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Studying the rovibrational spectra of hydrogen cyanide (HCN) has become increasingly relevant due to
growing concerns about the molecule’s environmental and health risks and its special role in
astronomy. Empirical rovibrational energy levels are determined based on the MARVEL (Measured
Active Rotational-Vibrational Energy Levels) protocol for H'?C'N, the most abundant

HCN isotopologue. The spectroscopic analysis is based on 23 225 measured transitions, of which 14
728 are unique, collected from 39 literature sources. In contrast to most previous MARVEL studies,
which utilized a very large number of experimental sources, for H'?C'*N 70 % of the measured
transitions are contained in two literature sources. The experimental transitions used in the final
MARVEL analysis form a spectroscopic network with a single principal and just a few floating
components, but a large number of orphans. To ensure the reliability of the final empirical rovibrational
energy level set, the final MARVEL analysis involved artificial transitions determined from accurately
fitted effective Hamiltonian models. The transitions collected and validated span the spectral range of
0 — 13018 cm ™. Altogether 5564 empirical rovibrational energies, which make ca. 30% of states
determined through effective Hamiltonian fits for the [H,C,N] system, with an average expanded
uncertainty of 0.006 cm ™, are obtained for H'2C'N; they are associated with 174 vibrational bands. A
comparison of the empirical rovibrational energy levels obtained in this study, and the transitions that
can be generated from them, with those in the composite experimental/empirical/first-principles-
computed HITRAN2020, ExoMol, and MOMeNT-90 datasets reveals excellent overall agreement.
Nevertheless, there are particularly notable exceptions in the case of HITRAN2020, for which there
appear to be problems with the published labels of many lines.

The electronic ground state of the triatomic [H, C, N] molecular system is
famous for having two stable, readily observable isomers, HCN and HNC,
both with a linear equilibrium structure belonging to the C.., point group.
Compared to the lower-energy isomer, hydrogen cyanide, H-C =N, HNC
has a zero-point-corrected relative energy of (hc)5112 cm™ ' (see also the
discussion of Makhnev et al.?), a value consistent with an earlier estimate of

(hc)5126 + 50 cm™'?, computed within the framework of the focal-point
ana.lysis*S scheme. The two [H, C, N] isomers are separated by a barrier of
(he)16 733 + 100 cm ™.

High-resolution spectroscopic investigation of the [H, C, N] system is
well within the reach of modern broadband spectrometers. The isomerizing
[H, C, N] system, along with its two constituent molecules HCN and HNC,
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has attracted the attention of a significant number of molecular physicists
and quantum chemists>*'%, spectroscopists'"*”’, and astronomers*”".
Astronomers expressed interest, not least because the branching ratio
between HCN and HNC, observed in outer space, may vary from 80:1 to
1: 516,98.

Hydrogen cyanide was one of the first molecules discovered in inter-
stellar space during the early stages of radio astronomy, and it remains one
of the most common molecules observed in the interstellar medium®. HCN
has been detected, for example, in remote galaxies”, interstellar clouds™,
particularly in star-forming regions”, planetary nebulae”, interplanetary
dust®, comets™, and in the atmospheres of outer planets and their moons,
such as Titan, Saturn’s largest moon®"””. HCN is also the most abundant
molecule after H, and CO in carbon-rich stars”. HCN has also been well
studied in the atmospheres of exoplanets’”***. The importance of studying
the rovibrational spectra of HCN is partly due to growing concerns about
the molecule’s environmental and health risks. Satellites, such as NASA’s
Aura (with the Tropospheric Emission Spectrometer, TES) and the Infrared
Atmospheric Sounding Interferometer (IASI), use HCN spectra to track
wildfire plumes'”. Spectroscopic laboratory studies are somewhat hindered
by the fact that HCN is a highly toxic substance and that it is classified as a
chemical warfare agent'". Nevertheless, in 2011, as a pinnacle of previous
studies, Mellau™ reported a complete set of “experimental” relative rovi-
brational energies for H*C"N up to (hc)6880 cm ™.

The primary objective of the present study has been to provide two
comprehensive spectroscopic datasets for the hydrogen cyanide iso-
topologue H’C"N (occasionally denoted in the rest of this study as 124).
The first dataset delivered contains a collection of accurately measured line
positions, each with unique lower- and upper-state labels, taken from the
literature and validated in the present study. The experimental transitions
for H”C"N were collected from a large number of sources™ 77717478,
The second dataset contains accurate empirical rovibrational energies with
well-defined expanded (two-sigma) uncertainties obtained from the first
dataset. The empirical energy levels have been determined from the mea-
sured and validated rovibrational transitions using the MARVEL (Mea-
sured Active Rotational-Vibrational Energy Levels) procedure'”™"”, which
relies on the theory of spectroscopic networks'**'*”. This paper is the first to
report results of our ongoing investigation of the spectroscopy of hydrogen
cyanide isotopologues and continues our larger-scale project aimed at cal-
culating empirical rovibrational energy levels for the major isotopologues of
various molecules of astronomical and atmospheric interest; for example,
for the nine most abundant isotopologues of water''"™''%, 12 isotopologues of

. . 7-124 P . 25,126
carbon dioxide'"""*, and six isotopologues of carbon monoxide'*'*’; these

datasets are forming the input for machine learning activities aimed at
improving the prediction of transition wavenumbers for the minor
isotopologues'”. The data produced for H?C"N is expected to help (a)
refine theoretical and computational spectroscopic models, and (b) improve
line-by-line  spectroscopic ~ databases,  including  ExoMol*'"*,
HITRAN2020'”, and MOMeNT-90".

Results and discussion

Energy levels

As part of the Supplementary Information for this paper, the empirical
rovibrational energy values obtained in this study are available in the file
“EnergyLevels_124.txt”. Each energy level in this data file is characterized by
(a) a rovibrational label, (b) an empirical (MARVEL) energy level (in hc
cm "), (c) an expanded (two-sigma) energy uncertainty (in hiccm™"),and (d)
the number of transitions in which this energy level participates.

Empirical energies of the rovibrational quantum states of HC"N,
determined in this study as a function of the end-over-end rotational
quantum number ], are shown in Fig. 1. Each dotted, quasi-quadratic curve
in Fig. 1 corresponds to a distinct vibrational band origin. The MARVEL
analysis yielded rovibrational energy levels with J values of up to 66 for the
vibrational ground state.

Figure 2 shows the degree distribution of the spectroscopic network of
H"C™N, which represents the number of transitions incident on each
quantum state. The distribution follows the expected behavior'*>'*’, namely,
it is heavy-tailed and power-law-like. The first five largest hubs, that is, the
states with the largest number of incident transitions'®, are in the ground
vibrational state with J = 17, 18, 15, 13, and 16.

Figure 3 shows the expanded (two-sigma) uncertainties of the
empirical rovibrational energy levels determined in this study for H’C“N
against the energy level values determined through the final MARVEL
analysis. It can be seen that the uncertainties of the ground state energy
levels, up to about (hic)1000 cm ™, are less than (hc) 1 x 10°cm ™, and that
the average uncertainty calculated for the total energy set is (hc)
3x10 7 em ™.

Figure 4 displays the distribution of the empirical rovibrational energy
values as a function of the P = 5v; + v, + 3v; polyad values, with a maximum
value of P, = 21. As expected, this plot shows significant overlaps among
the rovibrational energies corresponding to different P values; nevertheless,
the polyad scheme works very well where this is expected, that is, for the
lowest-energy states of each vibrational band.
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Fig. 2 | Number of measured transitions incident to
each quantum state of H”C"N versus the empirical
rovibrational energies determined in this study.
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Fig. 3| Distribution of the expanded uncertainties of
the empirical rovibrational energy levels of H>C"N
determined in this study against the energy values.
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Comparison with other datasets

Let us start by providing a brief history of the rovibrational spectroscopic
data that will be compared with the results of the present study. The original
line list provided in 2002 for the [H, C, N] system by the UCL group""
contained only less accurate first-principles results*'*>. This line list was
subsequently improved in several steps. In 2006, Harris et al.” replaced a
relatively small number of first-principles energy levels with their more
accurate empirical counterparts. Then, in 2014, a much more systematic
replacement of the first-principles energy levels by experimental/empirical
ones was performed®, using accurate energies from effective Hamiltonian
fits conducted by Mellau™°. This line list, which is provided as part of the
ExoMol project'”, is still referred to as ‘Harris’, as 06HaTeKaPa' is the
source of the original first-principles transition data. All these line lists
provide transitions for both the HCN and HNC isomers and are based on a
large number of first-principles energy levels, the accuracy of which is far
from that of the experimental/empirical levels.

In 2021, under the leadership of Mellau, an HCN line list called
MOMeNT-90, covering the limited spectral region 0 — 7500 cm ™', was
published”. The line positions of this list were calculated using only
experimentally known energy levels of H?C"N. The latest edition of the
HITRAN database, HITRAN2020"%, contains a H*C"N line list based on
the MOMeNT-90 dataset.

Vibrational band origins. The lowest-energy quantum states of each
rovibrational progression of H’C"“N may differ from the typically
defined vibrational band origins (VBO), for which J = 0, since when
I, # 0, ] cannot be smaller than I,. Therefore, in this study, VBOs are
defined in a more general sense: not as quantum states with J = 0, but as
the lowest-energy quantum states for each rovibrational progression.
Tables 1-3 list the VBOs of H?C"N for the cases J=,=0,J=1, =1, and
J =L, = 2, respectively. The three tables together define all the VBOs of
H"C"N with I, < 3 up to 10,000 cm™, including 25, 35, and 28 VBOs
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Fig. 4 | Empirical rovibrational energy levels of 16000 —
H'">C"N determined in this study, grouped
according to the polyad number 14000 -
P = 5v; + v, + 3v;. The lowest-energy quantum
states within each vibrational band, which are called
vibrational band origins even in cases when J # 0 for 12000 ~
them, are indicated as red dots.
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determined during the present investigation for J = 0, 1, and 2,
respectively.

There are a number of lessons that can be learned from the three sets of
VBOs. First, the first-principles computed 06HaTeKaPa'” VBOs deviate
significantly from the accurate, empirical VBOs of the present study; for
slightly higher vibrational excitations, the errors can be in the 10 — 20 cm ™
range, suggesting that the accuracy of the underlying PES is relatively low by
today’s standards. Second, there are only a few cases where the VBOs
determined in this study deviate outside of their expanded uncertainties
from those given in 11Mellau™ (to define reasonable expanded uncertainties
for the VBOs of 11Mellau’, we chose the standard uncertainties reported
there for the G, values). Third, the computed I-doubling splittings’, listed in
Tables 2 and 3, are notable for their considerable accuracy, approaching that
of the measurements, and could have been used during the MARVEL
analysis of this study as artificial transitions. This was not done in this study,
but the computed results can be used in future high-resolution investiga-
tions of the spectroscopy of HCN isotopologues.

The following observations can be made about the ] = [, = 0 VBOs
presented in Table 1:

 The unstated origin of the ExoMol entries has been remedied in this
table; the first-principles entries of the ExoMol VBOs are set in italics.

* The (2000) VBO, for an unknown reason, is not reported in the source
21MeMaGoZo”.

* Because of the large discrepancy for (0 00 3), it is safe to assume that the
(0 00 4) VBO, computed to be at about 8283 cm™'", copied into the
ExoMol database due to the lack of experimental/empirical results, has
an error as large as 20 cm™.

o The agreement between the VBOs measured in absorption and
reported in 00MaMeKIWi"' and those of this study is significantly
better than with the VBOs reported in 11Mellau™.

* Perhaps the largest differences between the VBOs of this study and
those of 11Mellau’ are 0.043(30) cm ™" for (0 8 0 0), 0.0014(2) cm ™" for
(0 2 0 1), where the expanded MARVEL uncertainty is given in
parentheses.

