a')*(10a")*(2a")*(11a')*(12a')*(3a")* and with weights of
0.876 and 0.906, respectively. 124’ and 3a4” show mainly
dominant n(Si:3sp,p,) and n(Si:3p.) non-bonding characters
and relatively little 7*(Si-N) (Si—N antibonding) contribu-
tions from the N atom. The single electron transitions shorten
the Rys; and Rg;c bond lengths, and increase O bond angle.
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Table 3 The orbital energies of HOMO and LUMO for SiH,, HSiCN
and HSiNC

Orbital energy (in Hartree) SiH, HSiCN HSiNC

HOMO —0.3367 —0.3751 —-0.3616
LUMO —0.0035 —0.0301 —0.0116
HOMO-LUMO gap 0.3402 0.3450 0.3500

The 2°A” can be seen as a single-electron transition con-
figuration 104’ —3a” with a weight of 0.833. The elongating
of the Si—H bond in 2°A” can be understood by reducing the
bonding interaction between the Si—H atoms in the 10a’. As
compared with the C-N bond length in the geometry of the
ground state for HSiCN, the A’ has very long C-N bond
length, because one electron promotes from the 24" bonding
orbital (2a” is of © character coming from the interaction of
the 2p, of the C and N atoms) to the non-bonding 3a” orbital.

For HSiNC, the ‘A" and A" states can be described as
single transition configuration 124’ —3a” with weights of
0.888 and 0.916, respectively, but have different spins. 12a'
has mainly of dominant n(Si:3sp.p,) non-bonding character
and relative little 7*(Si—N) contributions from the N atom.
3a"” shows mainly dominant n(Si:3p.) non-bonding char-
acter. The single electron transitions shorten the Rys; and
Rsic bond lengths, and increase O bond angle. As com-
pared with the C-N bond lengths in the geometry of the

ground state for HSiNC, the *A’ has very long C-N bond
length, because one electron promotes from the 2a”
bonding orbital (2¢” is of m character coming from the
interaction of the 2p, of the C and N atoms) to the 3a”
orbital. The 2°A” state can be simply viewed as 11a'—3d”
single electron transition, with a weight of 0.927. The 114’
orbital can be described as an N—H sigma orbital as seen in
Fig 2a, while the 3a” presents n(Si:3p.) non-bonding. Thus,
the single electron transition shortens the Rcy, elongates
the Ry and Rg;n, decreases the bond angles Q and O.

The frequency values of HSiCN and HSiNC are sum-
marized in Table 2 at the CASSCF level using the MCLR
method. Available experimental frequency values in the
four modes of the ground state are listed in Table 2. As
shown in Table 2, the CASSCF frequencies of HSiCN w,
(2,197.5 cm™', H-SIiCN stretch), w, (2,016.7 cm™", His—
CN asymmetry stretch), w5 (827.8 cm™', H-SiCN sym-
metry stretch), and w4 (572.6 cm~ !, H-Si-CN out-plane
bend) show good agreement with the experimental values,
2,142.7, 2,026.7, 826.4, and 563.5 cm™'. The CASSCF
harmonic frequencies of HSiNC also agree well with the
experimental results, and the deviation is about 7%
between the calculated and experimental data. The
CASSCEF frequency calculations produced no imaginary
frequencies for the calculated electronic states of HSiCN
and HSIiNC.

Table 4 Vertical excitation energies (7,) (in eV) and oscillator strengths (f) calculated at the CASSCF/CASPT2 level for HSiCN and HSiNC

HSiCN State Transition T, f HSIiNC State Transition T, f

X'A’ 0.000  Ground state X'A” 0.000 Ground state

3A7 12d' —>3d" 1.15 <107'° 3A” 12d' —>3d" 1.28 <1071°

A" 12d' —»3d" 222 2.03 x 1072 -\ 12d' —3a" 2.39 1.65 x 1072

3A/ 24" —3d" 3.51 <1070 2’°A"  10d' —3d" 3.68 <107'°
11a’'—3a"”

A" 11d —3d" 4.47 <1071 2IA7 11d —3d" 433 6.83 x 1073
124’ —34"

2'A" 11d —>3d" 479 474 x 1073 3’A"  10d' —>3d" 5.48 <107'°
11a' —34"
124’ —34"

3PA” 94 —3d" 5.09 <10710 2'A (124> (3d")? 5.56 6.64 x 1073

11d' —3d" 11d'12d' > (3a")*

2'A (124> ->@3d"? 536 1.68 x 1072 A 24" —3d" 5.65 <1071°

A" 94/ 34" 5.45 232 x 1074 23A 24" —3d" 5.78 <107'°

31A 24" 34" 5.62 5.79 x 1072 3A/ (124> > (3d")? 5.86 <10710
11d'12d' > (3d")?

