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Abstract 

The rotational spectrum of the parent isotopic species of HCCNCS, along with those of 

three 13C singly substituted variants and one 34S minor isotopologue, has been observed with 

high resolution using Fourier transform microwave (FTMW) spectroscopy from 4-26 GHz. 

Based on the observed spectral pattern and assignment of 14N nuclear quadrupole hyperfine 

structure, the geometry of HCCNCS is effectively linear which is further supported by the 

observation of l-type doubling for rotational transitions in an excited bending state of the parent 

HCCNCS. The experimental observations are supported by high level quantum chemical 

calculations using the coupled-cluster singles and doubles model augmented by a perturbative 

correction for triple excitations, CCSD(T), level of theory that reveal an extremely shallow 

potential energy well along the CNC bending angle with a surprising basis set dependence.   
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I. Introduction 

Small molecules containing isocyanate (NCO) or isothiocyanate (NCS) functional groups 

as well as selected structural isomers (such as CH3NCO,1 HNCO,2 HOCN,3,4 HCNO,5 HNCS,6 

HSCN7) have been detected by astronomers in molecular clouds based on their rotational 

transitions. The identification of multiple isomers, in particular, provides key input for modelling 

the chemistry of the interstellar medium (ISM) as the observed isomeric abundances are 

critically dependent on the underlying formation pathway of each species.8 The four isomers of 

isocyanic acid (HNCO), for example, are predicted to have relative energies of: 0 kcal mol-1 

(HNCO), 24.7 kcal mol-1 (HOCN), 70.7 kcal mol-1 (HCNO) and 84.1 kcal mol-1 (HONC), 

respectively using coupled cluster methods3 and while the three lowest energy forms have been 

detected in the ISM, their relative abundances differ in various regions and do not follow 

equilibrium thermodynamic predictions.  For example, although they differ in energy by 46 kcal 

mol-1, the abundance ratio of HCNO/HOCN is nearly unity in cold sources but the relative 

abundance of the higher energy isomer HCNO drops as temperature increases.8 In surveys 

toward warmer sources such as Sgr B2, HCNO is not detected at all.9  

The isovalent S-containing analogs have also been explored in terms of the influence of 

the larger, less electronegative atom on the structure and energetics of the isomers. The four 

isomers of isothiocyanic acid (HNCS) follow the same energy ordering as in HNCO but cover 

roughly half the range with relative energies of 0.0 kcal mol-1 (HNCS), 6.6 kcal mol-1 (HSCN), 

35.1 kcal mol-1 (HCNS) and 36.6 kcal mol-1 (HSNC) from ae-CCSD(T)/cc-pwCVQZ 

calculations with zero point energy corrections.10 The lowest energy form (HNCS) was first 

studied using waveguide-based microwave spectroscopy by Beard and Dailey11 while the second 

most stable isomer (HSCN) was observed more than 50 years later via FTMW spectroscopy by 
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Brünken et.al.12  Both forms have been observed in Sgr B2 and TMC-1 with HNCS/HSCN 

abundance ratios of ~3 and ~1.4 in the two sources, respectively7,13 and it has been suggested 

that they form via a common precursor HNCSH+.7  In 2016, McGuire et al.10 were the first to 

report rotational spectra of the two remaining isomers, HCNS and HSNC, but to date, these have 

not been identified in the ISM from examining data taken toward Sgr B2(N). The recent 

astronomical detection of the HCS/HSC pair of isomers in the dense cloud L483 with greater 

abundance than HCO provides increased impetus to improve models of sulfur chemistry in 

astrophysical environments.14 

Based on the ~200 known interstellar molecules (see, e.g. the Cologne Database for 

Molecular Spectroscopy),15 it is clear that certain functional groups encourage formation of 

carbon chain molecules in the ISM with polyyne or cumulene backbones. The interstellar 

detection of a series of CN-containing carbon chains (cyanopolyynes), H(C≡C)nCN (n = 0...4), in 

Heiles’s cloud 2 is a good example16–19 with H(C≡C)4CN being the longest linear species 

identified in the ISM to date.20 Sulfur, on the other hand, has a tendency to seed cumulenic 

chains of type: H2CnS, HCnS
21 and CnS,22,23 a number of which have been well-characterized in 

the laboratory as summarized by McCarthy and Thaddeus.24 With the exception of C2S,25 

C3S
26,27 and C5S

27,28 no S-bearing carbon chains (n>1) have been identified in space. As the 

isomers of HNCS provide an interesting range of geometries from linear (HCNS) to bent 

(∠HNC=131o in HNCS, ∠HSC=94.3o in HSCN, ∠HSN=95.4o in HSNC),10 the investigation of 

carbon chains carrying the -NCS group affords the opportunity to explore the geometry of related 

molecules using microwave spectroscopy and quantum chemical calculations. 