As for Table 2, which contains VBOs for ] = [, = 1, the following
additional observations can be made:

o There are small differences between the e and f states with the same
(v1 v2 L v3) quantum numbers (I-type doublings, where the f states have

the higher energy), and these differences agree very nicely with the first-
principles results of 06HaTeKaPa". For example, both the computed
and the empirical (MARVEL) values are 0.015 cm ™" for the (0 11 0)
pair (note that this high relative accuracy is not unusual; a similarly
high relative accuracy has been observed for close-lying computed
energies of water isotopologues that differ by one in one of the K, or K.
Valu68133’134).

* As the vibrational excitation increases, the I-doubling splitting also
increases, and for the (2 5 1 0) pair at 9819.6 cm ™", the computed value
is 0.049 cm ™", which can be compared with the empirical values of this
study, 0.049(2) cm -

Similar lessons can be learned about the VBOs with J = [, = 2 (see
Table 3); in particular, compared to the J = I, = 1 case, the [-doubling
splittings are significantly smaller for J = I, = 2, and they are always in
exceedingly good agreement with the computed I-type doublings"’.

The 06HaTeKaPa'” first-principles computed rovibrational dataset.
The first-principles computed 06HaTeKaPa' dataset, which can be
downloaded from the website https://cdsarc.cds.unistra.fr/ftp/VI/121/,
contains 18 723 assigned H">C**N rovibrational energy levels, up to J = 60,
in the (hc)0 — 14740 cm™' energy range. Figure 5 shows the absolute
deviations of the rovibrational energy levels of H”C"N between the
empirical (MARVEL) and the 06HaTeKaPa datasets when this com-
parison can be made. The root-mean-square deviation of these two
datasets is (hc)7.6 cm™’, indicating reasonable agreement when accurate
empirical energies are compared with first-principles ones.

The 11Mellau™ “experimental” rovibrational dataset. The source
11Mellau™ provides two sets of so-called “experimental” rovibrational
energies for H”C"N (following the terminology of the present paper,
these energies could also be referred to as empirical). First, in Tables
IV-XIX of ref. 74, there is a complete list of a total of 3840 rovibrational
energy levels between (h¢)2.956 43 and (hc)6887.829 37 cm ™ (relative to
the ground vibrational state). Second, in the Supplementary Material to
this paper, there are 11,070 rovibrational eigenenergies reported,
extending up to J = 90 for the first 123 rovibrational progressions.

A detailed comparison between the complete lists of Tables IV-XIX of
ref. 74 up to 6888 cm™ ' and the Supplementary Material reveals that the J = 2
elf pair of the (0 10 2 0) energy levels is presented in the article but not in
the Supplementary Material.
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Table 1| Vibrational band origins of H'?C"*N with J =/, = 0 and energies up to (h¢)10,000 cm'; the expanded (20) uncertainties in
the last digits are given in parentheses

(v4valava) 06HaTeKaPa '"® MARVEL this work 11Mellau ™ 21MeMaGoZo ”° ExoMol database®
(0000) 0.000 0.000 000(0) 0.000 000(0)°* 0.000 00 0.000 00
0200) 1414.9 1411.413 374(4) 1411.413 450(60)°° 1411.413 45 1411.413 45
©o001) 2100.6 2096.845 6(1) 2096.845 547(56)°" 2096.845 54 2096.845 54
0400) 2801.5 2802.958 9(1) 2802.958 744(86)°¢ 2802.958 74 2802.958 74
(1000) 3307.7 3311.476 82(2) 3311.477 09(18)°" 3311.477 08 3311.477 08
0201) 3511.0 3502.119 7(2) 3502.121 10(17)* 3502.121 10 3502.121 10
0002 4176.2 4173.070 8(2) 4173.070 91(37)%/ 4173.070 91 4173.070 91
0600) 41815 4174.609 5(5) 4174.608 61(20)° 4174.608 60 4174.608 60
(1200) 4686.3 4684.310 1(2) 4684.309 98(12)°% 4684.309 97 4684.309 97
0401) 4891.8 4888.028(7) 4888.039 81(55)° 4888.039 28 4888.039 28
(1001) 5394.4 5393.696(1) 5393.697 73(13)° 5393.697 73 5393.697 73
0800) 5537.8 - 5525.812 84(57)° 5525.812 84 5525.812 84
0202 5586.5 5571.733 6(3) 5571.734 31(61)" 5571.734 30 5571.734 30
(1400) 6033.7 - 6036.960 11(40)° 6036.960 11 6036.960 11
0003) 6242.4 6228.598 4(4) 6228.598 30(12)°" 6228.598 29 6228.598 29
0601) 6260.6 = 6254.405 902(2118)° 6254.405 90 6254.405 90
(2000) 6513.5 6519.610 4(2) 6519.610 486(94)°" — 6519.610 45
(1201) 6768.5 - 6760.705 136(264)° 6760.705 13 6760.705 13
(01000) 6879.6 - 6855.443 088(1064)° 6855.443 08 6855.443 08
0402 6961.0 - - 6951.683 03 6951.683 03
(1600) 7369.2 - 7369.443 75(36)° 7369.443 75 7369.443 75
(1002 7461.6 = = 7455.423 74 7455.423 47
0801) 7617.2 = = = 7600.535 81
0203) 7641.3 = = = 7641.282 59
2200) 7855.8 - - - 7853.510 85
(1401) 8110.3 - 8107.969 38(108)° 8107.969 38 8107.969 38
(01200) 8197.5 - - - 8161.892 00
0004) 8283.4 - - - 8283.369 86
0602) 8323.5 - - - 8323.518 65
(2001) 8584.6 8585.581 2(4) —° = 8585.581 35
(1800) 8691.7 - 8681.196 53(184)7 8681.196 53 8681.196 53
(1202) 8830.3 - — — 8830.275 95
(01001) 8954.5 - - - 8954.463 46
0403) 9009.0 - — - 9008.999 67
(2400) 9164.1 - - - 9167.088 13
(1601) 9440.1 - 9435.374 50(800)° 9435.374 50 9435.374 50
(01400) 9488.5 - — — 9488.538 60
(1003) 9508.9 - — — 9508.925 14
3000) 9619.2 9627.086 9(4) —P - 9627.087 40
0204) 9674.7 - — - 9674.669 69
0802 9675.3 - — - 9675.253 29
2201) 9922.9 - - - 9914.399 17
(11000) 9994.0 — — — 9993.952 74

¢ Downloaded from https://cdsarc.cds.unistra.fr/ftp/VI/121/.
® The italicized entries of this column correspond to first-principles computed values.
° The data are taken from Tables | and Il of ref. 74.

9 The data are taken from Table 4 of ref. 76.

¢ Band center measured in absorption at 1411.413 375(26)°".
 Band center measured in absorption at 2096.845 558(27)°'.
9 Band center measured in absorption at 2802.958 821(38)°'.
" Band center measured in absorption at 3311.476 829(49)°'.
Band center measured in absorption at 3502.119 692(61)°'.
/ Band centers measured in absorption at 4173.070 839(77)°'.
¥ Band center measured in absorption at 4684.310 004(60)°".
! Band center measured in absorption at 5571.733 70(12)°".

™ Band center measured in absorption at 6228.598 30(12)°".
" Band center measured in absorption at 6519.610 318(60)°'.
° Band center measured in absorption at 8585.581 07(12)°".

P Band center measured in absorption at 9627.086 85(22)°".
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Table 2 | Vibrational band origins of H?C"*N with J = I, =

1 and energies up to (hc)10 000 cm~*

(vqvalavze/f) 06HaTeKaPa®'"’ MARVEL 11Mellau™ 21MeMaGoZo™
this work
©0110€) 718.797 714.935 61(2) 714.935 65(4)° 714.935 65
01101 718.812 714.950 59(2) 714.950 63(4)° 714.950 63
(0310¢) 2117.260 2116.414 22(8) 2116.414 25(6)° 2116.414 25
(03101 2117.291 2116.445 06(8) 2116.445 09(6)° 2116.445 09
©0111e) 2816.887 2808.518 0(2) 2808.517 69(22)° 2808.517 69
01110 2816.902 2808.532 0(2) 2808.532 65(22)° 2808.532 65
(0510¢) 3496.817 3498.085 8(3) 3498.085 90(14)° 3498.085 90
(05101 3496.865 3498.133 1(3) 3498.133 56(14)° 3498.133 56
(1110¢) 4007.174 4007.097 7(2) 4007.097 67(6)° 4007.097 67
(11101 4007.189 4007.113 5(1) 4007.112 88(6)° 4007.112 88
©0311¢) 4210.518 4204.148 4(2) 4204.148 05(20)° 4204.148 05
03111 4210.549 4204.179 2(2) 4204.178 74(20)° 4204.178 74
0710¢) 4865.747 4859.669(3) 4859.668 69(34)° 4859.668 69
07101 4865.812 4859.735(2) 4859.734 30(34)° 4859.734 30
01126 4894.823 4881.210 5(2) 4881.210 05(48)° 4881.210 05
01121 4894.837 4881.225 2(2) 4881.224 99(48)° 4881.224 99
(1310¢) 5369.070 5369.815(1) 5369.819 66(14)° 5369.819 66
(13101 5369.102 5369.851(3) 5369.851 06(14)° 5369.851 06
(0511¢) 5583.938 5580.397(2) 5580.396 15(40)° 5580.396 15
(05111 5583.986 5580.441 5(9) 5580.443 49(40)° 5580.443 49
(1111e) 6091.508 6086.258(3) 6086.263 77(18)° 6086.263 77
11114 6091.523 6086.276(1) 6086.279 11(18)° 6086.279 11
0910¢) 6218.176 — 6200.332 99(70)° 6200.332 99
09101 6218.261 - 6200.417 83(70)° 6200.417 83
(0312¢) 6282.881 — 6270.581 90(164)° 6270.581 90
(03121 6282.912 = 6270.612 38(164)° 6270.612 38
(15106) 6709.118 = 6712.450 44(32)° 6712.450 62
(15101 6709.167 — 6712.499 08(32)° 6712.499 26
(0113¢) 6947.413 — — 6932.932 17
(01131 6947.478 — — 6932.947 08
©711¢) 6952.437 = = =
07111 6952.452 — — —
2110€) 7193.548 7195.678 1(2) - 7195.678 19
(21101 7193.563 7195.693 7(2) — 7195.693 58
(1311¢) 7448.505 — 7443.401 56(70)° 7443.401 56
(131114 7448.537 - 7443.433 17(70)° 7443.433 17
©01110e) 7548.596 - - -
011104 7548.700 - - -
(0512¢) 7649.818 - - -
05121 7649.865 - - -
(1710¢€) 8039.015 — 8034.719 83(50)° 8034.720 29
(17101 8039.082 - 8034.786 93(50)° 8034.787 38
(1112¢) 8155.889 — — 8144.625 32
(11121 8155.905 — — 8144.640 83
©0911e) 8295.345 — — —
09111 8295.428 - - -
(0313¢) 8334.189 — — —
03131 8334.220 — — —
(2310¢) 8518.946 — — 8519.392 88
23101 8518.867 — — 8519.424 70
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Table 2 (continued) | Vibrational band origins of H'?C"N with J =

1a

I, =1 and energies up to (hc)10 000 cm™

(vqvalavze/f) 06HaTeKaPa®"” MARVEL 11Mellau™ 21MeMaGoZo™
this work

(1511e) 8782.676 — 8780.818 50(172)° 8780.818 50
15111 8782.725 — 8780.867 36(172)° 8780.867 36
01310¢) 8853.559 - - -
0131049 8853.686 - - -

©114e) 8989.507 - - -

011449 8989.522 - - -

07126 9007.461 - - -

071249 9007.525 _ _ _

@111e) 9262.625 9258.983(2) _ 9258.983 17
@111 9262.641 9258.996 4(8) _ 9258.998 78
(1910¢€) 9352.239 — — 9335.763 19
(19101 9352.324 - — 9335.850 11
(1312¢) 9507.069 - - -

1312h 9507.101 - - -
©1111e) 9620.615 - - -
0111114 9620.719 - — —

©0513e€) 9694.325 - - -

0513 9694.372 - - -

©5106€) 9819.608 - - -

©510% 9819.657 _ _ _

? See the footnotes to Table 1.

