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Abstract Complete active space self-consistent-field

(CASSCF) and multiconfigurational second-order pertur-

bation theory (CASPT2) calculations in conjunction with

the ANO-L basis set were performed to investigate sys-

tematically the low-lying electronic states of HNCS and its

ions in Cs symmetry. Our highly accurate calculation indi-

cated that theoretically determined geometric parameters

and harmonic vibrational frequencies for the ground-state

X1A0 are in good agreement with observed experimental

data. The geometry of triplet HNCS is clearly favored C1

symmetry, and the relative energy is predicted to be

3.000 eV (69.2 kcal/mol). The vertical transition energies

for the selected excited states of HNCS were calculated

at CASSCF/CASPT2/ANO-L level of theory based on

CASSCF optimized geometry. Except for a few linear states

of X2P (12A0, 12A00), 14R- (14A00), and 12R? (32A0) states of

HNCS?, our results confirmed that the majority of excited

states are twisted trans-bend structures. The existence of

bound excited anion states has been found for the first time

in HNCS-. A more elaborate examination of ionization

potential of HNCS (AIP, VIP) than previous reports has

been presented.
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1 Introduction

Isothiocyanic acid (HNCS) (Fig. 1) is a well-known

interstellar molecule [1–3] that always draws the attention

of experimentalists [4–24] and theoreticians [22, 25–37]

because of its various structure, stability, and chemical

reactivity. As four-atomic closed-shell molecules, HNCS

and its isomers show the similar chemical activity to

halides. These chemical characteristics are widely used in

fields such as organic substituents and inorganic pseudo-

halide ligands [38]. In addition, HNCS and its isomers are

of great use acting as important intermediates of cycload-

dition reactions [23, 39]. Due to their abundant existence in

the universe [1], the accurate characterization data of

HNCS and its isomers, such as microwave (MV) and

infrared (IR) spectra, would afford an important way to

explore the unknown universe.

Among the CHNS isomers, HNCS is the most stable

molecule and is now relatively well known. The gaseous

HNCS was first synthesized in 1947 by heating up the

mixture of KSCN and H3PO4. Moreover, the structure of

HNCS was first measured through the analysis of micro-

wave rotational spectrum by Beard et al. [4]. It is notable

that the NCS group was considered to be a linear fragment

in this experiment. Three years later, a more accurate

structure [5] was proposed by the same group. Similar

figures were also derived from IR spectra [6, 7]. Later, the

ultraviolet (UV) absorption spectra and the ro-vibrational

of HNCS and its deuterated isotopomers were described

[11, 13]. The first theoretic calculation of HNCS and its

isomers was reported by Bak et al. [25]. The optimized

structures and relevant energies were presented yet. In

particular, the NCS group was not considered as a linear

fragment any more [25], which was confirmed by series of

later experimental observations [15, 40]. From then on,
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many calculations at higher levels of ab initio theories [26,

27, 29–32, 34–36] were involving in. The adiabatic ioni-

zation potential (AIP) of HNCS from photoionization was

also reported (B9.92 eV) [16].

Previous researches such as ab initio calculations for

the [H, N, C, S] isomers substantiated the possible corre-

lation among the four [H, N, C, S] isomers. Recently,

Wierzejewska et al. [22] photolyzed HNCS in low-tem-

perature matrices and successfully observed the existence

of HSNC and HSCN. Next, the study of isomerization of

HNCS on the single and triplet potential energy surface

(PES) [31] was reported.

However, the electronic spectroscopy investigations of

HNCS are still shorted especially in triplet or higher states.

Only adiabatic ionization potential (AIP) of HNCS was

calculated [9, 20, 41]. There is lack of studies on excited

states of HNCS and its ions. Therefore, we focus our

attentions on low-lying electronic states of HNCS and its

ions in this paper. The HNCS and its ions were investigated

by adopting CASSCF and CASPT2 methods, which have

been proved to be an appropriate way to describe the

excited electronic states of molecules and molecular ions

[42–45].

