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Abstract

Two new NCS-containing carbon chains of potential astronomical interest, HC4NCS and
NC3NCS, were produced through dc electric discharge in a molecular beam and detected by
Fourier transform microwave spectroscopy. Rotational transitions from the two species were
recorded between 4 and 26 GHz and assignments were confirmed by the distinct hyperfine
structures due to the "*N nuclear quadrupole moments of these two linear, isoelectronic species.
The rotational constants of HC4NCS and NC3NCS were determined experimentally to be
595.09300(3) MHz and 596.26344(2) MHz, respectively and are in good agreement with
theoretical predictions at the MP2 and CCSD(T) levels of theory. The use of diacetylene in the
precursor mixture to form HC4NCS improved the intensity of the spectrum by a factor of ten and
allowed the observation of the rotational transitions of the 3*S singly substituted form in natural

abundance.



Introduction

Interstellar molecular clouds and circumstellar shells are rich environments where many
chemical reactions take place and over 200 molecular species have been identified in the gas
phase.! The astronomical detection of these molecular species through spectroscopy in the radio,
microwave and infrared regions can help scientists understand the chemical and physical
processes of the formation and evolution of astrophysical objects. To facilitate the unambiguous
identification of new species in space, their spectral signatures should be well-characterized from
laboratory work. NCS-containing molecules have been the subject of investigation in the
laboratory since the interstellar detection of hydrogen isothiocyanate, HNCS? toward the
Sagittarius B2 (Sgr B2) molecular cloud in 1979 based on its signature rotational spectrum.?
Thirty years later, the higher energy isomer, thiocyanic acid HSCN, was also identified in Sgr
B2* after laboratory measurements of its rotational spectrum in both the centimeter-wave and
millimeter-wave bands.’® Interestingly, the column density of HSCN in this molecular cloud
(Tror~19 £ 2 K) is only about one third that of the most stable isomer HNCS although the former
is predicted to be significantly higher in energy (~6.6 kcal/mol) from various levels of
calculation theory®® demonstrating that thermodynamics alone is not a reliable indicator of

abundance. In 2016, the laboratory rotational spectra of the two higher energy remaining isomers,



HCNS and HSNC were comprehensively studied by McGuire ef al.® via rotational spectroscopy
and both species await astronomical detection.

A survey of known interstellar molecules reveals that many of the heavier species
detected in the gas phase are polyynic or cumulenic carbon chains containing a heteroatom such
as N, O or S. For example, cyano-containing carbon chains of H-(C=C),-CN (n = 0...4)>!'7 have
been identified with the smaller versions, HC3N!® and HCsN'3 reported in Sgr B2 along with
HNCS and HSCN. The recent laboratory detection of the pure rotational spectrum of ethynyl
isothiocyanate HCCNCS in both the ground state and an excited bending state using Fourier
transform microwave spectroscopy!® is the first report of a carbon chain containing the NCS
functional group. Based on the observed spectrum and high level coupled cluster calculations,
HCCNCS is effectively a linear molecule in the ground vibrational state and is described by a
very broad, flat potential well along the CNC coordinate in contrast to HNCS which is bent at the

site of both nitrogen with ~ HNC = 131.0°and carbon with 2 NCS = 187.3°.% By comparison, the

pure rotational and vibrational spectra of cyanogen isothiocyanate NCNCS, which is the
isoelectronic analog of HCCNCS, has already been well-studied in the microwave, millimeter

19-22 and has a bent equilibrium geometry. As a prototypical example

wave and far infrared region
of quantum monodromy, its ground state and multiple bending states are below the barrier to
linearity, while it becomes a linear molecule in higher vibrational states above the monodromy
point. Based on current known interstellar molecules, longer chain NCS-containing molecules
are plausible candidates for future detection and their observation would provide important input
for astronomical models.

Here we report the first laboratory study of the ground state rotational spectra of HC4NCS

and NC3NCS, using Balle-Flygare Fourier transform microwave (FTMW) spectroscopy. To



obtain the title molecules, different mixtures of precursor gases were used in conjunction with a
dc discharge assembly which is coupled with a pulsed solenoid nozzle. The two newly observed
molecular species have a very similar pattern of transitions owing to their comparable moments
of inertia but the observed hyperfine structure of the transitions is unique due to the different
number of N nucleus in the molecules. In addition, the rotational transitions of the 34S
substituted species of HC4sNCS were observed in natural abundance. The experimentally derived
spectroscopic constants are in favorable agreement with those from theoretical calculations.