The ExoMol'® rovibrational dataset. The H"*C"N ExoMol rovibra-
tional line list' is a mixture of energy levels taken from 11Mellau™ and
other experimental sources available at the time, along with the pure ab
initio results of 06HaTeKaPa'” for HCN, plus a similar treatment for
HNC. Figure 6 of this study considers only the HCN levels. Thus, it is
not surprising that in this figure the absolute deviations between the
energy values in the ExoMol dataset and the empirical (MARVEL)
energy levels of this study are very similar, as the majority of the energy
levels of the ExoMol dataset below (hc)10000 cm™' and the
21MeMaGoZo” dataset use exactly the same set of eigenenergies
provided by 11Mellau™.

A characteristic of the 14BaStHiPo'* ExoMol line list is that it does not
distinguish between empirical and ab initio energy levels. This means that it
is not possible to determine whether an energy level listed in ExoMol is of
purely theoretical or empirical/experimental origin. This issue has been
addressed in more recent ExoMol datasets, e.g., ref. 135, which explicitly
provide the provenance of the individual energy levels.

The MOMeNT-90° dataset. An H"C“N-only line list called
MOMEeNT-90, covering the spectral region 0 — 7500 cm', was provided
by 21MeMaGoZo”’. The MOMeNT-90 line list is a combination of more
than 133 000 line centers obtained strictly from experimentally derived
energy levels of Mellau™° and variationally computed line intensities.
The line intensities are based on wavefunctions generated using an HCN
potential energy surface fitted to the experimental energy levels® and an
updated ab initio dipole moment surface'*.

Figure 7 shows the absolute deviations between the experimental line
centers of MOMeNT-90 and the line positions obtained from the empirical
(MARVEL) energy levels of this study. The blue circles represent strong
lines (their intensity, as given in the MOMeNT-90 line list, is larger than
1 x 107 cm molecule™), while the red squares belong to lines weaker than
this. As can be observed in Fig. 7, the agreement of the great majority of the
strong (blue) lines is significantly better than 0.01cm™ even up to

wavenumber values of 10 000 cm ™. The differences between the weak
MOMeNT-90 and MARVEL line positions can be somewhat larger; though
they never go beyond 0.1 cm ™.

Figure 8 shows the absolute deviations between the experimental
energy values of MOMeNT-90 and the empirical (MARVEL) energy levels
of this study. It can be seen that the largest difference between the MARVEL

and MOMeNT-90 energies is less than (hc)0.1 cm ™.

The HITRAN2020'* database. Of the 128 236 line positions the
canonical HITRAN2020'* database contains for H’C"N, only 112 834
have full assignments. During the present study, no attempt was made to
provide assignments for the 15 402 HITRAN2020 lines with incomplete
assignments.

The HITRAN2020 database took more than 95% of its transition
entries from the source 14BaStHiPo'". The energy level set 14BaStHiPo was
created by merging the following two sets of energy levels: the less accurate
first-principles set 06HaTeKaPa and the accurate “experimental” set
MOMEeNT-90. Therefore, it was expected that the comparison of the present
MARVEL and the HITRAN2020 datasets would result in a figure that was a
combination of Figs. 5 and 7. The top panel of Fig. 9 shows the actual
absolute deviations between the HITRAN2020 line centers and the line
positions obtained from the empirical (MARVEL) energy levels of this
study. To make the important discrepancies between the two datasets more
transparent, in Fig. 9 the blue circles represent the relatively strong lines
(whose room-temperature intensity, given in the HITRAN2020 database, is
larger than 1 x 107*° cm molecule ™, these are the discrepancies deemed to
be the most important for the modeling community), while the red squares
belong to lines weaker than this.

As seen in the top panel of Fig. 9a there are many cases, more than
40 000, where the difference between the HITRAN2020 and the empirical
(MARVEL) line positions is larger than 1.0 cm ™, although for the majority of
the lines the agreement, as expected, is better than 0.1 cm ', and (b) the large
differences appear to be independent of the intensity. Since the majority of the
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Table 3| Vibrational band origins of H'>’C'*N with J = I, = 2 and energies up to (h¢c)10 000 cm**

(vqvalavze/f) 06HaTeKaPa'’ MARVEL 11Mellau™ 21MeMaGoZo™
this work

02201 1441.118 1435.439 80(4) 1435.439 88(6)° 1435.439 88
0220¢) 1441.118 1435.439 90(4) 1435.439 97(6)° 1435.439 97
04201 2826.240 2827.133 3(1) 2827.133 52(6)° 2827.133 52
(0420¢€) 2826.241 2827.133 7(1) 2827.133 81(6)° 2827.133 81
02211 3536.718 3525.720(3) 3525.720 03(14)° 3525.720 03
(02216 3536.719 3525.719 6(2) 3525.720 13(14)° 3525.720 13
(06201 4200.208 4198.982 2(4) 4198.982 50(16)° 4198.982 50
(0620¢) 4200.209 4198.982 2(5) 4198.983 11(16)° 4198.983 11
(1220f) 4711.051 4708.058 7(2) 4708.059 01(8)° 4708.059 01
(1220¢) 4711.051 4708.059 2(2) 4708.059 11(8)° 4708.059 11
04211 4916.277 — 4911.831 92(40)° 4911.831 92
©0421¢) 4916.277 — 4911.832 22(40)° 4911.832 22
(08201 5561.807 — 5550.442 22(42)° 5550.442 22
(0820¢) 5561.808 - 5550.443 28(42)° 5550.443 28
02221 5611.718 5594.851 1(3) 5594.851 13(38)° 5594.851 13
(0222¢) 5611.718 5594.851 4(3) 5594.851 23(38)° 5594.851 23
(14201 6057.816 — 6060.818 98(14)° 6060.818 98
(1420¢) 6057.816 — 6060.819 28(14)° 6060.819 28
06211 6284.218 — 6278.422 25(272)° 6278.422 25
(0621¢) 6284.218 — 6278.422 85(272)° 6278.422 85
(12211 6792.993 6784.151(7) 6784.171 92(20)° 6784.17 192
(1221¢) 6792.993 6784.166(7) 6784.172 02(20)° 6784.172 02
(010201 6904.058 — — 6880.433 72
(01020¢) 6904.059 — — 6880.435 42
04221 6985.156 = = =
0422¢) 6985.156 - - -

(1620f) 7392.476 — 7393.466 64(24)° 7393.466 64
(1620¢) 7392.477 — 7393.467 29(24)° 7393.467 29
(08211 7640.941 — — 7642.772 16
(0821¢) 7640.942 — - 7642.772 26
02231 7665.927 = = =

0223¢) 7665.928 — - —

22201 7879.026 7876.853 3(2) - 7876.853 64
(2220¢) 7879.026 7876.853 8(2) - 7876.853 75
(14211 8134.193 — 8131.572 29(78)° 8131.572 29
(1421¢) 8134.193 — 8131.572 61(78)° 8131.572 61
012201 8222.499 — — —
(01220¢€) 8222.502 = = =

06221 8346.775 = = =

(0622¢) 8346.776 = = =

(18200 8715.116 - 8705.444 86(150)° 8705.444 86
(1820¢) 8715.118 — 8705.446 00(150)? 8705.446 00
(12224 8854.529 - - -

(1222¢) 8854.529 = = =
010211 8978.628 — - —
01021¢) 8978.630 — - —

04231 9032.722 - - -

(0423¢) 9032.722 - - -

24204 9187.375 - - 9190.517 97
@420¢) 9187.376 - = 9190.518 29
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Table 3 (continued) | Vibrational band origins of H'?C'*N with J = I, = 2 and energies up to (hc)10 000 cm "

(v4valovzelf) 06HaTeKaPa'’ MARVEL 11Mellau™ 21MeMaGoZo™
this work

(16211 9463.173 - 9459.163 98(150)° -

(1621e€) 9463.173 - 9459.164 64(150)° -

014201 9514.042 — — —
01420¢) 9514.046 = = =

02241 9698.071 - - -

0224¢) 9698.072 - - -

08221 9699.163 - - -
0822¢) 9699.163 - - -

2211 9945.941 — — 9937.501 80
2221¢) 9945.941 — - 9937.501 90

¢ See the footnotes to Table 1.

Fig. 5 | Comparison between the empirical rovi-
brational energies of the present H?C"N dataset
with those of 06HaTeKaPa', containing mostly

first-principles computed results.
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Fig. 6 | Comparison between the empirical rovi-
brational energies of the present H"?C"N dataset

with those of ExoMol*.
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Fig. 7 | Comparison between the empirical line list 1
of the present H”C"N dataset and the MOMeNT-

90 positions”. The blue circles represent lines with

an intensity larger than 1 x 107** cm molecule ', 0.1
while the red squares show lines weaker than this.
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HITRAN transitions originate from the source 14BaStHiPo'*, we performed
a systematic comparison between these two line lists. Let us consider two lines
to be identical if their full assignments are the same, their intensities differ by a
maximum factor of 2, and the difference in their wavenumbers is less than
0.005 cm™". The results of this comparison are as follows:

+ Ofthe 112 834 fully assigned HITRAN2020 transitions, in 67 937 cases
we found “perfect” matches with the entries of the 14BaStHiPo'"
line list.

o In 44 858 cases, the wavenumbers and the intensities of the two lines
compared fulfilled our matching requirements, and the assignments of
the lower energy states were the same, but the upper rotational
quantum number (J') was different. The HITRAN2020 database uses
the standard P, Q, and R notation to describe the rotational transitions,
and for some unknown reason, incorrect rotational labels (P, Q, and R)
were assigned to these lines. For example, (a) the ‘R7¢’ line at 0.417
87 cm! should be the ‘Q7¢’ line and (b) the ‘Q1¢€’ line at 5.870 96 cm ™!

isin fact the ‘R1€’ line. Based on the present global MARVEL analysis, it
is straightforward to correct these incorrect HITTRAN2020 entries.

o In the case of 39 HITRAN2020 transitions, we did not find a match in
the source 14BaStHiPo'®. These incorrect lines are listed in Table 4,and
we are providing comments that attempt to explain the origin of the
present situation.

Fixing all the problems found and indicated above resulted in the
bottom panel of Fig. 9. It shows that (a) all the large “errors” below
5500 cm ™' disappear with the use of the correct rotational labels, and (b)
there are no changes in the outliers above 5500 cm™ !, which is fine, as the
deviations between 1 and 10cm™ above 5500 cm™ are due to first-
principles entries in HITRAN2020. Since the present MARVEL analysis
provides supposedly improved estimates for these lines (of low intensity, less
than 1 x 107*° cm molecule™, below 9000 cm™), they could be considered
for replacement in a future edition of the HITRAN database. This line list is
given in the Supplementary Information.
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Fig. 9 | Comparison between the empirical tran-
sitions of H'>’C'*N determined in this study and
those of HITRAN2020'. To make the important
discrepancies between the two datasets more 10
transparent, the blue circles represent lines with
intensities larger than 1 x 10 cm molecule ' (these
are deemed to be the important discrepancies), while

100

the red squares show lines weaker than this. Top v'_E
panel: deviations of the empirical (MARVEL) results 2 0.1
from the original entries of the HITRAN2020 [
database. Bottom panel: the deviations from the g 0.01
HITRAN2020 database after the HITTRAN2020 g
transitions were corrected according to Sec. “The O 4e3
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Since HITRAN2020 seemingly contains numerous errors in the
transition wavenumbers for H'>’C"*N, we have decided to create a corrected
version of the HITRAN2020 line list. The format of the published file is
identical to the original HITRAN2020 file format, but we have added an
extra column indicating corrections that have been made or are to be made.
The replacement of incorrect rotation notation is indicated by the comment
‘old_notation — new_notation’. For example, ‘Q — R’ means that we
replaced the descriptor Q with R. Our suggested corrections include rows
marked for deletion (‘DEL’) or wavenumber replacement (‘WN
new_value’).