23A 9d' > 13d' 6.64 <107'° 3'A" 10d —3d" 5.92 8.68 x 1073

124’ - 134’ 11a' —34"

12a’ - 34"

3PA 124’ —3a" 7.08 <107'° 3PA 124’ —3d" 5.98 <107'°

@ Springer
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Table 5 Optimization structures, leading configurations occupation,
and respective weights in the CI vector (c?), adiabatic excitation
energies (7, in eV), and dipole moment for the low-lying electronic

states of HSiCN' and HSiNC* at C, symmetry at the CASSCF/
CASPT2 level of theory using aug-cc-pVTZ basis sets

Species  State R§iH R§ix RgN Q (1) Configurations Ta Ta Dipole
A A A © © (CASSCF) (CASPT2) moment
(X=C Weight Occupation® (eV) (eV) (in
or N) Debye)
HSIiCN™ X2A’ 1.500 1.803 1.178 175.6 118.7 0.883  (94')*(10a’)*(11d')*(2a")*(124")*(3a")°(134")° 0.00 0.00 5.4
b 1.496 1.790 1.173 176.5 116.5
2A" 1495 2202 1.229 1759 863 0.875 (94)*(10a)*(11d')*(2d")*(124'Y*(3a")°(13d")° 2.38 278 1.8
A" 1494 1.894 1.250 176.8 112.5 0.891 (94)*(10a)*(11d')*(2d")*(124')*(3a")*(13d")° 3.47 3.52 1.5
‘A" 1.498 1.920 1.205 1589 107.9 0.874 (94)*(10a)*(11a')*(2d")*(124")*(3a")*(13a’)* 3.50 3.59 0.6
HSINCt XA’ 1.513 1.669 1.212 1714 1174 0.903  (94)*(10a)*(11a)*(2d")*(124")*(3a")°(13a’)° 0.00 0.00 4.6
b 1.505 1.670 1211 174.7 1145
A7 1492 1.842 1.163 174.4 108.5 0.863  (9a)X(10a)*(11d)*(2d")*(124")*(3a")*(134)° 2.35 2.69 1.7
ZA7 1491 2222 1254 1749 85.6 0.876 (94')*(104')*(11d')*(2a")*(12d")*(3a")°(134")° 2.94 3.24 2.6
‘A’ 1495 1.983 1258 1784 106.7 0.900 (9a)*(10a')*(11d)*(2d")*(12d")*(3a")*(13d’)* 4.43 473 1.0

* The occupation number represents the electronic number that is occupied in the active space. o represents a spin-up electron, f§ represents a
spin-down electron, and 2 represents double occupied electrons. Every state has common configuration (core)(7a’)*(84’)?, we will not present in

the table
® Ref. [6]. Calculated at the B3LYP/6-31G(d) level

Table 6 The calculated vertical and adiabatic IPs (in eV) of HSiCN and HSiNC

Species State Adiabatic IPs Vertical IPs Species State Adiabatic IPs Vertical IPs
HSIiCN XA’ 9.67 10.04 HSiNC XA’ 9.43 9.97

2A" 12.45 12.82 2A" 12.67 10.79

V- 13.19 13.62 -\ 12.12 12.19

-\ 13.26 13.36 -\ 14.16 14.55

2.1.2 Vertical excitation energies

Vertical excitation energies are very helpful in explaining
spectral features due to the Franck—Condon principle. To
date, the study of the photoinduced absorption for HSiCN
and HSiNC has not been addressed either experimentally
or theoretically. Little is known about the nature of their
excited states. In the present work, we have calculated the
vertical excitation energies for the following excited states
of HSiCN and HSiNC, respectively, 2/A’, 3'A’, A", 2'A",
3A" A", 2°A", A", A, 2°A’, and 3°A’ at the CASSCF/
CASPT?2/aug-cc-pVTZ level. The results for the vertical
excitation energies are listed in Table 4. Among these
electronic excitations, the X’A’—’A’ and X'A’>'A" are
allowed by the spin and dipole rules.

For HSiCN besides the HOMO-LUMO excitation also
transitions from the HOMO into other virtual orbital (13a’)
and transitions from the other occupied (94/, 104/, 114/,
24") orbitals into LUMO are found to play an important
role in the electronic spectrum. In the CASPT2 calcula-
tions, among the allowed transitions the energy of
X'A’>’A” is the lowest. We assigned it to be

ny(a)—n,a") in nature, which is 2.218 eV with an
oscillator strength (f) of 2.03 x 1072, whereas X’A’ -3’4’
transition is the most intense transition with a vertical
transition energy 5.62 eV and an oscillator strength (f) of
5.79 x 1072, which is assigned to be 7n(a")—n,a") in
nature.