Select isocyanates and isothiocyanates related to HCCNCS have already been 

characterized by their pure rotational spectra. The microwave spectrum of the oxygen analog 



5 
 

HCCNCO, prepared via pyrolysis, was reported by Ross et al.29 and assigned to rotational 

transitions in the ground and excited CNC bending states. Together with its isoelectronic 

analogue, NCNCO,30 these molecules are prototypical examples of quantum monodromy as the 

shapes of the underlying potential energy surfaces along the CNC angle resemble the bottom of a 

champagne bottle. Based on their reported microwave spectra and analysis using a generalized 

semi-rigid bender model, the equilibrium structures are bent at nitrogen (129o in NCNCO and 

140o in HCCNCO) and the barrier to linearity is nearly halved when HCC (537.2 cm-1) replaces 

NC (1014.8 cm-1).31 With S-substitution to form NCNCS, the geometry at nitrogen is less bent 

(143o) and the monodromy point is nearly halved again (270 cm-1) giving rise to complex 

vibration-rotation energy level patterns which have been extensively studied in the microwave 

through infrared regions.32–35 This raises a question regarding the extension to the HCCNCS 

molecule which might be expected to exhibit an even smaller energy difference between the 

linear and bent arrangement. To the best of our knowledge, HCCNCS has not been investigated 

in any spectral region before now. 

In this article, the first spectroscopic observation of HCCNCS is reported. The title 

species was produced via electric discharge of a gas mixture outlined below and its rotational 

spectrum consists of transitions assigned to the parent species as well as those attributed to the 

three 13C singly substituted species and one 34S substituted isotopologue. Furthermore, rotational 

transitions within a degenerate bending mode were also observed. To further understand the 

nature of the potential energy surface of this highly fluxional molecule, calculations with the 

coupled-cluster singles and doubles model augmented by a perturbative correction for triple 

excitations, CCSD(T), level of theory36 with various basis sets were conducted.  
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 II. Experimental Methods 

The rotational spectrum of HCCNCS was initially recorded in 2 GHz segments using the 

chirped pulse Fourier transform (cp-FTMW) microwave spectrometer (8-18 GHz) at the 

University of Manitoba.37 Following tentative assignment of the most intense transitions of 

HCCNCS, these same features were re-investigated with higher resolution with the Balle-Flygare 

FTMW spectrometer38 to resolve the 14N quadrupole hyperfine splitting. Spectral linewidths 

were typically ~7 kHz (FWHM) and lines centers determined within ±2 kHz. As the cavity 

instrument offers greater sensitivity, the spectra of the 34S and 13C minor isotopologues were then 

recorded in natural abundance by step-scanning. 

Both spectrometers are equipped with a discharge nozzle assembly as shown in Figure 1 

affixed to the nozzle. Within the acetal Delrin cap, two copper ring electrodes (5 mm thick) are 

separated by an insulating spacer (8 mm thick). A second spacer (5 mm thick) isolates the 

electrodes from the nozzle flange. All components seated together leave a 2.5 mm diameter 

channel from the nozzle orifice (1 mm diameter) to the vacuum chamber. A continuous negative 

voltage of 650 V – 950 V was applied to the electrode closest to the nozzle while the second was 

grounded. The discharge can be observed as a flashing glow as it is modulated by the 7 Hz 

repetition rate of the pulsed nozzle. 
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Figure 1. Schematic diagram of the electric discharge assembly made of acetal Delrin which 

couples to a General Valve (Series 9) nozzle.  

 

The title compound was produced in a supersonic jet expansion of the discharge products 

from a gas mixture containing CH3NCS (Sigma Aldrich Canada, 97%). As CH3NCS is solid at 

room temperature (mp: 30-34oC), a small volume was heated in a glass bubbler seated in a bath 

maintained at 37oC.  A gas mixture of acetylene (1%) in neon (1.5 atm) was bubbled through 2 

mL of liquid CH3NCS before passing to the discharge nozzle. To identify discharge dependent 

species, spectra were recorded with both the discharge voltage turned on and off to allow 

removal of transitions from the CH3NCS precursor. 