Conclusions
This paper describes a comprehensive, critical, line-by-line analysis of all
available measured and assigned rovibrational transitions corresponding to

the ground electronic state of the parent isotopologue, H"’C'"*N, of hydrogen
cyanide. Our detailed and careful joint analysis of the measured transitions
utilized the MARVEL algorithm'”™'** and the latest version of the associated
code'”".

In total, 23 225/14 728 non-unique/unique transitions, almost exclu-
sively experimentally measured ones, were collected for H’C"N from the
literature, covering the wavenumber range of 0 — 13 000 cm™!, and the
transitions dataset is characterized by J .., = 66 and P, = 21, where J is
the rotational quantum number, and P is the polyad number
P =5v; + v, + 3v5. We were able to validate 22 647 transitions (note that
transitions within floating components cannot be validated using the
spectroscopic-network-based MARVEL procedure). This set of validated
transitions yields 5564 empirical (MARVEL) rovibrational energy levels
with dependable, experimentally-based uncertainties. The average
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Table 4 | Line center positions in the HITRAN2020
compilation'® which could not be validated during the
present study

HITRAN2020 wavenumber/cm™'  full assignment comment

2.971 652 (10200e) —(00200¢) a
2.971726 (10200e) —(00200¢) a
77.233 582 (260220€) — (250220¢)

463.162 870 (70110e) —(60000¢) c
463.309 580 80110e) —(70000¢) c
463.477 140 (90110e) —(80000¢) c
463.665 510 (100110e) —(Q0000e) ¢
463.874 640 (110110e) —(100000€) ¢
719.406 730 240330€) — (2402206 ¢
721.830 760 (330330€) — (3302206 ¢
727.897 350 (470110 — (470000e) ¢
1458.695 649 (180310A — (170110 ¢
2522.349 652 260110€) — (2605506 ¢
2674.348 972 250110 — (240550 ¢
2678.761 302 250110€) — (2505506 ¢
2683.217 832 (260110€) — (2605506 ¢
2687.717 272 (280110 — (2705506 ¢
2692.258 332 290110f) —(280550f) ¢
3241.361 852 310110 — (300440 ¢
3242.629 032 290110€) — (2904406 ¢

3243.945 182
3245.311 262
3246.728 272

290110/ — (280440 ¢
280110/ — (270440 ¢
(260110e) — (2604406 ¢

3262.287 350 (451220€) — (4502200 d
3324.090 162 (260110€) —(250440e) ¢
3325.633 042 (270110€) — (260440e) ¢
3327.223 812 (280110€) — (270440e) ¢
3328.860 972 290110e) —(280440€) ¢
3330.542 942 (300110€) —(290440e) ¢
3337.579 722 (180420f — (170660 ¢

3341.894 792
3381.404 750
3385.491 041
3387.501 285

(190420f — (180660 ¢
(431220€) — (420220€) ¢
(451220€) — (440220€) ¢
(461220€) — (450220€) ¢

3398.516 822 (240110€) — (2404406 ¢
3403.032 382 (260110 — (250440 ¢
3407.596 452 270110 — (260440 ¢
3412.207 902 270110e) — (2704406 ¢
3416.865 612 270110 — (280440 ¢

2 Probably a hyperfine transition; according to HITRAN2020, the source of this line is 03ZeAmAhBr*’,
but we could not locate this transition in it.

® Duplicate assignment; one of the lines with this assignment should be deleted.

¢ This wavenumber can not be found in 14BaStHiPo'® and the full assignment is also incorrect; it is
our recommendation that this line should be deleted from the HITRAN2020 database.

9 According to HITRAN2020, the source of this line is 00MaMeKIWi®', but we could not locate it.

expanded uncertainty of the empirical rovibrational energy levels of
H“C"N, derived from the experimental expanded uncertainties of the
transitions, is (%¢)0.006 cm ™.

Comparison of the empirical energy levels and the validated transitions
of this study with their counterparts in the HITRAN2020'*, ExoMol'*'%,

and MOMeNT-90" datasets reveals a good overall agreement, as expected.

Table 5| Rovibrational quantum numbers and associated state
descriptors used in this study for H?C"N

Descriptor Description

J End-over-end rotational quantum number

V4 C-H stretching mode

Vo Doubly degenerate bending mode

I» Vibrational angular momentum associated with the v, mode
V3 CN stretching mode

P polyad number, P = 5v4 + v, + 3v3

e/f Rotationless parity

Nevertheless, these comparisons highlight a couple of issues with these
datasets, especially with the labels published in HITRAN2020.

The empirical energy levels derived in this study can be used to
improve the accuracy of the ExoMol dataset for HCN by a minor amount.
Note, in this respect, that the most recent ExoMol line list'® has been
extensively used in explorations of exoplanets during both low-"*** and
high-resolution” studies. Furthermore, it was used successfully very recently
to analyze new sub-millimeter HCN laser lines in carbon-rich evolved
stars™. As the ExoMol line list'® covers both HCN and HNC, a study similar
to the present one would also be required for the HNC isomer. However,
given the fact that it is almost only the self-consistent set of studies of
Mellau’>*”>” that adequately addressed the spectroscopy of HNGC, it is
unlikely that a MARVEL study would yield significant new information.

Methods

Theory

Notation, quantum numbers, and selection rules. Of the three
vibrational fundamentals of triatomic HCN, the first, v;, of £* symmetry,
corresponds to the CH stretch (with a wavenumber 0f3311.48 cm ™), v, is
the degenerate bending fundamental (at 713.46 cm™") of IT symmetry,
while v; is the CN stretch fundamental (at 2096.85cm™), of X"
symmetry”’. According to the selection rules of quantum mechanics,
transitions with Av; = + 1, + 2, + 3, etc., are all allowed, where there is a
direct one-to-one correspondence between the vibrational modes and the
vibrational quantum numbers, v; and v;, respectively.

Table 5 summarizes the rovibrational quantum numbers and the
associated state descriptors of H”C"N used in this study. The angular
momentum associated with the degenerate v, bending mode of vibration, L,
can take on values of v,, v, — 2, (1/0). I-type doubling occurs for all values of
I, greater than one'*". Note that some older articles use ‘c and ‘d instead of ‘¢’
and ¥ for the rotationless parity, see ref. 139.

In spectroscopy, it has been common practice to use polyad numbers
(P) to denote strongly interacting groups of vibrational states. Though P is
not a true quantum number, it behaves like one. The approximate 4.5:1:3
relation of the three vibrational fundamentals of HC"N suggests the fol-
lowing definition for the polyad number: P = 5v; + v, + 3v3, implying that P
takes consecutive non-negative integer values starting from zero. This
definition is used in this article. Although P is not directly relevant to the
MARVEL analysis of the measured transitions, it allows one to perform
certain checks on the input transitions and the output energy levels.

The rovibrational transitions, following the standard selection rules
AJ =0, £ 1, can be grouped into three branches: the P, Q, and R branches
have A] = — 1,0, and +1, respectively. For the P and R branches, the initial
and final states must have the same rotationless parity. For the Q branch, the
initial and final states must change the rotationless parity. When /, =0, J can
only have e rotationless parity, and only AJ = + 1 is allowed. If AL, = + 1, then
AJ =1 or 0 can occur, resulting in a strong Q-branch alongside the P and R
branches. If AL, = 0, but [, # 0 for both states, the Q branches are generally
weaker than the P and R branches.

Some spectroscopic studies, for example, 02AhLeTaWi®, achieved a
resolution such that they were able to report the positions of hyperfine lines.
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In cases when the authors report hyperfine-free rotational frequencies, this
is the information that has been entered into the MARVEL input file (see
the Supplementary Information for this paper).

MARVEL. Measured Active Rotational-Vibrational Energy Levels
(MARVEL)'* 17712140 jg 3 powerful tool; the related MARVEL code has
been used in this study for two main purposes: (a) to efficiently analyze
and subsequently validate all the measured line-center positions and the
related assignments available for H>C'*N, and (b) to determine empirical
energy levels from the validated set of experimental transitions.

MARVEL operates by constructing a so-called spectroscopic network
(SN)'*'” from the complete set of measured transitions. In SN, the energy
levels form the set of vertices, and the transitions between them form the set
of edges. For a successful MARVEL analysis, it is essential that each SN
transition has an accurate line-center position with an associated physically
meaningful uncertainty (the latter is especially important). The rovibra-
tional transitions used in this study are characterized by expanded uncer-
tainties U with a coverage factor of k = 2, roughly corresponding to a 95 %
confidence interval. It is an additional requirement that each transition’s
upper and lower energy levels must be uniquely labeled.

In the input file to MARVEL, each transition is characterized by (a) a
line position (in units indicated in the ‘segment’ file associated with the input
file), (b) an initial and an adjusted, expanded (two-sigma) uncertainty for
the line position (the adjusted uncertainty is the one that ensures that the
final set of input transitions is self-consistent), (c) the rovibrational
assignments of the upper and lower states (see Sec. “Notation, quantum
numbers, and selection rules” for a description of the labels of the quantum
states and the selection rules), and (d) a line tag, a metadata string providing
a unique identifier for the source of the transition (for multi-author pub-
lications, each line tag starts with the last two digits of the year of publication,
augmented with the first two characters of the last names of the authors, up
to the first four authors), followed by a sequence number for each line.

In those cases where the experimental data are incomplete, the SN built
from the measured transitions may become fragmented, leaving some
energy levels isolated from the root, the lowest-energy quantum state of the
molecular system (meaning that there is no path connecting them). The SN
of H”C"N contains a single principal component, which is a connected set
of states and transitions originating from the root, as there is only one
nuclear spin isomer of H”C"N'®", It is often feasible to connect the
isolated, “floating” components of the SN to the principal component(s)
using accurate empirical data (such as those derived from effective
Hamiltonian fits). This has been done during the present study. Note that, in
some cases, this connection can also be established by exploiting known
quasi-degeneracies of certain energy levels'>"**'*, but this has not been
done during this study.

Unlike in cases of advanced quantum-chemical models, which rely on
solving the complete nuclear Schrodinger equation using an approximate
potential energy surface'"'*’, the accuracy of the empirical MARVEL
energy levels is not constrained by assumptions beyond the validity of the
simple Ritz principle' and the accuracy of the measured line-center posi-
tions. Similarly, accidental resonances between rovibrational states require
the use of special measures within the framework of effective Hamiltonians,
but no adjustment is needed to the MARVEL algorithm. Thus, the MAR-
VEL approach facilitates the model-free transfer of the usually exceedingly
high accuracy of the measured transitions to the empirical energy levels. At
the same time, it is important to acknowledge that MARVEL can also accept
transitions that violate standard quantum mechanical spectroscopic selec-
tion rules or are otherwise incorrect, as long as they do not cause conflict
with the other entries of the assembled dataset.

The MARVEL procedure for generating empirical energy levels from
measured transitions begins by collecting all relevant high-resolution
spectroscopic rovibrational data. Once a dataset of experimental rovibra-
tional transitions is compiled, it is processed using the MARVEL algorithm,
which ensures self-consistency by identifying and flagging errors and
inconsistencies, such as typographical mistakes or misassignments. In some

cases, conflicts cannot be resolved based on the available information; as a
result, these lines must be excluded from the final MARVEL analysis. The
wavenumber entries of these lines are marked with a negative sign in the
MARVEL input file.