Experimental details

The two longer chain NCS-containing species were produced by applying an electric
discharge of 750 V to gas mixtures containing suitable precursors during supersonic expansion.
The details of the discharge nozzle assembly are described elsewhere.!® The precursors used to
make HC4NCS in the discharge plasma were methyl isothiocyanate (CH3NCS) and diacetylene
(HC4H). CH3NCS is commercially available and solid at room temperature (mp: 30-34 °C). The
sample (97%) was purchased from Sigma-Aldrich and used without further purification. A few
milliliters of sample were placed in a glass vessel seated in a mild water bath maintained at 37 °C.
The gas sample of diacetylene was prepared through a one-step reaction?® and captured in a
small stainless steel cylinder. A gas mixture of 0.5% diacetylene diluted in the carrier gas Ne was
used then bubbled through the liquid CH3NCS sample and delivered to the spectrometer with a
nozzle backing pressure of ~1 atm. This mixture produced detectable quantities of HC4NCS at
the 7 Hz repetition rate of the pulsed discharge nozzle while attempts to use commercially
available acetylene reduced the intensity of the observed transitions to about 1/10 that from the
diacetylene mixture. In order to produce NC3NCS, a precursor mixture of 0.5% acetonitrile
(CH3CN, 99.8%, purchased from Sigma-Aldrich) and 0.5% acetylene (HCCH) in Ne was seeded

with the CH3NCS using the same setup.



The University of Manitoba Balle-Flygare Fourier transform microwave (FTMW)
spectrometer?* was used to survey for the rotational transitions of these two target species with a
scanning step size of 0.25 MHz. The spectral linewidths with this instrument are typically ~7
kHz (FWHM) which makes it possible to routinely resolve hyperfine components from the N
nuclear quadrupole moment. The identification of the two linear species was confirmed by the
experimental By rotational constants and the characteristic '*N nuclear hyperfine structure. Once
the first transitions were observed, the molecular source conditions were optimized and the
remaining rotational transitions were collected in the range of 4-26 GHz; the accuracy of the
frequencies is typically measured to within 2 kHz. The rotational spectrum of 3*S substituted
HC4NCS species was observed in natural abundance to further confirm the assignment but the

signal intensity of NC3NCS was insufficient to observe transitions of its minor isotopologues.

Theoretical methods

The equilibrium structures of HC4NCS and NC3NCS were found by first optimizing the
geometries at the MP2/cc-pVQZ level of theory using Gaussian 09 software.?® To investigate the
CNC bending potential energy curves about these minima, a series of MP2 single point
calculations were performed by varying the CNC angle from 175° to 180° with a step size of one
degree. For each point, the chosen value for the CNC angle was kept constant while all other
structural parameters were optimized. The potential energy curves confirmed that both species
are linear rather than quasilinear as observed at the same level of theory for HCCNCS owing to

its very flat potential.'8

The results are shown in Figure 1. Coupled-cluster calculations with the
CCSD(T) method were then carried out with the cc-pVTZ basis set using the ORCA program?®-27

and provided further confirmation of the linear configuration of both chains. A summary of the

calculated rotational constants, N nuclear quadrupole coupling constants and permanent



electric dipole moment of HC4NCS and NC;NCS at both levels of theory is shown in Table 1
and the equilibrium structures and the relative energies along the CNC potential energy curves

are provided as Supplementary Information.

Results and analysis

As expected based on the computational results, the rotational spectra observed for both
HC4NCS and NC3NCS were those of a linear molecule with regularly spaced transitions. A total
of 17 rotational transitions (J'’ = 3-19) were recorded for the HC4NCS parent and the observed
frequencies are listed in Table 2. The Balle-Flygare FTMW spectrometer was able to resolve N
hyperfine structure for those with J” values less than 9. A sample spectrum of the resolved
hyperfine structure (hfs) of the J’-J’’ = 6-5 transition is provided in Figure 2. The full set of
observed transitions was fit using Pickett’s SPFIT program.?® The resulting spectroscopic
constants are reported in Table 3. The N nuclear quadrupole coupling constant eQq, 2.27(6)
MHz, is in favourable agreement with the ab initio values in Table 1. Rotational transitions of
the 3*S substituted species were well-predicted by scaling the experimental By constant of the
parent species. In total, 8 rotational transitions were collected for the **S species and fit in the
same way as the parent. The rms error of each fit falls below 2 kHz.