For HSINC, besides the HOMO-LUMO excitation also
transitions from the other occupied orbitals (94', 10d’, 114/,
2a") into LUMO are found to play an important role in the
electronic spectrum. In the CASPT2 calculations, among
the allowed transitions the energy of X'A’—’A” is the
lowest and most intensive transition. We assigned it to be
n(a")—n.(a") in nature, which is 2.39 eV with an oscillator
strength (f) of 1.65 x 1072

2.2 HSiCN™ and HSiNC™"

2.2.1 Equilibrium geometries of the ground state and
low-lying excited states for HSiCN' and HSiNC™

Although there no experimental data available for the
structure of the HSiCN™ and HSINC™ cations, we here

@ Springer
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Table 8 The Mulliken population analysis of HSiCN™ and HSiNC™

Atom Orbital State of HSiCN™ State of HSiNC™
X2A" 2A! ‘A" ‘Al x2A" 2A! ‘A" ‘Al

N s 3.8049 3.5911 3.6262 3.8125 3.3369 3.2454 3.2046 3.1942
DPx 1.1679 1.1674 1.1177 1.0988 1.2818 1.2939 1.3469 1.3351
Dy 1.2069 1.1848 1.1768 1.2102 0.9469 1.1963 1.1870 0.8509
) 1.1564 1.0918 1.1458 1.3880 1.3081 1.3622 1.3174 0.5438
Total 7.4047 7.1189 7.1492 7.5798 6.9263 7.1582 7.1476 5.9718

C s 3.3036 4.1734 4.0315 3.2282 4.2038 4.5335 4.5266 4.2394
Dx 0.7814 0.7699 0.8205 0.8364 0.6705 0.6547 0.5892 0.5920
Dy 0.8945 0.9191 0.9233 0.8951 1.0589 1.1379 1.1214 1.0548
P 0.8083 0.8438 0.8047 —0.0675 0.6570 0.5667 0.6216 1.1618
Total 5.8607 6.7420 6.6588 4.9897 6.65006 6.9704 6.9389 7.1070

Si s 5.7030 3.2842 2.8897 5.2134 5.5849 2.9320 2.5517 5.0959
Px 3.0113 2.8152 2.6555 2.6778 3.0239 2.8372 2.6208 2.6855
Dy 2.7502 3.3930 3.1307 2.7013 2.5338 3.2710 3.0448 2.6043
P 2.9706 2.1038 2.9408 4.6565 2.9887 2.1166 2.9659 4.2402
Total 14.6229 11.8333 11.8061 15.3617 14.3056 11.3897 11.3683 14.8572

H s 1.0834 3.3705 3.4281 1.0477 1.0894 3.5571 3.5885 1.0405
Total 1.1118 3.3058 3.3859 1.0688 1.1175 3.4817 3.5451 1.0640

Fig. 2 The plots of a part of a
HSiCN and b HSiNC orbitals in
the active space .

3a” 4a”

11a 12a’

2a"

(b)

discuss their geometric structures for the both the ground  and HSiNC radicals, respectively. All the states for the C,
and excited states, because HSiCN™ and HSiNC™ are the  equilibrium geometry that we obtained at the CASSCF/
products from the photoelectron ionization of the HSiCN  CASPT2 level are summarized in Table 5. As shown in
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Table 5, the X?A’ is predicted to be both the ground state of
HSiCN* and HSiNC™ cations, respectively. As compared
to the ground state of neutral radical, the X°A’ of HSiCN™
can result from removing an electron from the double
occupied 124’ orbital of the X’A’ state of HSiCN. This
electron’s removal makes the Rg;c shorten to 0.110 A and
O is increased to 24.8°, but other geometry parameters are
unchanged. The final structural parameters of Rps; =
1.500 A, Rgic = 1.803 A, Ren = 1.177 A, Q = 175.3°
and O = 118.7°, consistent with the Rys; = 1.496 A,
Rsic = 1.790 A, Ren = 1.172 A, Q=1765° and
(O = 116.5° calculated by Wang et al. at the B3LYP/6-
31G(d) level. Removing an electron from the double
occupied 124’ orbital of the X’A’ state of HSiNC results in
the X?A’ electronic ground state of HSINC™. As the 124’ is
of small degree Si-N anti-bonding character, the Si-N
bond length is shortened in the HSiNC™ cation compared
with the HSiNC molecule in the ground state. Our calcu-
lation results accord with the previous calculations.