2 Calculational details

The CASSCF/CASPT2 calculations were carried out using

MOLCAS 6.0 [46] program package. With a CASSCF [47]

wave function constituting the reference function, the

CASPT2 [48] calculations were performed to compute

the first-order wave function and second-order energy in

the full-CI space, and multiconfigurational linear response

(MCLR) [49] was used to compute harmonic vibrational

frequencies. The reference wave functions and molecular

orbitals have been determined by single-root CASSCF (SS-

CASSCF) calculations with the given symmetry and spin.

The contracted basis sets of the Atomic Natural Orbital

(ANO-L) type developed by Widmark et al. [50] was

employed for H, N, C, and S atoms. Specifically, the ANO-

L basis set consists of 116 contracted basis functions with

a contracted scheme of H (8s4p3d/3s2p1d), C and N

(14s9p4d3f/5s3p2d1f), and S (17s12p5d4f/6s4p3d1f).

Low-lying electronic states of HNCS and its ions are

adopted by Cs symmetry which had been proved by

previous experimental and theoretical studies [21, 25, 31,

35]. In order to acquire accurate configuration, the active

space consists of all of 13 valence orbitals (10 a0 orbitals

and 3 a00 orbitals), leading to 14/13 CASSCF/CASPT2

calculations (14 electrons/13 orbitals). The same active

space was chosen for cationic states and anionic states,

but the corresponding electrons decreased and rose by one

(13/13 and 15/13) respectively. During the CASPT2

calculations, the weight values in the first-order wave

functions were all larger than 0.84.

The CAS state interaction (CASSI) method [51, 52] was

used to compute the transition dipole moments of the

various excited states in the Frank–Condon region. These,

and the CASPT2 excitation energies, were used to obtain

the values of the oscillator strength. Furthermore, adiabatic

ionization potentials (AIPs), vertical ionization potentials

(VIPs), and adiabatic electron affinity (AEA) were inves-

tigated in our research.

3 Results and discussion

3.1 HNCS

3.1.1 Equilibrium geometries of the ground state

and excited states of HNCS

The equilibrium geometries, electronic configuration, cor-

responding coefficients, adiabatic excitation energies, and

dipole moments of the ground state and low-lying excited

states were listed in Table 1. All the calculations were put at

Cs symmetry, and the reference configurations (coef. C 0.3)

were presented in Table 1. At the CASSCF/ANO-L level,

the equilibrium structure of ground-state X1A0 for HNCS

was predicted to be RNH = 1.009 Å, RNC = 1.206 Å,

RCS = 1.591 Å, \HNC = 134.0�, and \NCS = 173.6�,

respectively. By combining analysis with later listed har-

monic vibrational frequencies, it is clearly seen that the

geometry agrees remarkably well with the experimental

conclusion: RNH = 0.9928 Å, RNC = 1.2068 Å, RCS =

1.5565 Å, \HNC = 131.7�, \NCS = 173.8� [15]. As

shown in Table 1, the ground-state X1A0 has a dominant

electronic configuration (1a0)2(2a0)2(3a0)2(4a0)2(5a0)2(6a0)2

(1a00)2(7a0)2(8a0)2(9a0)2(10a0)2(11a0)2(2a00)2(12a0)2(3a00)2(13a0)0

(4a00)0 with the CI coefficient of 0.95. For the sake of con-

venience, the symbol (core) denotes (1a0)2(2a0)2(3a0)2(4a0)2

(5a0)2(6a0)2(1a00)2 in the following sections. The dipole

moment of the state X1A0 is 2.6 D, which is slightly larger

than the B3LYP/6-311?G (d, p) value of 2.046 [35].

The states 13A00, 13A0, 11A00, 21A00, and 31A0 show single

configurations character and their corresponding coeffi-

cients are -0.95, 0.96, -0.95, 0.92, and -0.88, respectively.

Electron excitations from 3a00 MO to 13a0 MO with a and b

Fig. 1 The molecular geometries of ground-state HNCS
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spin produce the 13A00 and 11A00 states, respectively. 3a00 MO

presents p(C–S) bonding character and 13a0 MO is mostly of

p*(N–C–S) anti-bonding character. Thus, RCN and RCS rise

up to 1.267 and 1.765 Å, and bond angles\HNC and\NCS

decrease to 112.3� and 128.3� in the state 13A00, respectively.