As NC3NCS needs molecular fragments from three precursors CH;NCS, CH3CN and
HCCH for formation in the jet, the intensity of its rotational transitions was very low and only
about 1/10 that of HC4NCS despite the larger predicted dipole moment at all levels of theory
(Table 1). Due to the presence of two N nuclear quadrupole moments, there are more hyperfine
components for each rotational transition, which provides a convenient means to confirm the
observation of this long chain analog of HC4NCS. In total, 15 rotational transitions (J'' = 3-19)

were recorded and the "N hyperfine structure was resolved and assigned for two. The J-J"” = 5-



4 and 8-7 rotational transitions were not observed as they were overshadowed by intense spectral
lines of the precursors. The assignment was made using quantum numbers corresponding to the

coupling scheme:

—

F=]+L, F=f+1

where I refers to the '*N in NCS and L, refers to the NC fragment. The observed frequencies are
summarized in Table 4. The rms error of the global fit is 1.29 kHz using the SPFIT program. The
experimentally determined parameters including the two *N nuclear quadrupole coupling
constants are provided in Table 3. The two quadrupole hyperfine constants, eQq(NC) and
eQq(NCS), are in good agreement with the ab initio results in Table 1 given the difficulty in
assigning the complex splitting pattern. A sample spectrum of the J’-J’” = 7-6 hyperfine
transitions along with a simulated spectrum from the fit spectroscopic constants is shown in

Figure 3.

Discussion

The ground state rotational constants (Bo) of HC4NCS and NC3;NCS are within 2% of
those predicted by the ab initio calculations (B.) lending support to the assignment and the
assertion that these molecules are indeed linear. Hyperfine structure from the N nucleus was
resolved for both molecules for several low J rotational transitions, as illustrated in Figure 2 and
Figure 3, and the patterns are consistent with the calculated values. Furthermore, transitions for
348 singly substituted HC4NCS, observed in natural abundance, provide further confirmation of
the observation of this new species. For NC3NCS, the signal intensity was too low to observe
minor isotopologues in natural abundance, however, the identification was substantiated by

testing the parent signal response to turning the discharge off, and to removing CH3NCS and



CH;CN from the precursor mixture. A survey of an extra 200 MHz on each side of the most
intense parent transitions (J'-J”" = 10-9 for HC4NCS, J’-J” = 15-14 for NC3NCS) was carried out
to search for transitions involving excited levels of the bending modes as was reported for
HCCNCS!® but no additional transitions were found. This is likely due to the low intensity of
even the ground state transitions which required averaging thousands (and tens of thousands) of
FIDs for observation.

As reported previously, HCCNCS is effectively a linear molecule despite the fact that its

isoelectronic analogue NCNCS is bent (£ NCN = 183.5°, £ CNC = 143.0° and £ NCS = 185.4°)

in the ground vibrational state.?’ With the elongation of the carbon chain by one C=C triple bond,
both HC4NCS and NC3NCS are predicted to be linear at the MP2/cc-pVQZ level. To confirm
that the geometries are linear (rather than quasilinear), the CNC bending potential energy curves

were computed. The curves are presented in Figure 1 and neither reveal a barrier at £ CNC

=180°. This trend towards linearity at nitrogen with increasing carbon chain length is consistent
with the reported geometries of related species. For example, the angle at the nitrogen atom

increases from HNCO (£ HNC = 128.0°)*° to HCCNCO (£ CNC = 170.02°)*° and also from
HNCS (£ HNC = 131.0°)® to HCCNCS ( £ HNC = 180°).!8 This change in geometry is

compatible with increased sp-character on the nitrogen atom of the isothiocyanato-moiety
presumably due to increased stabilization from conjugation with the added alkyne subunits. The
same trend is observed for the cyano-terminated chains with NC3NCS being linear and NCNCS

having /2 CNC = 143.0°.2°

For closed-shell linear molecules, the mathematical relationship between By and Dy as a
function of carbon chain length L has been explored by Thaddeus et al.?! In this work, they

invoked a semi-classical theory to treat multiple series of carbon chain molecules as elastic rods