The final set of empirical rovibrational energy levels was used to gen-
erate a large number of rovibrational transitions, which we could compare
with their counterparts in several available datasets, such as the first-
principles list of Harris et al.”, the “experimental” levels of Mellau™*°, the
line list MOMeNT-90”, the mixed empirical and first-principles
ExoMol®'? line list, and the canonical line list of HITRAN2020'%.
Details about these comparisons and the lessons that can be learned from
them are discussed in Sec. “Comparison with other datasets”.

Data sources
Certain characteristics of the literature sources containing the measured
rovibrational transitions of H*C"*N are summarized in Table 6. Further
characteristics of some of these sources are discussed in the next subsections.
The usual [UPAC-recommended convention to label the states and the
bands of the HCN molecule has been followed (see also Sec."Notation,
quantum numbers, and selection rules"). The vibrational states and the
related transitions are labeled as Vlvlz2 vy =y v,L,v;) and
(v vy b vy) — (V] vy I vY), respectively. In the MARVEL input file, the
rovibrational states have the label (J v; v, I, v; (e/f)) (see the Supplementary
Information for this paper). In some older papers reporting transitions for
H"C"N, the v, and v; vibrational quantum numbers were swapped, as the
authors of 53DoSh?, 56 AITiP1”, 56DaTh*, 60RaSkEaWi*, 61RaEaRaWi”,
64MaBl’, 64MaPITh”, 70MaOlSa*, 80GeGo*, 85KyChEIDa*, and
88Sasada™ followed an earlier, non-IUPAC-supported convention to
number the vibrational modes. To have a consistent input dataset in all these
cases, we reversed the order of the two vibrational quantum numbers to
maintain consistency with transitions reported in newer sources.

Comments on the literature sources utilized. 60BrHoNiNa®": since the
uncertainty of the measured line positions is not explicitly stated in this
article, an expanded uncertainty of 0.01 cm ™' was assumed based on the
data provided for all its transitions. Furthermore, data for the
(0310)—(0110)band are reported twice, once with rotationless parity
¢ and once with d. Comparing these transitions with data in the
HITRAN2020 database'”, it was found that ¢ corresponds to rotationless
parity fand d corresponds to e.

64MaBI’": typographical errors were identified in lines 64MaBL.102 and
64MaBl.200. The wavenumbers reported for these lines are 1919.711 and
3985.66 cm !, respectively, whereas the correct values, in accordance with
the HITRAN2020 database'”, are 1999.711 and 3984.668 cm ™, respec-
tively. For transitions of Table IT of ref. 31 associated with the Q branch of the
(0310) —(0000) band, it was determined that all transitions are actually
located around 2100 cm ™ and not around 2300 cm ™, as originally reported.

72YiRa™: the transition labeled as 72YiRa.44 contains a typographical
error. The correct wavenumber value is 664.6732cm™ instead of
663.6732 cm ™.

86ChTiKu":in the (1 00 0) — (00 0 0) band, the authors appear to have
interchanged the wavenumbers of the P23 and R23 transitions. For the
(1220) — (0220) band, the article provides two separate tables: one for
transitions with e rotationless parity and another for transitions with f rota-
tionless parity. However, comparison with the HITRAN2020 database'”
revealed that the parity assignments were switched: the transitions labeled as e
components actually correspond to f components, and vice versa.

87ChKwKu™: a comparison of these transitions with the
HITRAN2020 database'” revealed that the rotationless parity of 35 tran-
sitions was swapped in the case of the (04 2 0) — (0 1 1 0) band, including 20
transitions from P3e to P23e and 15 transitions from R2e to R17e.

89DuGa’’: the transition labeled 89DuGa.192 contains a typographical
error. It was originally assigned to a band between 697 and 699 cm ™, but its
reported wavenumber is 705.72443 cm ™', which falls outside this range. A
comparison with the HITRAN2020 database'” confirmed that the correct
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Table 6 | Data sources used in this study for the analysis of the rovibrational energy-level structure of the hydrogen cyanide

isotopologue H'?C'N

Source Range/cm™! A/F/IVID AUCY/cm™! AUMY/cm™!
25CDMS'* 0.01 — 192.65 699/0/697/2 1.2x107° 1.2x10°
56Yarmus®® 0.01 — 0.22 5/0/5/0 3.5x1077 52x 107
70RaKu®’ 0.01 — 0.01 1/0/1/0 27%x10° 27x10°8
03ZeAmAhBr®’ 0.04 — 65.67 202/0/198/4 6.9x 1077 7.8x10°7
84FIDrCoHu*’ 0.15 - 0.54 5/0/5/0 1.7x107 1.7x10°7
61Torring® 0.22 — 0.86 12/0/12/0 2.3x10°° 2.6x10°°
67MaLi* 0.28 — 3.13 19/0/19/0 3.3x10° 3.3x10°
54Westerka® 0.31 —1.17 6/0/6/0 6.7 x10°°® 1.2x10°°
03ThMuLeBr*® 1.79 — 65.23 28/0/28/0 6.7 x 1077 6.7 x 1077
77LuHe* 2.92 —11.98 48/0/44/4 1.7x10°¢ 22x10°
02AhLeTaWi®® 2.96 — 64.92 20/0/20/0 71x107 7.3x1077
74Maki* 2.96 — 8.87 3/0/3/0 6.1x10°° 6.1 x10°°
71WiMaJo®® 2.97 — 594 4/0/3/1 7.1 x10°° 71 %x10°°
90SaYa™ 5.91 — 6408.68 48/0/48/0 3.8x10°* 5.0x107*
00MalLeAhBe® 8.87 — 64.92 18/0/18/0 3.4x10° 3.8x10°
96MaQuKIMe*® 26.84 — 139.08 21/4/17/0 9.9x10° 6.8x 1072
67HoJaRaFr® 29.71 — 29.71 1/0/1/0 6.7 x10°°® 6.7 x 10°°
00MaMeKIW;®" 528.02 — 9688.21 18 292/83/13 209/0 51x10* 53x10°*
60BrHoNiNa*’ 594.11 — 1522.07 234/0/221/13 1.0x 1072 1.7 x1072
89DuGa* 606.88 — 814.68 442/0/441/1 6.8x10°* 89x10*
73WaOv*° 623.57 — 1523.94 588/0/588/0 9.4x107° 1.2x1072
05DeBeSmRi® 629.30 — 797.25 54/0/54/0 3.1x107° 8.2x107°
72YiRa*® 629.30 — 797.25 216/0/183/33 1.2x107° 42x107°
08SmRiBISa’’ 632.24 — 808.89 247/0/247/0 20x10°* 23x107*
88HiJoHo' 646.97 — 785.58 53/0/53/0 3.0x107* 3.0x107*
04DeBeSmRi® 1324.23 — 1497.79 146/0/146/0 1.3x10™* 1.7 x10™*
87ChKwKu® 1999.69 — 2234.84 393/0/393/0 1.3x10°° 1.4x107°
64MaBI*' 1999.71 — 3986.67 422/0/418/4 1.0x 1072 1.6 x 1072
00PiGU®® 2452.78 — 3403.53 936/3/837/96 1.0x10°° 1.5x107°
70Ma0ISa*® 2690.21 — 2903.93 344/0/341/3 6.0x10°° 6.1x 1072
86ChTiKu* 3170.29 — 3418.05 411/0/411/0 46x107* 75%x107*
61RaEaRaWi*® 3174.04 — 3416.04 67/0/67/0 1.0x10°° 1.9x10°°
03DeBeSmRi®* 3201.59 — 3399.17 174/0/174/0 22x107* 4.4 x107*
80GeGo™* 3234.94 — 3378.44 49/0/49/0 3.0x10°° 3.2x107°
85KyChEIDa*® 3284.13 — 3339.88 19/0/19/0 6.7 x107* 8.1x107*
76MaSa* 4836.65 — 6097.51 153/0/153/0 7.0x107° 1.6x1072
08MeWiwi™ 6122.51 — 6816.21 3034/270/2764/0 35x107° 3.4x10°°
88Sasada™ 6421.07 — 6588.37 281/0/281/0 2.7x107° 45%x107°
00LeRoHuMa™ 11396.04 — 13018.40 513/0/513/0 7.0x10°° 7.8x107°

Characteristics related to the observed spectra include the number of measured (A), floating (F), validated (V), and deleted (D) transitions, as well as AUSY and AU, the average ‘claimed source’ and the
average ‘MARVEL-suggested source’ expanded uncertainties of the transitions, respectively.

-1,

value for this transition is 697.15712 cm™'; thus, we changed the wave-
number of this transition in the input file to MARVEL.

00MaMeKIWi’": the expanded uncertainty of most of the transitions
reported in this source is less than 0.001 cm ™.

03ZeAmAhBr®: There is a typographical error in the transition
labeled 03ZeAmAhBr.154. The correct frequency value of this line is
1,871,448.619 MHz instead of the reported 187 148.619 MHz.

08MeWiWi™: The expanded uncertainty of most of the tran-
sitions is 0.002 cm™'; however, in approximately 1400 cases, the
observed - calculated values are larger than 0.005 cm™'. In these

cases, instead of the published uncertainties, we used the observed -
calculated values as initial uncertainties.

Comments on literature sources not utilized. 53DoSh*: this source
includes 746 transitions within the spectral range of 5396 — 18,297 cm
spanning 17 vibrational bands. Due to the relatively large expanded
uncertainty of 0.02 cm ™!, all transitions from this source were excluded
from the final analysis. Instead of 53DoSh, a more reliable source,
00MaMeKIWi®, containing the same transitions, was used.
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56DaTh*: this source contains 160 transitions within the spectral
range of 2052 — 2879 cm ™', spanning two vibrational bands. The article does
not specify any uncertainty values. Based on the data and the number of
significant digits in the reported wavenumbers, an expanded uncertainty of
0.05 cm™" was assumed. Due to this relatively large uncertainty, all transi-
tions from this source had to be excluded from the final analysis. In the end,
only the significantly more accurate source, 00MaMeKIWi®, containing the
same transitions, was used during the MARVEL analyses.

74BeEd"": inclusion of the pure rotational and rovibrational Raman
transitions of this source in the overall dataset resulted in a significant
increase in the number of conflicts among the measured transitions;
therefore, all transitions from this source were excluded from the final
MARVEL analysis.

56AITiPI”: this source includes 176 transitions within the spectral
range of 2753 — 6597 cm™', spanning four vibrational bands. The article
does not specify measurement uncertainties; thus, based on the provided
data, an expanded uncertainty of 0.01 cm ™" was assumed, which is relatively
large. Additionally, the same transitions were measured with higher accu-
racy in a more recent study, 88Sasada™. As a result, all 56 AITiPI transitions
were excluded from the final dataset.

64MaPITh*: this source includes 104 transitions in the range of
3171 — 3340 cm ', across two vibrational bands. However, 21 transitions
were reported without specifying their parity, causing these lines to be
counted twice in the dataset, once with e rotationless parity and then with f,
bringing the total to 124 transitions. The reported expanded uncertainty for
this source is 0.15 cm ™, which is relatively high. Since more accurate studies,
including 00MaMeKIWi®', 86ChTiKu", and 00PiGu™, have analyzed the
same bands, all transitions from this source were excluded from the final
dataset.

02MoMaWiWi'*: this article primarily focuses on DCN, but the
authors note that their Supplementary Material includes transitions for
HCN. Adding these transitions to the input dataset caused significant dis-
tortions. Upon further investigation, it was discovered that the transitions
were actually for DCN and not for HCN.