For the same reason of electron transition in the state 11A00,
RNC and RCS are elongated by 0.068 and 0.124 Å,\HNC and

\NCS are decreased by 21.5� and 44.8�, respectively.

The single electron transition 12a0 ? 13a0 in parallel

spin happens in the state 13A0 which has stretched bond

lengths and decreased angles: RNH = 1.020 Å, RNC =

1.241 Å, RCS = 1.809 Å, \HNC = 122.2�, \NCS =

121.7�. 12a0 MO is mainly of p(C–S) bonding character,

and 13a0 MO depicts anti-bonding character. As a result,

the electron transition leads to more loosen structure state.

In addition, the calculated adiabatic excitation energies of

the states 13A00and 13A0 are 3.025 and 3.026 eV, respec-

tively, which means that the orbital energy interval

between 12a0 and 3a00 is very small. The CASSCF fre-

quency calculations for the states 13A00 and 13A0 at the

CASSCF optimized geometry produced two imaginary

frequencies of 420.9i and 775.6i (HNC bending) in the a00

symmetry, respectively. Following the vibrational mode

of the imaginary frequency, we also obtained the state

13A at C1 symmetry (RNH = 1.028 Å, RNC = 1.261 Å,

RCS = 1.772 Å, \HNC = 114.4�, \NCS = 125.5� and

Dih(HNCS) = 166.6�), which agrees very well with the

results of Wierzejewska et al. [31]. Their computed sin-

glet–triplet energy gap of HNCS (the X1A0 and 3A state)

was 67.1 kcal/mol which is also in good agreement with

our predicted value, 66.7 kcal/mol (3.000 eV).

The single electron transition 2a00 ? 13a0 in antiparallel

spin results in the state 21A00. From the Fig. 2, we can find

that 2a00 MO is mainly of p(N–p*(C–S)) bonding character.

So after the electron transition to 13a0 (p*(N–C–S)) MO,

RHN, RCN, and RCS are elongated by 0.029, 0.176, and

0.206 Å, and \HNC and \NCS are decreased by 23.7� and

78.4�, respectively. It is notable that the dipole moment in

the state 21A00 is 1.0 D, which has the lowest value of

dipole moments in the calculated low-lying electronic

states.

For the state 31A0 one dominant doubly excited config-

urations, (3a00)2 ? (13a0)2, contributes to the CASSCF

wave function. Due to the double excitation from a bond-

ing orbital (p(C–S) to an antibonding (p*(N–C–S)), RNH,

RCN and RCS are remarkably larger than that of X1A0.
Compared to the X1A0 state, \HNC and \NCS are

decreased by 27.9 and 71.3�, respectively.

The states 21A0, 23A0, 23A00, 33A0, 31A00, and 33A00 show

multiconfiguration character. The accompanying multi-

electron transitions lead to the complicated CASSCF wave

functions. The reference electrons transitions are listed in

the following: 21A0((12a0)2 ? (13a0)2), 23A0((3a00) ?
(4a00)/(12a0) ? (13a0)), 23A00((2a00) ? (13a0)/(3a00)2 ? (13a0)
(4a00)), 33A0((3a00) ? (4a00)/(11a0) ? (13a0)), 33A00((2a00)(12a0)
? (13a0)2/(2a00) ? (13a0)/(3a00) ? (13a0)/(2a00)2 ? (13a0)
(4a00)), 31A00((2a00) ? (13a0)/(12a0) ? (4a00)). From the

above, it is obvious that electrons excitations of HNCS

almost happen in p bonding orbitals and p antibonding

orbitals (11a0, 12a0, 13a0, 2a00, 3a00, and 4a00). Electron

transitions from bonding orbitals to anti-bonding orbitals

give rise to the unstable structures with elongated bond

lengths and high excited energies.