  

III. Computational Methods 

Preliminary B3LYP39–41 and valence-only MP242 calculations using aug-cc-pVTZ43–45 

and cc-pVQZ43,45 basis sets were performed employing the Gaussian 09 package.46 As these first 

calculations produced both linear and nonlinear equilibrium geometries depending on the level of 

theory and basis set employed, subsequent quantum chemical calculations were performed with 

the CFOUR (Coupled-Cluster techniques for Computational Chemistry) program.47 Although 
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second-order vibrational perturbation theory (VPT2)48 has conceptual difficulties with the 

description of large amplitude motions (and with vibrationally floppy molecules in general), 

VPT2 was used in a preliminary approach to compute the rotational constants and the 

corresponding vibrational corrections. Quadratic, cubic, and semi-diagonal quartic force 

constants as required for the application of VPT2 were computed via numerical differentiation of 

analytic second derivatives at the coupled-cluster singles and doubles level extended by a 

perturbative correction for the contribution from triple excitations (CCSD(T)).49,50 ANO0, 

ANO1, ANO2, cc-pV(T+d)Z, cc-pCVTZ and cc-pwCVTZ, cc-pCVXZ, cc-pwCVXZ (X=T, Q, 

and 5) and aug-cc-pwCVTZ basis sets were employed for the computations using CFOUR.43–

45,51–54  

 

IV. Spectral Assignment and Fitting 

Based on the initial MP2 and B3LYP computations using aug-cc-pVTZ and cc-pVQZ 

basis sets, it was assumed that the ground state rotational spectrum of HCCNCS would be that of 

a linear or quasilinear molecule. Although the MP2 calculations yielded a slightly bent 

equilibrium structure (∠CNC = 172.5º) about nitrogen, the predicted rotational constants gave 

rise to a spectrum similar to that of the linear DFT result as only the Ka=0 levels would be 

appreciably populated in the jet. Furthermore, the barrier to linearity is negligible at the MP2 

level (about 2 cm-1) and falls well below the zero point energy of the lowest vibration (about 38 

cm-1 at the valence-only MP2 level). 

As the first discharge experiments were performed using a broadband cp-FTMW 

instrument, hundreds of transitions were observed despite the fact that only four transitions due 

to the parent HCCNCS fall within the instrument range of 8-18 GHz. A number of discharge-
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dependent species were readily identified based on their previously reported microwave spectra. 

These known species include, for example: HC3N,55,56 HC5N,57 CH3CN,58 NCNCS,32 HNCS,11,59 

HSCN.12 Within the dense spectrum, regularly-spaced transitions consistent with HCCNCS were 

identified; a subset of which are shown in Figure 2.   

 

Figure 2. cp-FTMW spectrum obtained from a discharge mixture of CH3NCS and HCCH. The 

top trace is the experimental spectrum from averaging 1.5 million FIDs following removal of 

precursor lines. The bottom trace is the simulated spectra at 5 K for HCCNCS and other species 

identified as discharge products. The simulated intensities are based on dipole moments but do 

not account for abundance of all discharge products.   
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The rotational spectrum of HCCNCS was then re-investigated with the more sensitive, 

Balle-Flygare instrument to resolve the hyperfine splitting due to the 14N quadrupole moment 

and extend the spectral range (4-26 GHz); sample spectra are shown in Figure 3. The assignment 

was further supported by the detection of transitions from the 34S analogue and all three 13C 

isotopologues in natural abundance. The assigned lines are summarized as supplementary 

material (Tables S1-S5). The rotational spectra of the five isotopologues were fit separately using 

a linear molecule Hamiltonian in the SPFIT program;60 the resulting parameters are presented in 

Table 1.  

 

Figure 3. 14N hyperfine structure of J’-J” = 6-5 transition from the parent (left), 34S species 

(middle) and one 13C species (right) of HCCNCS, collected with 200, 2000 and 32000 cycles, 

respectively. 
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Table 1. Ground State Spectroscopic Constants of the Parent Species of HCCNCS, and Its 13C 

and 34S Isotopologues.  

 

  parent CCSD(T)/cc-pwCVTZ (calc.)   

B/MHz 1521.77406(4) 1525.0     

D/kHz  0.09630(5) 0.039     

eQq/MHz 2.360(8) 2.39     

rms/kHz 1.95 \     

µ/D   1.79     

line # 30 \     

  H13CCNCS HC13CNCS HCCN13CS HCCNC34S 

B/MHz 1478.35699(23) 1505.0314(5) 1520.44966(18) 1483.02745(10) 

D/kHz 0.0922(24) 0.096(5) 0.0957(18) 0.0899(12) 

eQq/MHz 2.59(22) 2.53(26) 2.27(9) 2.36(3) 

rms/kHz 2.01 1.63 1.74 1.66 

line # 7 5 8 16 

 

Additional transitions attributed to rotational transitions in an excited vibrational state of 

the parent HCCNCS were subsequently found via step-scanning the Balle-Flygare instrument. 