Comments on references 61 and 70. The two largest and most
important sources of experimental H?C"N transitions included in the
MARVEL analysis of this study are due to Mellau and co-workers®"”. To
appreciate the present study, it is worth commenting on these sources in a
somewhat detailed way.

In both papers”™”, the authors used carefully designed effective
Hamiltonians to obtain molecular eigenenergies. The approach chosen is
particularly important when dealing with emission spectra, where each
spectral feature is a composite of several transitions. The analysis performed
in refs. 61 and ”° was designed to help solve this resolution issue. Thus,
according to the main author, the calculated eigenenergies are supposedly an
order of magnitude more accurate than the transition frequencies of the peak
list generated from the measured spectra. In the MARVEL approach, one
cannot expect to make such a correction; the empirical rovibrational energies
corresponding to less accurately measured transitions may appear as outliers
and have large uncertainties. Nevertheless, MARVEL should help to check
the true accuracy of the eigenenergies coming from effective Hamiltonians.

When feasible, spectroscopists track each band to the last detectable
peak down to the noise level. The ] value of the last “observable” peak, call it
J max> Provides important information about the reliability of the data. J,,,,
means that the last few peaks before it are not as accurate as the rest of the
data, and that the next few transitions above J . can still be predicted with
acceptable accuracy. The idea behind this is that some less accurate data is
better than none at all when effective Hamiltonians are employed. This is
again not something one can use in a MARVEL approach. If, in a new
publication, the data with a higher J,, is remeasured, the improved
spectroscopic parameters provide improved data for these states, as well.
Nevertheless, the data reported in these two publications were used suc-
cessfully in our MARVEL analysis, but transitions were only considered up
to the ], value given by the authors. We decided not to use any of the

transition values reported where the rotational quantum number is
beyond ...

The Supplementary Material of ref. 70 contains (a) screenshots, from
which something like a peak list can be extracted, and (b) tables, containing
predicted transitions and placeholders for transitions where it was not
possible to extract precise information from the spectrum. Spectral features,
where some of the components were already known, helped to reduce the
degrees of freedom of the fitting, allowing more information to be read from
the spectra, are denoted there by the letter ‘a’ (for ‘adjusted’). We have
included these data in the MARVEL analysis, despite the fact that the
resulting energies are less accurate than the data presented in the paper and
may not represent the final result of ref. 70. Transitions with the descriptor
‘n’ in these tables were not included in our MARVEL input file.

Final comments. The number of observed/unique rovibrational tran-
sitions for H*C"N is 23 225/14 728. In line with previous MARVEL-
based studies of measured and assigned rovibrational spectra, only about
2/3 of all the measured transitions are unique.

It is also important to point out the relatively large number of measured
transitions that had to be deleted during the MARVEL analysis. The largest
number of deleted transitions can be found in the following sources: 96 in
00PiGu™, 33 in 72YiRa”, 42 in 00MaMeKIWi®, and 13 in 60BrHoNiNa?”.

Itis perhaps even more important to note the relatively large number of
transitions forming floating components, especially orphans, an apparent
result of deleting the transitions with a label ‘n’ in the case of ref. 70.
Transitions in floating components cannot be validated based on the
information available from a MARVEL analysis.

Data availability

The MARVEL input files (Supplementary Data 1 and Supplementary
Data 2), including all the transitions, and the MARVEL output file (Sup-
plementary Data 3), with all the empirical energy levels, are supplied as
Supplementary Information to this paper. The file Supplementary Data 4
explains the contents of these files. Both the measured transitions and the
empirical energy levels have expanded (two-sigma) uncertainties attached
to them.

Received: 4 August 2025; Accepted: 9 April 2026;
Published online: 28 April 2026

References

1. Nguyen, T. L., Baraban, J., Ruscic, B. & Stanton, J. On the HCN -
HNC energy difference. J. Phys. Chem. A 119, 10929-10934 (2015).

2. Makhney, V. Y. et al. High accuracy ab initio calculations of
rotational-vibrational levels of the HCN/HNC system. J. Phys.
Chem. A 122, 1326-1343 (2018).

3. van Mourik, T. et al. Ab initio global potential, dipole, adiabatic, and
relativistic correction surfaces for the HCN-HNC system. J. Chem.
Phys. 115, 3706-3718 (2001).

4. Allen, W. D., East, A. L. L. & Cséaszar, A. G. Ab initio anharmonic
vibrational analyses of non-rigid molecules. In Laane, J., Dakkouri,
M., van der Veken, B. & Oberhammer, H. (eds.) Structures and
conformations of nonrigid molecules, 343-373 (Kluwer, 1993).

5. Csaszar, A. G., Allen, W. D. & Schaefer lll, H. F. In pursuit of the ab
initio limit for conformational energy prototypes. J. Chem. Phys. 108,
9751-9764 (1998).

6. Herzberg, G. I-type doubling in linear polyatomic molecules. Rev.
Mod. Phys. 14, 219-223 (1942).

7. Pearson, P. K., Schaefer, H. F. & Wahlgren, U. Potential energy
surface for the model unimolecular reaction HNC — HCN. J. Chem.
Phys. 62, 350-354 (1975).

8. Peri¢, M., Mladenovi¢, M., Peyerimhoff, S. D. & Buenker, R. J. Ab
initio study of the isomerization HNC — HCN. . Ab initio calculation
of the HNC = HCN potential surface and the corresponding energy
levels. Chem. Phys. 82, 317-336 (1983).

Communications Chemistry | (2026)9:231

15


www.nature.com/commschem

https://doi.org/10.1038/s42004-026-02031-5

Article

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Ebenstein, W. L. & Muenter, J. S. Dipole moment and hyperfine
properties of the ground state and the C-H excited vibrational state
of HCN. J. Chem. Phys. 80, 3989-3991 (1984).

Allen, W. D. et al. A systematic study of molecular vibrational
anharmonicity and vibration-rotation interaction by self-consistent-
field higher derivative methods. Linear polyatomic molecules.
Chem. Phys. 145, 427-466 (1990).

Bentley, J. A., Huang, C.-M. & Wyatt, R. E. Highly vibrationally
excited HCN/HNC: Eigenvalues, wave functions, and stimulated
emission pumping spectra. J. Chem. Phys. 98, 5207-5221 (1993).
Bowman, J. M., Gazdy, B., Bentley, J. A, Lee, T. J. & Dateo, C. E. Ab
initio calculation of a global potential, vibrational energies, and wave
functions for HCN/HNC, and a simulation of the A — X emission
spectrum. J. Chem. Phys. 99, 308-323 (1993).

Varandas, A. J. C. & Rodrigues, S. P. J. Double many-body
expansion potential energy surface for ground-state HCN based on
realistic long range forces and accurate ab initio calculations. J.
Chem. Phys. 106, 9647-9658 (1997).

Bowman, J. M. Beyond platonic molecules. Science 290, 724-725
(2000).

Lauvergnat, D., Nauts, A., Justum, Y. & Chapuisat, X. A harmonic
adiabatic approximation to calculate highly excited vibrational levels
of “floppy molecules”. J. Chem. Phys. 114, 6592-6604 (2001).
Barger, T., Wodtke, A. M. & Bowman, J. M. Radiative relaxation and
isomeric branching of highly excited H/C/N: The importance of
delocalized vibrational states. Astrophys. J. 587, 841-846 (2003).
Harris, G. J., Tennyson, J., Kaminsky, B. M., Pavlenko, Y. V. & Jones,
H. R. A. Improved HCN/HNC linelist, model atmospheres and
synthetic spectra for WZ Cas. Mon. Not. R. Astron. Soc. 367,
400-406 (2006).

Barber, R. J. et al. ExoMol line lists — Ill. An improved hot rotation-
vibration line list for HCN and HNC. Mon. Not. R. Astron. Soc. 437,
1828-1835 (2014).

Burmeister, W. Untersuchungen Uber die ultraroten absorptionsspektra
einiger gase. Verh. Dtsch. Phys. Ges. 15, 589 (1913).

Barker, E. F. Some molecular absorption spectra of hydrogen
cyanide. Phys. Rev. 23, 200-204 (1924).

Choi, K. N. & Barker, E. F. Infrared absorption spectrum of hydrogen
cyanide. Phys. Rev. 42, 777-785 (1932).

Douglas, A. E. & Sharma, D. Rotation-vibration spectra of diatomic
and simple polyatomic molecules with long absorbing paths. IX. The
spectra of the HCN and DCN molecules from 2.5 pto 0.5 p. J. Chem.
Phys. 21, 448-458 (1953).

Westerkamp, J. F. Variation of the /-type doubling constant in HCN.
Phys. Rev. 93, 716-716 (1954).

Dagg, I. R. & Thompson, H. W. Infra-red bands and rotational
constants of HCN and DCN. Trans. Farad. Soc. 52, 455-463 (1956).
Allen Jr, H. C., Tidwell, E. D. & Plyler, E. K. Infrared spectra of
hydrogen cyanide and deuterium cyanide. J. Chem. Phys. 25,
302-307 (1956).

Yarmus, L. Hyperfine structure in the /-type doubling spectrum of
HCN. Phys. Rev. 104, 365-367 (1956).

Brim, W. W., Hoffman, J. M., Nielsen, H. H. & Rao, K. N.
Measurements on higher J rotational lines of vibration rotation bands
and study of resonances in linear polyatomic molecules. I. v, and 219
bands of HC'™N. J. Opt. Soc. Am. 50, 1208-1213 (1960).

Rank, D. H., Skorinko, G., Eastman, D. P. & Wiggins, T. A. Vibration-
rotation spectra of HCN. J. Opt. Soc. Am. 50, 421-432 (1960).
Rank, D. H., Eastman, D. P., Rao, B. S. & Wiggins, T. A. Highly precise
wavelengths in the infrared. Il. HCN, N»O, and CO. J. Opt. Soc. Am.
51, 929-936 (1961).

Torring, T. I-typ-dubletts der isotopen HCN-molekeln. Z. Phys. 161,
179-189 (1961).

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54,

Maki, A. G. &Blaine, L. R. Infrared spectra of HCN from 2000 to 3600
cm. J. Mol. Spectrosc. 12, 45-68 (1964).

Maki, A. G., Plyler, E. K. & Thibault, R. Vibration-rotation bands of
deuterium cyanide and hydrogen cyanide. J. Opt. Soc. Am. 54,
869-876 (1964).

Hocker, L. O., Javan, A., Rao, D. R., Frenkel, L. & Sullivan, T. Absolute
frequency measurement and spectroscopy of gas laser transitions in
the far infrared. Appl. Phys. Lett. 10, 147-149 (1967).

Maki, A. G. & Lide, D. R. Microwave and infrared measurements on
HCN and DCN: observations on /-type resonance doublets. J.
Chem. Phys. 47, 3206-3210 (1967).

Delucia, F. & Gordy, W. Molecular-beam maser for the shorter-
millimeter-wave region: spectral constants of HCN and DCN. Phys.
Rev. 187, 58-65 (1969).

Maki, A. G., Olson, W. B. & Sams, R. L. HCN rotational-vibrational
energy levels and intensity anomalies determined from infrared
measurements. J. Mol. Spectros. 36, 433-447 (1970).

Radford, H. & Kurtz, C. Stark effect and hyperfine structure of HCN
measured with an electric resonance maser spectrometer. J. Res.
Natl. Bur. Stand. Sect. A: Phys. Chem. T4A, 791 (1970).
Winnewisser, G., Maki, A. G. & Johnson, D. R. Rotational constants
for HCN and DCN. J. Mol. Spectrosc. 39, 149-158 (1971).

Yin, P. K. L. & Rao, N. Bands of HCN at 14 p. J. Mol. Spectrosc. 42,
385-392 (1972).