3.1.2 The harmonic vibrational frequencies of HNCS

The harmonic vibrational frequencies of 12 low-lying

electronic states of HNCS were listed in Table S1 (see

supporting information). There are six frequencies

involved, including three types of stretching vibrational

frequencies (v1(a0)(H–N stretching), v2(a0)(C–N stretching),

and v3(a0)(C–S stretch)), two types of in-plane bending

vibrational frequencies (v4(a0) (HNC bending) and v5(a0)
(NCS bending)), and one type of out-of-plane bending

Fig. 2 The plots of densities for

a part of HNCS orbitals

included in the active space
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vibrational frequencies (v6(a00) (HNC bending)). The the-

oretical predictions of frequencies (3640.1, 2008.5, 848.4,

and 592.9 cm-1) are in good agreement with the experi-

mental data [14] (3508.5, 1981.8, 850.0, and 578.0 cm-1).

It is clear to see that the alteration of frequencies is also

consistent with the change of the geometries. The maxi-

mum value of v1 is 3,803.1 cm-1 which is the H–N

stretching vibration of the state 33A0, corresponding to the

shortest N–H bond length (RNH = 0.997Å).

3.1.3 Vertical excitation energies

Table 2 presents CASSCF/CASPT2/ANO-L calculated

vertical transition energies and oscillator strengths of 11

low-lying excited states for HNCS, including five spin-

allowed singlet states and six spin-forbidden triplet states.

For singlet states, the lowest excited state in energy is

found to be the state 11A00 with f = 5.12 9 10-4, which is

4.302 eV higher than the ground-state X1A0. All the

oscillator strengths for spin-allowed transitions are in the

magnitude of 10-2–10-4. The most intensive transition

occurs at 4.803 eV (21A0), arising from (12a0)2 ? (13a0)2

double excitation, with f = 2.58 9 10-2. Furthermore, the

oscillator strengths for spin-forbidden X1A0 ? 3A00 and

X1A0 ? 3A0 transitions are lower than 10-10. Herein, we

have investigated and compared the electronic absorption

spectrum proposed by Chaturvedi et al. [13]. According to

their spectrum of HNCS, we averaged the wavenumbers of

their identified 4 wavebands and converted them into

our energy unit eV (4.012, 3.895, 4.705, 5.492 eV). We

found that the comparisons to our vertical excitations:

4.012 $ 4.302 (11A00, f = 5.12 9 10-4); 4.704 $ 4.803

(21A0, f = 2.58 9 10-2); 5.492 $ 5.641 (21A00, f = 1.30 9

10-3). Unfortunately, the corresponding spin-allowed

vertical excitation to the fourth value 3.895 has not been

obtained yet. Through our careful investigation of their

electronic spectra for HNCS, we considered that the

overlap of the two indistinct bands (corresponding to 4.012

and 3.895 eV) may lead to inaccurate results. Moreover,

the excitation absorption spectrum (31A00) had not been

observed successfully because of their limited spectral

range.

3.2 HNCS? and HNCS-

3.2.1 Equilibrium geometries of the ground state

and excited states for HNCS? and HNCS-

The calculations of HNCS? were investigated with the

same basis sets and methods. Compared with the geome-

tries of the neutral ground-state X1A0, one electron ejection

from the orbitals 12a0 (3px) or 3a00 (3py) leads to the

degenerate states 12A0 or 12A00, which corresponds to the

state X2P. As shown in Table 3, the ground-state X2P
(12A0, 12A00) is a single-reference state with the configu-

ration of (core)(2px)2(2py)2(3px)2(3py)a (or (core)(2px)2

(2py)2(3px)a(3py)2), and the calculated linear geometry is

good consistent with the previous research [21]. The plots

of densities for part of HNCS? orbitals are shown in Figure

S1 (see supporting information).

For the linear configuration, HNCS? possesses a lowest

doublet 22P excited state and displays two distinctly

imaginary vibrational frequencies 704.6i (in-plane) and

666.0i (out-of-plane) along the NCS bending coordinates.

This is apparent that the Renner–Teller interaction has

effects on the 22P state. The components of the state 22P
with the in-plane and out-of-plane bending vibrational

frequencies are assigned to trans-planar bent equilibrium

structures of the states 22A00 and 22A0, respectively.

Therefore, the state 22P of HNCS? is a D-type Renner-

teller molecule as proposed by Lee et al. [53]. At the

CASSCF/CASPT2 level, the barriers to the states of 22A00

and 22A0 were predicted to be 0.159 and -0.860 eV,

respectively.