These transitions are split due to l-type doubling, as shown in Figure 4, and the relative intensity 

of the J’-J” = 6-5 transition was ~5% that of the ground state. The excited state constants 

obtained from fitting the transitions are summarized in Table 2; the assigned transitions are 

provided in the supplementary material (Tables S6, S7). 
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Figure 4.  The assignment of l-type doubling and 14N hyperfine structure of the J’-J” = 6-5 

transition in an excited vibrational state of HCCNCS. 

 

 

 

Table 2. Spectroscopic Constants for the Observed Excited Vibrational State of the Parent 

HCCNCS Species.   

  v=1 

B/MHz 1522.79930(8) 

D/kHz  0.0858(9) 

eQq/MHz 2.34(4) 

qv/kHz 314.21(16) 

qvJ /kHz 0.0034(17) 

rms/kHz 1.58 

line # 26 
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V. Results and Discussion 

Establishing the equilibrium configuration of HCCNCS from calculations is a very 

challenging endeavour. The structural parameters for HCCNCS obtained from the CCSD(T) 

calculations are summarized in the supplementary material (Table S8) and show a striking 

variation with basis set. Nonlinear equilibrium geometries are obtained from valence-only 

CCSD(T) computations employing ANO0, ANO1, ANO2, cc-pV(T+d)Z, cc-pCVTZ and cc-

pwCVTZ. All electron CCSD(T) structure optimizations yield linear structures if cc-pCVXZ or 

cc-pwCVXZ (X=T, Q, and 5) basis sets are used, however, a nonlinear equilibrium structure is 

found if diffuse functions are added (CCSD(T)/aug-cc-pwCVTZ). It thus appears that CCSD(T) 

computations employing the aforementioned rather sizable basis sets might not be accurate 

enough to resolve the question of the equilibrium structure of HCCNCS. This may be due to 

intramolecular basis set superposition errors as, for example, in the case of the mono-substituted 

benzenes61 or problems arising from the concept of the equilibrium structure itself (see, for 

example, the discussion in reference 62).  

Despite its peculiar nature, as inferred from the difficulties in establishing an equilibrium 

geometry, the detection of five isotopic species leaves little doubt to the assignment to HCCNCS 

as being the molecular carrier of the new microwave lines reported here. Effectively, HCCNCS 

appears linear in the ground vibrational state and the rotational data can be fitted with a simple 

linear molecule Hamiltonian with hyperfine structure from one quadrupolar nucleus. The 

calculated rotational parameters obtained at the CCSD(T)/cc-pwCVTZ level of theory (yielding 

a linear equilibrium geometry) are in good agreement with experiment for all isotopologues with 

the exception of the centrifugal distortion constant which is 2.39 times greater than the calculated 

value. In a series of papers, Botschwina and co-workers have linked such discrepancies to the 
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floppiness of the molecule and correlated the ratio of D0 (expt)/De(theory) to the flatness of the 

bending potential of the chain by comparing results from series of astronomically relevant 

molecules of type C2n+1O,  C2n+1N
-, C2nH

-, NC2n-1H among others.63,64 Upon comparison with 

known species, the ratio of D0(expt)/De(theory) of HCCNCS (2.39) derived in the present study 

is intermediate to that of highly flexible C3 (7.26) and l-C3H
+ (1.80)65 lending support our 

assertion that this molecule is incredibly floppy. 

To better understand this flexibility and the nature of the potential along the CNC 

bending coordinate of HCCNCS in comparison with its isoelectronic (NCNCS) and isovalent 

HCCNCO, NCNCO) counterparts, the energy dependence as a function of ρ (the deviation from 

linearity at nitrogen) was computed at the fc-CCSD(T)/cc-pV(T+d)Z level. The results are 

presented in Figure 5 (top). The trend that the equilibrium geometry of the molecule becomes 

less bent (with a lower barrier to linearity) when moving from NCNCO to HCCNCO is also 

evident for the S-analogues with HCCNCS appearing almost linear on the scale shown. The 

basis set dependence of the CNC bending potential of HCCNCS was explored with further 

CCSD(T) calculations and the results presented in Figure 5 (bottom).  Given the subtle energy 

difference (of just a few cm-1) between linear and nonlinear structures, as well as the very small 

change in energy (again just a few cm-1) observed along the bending coordinate in Figure 5 

(bottom), it seems mandatory that higher level correlation effects beyond CCSD(T), relativistic 

effects and Born-Oppenheimer corrections together with large basis set expansions be considered 

in the future. Also, extension beyond the straightforward VPT2 picture necessitates the 

development of a highly accurate full dimensional potential energy surface. These theoretical 

considerations are beyond the scope of this study and the present analysis is based on the fact 



15 
 

that the experimentally observed rotational features belong to an effectively linear species due to 

the symmetry of the bending motion. 