Wang, V. K. & Overend, J. High-resolution spectra of the v, and 2v,
bands of HCN and DCN. Spectrochim. Acta A 29, 687-705 (1973).
Bendtsen, J. & Edwards, H. G. M. The rotational and rotation-
vibrational Raman spectra of HCN and DCN. J. Raman Spectrosc. 2,
407-421 (1974).

Maki, A. G. Microwave spectra of molecules of astrophysical interest
VI. Carbonyl sulfide and hydrogen cyanide. J. Phys. Chem. Ref. Data
3,221-244 (1974).

Maki, A. G. & Sams, R. L. Infrared spectrum of H'2C™N and H'C"*N.
J. Mol. Spectrosc. 60, 57-62 (1976).

De Lucia, F. C. & Helminger, P. A. Millimeterwave spectroscopy of
active laser plasmas; the excited vibrational states of HCN. J. Chem.
Phys. 67, 4262-4267 (1977).

Maki, A. G. Further assignments for the far-infrared laser transitions
of HCN and HCN. J. Appl. Phys. 49, 7-11 (1978).

German, K. R. & Gornall, W. S. Photoacoustic spectroscopy of the v
band of HCN. J. Opt. Soc. Am. 71, 1452-1457 (1981).

Fliege, E., Dreizler, H., Cox, A. P. & Hubbard, S. D. Quadrupole
hyperfine structure of the direct /-type doubling spectrum of
hydrogen cyanide by microwave Fourier transform spectroscopy. Z.
Naturforsch. A 39, 1104-1107 (1984).

Kyro, E. K. et al. Broadband v3 sub-Doppler spectrum of HCN:
application of a color center laser optothermal molecular beam
spectrometer. Can. J. Chem. 63, 1870-1873 (1985).

Choe, J.-1., Tipton, T. & Kukolich, S. G. Fourier transform spectra
of the 3300 cm~" bands of HCN. J. Mol. Spectrosc. 117, 292-307
(1986).

Choe, J.-1., Kwak, D. K. & Kukolich, S. G. Fourier transform spectra of
the 2100-cm ™" bands of HCN. J. Mol. Spectrosc. 121, 75-83 (1987).
Hietanen, J., Jolma, K. & Horneman, V.-M. The infrared calibration
lines of HCN in the region of v, with the resolution of 0.003 cm™". J.
Mol. Spectrosc. 127, 272-274 (1988).

Sasada, H. 1.5 ym DFB semiconductor laser spectroscopy of HCN.
J. Chem. Phys. 88, 767-777 (1988).

Duxbury, G. & Gang, Y. Fourier transform spectroscopy of HCN in
the 14-pum region. J. Mol. Spectrosc. 138, 541-561 (1989).

Smith, A. M., Coy, S. L., Klemperer, W. & Lehmann, K. K. Fourier
transform spectra of overtone bands of HCN from 5400 to 15100
cm™". J. Mol. Spectrosc. 134, 134-153 (1989).

Communications Chemistry | (2026)9:231

16


www.nature.com/commschem

https://doi.org/10.1038/s42004-026-02031-5

Article

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Sasada, H. & Yamada, K. Calibration lines of HCN in the 1.5-pm
region. Appl. Opt. 29, 3535-3547 (1990).

Yang, X., Rogaski, C. A. & Wodtke, A. M. The rotational structure of
highly vibrationally excited HCN. J. Chem. Phys. 92,2111-2113
(1990).

Nguyen-Van-Thanh & Rossi, I. Line parameters for the 2-100 cm™
spectral range of HCN and DCN. J. Mol. Spectrosc. 148, 160-179
(1991).

Maki, A., Quapp, W., Klee, S., Mellau, G. C. & Albert, S. Infrared
transitions of H'2C'*N and H"?C"N between 500 and 10 000 cm™. J.
Mol. Spectrosc. 180, 323-336 (1996).

Picqué, N. & Guelachvili, G. Emission spectra of HCN/HNC in the 2-5
pmrange of astrophysical interest. Spectrochim. Acta A 56, 681-702
(2000).

Maiwald, F. et al. Pure rotational spectrum of HCN in the terahertz
region: use of a new planar Schottky diode multiplier. J. Mol.
Spectrosc. 1, 166-168 (2000).

Maki, A. G., Mellau, G. C., Klee, S., Winnewisser, M. & Quapp, W.
High-temperature infrared measurements in the region of the
bending fundamental of H'?C'N, H'2C"N, and H'*C™N. J. Mol.
Spectrosc. 202, 67-82 (2000).

Lecoutre, M., Rohart, F., Huet, T. R. & Maki, A. G. Photoacoustic
detection of new bands of hcn between 11 390 and 13 020cm™". J.
Mol. Spectrosc. 203, 158-164 (2000).

Ahrens, V. et al. Sub-doppler saturation spectroscopy of HCN up to
1 THz and detection of J = 3 — 2(4 — 3) emission from TMC1. Z.
Naturforsch. A 57, 669-681 (2002).

Devi, M. V. et al. A multispectrum analysis of the v; band of H'?C"N:
Part I. Intensities, self-broadening and self-shift coefficients. J.
Quant. Spectrosc. Rad. Transf. 82, 319-341 (2003).

Rinsland, C. P. et al. A multispectrum analysis of the v; band of
H'™2C"N: part Il. Air-and Ny-broadening, shifts and their temperature
dependences. J. Quant. Spectrosc. Rad. Transf. 82, 343-362 (2003).
Thorwirth, S. et al. A concise new look at the /-type spectrum of
H'™2C"N. Astrophys. J. 585, L163-L165 (2003).

Zelinger, Z. et al. Submillimeter-wave spectroscopy of HCN in
excited vibrational states. J. Mol. Spectrosc. 220, 223-233
(2003).

Malathy Devi, V. et al. A multispectrum analysis of the 2v, spectral
region of H'?C"*N: intensities, broadening and pressure-shift
coefficients. J. Quant. Spectrosc. Rad. Transf. 87, 339-366 (2004).
Malathy Devi, V. et al. A multispectrum analysis of the v, band of
H'2C™N: Part I. Intensities, broadening, and shift coefficients. J. Mol.
Spectrosc. 231, 66-84 (2005).

Mellau, G. C., Winnewisser, B. P. & Winnewisser, M. Near infrared
emission spectrum of HCN. J. Mol. Spectrosc. 249, 23-42 (2008).
Smith, M. A. H. et al. Low-temperature measurements of HCN
broadened by N, in the 14-pm spectral region. J. Quant. Spectrosc.
Rad. Transf. 109, 922-951 (2008).

Mellau, G. C. Complete experimental rovibrational eigenenergies of
HNC up to 3743 cm™" above the ground state. J. Chem. Phys. 133,
164303 (2010).

Mellau, G. C. The v4 band system of HNC. J. Mol. Spectrosc. 264,
2-9(2010).

Mellau, G. C. Complete experimental rovibrational eigenenergies of
HCN up to 6880 cm™" above the ground state. J. Chem. Phys. 134,
234303 (2011).

Mellau, G. C. Rovibrational eigenenergy structure of the [H, C, N]
molecular system. J. Chem. Phys. 134, 194302 (2011).

Mellau, G. C. The v4 band system of HCN. J. Mol. Spectrosc. 269,
12-20 (2011).

Mellau, G. C. Highly excited rovibrational states of HNC. J. Mol.
Spectrosc. 269, 77-85 (2011).

Liu, K. et al. Quartz-enhanced photoacoustic spectroscopy of HCN
from 6433 to 6613 cm~". Opt. Commun. 340, 126-130 (2015).

1

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Mellau, G. C. et al. An experimentally-accurate and complete
room-temperature infrared HCN line-list for the HITRAN
database. J. Quant. Spectrosc. Rad. Transf. 270, 107666
(2021).

Snyder, L. E. & Buhl, D. Detection of several new interstellar
molecules. Ann. NY Acad. Sci: 194, 17-24 (1972).

Ziurys, L. M. & Turner, B. E. Detection of interstellar vibrationally
excited HCN. Astrophys. J. 300, L19-123 (1986).

Jackson, J. M., Heyer, M. H., Paglione, T. A. D. & Bolatto, A. D. HCN
and CO in the central 630 parsecs of the Galaxy. Astrophys. J. 456,
L91-L95 (1996).

Rodgers, S. D. & Charnley, S. B. HNC and HCN in comets.
Astrophys. J. 501, L227-1230 (1998).

Hirota, T., Yamamoto, S., Kawaguchi, K., Sakamoto, A. & Ukita, N.
Observations of HCN, HNC, and NH3 in comet Hale-Bopp.
Astrophys. J. 520, 895-900 (1999).

Messenger, S. Identification of molecular-cloud material in
interplanetary dust particles. Nature 404, 968-971 (2000).
Hutsemékers, D. et al. Isotopic abundances of carbon and nitrogen
in Jupiter-family and Oort Cloud comets. Astron. Astrophys. 440,
L21-L24 (2005).

Moreno, R. et al. First detection of hydrogen isocyanide (HNC) in
Titan’s atmosphere. Astron. Astrophys. 5636, L12 (2011).

Heays, A. N. et al. Isotope selective photodissociation of N, by the
interstellar radiation field and cosmic rays. Astron. Astrophys. 562,
AB1 (2014).

Wampfler, S. F., Jergensen, J. K., Bizzarro, M. & Bisschop, S. E.
Observations of nitrogen isotope fractionation in deeply embedded
protostars. Astron. Astrophys. 572, A24 (2014).

Loison, J. et al. The neutral photochemistry of nitriles, amines and
imines in the atmosphere of Titan. Icarus 247, 218-247 (2015).
Cabot, S. H. C., Madhusudhan, N., Hawker, G. A. & Gandhi, S. On the
robustness of analysis techniques for molecular detections using
high-resolution exoplanet spectroscopy. Mon. Not. R. Astron. Soc.
482, 4422-4436 (2019).

Goicoechea, J. R, Lique, F. & Santa-Maria, M. G. Anomalous HCN
emission from warm giant molecular clouds. Astron. Astrophys. 658,
A28 (2022).

Schmidt, D. R., Gold, K. R., Sinclair, A., Bergstrom, S. & Ziurys, L. M.
HCN and HCO™ in planetary nebulae: the next level. Astrophys. J.
927, 46 (2022).

Zhou, L., Ma, B., Wang, Y. & Zhu, Y. Hubble WFC3 spectroscopy of
the rocky planet L 98-59 b: No evidence for a cloud-free primordial
atmosphere. Astron. J. 164, 203 (2022).

Baeyens, R., Désert, J.-M., Petrignani, A., Carone, L. & Schneider, A.
D. Photodissociation and induced chemical asymmetries on ultra-
hot gas giants: a case study of HCN on WASP-76b. Astron.
Astrophys. 686, A24 (2024).

Yang, W. et al. New sub-millimetre HCN lasers in carbon-rich
evolved stars. Astron. Astrophys. 696, A60 (2025).

Barber, R. J., Harris, G. J. & Tennyson, J. Temperature dependent
partition functions and equilibrium constant for HCN and HNC. J.
Chem. Phys. 117, 11239-11243 (2002).

Irvine, W. M. & Schloerb, F. P. Cyanide and isocyanide abundances
in the cold, dark cloud TMC-1. Astrophys. J. 282, 516 (1984).

Van Dishoeck, E. F. (ed.) Molecules in Astrophysics: Probes and
Processes, vol. 178 of International Astronomical Union Symposium
(Kluwer Academic Publishers, 1997).

Duflot, V. et al. Acetylene (C>H,) and hydrogen cyanide (HCN) from
IASI satellite observations: global distributions, validation, and
comparison with model. Atmos. Chem. Phys. 15, 10509-10527
(2015).

Araki, M. & Matsuyama, K. Rapid measurements of hydrogen
cyanide concentration in combustion gas via terahertz
spectroscopy. Curr. Appl. Phys. 36, 83-87 (2022).