with cross-sectional area o, density per unit length p and a common Young’s modulus E to
derive an expression for the energy levels of a rigid rotor as a function of L with a correction
term for non-rigidity due to elastic deformation of the rod. In this model, the ratio of the
centrifugal distortion constant to the rotational constant (Dy/By) has a L** dependence such that a
plot of log(Do/By) versus log(L) yields a straight line with a slope of -4. As proof of concept, they
plotted the experimental spectroscopic constants from more than 20 different carbon chain
species, such as HC2q+1N?!3? and CH3C2,CH,*® and found strong agreement with this model. In
Figure 4, the log(Do/By) of HC4NCS and NC3NCS versus log(L) are plotted together with those
of HC2n+1N (n = 1...5) for comparison where L is estimated from the CCSD(T) geometry
(HC4NCS and NC3NCS) or from the experimental structure (HC2n+1N (n = 1...5))** and the slope
shown is the theoretical value of -4. It is seen that HC4NCS falls on the linear trend while the
data for NC3NCS gives rise to a positive deviation which is a result of the experimental Dy
constant that is 2.6 times larger than that of its isoelectronic counterpart HC4NCS. This unusually
large Dy constant is likely a consequence of the flatter potential for NC3NCS along the CNC
bending coordinate as reported in Figure 1 which should give rise to a lower frequency bending

vibration and a more fluxional rod.

Conclusion

In closing, the present study reports the successful production of two new carbon chain
species, HC4NCS and NC3NCS, using electric discharge and their pure rotational spectra in the
ground state through microwave spectroscopy. Even though these two molecules have the same
number of electrons and have very similar moments of inertia, the hyperfine splitting patterns
due to the N quadrupolar nuclei are unique because of the different number of nitrogen atoms.
Combined with theoretical calculations, the rotational spectra with the resolved hyperfine
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structures confirm the linear geometries for these species. As cyano-substituted polyynes and
HNCS are known astronomical molecules, the present carbon chain species serve as potential

future targets for observation in the centimeter wave range.

Supporting Information

Equilibrium structures of HC4NCS and NC3NCS (Tables S1-S4)

Relative energies of HC4sNCS and NC3NCS (Table S5)
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Table 1. Computed rotational constants Be, 1“N nuclear quadrupole coupling constants in MHz

and dipole moment in D of HC4NCS and NC3NCS at various levels of theory.

HC4NCS NCsNCS
PP —P9—9 &=9— 99—
MP2? CCSD(T)® MP2? CCSD(T)®
B. 588.4 586.5 589.1 585.2
eQq(NCS) 230 2.26 2.42 2.39
eQq(NC) \ \ -3.90 4.01
P 1.26 1.65 4.24 375

acc-pVQZ basis set.
bcc-pVTZ basis set.
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Table 2. Observed rotational transition frequencies of the parent and 3*S singly substituted analog
of HC4NCS. The unresolved hyperfine components were fit to the same frequency as the one

above.

HC4NCS-parent

J-J" F-F" Vobs/ MHZ o-c/kHz | J-J" F-F" Vobs/ MHZ o-c /kHz
4-3 5-4 4760.7243 -0.4 13-12  14-13  15472.3514 1.6
4-3 4760.7419 -0.1 13-12 -0.6
3-2 4760.7900 -0.9 12-11 -3.5
5-4 6-5 5950.9134 -0.9 14-13  15-14  16662.5212 1.5
5-4 5950.9297 3.5 14-13 -0.4
4-3 5950.9503 -3.0 13-12 -3.0
6-5 7-6 7141.1000 -0.7 15-14 16-15  17852.6886 1.6
6-5 7141.1114 1.9 15-14 0.0
5-4 7141.1264 -0.3 14-13 -2.2
7-6 8-7 8331.2826 -2.4 16-15 17-16  19042.8533 1.8
7-6 8331.2948 3.1 16-15 0.3
6-5 8331.3064 2.8 15-14 -1.6
8-7 9-8 9521.4677 0.4 17-16 18-17  20233.0147 1.5
8-7 -4.9 17-16 0.2
7-6 9521.4825 1.1 16-15 -1.4
9-8 10-9 10711.6481 0.3 18-17 19-18  21423.1736 1.8
9-8 -4.0 18-17 0.6
8-7 10711.6615 2.7 17-16 -0.8
10-9 11-10  11901.8259 -0.5 19-18 20-19  22613.3287 1.6
10-9 -4.0 19-18 0.5
9-8 11901.8389 3.6 18-17 -0.8
11-10  12-11 13092.0042 1.2 20-19 21-20  23803.4797 0.8
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11-10 -1.8 20-19 0.2
10-9 -6.1 19-18 -1.4
12-11  13-12  14282.1801 2.5
12-11 0.0
11-10 3.6
HC4NCS-*S
J-J'  F-F" Vobs/ MHz o-c /kHz | J-J" F-F" Vobs/ MHz o-c /kHz
5-4 6-5 5806.7471 -1.0 10-9  9-8 11613.5064 33
5-4 5806.7623 2.6 11-10 12-11  12774.8404 2.1
6-5 7-6 6968.0994 -1.9 11-10 -0.8
6-5 6968.1131 3.4 10-9 4.9
5-4 6968.1261 0.3 14-13  15-14  16258.8597 2.8
7-6 8-7 8129.4505 -1.8 14-13 0.9
6-5 8129.4661 5.1 13-12 -1.5
8-7 9-8 9290.7995 2.0 15-14  16-15  17420.1940 2.2
7-6 9290.8133 -1.8 15-14 0.6
10-9 11-10  11613.4946 0.0 14-13 -1.5
10-9 3.4
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Table 3. Spectroscopic constants of the parent and 3*S singly substituted species of HC4NCS, and