The single electron excitation 3p (p(C–S)) ? 10r
(r*(C–S)) strongly elongates the RCS (2.596 Å) for the state

14R- (14A00) compared to the ground state of HNCS?. The

bond interaction between C and S is apparently unstable,

and the structure of 14R? (14A00) tends to dissociate to

HNC ? S?. Owing to a single excitation from 9r
(p*(p(C–N)–S)) to 3py (p(C–S) bonding), the RCS bond

length for 12R? (32A0) (1.624 Å) is shorter than the state

X2P of HNCS? (1.673 Å).

For the state 24A00, one dominant electron excitation con-

figuration, (2px) ? (4px) (Coef. 0.80), and one double excited

configuration, (2py)(3px) ? (2py)(4px) (Coef. -0.44),

contribute to the CASSCF wave function. Consequently, the

Table 2 Vertical excitation energies Tv (eV) and Oscillator strengths

(f) for HNCS by CASSCF/CASPT2/ANO-L

State Tv Tv
exp f

X1A0 0.000

13A0 4.173 3.895a \10-10

13A00 4.195 \10-10

11A00 4.302 4.012a 5.12 9 10-4

23A0 4.791 \10-10

21A0 4.803 4.705a 2.58 9 10-2

23A00 5.410 \10-10

21A00 5.641 5.492a 1.30 9 10-3

31A0 6.510 2.63 9 10-3

33A0 7.027 \10-10

33A00 7.383 \10-10

31A00 8.015 2.72 9 10-3

a Taken from Ref. [13]
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RHN, RCN, and RCS bond distances for the state 24A00 are longer

than those for the state X2P. The \HNC and \NCS bond

angles of this state are 53.4� and 46.8� smaller than that of the

ground state. Due to a single electron excitation 2p
(p(C–S)) ? 4p (p*(N–C–S)), RHN, RCN, and RCS for the state

14A0 are remarkably longer than that for the state X2P, and

\HNC and \NCS are decreased.

The adiabatic electron affinity of the state X1A0 yields the

ground-state X2A0 of HNCS-. The state X2A0 with corre-

sponding AEA (-0.213 eV) shows that there are no stable

anion states for HNCS-. In addition, the geometry of the state

X2A0 is predicted to be RNH = 1.004 Å, RNC = 1.290 Å,

RCS = 1.711 Å, \HNC = 109.8�, \NCS = 136.6�. Com-

pared to the X1A0 of HNCS, the state X2A0 of HNCS- can be

indentified as adding an electron to the vacant 13a0MO of the

ground state of HNCS. Therefore, the state X2A0 of HNCS-

displays elongated bond lengths and decreased bond angles.

In contrast to the ground state X1A0 of HNCS, the state 12A00

of HNCS- with AEA of -1.841 eV has one extra electron

which occupies the 4a00 orbital (p*(N–C–S)). Thus, the

electron addition elongates the RCN and RCS bond distances,

reduces the \HNC and \NCS. It is now generally accepted

that neutral molecules with large dipole moments can form

dipole-bound anion states [54–66]. Owing to its large dipole

moment of 2.6 D, HNCS readily attach an ‘excess’ electron

in a dipole-bound state, and so its unsaturated p-system

virtually guarantees the existence of low-lying valence anion

states X2A0 and 12A00. According to the Mulliken population

analysis of the state 12A00 (as shown in Table S2), the electron

attachment to the 13A00 and 13A0 excited states give rise to the

dipole-bound anion excited states 14A00 and 14A0 with elec-

tron affinity values of -0.865 and -0.849 eV, respectively.

The extra electron in 14A0 (H: 2.3723s) and 14A00 (H: 2.4509s)

states resides mainly on the positive end of the dipole of

HNCS, hydrogen atom.