Communications Chemistry | (2026)9:231

17


www.nature.com/commschem

https://doi.org/10.1038/s42004-026-02031-5

Article

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Csaszar, A. G., Czakd, G., Furtenbacher, T. & Matyus, E. An active
database approach to complete spectra of small molecules. Annu.
Rep. Comput. Chem. 3, 155-176 (2007).

Furtenbacher, T., Csaszar, A. G. & Tennyson, J. MARVEL: measured
active rotational-vibrational energy levels. J. Mol. Spectrosc. 245,
115-125 (2007).

Furtenbacher, T. & Cséaszar, A. G. MARVEL: measured active
rotational-vibrational energy levels. Il. Algorithmic improvements
113, 929-935 (2012).

Csaszar, A. G., Furtenbacher, T. & Arendés, P. Small molecules — big
data. J. Phys. Chem. A 120, 8949-8969 (2016).

Tébias, R., Furtenbacher, T., Tennyson, J. & Csaszar, A. G. Accurate
empirical rovibrational energies and transitions of H}°O. Phys.
Chem. Chem. Phys. 21, 3473-3495 (2019).

Turanyi, T. et al. ReSpecTh: Reaction kinetics, spectroscopy, and
thermochemical datasets. Sci. Data 12, 1021 (2025).

Csaszar, A. G. & Furtenbacher, T. Spectroscopic networks. J. Mol.
Spectrosc. 266, 99-103 (2011).

Furtenbacher, T. & Csaszar, A. G. MARVEL: measured active
rotational-vibrational energy levels. II. Algorithmic improvements. J.
Quant. Spectrosc. Rad. Transf. 113, 929-935 (2012).

Tennyson, J. et al. IUPAC critical evaluation of the rotational-
vibrational spectra of water vapor. Part I. Energy levels and transition
wavenumbers for Hy’ O and H}*O. J. Quant. Spectrosc. Rad. Transf.
110, 573-596 (2009).

Tennyson, J. et al. IUPAC critical evaluation of the rotational-
vibrational spectra of water vapor. Part Il. Energy levels and
transition wavenumbers for HD'®O, HD'’O, and HD'®0. J. Quant.
Spectrosc. Rad. Transf. 110, 2160-2184 (2010).

Tennyson, J. et al. IUPAC critical evaluation of the rotational-
vibrational spectra of water vapor. Part Ill. Energy levels and
transition wavenumbers for H3*O. J. Quant. Spectrosc. Rad. Transf.
117, 29-80 (2013).

Tennyson, J. et al. IUPAC critical evaluation of the rotational-
vibrational spectra of water vapor. Part V. Energy levels and
transition wavenumbers for D}°O, D}’ O, and D}*0. J. Quant.
Spectrosc. Rad. Transf. 117, 93-108 (2014).

Tennyson, J. et al. A database of water transitions from experiment
and theory (IUPAC technical report). Pure Appl. Chem. 86, 71-83
(2014).

Furtenbacher, T., Tébias, R., Tennyson, J., Polyansky, O. L. &
Csészar, A. G. W2020: a database of validated rovibrational
experimental transitions and empirical energy levels of H}°O. J.
Phys. Chem. Ref. Data 49, 033101 (2020).

Furtenbacher, T., Tébids, R., Tennyson, J., Gamache, R. R. &
Csészar, A. G. The W2024 database of the water isotopologue H}°O.
Sci. Data 11, 1058 (2024).

Azzam, A. A. A. et al. MARVEL analysis of high-resolution
rovibrational spectra of the '®0'2C'®0, '"0"G"0, and '®0'C'*0
isotopologues of carbon dioxide. J. Mol. Spectrosc. 405, 111947
(2024).

Alatoom, D. et al. MARVEL analysis of high-resolution rovibrational
spectra of '*0'C"®0. J. Comput. Chem. 45, 2558 (2024).

Ibrahim, M. T. I. et al. MARVEL analysis of high-resolution rovibrational
spectra of C"™0,. J. Comput. Chem. 45, 969-984 (2024).

Obaidat, S. A. et al. MARVEL analysis of high-resolution rovibrational
spectra of '*0"2C'"0. J. Quant. Spectrosc. Radiat. Transf. 340,
109444 (2025).

Azzam, A. A. A, Tennyson, J., Yurchenko, S. N., Furtenbacher, T. &
Csaszar, A. G. MARVEL analysis of high-resolution rovibrational
spectra of '°0"*C'®0. J. Comp. Chem. 46, e27541 (2025).

Azzam, A. A. A. et al. The 626M24 dataset of validated transitions
and empirical rovibrational energy levels of *0'?C"°0. Sci. Data 12,
532 (2025).

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Azzam, A. A., AlAlawin, J. M., Tennyson, J., Furtenbacher, T. &
Csaszar, A. G. MARVEL analysis of high-resolution rovibrational
spectra of '"O"*C'0 and '"O'*C'"0. J. Quant. Spectrosc. Rad.
Transf. 343, 109485 (2025).

Mansour, M. H. I. et al. Marvel analysis of high-resolution
rovibrational spectra of '®*0"C"0 and "0"C"0. Mol. Phys. 10,
2550568 (2025).

Mahmoud, S. et al. MARVEL analysis of the measured high-
resolution spectra of 2C'®0. Astrophys. J. Suppl. 276, 66 (2025).
Grigorev, T. et al. MARVEL analysis of the measured high-resolution
spectra of CO isotopologues. Astrophys. J. Suppl. 283, 39 (2026).
Barnfield, M. G., Polyansky, O. L., Yurchenko, S. N. & Tennyson, J.
Machine learning isotope shifts in molecular energy levels. J. Mol.
Spectrosc. 418, 112084 (2026).

Tennyson, J. et al. The 2024 release of the ExoMol database:
molecular line lists for exoplanet and other hot atmospheres. J.
Quant. Spectrosc. Radiat. Transf. 326, 109083 (2024).

Gordon, I. E. et al. The HITRAN2020 molecular spectroscopic
database. J. Quant. Spectrosc. Rad. Transf. 277, 107949 (2022).
Furtenbacher, T., Arendas, P., Mellau, G. & Csaszar, A. G. Simple
molecules as complex systems. Sci. Rep. 4, 4654 (2014).

Harris, G. J., Polyansky, O. L. & Tennyson, J. Opacity data for HCN
and HNC from a new ab initio linelist. Astrophys. J. 578, 657-663
(2002).

Harris, G. J., Polyansky, O. L. & Tennyson, J. Ab initio spectroscopy
of HCN/HNC. Spectrochimica Acta A 58, 673-690 (2002).

Toébias, R. et al. Spectroscopic-network-assisted precision
spectroscopy and its application to water. Nat. Commun. 11, 1708
(2020).

Diouf, M. L. et al. Network-based design of near-infrared Lamb-
dip experiments and the determination of pure rotational
energies of Hi*O at kHz accuracy. J. Phys. Chem. Ref. Data 50,
023106 (2021).

McKemmish, L. K. et al. A hybrid approach to generating diatomic
line lists for high resolution studies of exoplanets and other hot
astronomical objects: updates to ExoMol MgO, VO and TiO line lists.
RAS Tech. Instr. 3, 565-583 (2024).

Makhnev, V. Y. et al. A new spectroscopically-determined potential
energy surface and ab initio dipole moment surface for high accuracy
HCN intensity calculations. J. Mol. Spectrosc. 353, 40-53 (2018).
Tennyson, J., Furtenbacher, T., Yurchenko, S. N. & Cséaszar, A. G.
Empirical rovibrational energy levels for nitrous oxide. J. Quant.
Spectrosc. Rad. Transf. 316, 108902 (2024).

Westerkamp, J. F. Variation of the £-type doubling constant in HCN.
Phys. Rev. 93, 716 (1954).

Brown, J. M. et al. Labeling of parity doublet levels in linear
molecules. J. Mol. Spectrosc. 55, 500-503 (1975).

Toébias, R., Furtenbacher, T. & Csaszar, A. G. Past, present, and
future of joint utilization of experimental, empirical, and computed
spectroscopic data: challenges, advantages, and
recommendations. Adv. Quant. Chem. 94, 1-41 (2026).

Csészaér, A. G. et al. Dream or reality: complete basis set full
configuration interaction potential energy hypersurfaces. In
Demaison, J., Sarka, K. & Cohen, E. A. (eds.) Spectroscopy from
space, 317-339 (Kluwer, Dordrecht, 2001).

Csészar, A. G. et al. The fourth age of quantum chemistry: molecules
in motion. Phys. Chem. Chem. Phys. 14, 1085-1106 (2012).

Ritz, W. On a new law of series spectra. Astrophys. J. 28, 237-243
(1908).

Méollmann, E., Maki, A. G., Winnewisser, M., Winnewisser, B. P. &
Quapp, W. High-temperature infrared emission spectra of D'?C'*N
and D™®*C™N. J. Mol. Spectrosc. 212, 22-31 (2002).

Endres, C. P., Schlemmer, S., Schilke, P., Stutzki, J. & Mdller, H. S. P.
The Cologne database for molecular spectroscopy, CDMS, in the

Communications Chemistry | (2026)9:231

18


www.nature.com/commschem

https://doi.org/10.1038/s42004-026-02031-5

Article

virtual atomic and molecular data centre, VAMDC. J. Mol. Spectrosc.
327, 95-104 (2016).

Acknowledgements

The authors greatly appreciate the useful discussions with Dr. Georg Mellau
concerning his spectroscopic investigations of the [H,C,N] system. The UK
and the Jordanian co-authors thank STFC for funding the UK-Jordan col-
laboration under the Newton Fund grant ST/T001429/1. J.T. acknowledges
the support of the European Research Council (ERC) under the European
Union’s Horizon 2020 research and innovation program through Advance
Grant number 883830. The work of A.G.C. received support from the
National Research, Development and Innovation Office of Hungary (NKFIH,
grant numbers K138233 and 152791).

Author contributions

W.O.H.AI-N.: Data collection, data analysis, Validation, Writing — review &
editing, and visualization. A.A.A.A.: Writing — review & editing, Data
acquisition, Supervision, Project administration, Investigation. S.A.E.A.: Data
acquisition. D.A.: Data acquisition. M.T.L.I.: Data acquisition. J.T.: Writing —
review & editing, Data acquisition, Supervision, Project administration,
Investigation, Funding acquisition, Conceptualization. T.F.: Writing — review
& editing, Visualization, Validation, Methodology, Investigation, Formal
analysis. A.G.C.: Writing — review & editing, Supervision, Project
administration, Investigation, Funding acquisition, Conceptualization.

Funding

Open access funding provided by E6tvos Lorand University.

Competing interests

The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work
reported in this paper.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s42004-026-02031-5.

Correspondence and requests for materials should be addressed to
Ala’a A. A. Azzam, Jonathan Tennyson or Attila G. Csaszar.

Peer review information Communications Chemistry thanks Benjamin
Schroder and the other, anonymous, reviewer(s) for their contribution to the
peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2026

Communications Chemistry | (2026)9:231

19


https://doi.org/10.1038/s42004-026-02031-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commschem

	Measured active rotational-vibrational energy levels (MARVEL) analysis of high-�resolution rovibrational spectra of H12C14N
	Results and discussion
	Energy levels
	Comparison with other datasets
	Vibrational band origins
	The 06HaTeKaPa17 first-principles computed rovibrational dataset
	The 11Mellau74 “experimental” rovibrational dataset
	The ExoMol18 rovibrational dataset
	The MOMeNT-9079 dataset
	The HITRAN2020129 database


	Conclusions
	Methods
	Theory
	Notation, quantum numbers, and selection rules
	MARVEL

	Data sources
	Comments on the literature sources utilized
	Comments on literature sources not utilized
	Comments on references 61 and 70
	Final comments


	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