the parent of NC3NCS.
Parameters HC4NCS-parent HC,NCS-*S NG;NCS
By/MHz 595.09300(3) 580.67632(1) 596.26344(2)
Dy/Hz 7.50(6) 7.12(11) 19.71(4)
eQq(NCS)/MHz 2.27(6) 2.36(9) 2.39(4)
eQq(NC)/MHz \ \ 4.17(10)
#lines 27 13 28
rms/kHz 1.82 1.87 1.29
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Table 4. Observed rotational transition frequencies of the parent species of NC3NCS. The

unresolved hyperfine components were fit to the same frequency as the one above.

J-I FUF FRFT wa/MHz o 0| JR FF FRFY owMHz O
4-3 5-4 65 47701159 0.1 | 14-13  13-12  13-12  16695.1629 0.9
6-5 5-4 43 71551326 1.9 14-13 14

6-5 71551570  -0.8 14-13  14-13 0.1

6-5 5-4 71551204  -0.4 15-14 -0.8

6-5 71551765  -1.7 15-14  16-15 1.6

7-6  6-5 71550887  -12 | 15-14 14-13  14-13 17887.6395 0.6

7-6 71551326 1.4 15-14 -1.5

87 71551497  -1.4 15-14  15-14 0.1

7-6 65 5-4  8347.6519 02 16-15 -0.8
7-6  8347.6702  -2.6 16-15  17-16 1.2

7-6  6-5  8347.6433  -0.6 | 16-15 15-14 15-14 19080.1084  -0.2

7-6  8347.6824  -0.8 16-15 2.2

87  8347.6775 1.7 16-15  16-15 -0.6

87  7-6  8347.6213  -1.8 17-16 -5

87  8347.6519 0.3 17-16  18-17 0.3

9-8  8347.6653  -1.1 | 17-16 16-15 16-15 20272.5695 -1.4

9-8 8-7 87 107326875 -1.8 17-16 3.2
9-8  10732.6948 1.8 17-16  17-16 -1.6

9-8 98  10732.6948  -0.4 18-17 2.5

109 10732.6948 1.3 18-17  19-18 -1.0

109  9-8  10732.6655 25 | 18-17 17-16 17-16 21465.0258 0.6

11-10  10732.6875  -0.2 18-17 -1.0

109  9-8 98  11925.1968 2.9 18-17  18-17 0.6
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Figure 1. Plot of the CNC bending potentials of HC4NCS and NC3NCS from single point

calculations at the MP2/cc-pVQZ level.
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Figure 2. Example FTMW spectrum of the J’-J*’ = 6-5 rotational transition of the HC4NCS
parent showing the assigned N hyperfine structure after averaging 3000 FIDs. The hyperfine

components appear as Doppler doublets due to the instrument configuration.
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Figure 3. Sample FTMW spectrum (top) of the J'-J’’ = 7-6 rotational transition of the NC3NCS
parent showing the assigned “N hyperfine structure after averaging 32500 FIDs and the
simulated spectrum (bottom) based on the experimental constants. The hyperfine components

appear as Doppler doublets due to the instrument configuration.
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Figure 4. Log-log plot of the Dy/By ratio as a function of chain length L (in A) for the
cyanopolyynes HC2,+1N (solid circles) and the title molecules HC4NCS (solid triangle), NC3NCS

(solid square)
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