 

Figure 5: Energy dependence as a function of the CNC bending angle ρ:  Top- At the fc-

CCSD(T)/cc-pV(T+d)Z level of theory for HCCNCS and isoelectronic and isovalent species; 

Bottom- At the CCSD(T) level of theory employing cc-pV(T+d)Z, cc-pwCVTZ, and aug-cc-

pwCVTZ basis sets for HCCNCS.  
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Assuming linearity, the bond lengths of HCCNCS were estimated via least squares fitting 

of the equilibrium rotational constants, Be, of the five isotopologues (obtained by combining 

vibrational corrections computed at the VPT2 CCSD(T)/cc-pwCVTZ level of theory and the 

experimental rotational constants of the isotopologues) as input to Kisiel’s STRFIT program.66 

The results, presented in Table 3, are in excellent agreement with the equilibrium structure 

computed at the CCSD(T) level. Although all bond lengths become slightly shorter with 

increasing basis set size, all results are consistent with the semi-empirical structure.  

At present, the putative vibrational satellites from a first excited degenerate bending 

vibrational mode cannot be assigned to any particular vibrational state with confidence owing to 

the rather large scatter in the vibration-rotation interaction constants calculated using various 

basis sets. From a more general trend in the calculations, it seems likely, however, that the lines 

do not originate from the energetically lowest-lying CNC-bending mode. Such a finding would 

not be uncommon and would be supported by results from earlier (FTMW) studies, which 

showed that low-lying vibrational modes may be cooled efficiently or frozen out under the 

conditions of a free jet expansion such as the one used here.67  
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Table 3. Equilibrium bond lengths (re) at the CCSD(T) level of theory and semi-experimental 

bond lengths (re
SE) from least squares fitting in Å. 

  re
SE re(cc-pwCVTZ) re(cc-pwCVQZ) re(cc-pwCV5Z) 

R(H1C2) 1.06211 1.0621 1.0612 1.0610 

R(C2C3) 1.207(1) 1.2093 1.2070 1.2063 

R(C3N4) 1.304(3) 1.3009 1.2991 1.2988 

R(N4C5) 1.192(5) 1.1888 1.1870 1.1866 

R(C5S6) 1.573(3) 1.5726 1.5698 1.5690 
 1For the fit, the H-C bond length was fixed to re =1.0621 Å as the deuterated species was not 

studied. 

 

As HCCNCS comprises of ethynyl- (C2H) and NCS groups, both of which are structural 

elements of known and abundant astronomical molecules, it might itself be an interesting target 

for future radio astronomical searches. The spectroscopic data collected here permit such deep 

searches to be carried out in the centimeter wave range. Laboratory investigation of the spectra 

of the deuterated and H13C13CNCS isotopologues produced using enriched samples would 

provide useful information for geometry determination and potential formation pathways in 

space, respectively. Future laboratory studies in the millimeter wave range would be beneficial to 

further constrain centrifugal distortion effects and to permit a more comprehensive study of the 

vibrational satellite pattern and possibly quasilinearity. It would also be worthwhile to extend 

this work to the study of structural isomers. Linear HCCCNS, for example, is calculated here to 

lie only 20.3 kcal mol-1 above HCCNCS in energy and is substantially polar (3.64 D) at the 

CCSD(T)/cc-pwCVTZ (no zero-point vibrational corrections) level of theory.  

In closing, the rotational spectrum of HCCNCS in its ground and an excited vibrational 

state has been reported here for the first time. The assignment is confirmed by the observation of 
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the 34S and 13C minor isotopic species. The bond lengths derived for the semi-empirical structure 

are in excellent agreement with calculations at the CCSD(T) level, however, it is surprisingly 

difficult to establish the equilibrium geometry of HCCNCS due to its extremely flat potential.  

Future theoretical studies including the derivation of a highly accurate potential energy surface 

would be helpful to model the vibrational-rotational behavior of HCCNCS. 

 

Supplementary Material 

See supplementary material for the lists of assigned transitions and the calculated 

structural parameters of HCCNCS.             
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