The three low-lying excited states “A”, “A” and “A’ of
HSiCN™ and HSiNC™ have a leading configuration whose
weight above 0.800, indicating a single-reference charac-
ter. As mentioned above, their geometrical structures
alteration can be reasonably explained according to the
electronic configuration (Table 5) and molecule orbitals
(Fig. 2), and we do not discuss these results in detail there.

2.2.2 lIonization potentials (IPs) of the HSiCN
and HSINC neutral radical

There have been scarcely any photoelectron spectrum
experimental and calculation reports about HSiCN and
HSiINC. The adiabatic and vertical IPs (ionization poten-
tials) of HSiCN and HSiNC we calculated are summarized
in Table 6. As shown in Table 6, the first adiabatic IP of
HSiCN and HSINC are 9.67 and 9.43 eV, and the first
vertical IP of HSiCN and HSiNC are 10.04 and 9.97 eV,
respectively. The differences between the vertical and
adiabatic ionization energies of HSiCN and HSiNC are
0.38 and 0.27 eV, respectively. This means that the HOMO
(12d’) of the HSiCN and HSiNC are not absolutely non-
bonding orbitals but with a small degree of Si-N interac-
tion character.

2.3 HSiCN™ and HSiNC™
2.3.1 Equilibrium geometries of the ground state
and low-lying excited states of HSiCN~
and HSINC™ anions
The optimized geometrical structures for HSiCN™ and

HSiNC™ were listed in Table 7. On the basis of adiabatic
energies, the X°A” state is confirmed as the ground state of

@ Springer

both HSiCN™ and HSiNC™ anions, respectively. As com-
pared to the neutral radical’s ground state, the X°A” state of
HSiCN is mainly created by adding an electron to the
unoccupied 3a” orbital of the X’A’ state of HSiCN. This
electron’s addition makes all bonding lengths are elon-
gated, but bonding angles are almost unchanged. The
geometrical parameters of the “A” state are Ryg; =
1.561 A, Rgc = 1.958 A, Ren = 1.178 A, Q = 175.2°
and ) = 92.9°. The X°A” state of HSiNC is resulted from
by adding an electron to the unoccupied 3a” orbital of
the X’A’ state of HSiINC. The geometry our calculated
are Rus; = 1.561 A, Rsic = 1.901 A, Ren = 1.182 A,
Q = 175.0° and O = 92.7°. Previously calculated geo-
metries of ground state of HSiCN™ and HSiNC™ were quite
close to ours.

It is now generally accepted that neutral molecules with
dipole moments p > 2.5 D can form dipole-bound nega-
tive ions [36—48]. Owing to its large dipole moment of 3.2
and 3.3 D, HSiCN and HSiNC readily attach an ‘excess’
electron in a dipole-bound state, and since its unsaturated
n-system virtually guarantees the existence of a low-lying
valence anion state X°A”. In such ions the electron is
weakly bound by the dipole potential of the neutral mole-
cule and is localized near the positive end of the dipole in
a diffuse orbital. There are dipole-bound 2A’ negative
ion states of HSiCN™ and HSiNC™ with an AEA value of
3.11 x 10~*and —0.74 eV, respectively. Table 7 gives the
Mulliken population analysis for the X?A”, 2A’, “A”, and “A’
states of HSICN, HSINC anions. From the Mulliken
population analysis, we can see that electron attachment to
the neutral give rise to the dipole-bound 2A’, %A" . and ‘A’
anion excited states of HSiCN~, HSINC™, and the extra
electron in the dipole-bound states “A’ and A’ of HSiCN
and HSiINC resides mainly beyond H atom. While for the
44’ of HSiCN and of HSiNC, the excess electron resides on
the Si atom.

3 Conclusion

We have investigated the ground-state and low-lying
excited states of HSiCN and HSiNC using the CASSCF
and CASPT2 methods. The cyanosilylene and isocyano-
silylene both have the singlet ground state. The CN and NC
group substituents enhance the singlet-triplet gap of SiH,.
The vertical excitation energies of singlet and triplet states
of HSiCN and HSiNC show that the lowest excitation
energies in HSiCN are lower than those in HSiNC. In
dipole allowed excitation, the vertical transition energy of
X'A’—'A" is the lowest, and X'A’—3’A’ transition is the
most intensive transition for HSiCN; X’A’—’A" is the
lowest and most intensive transition for HSiNC. The first
vertical and adiabatic ionization energies of HSiCN are
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higher than that of HSiNC. Neither cyanosilylene (HSiCN)
nor isocyanosilylene (HSiNC) possesses valence-bound
excited negative ion states. All excited negative ion states
can be characterized as dipole-bound states.
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