3.2.2 The harmonic vibrational frequencies

The frequency analysis of HNCS? and HNCS- are also

been performed, and related harmonical vibrational fre-

quencies are listed in Table S3. Compared with nonlinear

structures, the linear states own another out-of-plane NCS

bending vibrational frequency (m5). We note that the m3 (a0)
can reflect the changes of the C–S bond lengths. For the

state 14R- of HNCS?, the value of m3 (a0) is 212.1 cm-1,

which is the smallest among the C–S stretching modes,

which reflects the largest RCS bond distance. The C–S

stretching mode presents the highest C–S stretching

vibrational frequency (756.5 cm-1) for the state 12R?

(32A0), reflecting the shortest RCS bond length among seven

cationic states.

3.2.3 The ionization potential of HNCS

The CASPT2 adiabatic and vertical ionization potentials

(AIP and VIP) of HNCS are listed in Table 4. In 1994,

Ruscic et al. researched on HNCS by photoionization mass

spectroscopy and predicted the AIP of HNCS is B9.92 eV

[14], which is consistent with our calculated value

(9.628 eV). The adiabatic and vertical ionization processes

from the X1A0 of HNCS to the X2P (12A0, 12A00) of HNCS?

need the excited energies of 9.628 (or 9.628) and 9.738 (or

10.073) eV. On the other hand, the energy gap between

VIP and AIP is 0.110 (or 0.445) eV, which indicates the

12a0 and 3a00 MOs are bonding orbitals as mentioned ear-

lier. The calculated first (9.7738 eV) and second (10.073)

VIPs are in good agreement with the photoelectron spec-

trum values of 9.94 ± 0.02 eV and 10.3 ± 0.1 eV [67],

respectively. The values of VIP for the states 22A00, 22A0,
14A00, 32A00, 14A0 and 32A0 are 13.283, 13.316, 14.053,

14.616, 14.876, and 14.916 eV, respectively. Considering

the ionization energies of the five states are arranged clo-

sely, they are likely assigned to be the same energy band

around 14.2 eV. Since no other bands of PES had been

detected in experiments, we predict that the three bands are

around 9.6, 14.2 and 16.4 eV, respectively.

4 Conclusions

Ab initio electronic structure theory (CASSCF/CASPT2)

has been employed to systematically investigate low-lying

electronic states of HNCS and its ions. The calculated

geometric parameters and harmonic vibrational frequencies

Table 4 Adiabatic and vertical ionization potentials (AIP and VIP)

for HNCS

State AIP VIP

Calcd Expta Calcd Exptb

12A00 9.628 B9.92 9.738 9.94 ± 0.02

12A0 9.628 10.073 10.3 ± 0.1

22A00 13.049 13.283

22A0 14.067 13.316

14A00 11.998 14.053

32A00 13.665 14.616

14A0 15.432 14.876

32A0 14.916

24A0 16.113

24A00 15.176 16.136

34A00 17.091

a Taken from Ref. [21]
b Taken from Ref. [67]
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are consistent with experimental and previously theoretical

data. The electronic absorption spectra of the HNCS have

been investigated by CASSCF/CASPT2/ANO-L calcula-

tions, and a series of vertical excitation energies for low-

lying excited states have been obtained. The lowest vertical

excitation energies are predicated at 4.302 eV for

X1A0 ? 11A00 electronic transition. The first AIP at the

CASSCF/CASPT2/ANO-L is 9.628 eV, which accords

with the experimental value (B9.92 eV). According to the

VIPs values, we predicted the next bands of photoelectron

spectrum around 14.2 and 16.4 eV. The adiabatic electron

affinity (AEA) for HNCS is negative. Owing to large

dipole moment of HNCS, all excited anion states can be

characterized as dipole-bound states.
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Veryazov V, Widmark P-O, Cossi M, Schimmelpfennig B,

Neogrady P, Seijo L (2003) Comput Mater Sci 28:222

47. Malmqvist P-Å
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´

, Roos BO, Sadlej AJ, Wolinski K

(1990) J Phys Chem 94:5483

49. McKellar ARW, Bunker PR, Sears TJ, Evenson KM, Saykally

RJ, Langhoff SR (1983) J Chem Phys 79:5251

50. Widmark P-O, Persson BJ, Roos BO (1991) Theor Chim Acta

79:419

51. Malmqvist P-Å
´

(1986) Int J Quantum Chem 30:479

52. Malmqvist P-Å
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